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Design and Experiment of Bionic Soil-cutting Blade Based on
Multi-claw Combination of Mole Rat

YANG Yuwan'? TONG Jin'? MA Yunhai'® LI Mo'? JIANG Xiaohu'® LI Jinguang'’
(1. Key Laboratory of Bionics Engineering, Ministry of Education, Jilin University, Changchun 130025, China
2. College of Biological and Agriculiural Engineering, Jilin University, Changchun 130025, China)

Abstract: Soil tillage is an important operation to create a better soil condition for crop growing.
However, larger draught forces exist in the tillage operation so that it is urgent to need some methods to
solve these problems. Mole rat has the outstanding digging performance, and its multi-claw combination
would inspire the development of new efficient tillage implements. The mathematical model of the multi-
claw combination was established, and bionic soil-cutting blades were designed for investigating the
effects of the bionic structural elements (m and n), soil moisture content and rake angle on the draught
force. By the quadratic regression orthogonal test, it was found that the soil moisture content and rake
angle had more significant effects on the draught force. Optimal combination with the least draught force
was m =5 and n =1.75. Through the comparison test of the draught force between conventional and
bionic soil-cutting blades at the rake angle of 10° to 90° and the soil moisture content of 10% to 30% ,
the bionic structural elements had no significant effects on the critical rake angle of blades, but soil
moisture content had a significant effect on that. Particularly, the bionic blade showed the best cutting
performance. When the soil moisture content was 10% , 20% and 30% , the draught force of the bionic
blade was decreased by 11.48% to 39.16% , 17.81% to 28.00% and 11.19% to 33.26% , respectively.
Moreover, the bionic blade had better soil cutting performance at the soil moisture content of 10% ~20% .

Key words: mole rat; multi-claw combination; bionic; soil-cutting force; design
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Tab.1 Geometrical parameters of multi-claw combination
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3 8. 82 2.59 3. 41 35 40 3.04  1.17
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5 5.43 2. 06 2.63
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Tab.3 Test scheme and results of coded test

W%
e T tHakE mewg <L
P HH HOfE «, y/N
Xy Xy
1 0 -1 0 1 28.87
2 0 0 0 0 28.57
3 -1 1 0 0 24.37
4 0 0 -1 -1 15. 41
5 1 1 0 0 20. 50
6 -1 0 1 0 32.47
7 0 0 0 0 27.57
8 -1 -1 0 0 21.91
9 0 1 0 1 26. 32
10 0 -1 0 -1 20.72
11 1 0 1 0 30. 00
12 0 0 1 -1 32.65
13 -1 0 -1 0 22.38
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23 -1 0 0 1 28. 80
24 0 1 0 -1 17. 04
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29 1 -1 0 0 24.28
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Tab.4 Variance analysis of draught forces

JERWE PR HBEE ¥ior F P
LR 883. 68 14 63.12 13.57  <0.000 1
x, 10.28 1 10.28 2.21 0.1592
%, 17.82 1 17. 82 3.83 0.0705
%3 385.50 1 385.50  82.88  <0.000 1
%, 268. 96 1 268.96  57.82  <0.000 1
X%, 9.75 1 9.75 2.10 0.1697
) % 2.03 1 2.03 0. 44 0.5199
Xy 1.47 1 1.47 0.32 0.5834
X, % 0.97 1 0.97 0.21 0.654 8
X%, 0.32 1 0.32 0.068  0.7979
X3 0.74 1 0.74 0.16 0. 695 6
7 72.42 1 72.42 15.57  0.0015
x? 63.26 1 63.26 13.60  0.0024
x 22.95 1 22.95 4.93 0.043 4
2 26.01 1 26.01 5.59 0.0330
%7 65. 12 14 4.65

EED 55.12 10 5.51 2.20 0.2319
afi 5 2% 10. 00 4 2.50

= 948. 80 28

7 o g TR A B 4 R e PR AR (R K
R Y)Wl MRS ITR m Al on) KHAZHAE
XJ KB B2 e I 4 s o AR Tl R ep L 3
BB 2 DR R 0 K RS AR 2
AN PRUZ X 7K F B g B

(D) 5 A 45 TC 2 m Al n X 7K SFBH T 9 52

iS5G R m Al n XK BH g 5% e w3
™A

Y =28.57 -0.93x, - 1.22x, — 1. 56x,x, —

3.34x% - 3. 1247 (6)

W 4a firzs K F B BERE 22 v, F 2, K F
= 1R B KF O R34 0, i Bl 4 72 i o, F1 2, UK
-0 ARAEF K 1 By, I AE (2, ,2,) = (0,0)
AL AL, 7K - BH g 3k B B R AR 28.57 N, I iy 7 /&
A (6) AT, KB AE (22,0 = (1, 1) i AL X
B Fe/ME 18.40 N, AHXS TAZ & o, 2K U, A8 it o, X
K F-BH T 0 532 v . 2%

(2) L35 K FFN) A5 X 7K P B g B 52 )

- 35 KRN Y] AT X 7K BH A 52 el 2R



126 P AR S 4 2018 4
RN I TR 1 05 K P BHL D B A B o, AOKE - 1 28 4k
ya =28.57 +5.67x, +4.73x, —0. 43x,x, + FJKF 0 B g B, K- 0 2846 B K F 1 )

1. 88x2 —2u. (7) IS . HIKFBL I TE (25 ,2,) = (=1, = 1) fi

UntEl 4b fro , K F-BH 7 Bl AE o MKF - 1
AAEENKF O B A2 LA K, KF 0 ZZ 4B 3K 1

BEAL IR BN R /NME . AR o F oo, X K S BEL B
TE

P4 45 IR Xk K S B 2 o ) i 7 i T

Fig.4 Response surface of effects of factors on draught force

(3) BHES KRR A S5 TC R m X 7K F-BH )
IE AL

S K ARG A L5 R JT R m X KB T Y
AR )

¥ =28.57 -0.93x, +5.67x, - 0. 71x,x, -

3.34x] +1. 88«; (8)

UniEl 4e fros KB T B A2 5 oo, AKP- - 1
AL 0 B3, i B 25 AL 8« K AF 0 22 4k
FRAP L REAR 5 K B Bl R A2 i vy AR - 18
R KF 10 AR o, XK B 9 3 R
Fo X TS xR UE, AL o, XK BE T Y R
AEF

(4) LT KFRELHITTR n X KB
85 M)

KRN A ICER n XKL 5
Wi 1] 278 N

¥y =28.57 —1.22x, +5.67x, +0. 49x,x, —

3.12x; +1. 88x; (9)

UntEl 4d o, KB g Bl AL R o, AKF - 1

AR EN K- O B 58, T BE A A fE v, OKSF 0 A8 4k

FUACE 1 AR 5 K B Bl A A2 i s OKOF - 1 A2
RENKF 1 23, A8 & o, XK S BH 9 5 i
Fo MXP T AR SR UL, AL o, XK BH T Y R
T

(5) V) A A6TAA R 5 LR A5 TG m XK BH T Y
LAl

DY A5 f A5 A= A T R m K B Y R
M 1] 28 7R

Y =28.57 -0.93x, +4.73x, +0.61x,x, —

3.34x] - 2x; (10)

UntEl de Jros P BT BE A A2 4 o) MK - 1
ARAEEN K- 0 K88, T BE A A B v, K SF 0 A8 4k
FIR 1 FEAR 5 K BT BB AR v, AR - 1 72
EENK 1N AR o, XK B Y 3 0
Fo AN TR xR UL, S o XK BH S Y R e
T

(6) V) A5 A5 £ 25 4 L3R n X 7P B A7 1)
Al

D) A5 ff A5 A2 G5 R JCFR n X AR B9 52 )
REV)



5 12 3]

W Rl A 2T R 2 S RR AT A9 05 A2 00 LU0 R it il 127

¥, =28.57 =1.22x, +4.73x, +0. 28x,x, -
3.12x5 - 2x; (11)
N 4f fir s, K FBH ) B A 22 e, AKF 1
AL E K O B34, 1 Bl 22 o, K F- 0 2 4k
FKF 1 RRAR s K BHL ) BB 78 & oo, K - 1 28
RBIKF 1 3G, A2 5 x, X5 7K P BH 7 9 52 i) i
Fo FXSTAS R w SR UL, A2 x, X 7K B T B85 i
T

5 XK ERS SN

g ) MARAL DT LE T e (m =5 ,n = 1.75) 1E
AN} D) A5 A A 5 K SRR UTH S
CSRA A KB, I S s 2500 L A F
3 I A BEL T SN R SN X R ) A AE
e S4BT A B 22 A de /N KSRy o 0 T AR G20 Rk
Ui, Y RIE S KR 10% Fl 20% B, I S50 f 29
30°; 24 b KAy 30% I i S BUSA 7E 40° ~50°
WHEN XFOAEI T, WA REMRER . X1
D5 EEEA TCR AU ) Fr D) i 14 e 45047, 9% T
R AT A W

(1)

0,
0 10 20 30 40 50 60 70 80 90
b {5/ ()

I N CIRZI R S R ot = & W (D
1542 70 R K B

Fig.5 Draught forces of conventional and bionic blades

at different rake angles and soil moisture contents

X FAE 58] B, 24 4 5 K 10% 1k
B 20% I, /KB B4 W B A8 4k, 3% 5 GHOSH'™™
WG HERE JTLE L35 KR N 10% ~ 28% i [H 4 41)
B VA B A A B 2 5 2 kR
5 30% it KB B A K KB B AR AL
LB A % K 6 & AR 3 STAFFORD ™
WF5E, TR 25 R BB A (e E R &,
Tt FEA - BB T BE 2 50T K S B 9 5 R 1]

o A =R B, 2 S KR 10% 1K
) 20% i, 4 42 P B 3 M 2. 26 kPa 3411512, 35 kPa;
MEHEE KRN 30% B, +HE N Ty 3. 68 kPa,
AUE, RN R E LS KE N 10% Fl 20%
AR AN TR T 38 55 K 38 Kl 30% B L 3R ok
B, X UL T OKOE L AR S R LA
MR KR BB R T AR B AR 3 4 76 A 3 1 + 5
KB THESH BN BER ) EA S 5%
N, RIS KT 10% ~20% 5 [ N B RGOS A
HHE -

P A JUAT 25 ¥ Xt 0 1 e 32 (9 7K S BT A 35
Wi o FEAH R S KRN 0 A2 T KB )
SUNTFALG T] KB 7. 24 S KRR
10% .20% 1 30% B}, 477 4= J1 R 19 7K ~F- BH 3 43 3] 98
N 11.48% ~ 39.16% . 17.81% ~ 28.00% Fi
11.19% ~33.26% . Al LB, 5401 A A BT
(9]t 1 e o

6 it

(1) Xof B BRI i T 2 22 B AL A 25 W FRAE 2R 4T 43
M A B AT T 2 A S a5 e—M 25l
Y1 S5 48, HLAE &P U 8] fa) 5 0T R . o SCBE K 5 Bk
B 0 CAEL A me R 408 Bk 8] 3 5 Bk 5 A4 EAEL A e, I
E T B2 kA A S A R R

(2) M3 47 i B 22 Bk 2H 45 &5 ) 1 B B, DL K
PiE S50 m WBHHEE R 1 ~6 Al n Y 5THIE
Bl 1 ~2, 83t it 7 BHA D RS MR AR r 8] + )
Ho

(3) 3T Box — Behnken ¥it 5 H#E, 73 # 1 121
KR Y)W AT E m a4 ) oK
SF-BH 7 B2 e A5 3 T R 2 30 25 R R S0 K F
BH 7 B 7224k, H A 58 5 7K RG] A X5 7K F-BH g
F18) 5% W) B0 8 2 3 ek e 7 Y TR VA AR B0 AR i 4 2R
ZER N m=5.n=1.75,

(4) L3 T A g M £ Y1 00l £ A TRl 9]+ i
RN 1 S K B KB T, A5 B AR S5 T R A
WCAR T Y B A I A AR SR T K R X B
A WL 5 05 A T v HAA Br iy PR RE  AE A TR
1 IS KT 5 AT 7 KB ) SN F AR 5
JIR KRR TT , HAE 55 K%K 10% ~20% B
SIHE G Y) 4, KOF B AT s B IME .

2 £ x #

1 KUSHWAHA R L,ZHANG Z X. Evaluation of factors and current approaches related to computerized design of tillage tools: a

review[ J]. Journal of Terramechanics,1998,35(2) :69 - 86.

2 REECE A R. The fundamental equation of earth-moving mechanics[ J]. Proceedings of the Institution of Mechanical Engineers,



128 | 1 R A= 20184

AN AW

10

11

12

13

14
15
16

18

19
20

1964,179(6) :16 —22.
HETTIARATCHI D R P,REECE A R. Symmetrical three-dimensional soil failure [J]. Journal of Terramechanics,1967,4(3) .45 - 67.
McKYES E,ALI O S. The cutting of soil by narrow blades [ J]. Journal of Terramechanics, 1977,14(2) :43 - 58.
GODWIN R J,SPOOR G. Soil failure with narrow tines [ J]. Journal of Agricultural Engineering Research,1977,22(4) :213 -228.
GODWIN R J. A review of the effect of implement geometry on soil failure and implement force [ J]. Soil & Tillage Research,2007,
97 :331 - 340.
ZHANG J, KUSHWAHA R L. Dynamic analysis of a tillage tool: Part I. Finite element method [ J]. Canadian Agricultural
Engineering,1998 ,40:287 - 292.
ARMIN A,SZYSZKOWSKI W,FOTOUHI R. 3D finite element analysis of curved blade’s mechanics in farming tillage operations
[ C] // Proceedings of the World Congress on Engineering,2016:1 - 6.
REN L Q,HAN Z W,LI J Q,et al. Effects of non-smooth characteristics on bionic bulldozer blades in resistance reduction against
soil [ J]. Journal of Terramechanics,2002,39(4) :221 -230.
REN L Q,HAN Z W,LI J Q,et al. Experimental investigation of bionic rough curved soil cutting blade surface to reduce soil
adhesion and friction [ J]. Soil & Tillage Research,2006,85:1 —12.
TONG J,JI W F,JIA H L,et al. Design and tests of biomimetic blades for soil-rototilling and stubble-breaking [ J]. Journal of
Bionic Engineering,2015,12:495 - 503.
HKa e AL E B O A B R A B 55 [ 1/ 0L ], R HLA 2 41,2014 ,45 (4) 1141 - 145, hitp: / www. j-csam.
org/jesam/ch/reader/view_abstract. aspx? flag = 1&file_no =20140422&journal_id = jesam. DOI; 10. 6041/j. issn. 1000-1298.
2014.04.022.
ZHANG Jinbo, TONG Jin,MA Yunhai. Design and tests of bionic subsoiler for reducing soil resistance [ J/OL]. Transactions of the
Chinese Society for Agricultural Machinery,2014 ,45(4) :141 - 145. (iin Chinese)
P TR BRI, A5 D7 A B SR ORI B i A R TC 43 A 5B B0 E [ /0L ] R ML % 4, 2014, 45(7) .85 - 92.
http: / www. j-csam. org/jcsam/ch/reader/view _abstract. aspx? flag = 1&file_no = 20140714 &journal _id = jesam. DOI: 10.
6041/j. issn. 1000-1298.2014.07.014.
TONG Jin, ZHANG Qingzhu, CHANG Yuan, et al. Finite element analysis and test verification of the viscosity-reducing and
resistance-reducing abilities of bionic roller [ J/OL]. Transactions of the Chinese Society for Agricultural Machinery,2014,45(7) .
85 -92. (in Chinese)
HE#E R, RIS [ M. JEat: Bhak i hiead: ,2016.
THT R BRI —— T RS s [ M. L. bRk 5 R SCHR S R ,2005.
GODWIN R J,SPOOR G,SOOMRO M S. The effect of tine arrangement on soil forces and disturbance [ J]. Journal of Agricultural
Engineering Research,1984 ,30(1) :47 - 56.
GODWIN R J,0’ DOGHERTY M J. Integrated soil tillage force prediction models [ J]. Journal of Terramechanics,2007 ,44 (1) .
3-14.
BOX G E P,BEHNKEN D W. Some new three level designs for the study of quantitative variables [ J]. Technometrics, 1960,
2(4) :455 -475.
GHOSH B N. The power requirement of a rotary cultivator [ J]. Journal of Agricultural Engineering Research,1967,12(1) .5 —12.
STAFFORD J V. The performance of a rigid tine in relation to soil properties and speed [ J]. Journal of Agricultural Engineering
Research,1979,24 (1) :41 - 56.

(L#EE 121 ]T)

15

17
18

19
20
21

22

WA, JAET, Byife. HeT 7 MiE A AT R B O s Sk et [T ] R PLEBESE, 2019, 41(3) : 199 -203.
DONG Fulong, ZHOU Hongping, YI Kechuan. Conceptual design of self-excited collision nozzle based on semantic analysis[ J].
Journal of Agricultural Mechanization Research, 2019, 41(3): 199 —203. (in Chinese)

ASHGRIZ N, GIVI P. Binary collision dynamics of fuel droplets[ J]. International Journal of Heat & Fluid Flow, 1987, 8(3) .
205 -210.

Mve. ol SR - M R (M. JEat: f2% Dol i AL, 2006.

F, REL, O, F R EBIEEB KBTI RLHLFH, 2002, 33(4) : 38 —41.

LI Xu, WU Chundu, WANG Guangliang, et al. Design of a low atomizer with fan-shaped spraying[J]. Transactions of the
Chinese Society for Agricultural Machinery, 2002, 33(4): 38 —41. (in Chinese)

BFAL MARPIAIM]. Jbat. B2 R R, 1984,

W, BRI, IEEE. RABFMEREORIM]. Joat: A2 Dl ik, 2013.

ZHU J X, MANYELE S V. Radial nonuniformity index (RNI) in fluidized beds and other multiphase flow systems[ J]. Canadian
Journal of Chemical of Chemical Engineering, 2001, 79(2) . 203 —213.

R, AR, BRSO fE I % 55 37 i ) 43 A AR R R SEBR AR S [T ] BIE 2R, 2013, 25(3): 95 - 99.

ZHAO Na, YU Yonggang, LU Xin, et al. Experiment study on circumferential distribution characteristics in spray field of

impinging jet injector[ J]. Journal of Ballistics, 2013, 25(3) : 95 - 99. (in Chinese)



