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Fig.2 Earthworm head and its contour curve
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Geometrical structure of earthworm segments
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Fig.5 Dimension parameters of bionic sub-soil liquid fertilizer
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Table 1 Soil physical property parameters

24 Parameter {H Value
7T Volume weight p /mg-m™ 1.79
¥ R Young’s modulus E/MPa 1.14
IHFAEL Poisson's ratio v 0.30
13U S2E Soil hardness /kPa 1341.30
Tr7K# Moisture content K /% 20.03
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Table 2 Type of sub-soil liquid fertilizer

i 5 No. 4 i Material 45 KA Structural types
JoA IS5, 3 4L
ik AR E K3 4L
Castiron FA WL, 64L
EEE T OICER

TR MG 3 4L

Jo

By TFERS HRIMEEH,3 4L
I
UHMWPE ToR &5, 6 1L

[o e LA I IV e UL

RS, 6 4L

i 4 R OK FoAt A 25 4% A (BRI 30 cm, 478 65 cm)
EHE T m KW FKZEN AR 4 7k B2k DURLRR oK
A 2 /D it i 50~100 g B, v IR 36 B as AT MR
1 m/s TF5&, FE] T m A1 KK 28 77 200 I 200~400 g
AEW . DRI BB B 3 5 200 g/s 75 N L 464, £
L HERE B EAE S 1.0 m/s AEHLN LR 15 em A
WEE 200 g/s I TAESAT T, BEAT 2 E TAERH 7 F 35k,
B 3 A

DA TG 3R 11 45 1) FL A A BRI A5 30 A Dk 2
A 1R 50 R 2 5 LA BH g A RGP 1A 0 5 A% 48 h%
FEAS P2 B 2 AN 7K 3 T IE AR IR 6 Ly (29, IEAZ IS
R 28 AP 2R 3 s o AR50 E 42 3 4, 49 il i s
R o SR HIMZE 70 M R 22 00 W 74 IR R e L )
FENLE A, i iz o3 A7 I & S M 2 {10 R/ ff o o 4%
PRI 3R 1) 32 I R AR K #3025 DR (R S KP4l & .

F3 EXABERKTER
Table 3 Factor level table of orthogonal test

K IXH R Factors

Levels A B C D
1 7 34L Ptk TR
2 a 6L UHMWPE RNEW

1 A RORR I EE N 3 B R AR AL CRFRIER AL D20 wr 0. R Il
Note: A4 is surface structure; B is hole number; C is material type; D is injection
mode. The same below
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Table 4 Orthogonal test design table and range analysis

%' No A B c D T{FBH JJ Working resistance /N T35 [ff i Adhesion amount of soil /g
1 1 1 1 1 562.29 72.01
2 1 1 1 2 590.64 98.24
3 1 2 2 1 411.83 23.72
4 1 2 2 2 401.10 59.39
5 2 1 2 1 349.07 12.44
6 2 1 2 2 720.88 28.19
7 2 2 1 1 308.11 15.99
8 2 2 1 2 551.78 19.42
TAERL Sy K, 1 965.86 2222.88 2012.82 1631.3 FWRHZE:D.B.C.A
Working K, 1929.84 1672.82 1.882.88 2264.4 KDV By G A,
resistance /N R 36.02 550.06 129.94 633.1 44 : D, B,C,A,
K, 253.36 210.88 205.66 124.16 . EURHER:A.B.C.D
b HER Primary anc‘l secondary factors: A, B, C, D
Adhesion amount K, 76.04 118.52 123.74 205.24 ﬁ:}k A
. Optimal levels: A,, B,, C,, D,
ofsoilfe L4l fr: A,B,C,D
R 177.32 92.36 81.92 81.08 Optimal combinatizonl: /izB]zCzD,
%5 RBERFEN
Table 5 Analysis of variance of test results
S50 T 22K UR
Index Source of variance S8 4 MS F P
A 29 949.78 1 29 949.78 4.51 0.047 *
B 56 791.25 1 56 791.25 8.25 0.022 *
TAEFH ) C 30 560.63 1 30 560.63 4.59 0.045 *
Working resistance/N D 79 868.34 1 79 868.34 11.99 0.003 **
%2 Error 206 545.94 19 6 660.31
&1 Total 5200 860.70 24
A 11 940.31 1 11 940.31 89.74 <0.0001 **
B 3275.07 1 3275.07 24.61 <0.0001 **
- HERE B c 2561.01 1 2561.01 19.25 <0.0001 **
Adhesion amount of soil D 2421.65 1 2421.65 18.20 <0.0001 **
1% 7& Error 2528.07 19 133.06
K11 Total 63 844.59 24

1SS R P J5 AL df o L, MS 2R B U5 R, #3025 (P<0.05) , #* 3R s i U i 25 (P<0.01) .
Note: SS is sum of squares; df'is degree of freedom; MS is mean squares; *shows this term is significant (P<0.05); ** shows this term is very significant (P<0.01).

T8 kX P Ay s BT AE B D) ok e bR 43 B 1 s 4l
} D\B,C,A,, A (DX TAEF (5 m i W 3% . LA
TR AR B M B AR AL N 4,B,C.D,, 4 R
B RS B o A AR OC, i FAE AT AN e S R 5
N R GG (A o WL LRG0, Rl A AN
A,B,C.D s LIk I FENLIE LN« & 6 13 WAL - UHM-
WPE M 51 H A7 JUART 45 ¥4 32 10 14 077 AR 3 R T2 (8
S

H A FE LI o3 B 4 0 800k, 7 B AR &
G 1.0 m/sAENLN IR FE 15 em 3R 200 g/s
P TAEZAF T 5 RHLIE B FENLBEAT A 56 UF 5 B
3, IR 25 R ] 8

A 25 LW, CAEBH 77« - 30ks I = S5 RERL A
R GE KE) 2 B )R G, AR BH T R0 - 3Rk B =8 Bl o 3
UHMWPE #4 % « 384 i L2 b g 3 T 45 44 52 38 20 PRIk

700 iE a TS E80
Working resistance -+70
600 ™, o Y C
% o, ¢ * LEHNE Feo 2
g T 4 Adhesion amount of soil E 2
R % 500 T £ [
Bz ] 30m 2
£ 2 00 0 E
H —%ﬁ 400 ] : _’_LE g
5 300 1 £30 5 2
£ 300 T 0 g
] £20 B
200 ¥ ko 3
100 ] | | | | | | :0
1 2 3 4 5 6 7 8

FEHL4 % Prototype Number
A8 LAEXILER
Fig.8 Soil bin test results
Foo o VEWR T 3EE 8 S RENLI TAER ) ME N
283.48 N, 3R, I 244 10.93 g, W K T~ JLAb A
PUMAR S5 A, ALY 3 B & R — 2



34 ANk TFE2EHR (http://www.tcsae.org)

20194E

3 % it

AT T IE Tk 27 > Wi B5URG )  w ak BE , SR A AR
TR TR L35 E . R il 4 Wl 240t
AT T O AR BOR TR EFEALIE A TAESHORS . DLt
BEORG B i TAEBR D IR FR AR, 5 8% T ke I AR 1 45
P WAL R M TR T 3 4 A T e 2 B0 B AR E
DR M8 EFE ML I HY b RS B B R T AR BH ) B
RN, 1B R 418

DYERESEOFENL TAE By 1R 52 ma R - 3> 4L
H> M RE>F T 2548, 255 PR 35 (AR K1 23 3ol S 9 6
L .UHMWPE 5 R [ 458 . 7k RE S HO6) 1 R Bt 11
SO R B Ok < 2 T 45 A > LA MR >, & 3= ALK
S35 R AT 45 R L6 FL W UHMWPE Rl W5

204 JC A THI G5 A6 X R PR -2 B T A BH 7 () 5 ) f
LN RS R I M B . B AT SR TS5 R AR AL
AT AR T AEBH g, /s LRGP . FLEON TAEBR i
SENA T2, A BH Ty B A L5 385 I i k) 5 FLESORT - 5
7 B PR 3 W B S 2, 6 FLVAR RS R A gk D s R B
o MOREN TAERH J) e 390Kk B i 1R s 35 8 2%, R
UHMWP I, T AF BH g A 4= 30Rs B R 2408 2 e /ME . A7
TCA WO T AR BH g A0 - SRS B 1 5 i 3 A 8 2 7RV
WS OUT 5 TAEBH 7R - 38Rk B 5 1 2 B AG 5

3l LR T, 8 REENL P e I ALIE S B N
AR LT S5 44 1) 6 FLiE 7 1 UHMWPE #4 iR 1 %%
B o WIS R W] AEM RIS AT RN TAERR
[F)~F- 40 E 0 283.48 N, S8R i f 36 N 10.93 g ik
T AR AIRENL IG5 R, v 5 2 /s T RG B 5, 1%
I TAERH T o

E

(11 KA . W U5k 6 MG B sk FEL WL EE A0 05 26 9K 1 N H (D). K4 3

K2, 2016.
Zhang Dongguang. Resistance Reduction Mechanism of Earth-
worm Mucus Desorption and Application of Biomimetic Fertile
Soil[D]. Changchun: Jilin University, 2016. (in Chinese with Eng-
lish abstract)

[2]  SRADG, FAEWE, B, 55 R R AT sl 4 Bk D Be ik T3k
10141252 X[P]. 2017-06-30.

[3] Tuohy P, Humphreys J, Holden N M, et al. Visual drainage assess-
ment: A standardised visual soil assessment method for use in land
drainage design in Ireland[J]. Irish Journal of Agricultural and
Food Research. 2016, 55(1): 24—35.

[4] Valbuena Parralejo N, Fenton O, Tuohy P, et al. Phosphorus and ni-
trogen losses from temperate permanent grassland on clay-loam
soil after the installation of artificial mole and gravel mole drain-
age[J]. Science of the Total Environment, 2019, 659(2): 1428—
1436.

[5] Tuohy P, Humphreys J, Holden N M, et al. Runoff and subsurface
drain response from mole and gravel mole drainage across episod-
ic rainfall events[J]. Agricultural Water Management, 2016, 169
(1):129—39

[6] Dhakad S S, Rao K V R, Mishra K P, et al. Effect of mole drain

(7]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

spacing and depths on the growth character and yield of soybean
in vertisols of MP[J]. International Journal of Agricultural Engi-
neering, 2013, 6(1): 173—176.

Ful, FSCHL, A, &% . O AL 22 3 X0 fH 23 i
FE B IR ], AR AR, 2018, 49(6): 105—111.
Wang Jinwu, Zhou Wengqi, Bai Haichao, et al. Design and test of
differential two-way fertilizer distribution device for liquid fertiliz-
er deep applicator[J]. Transactions of the Chinese Society for Agri-
cultural Machinery, 2018, 49(6): 105—111. (in Chinese with Eng-
lish abstract)

Tk, R, IAE, &5 . 0t 2L A Tt LB e 1 >
w5 R[], LML 223, 2014, 45(10): 110—115, 65.
Wang Jinwu, Pan Zhenwei, Yang Xinlun, et al. Design and test of
liquid fertilizer rotor converter for DEEP-APPLICATION liquid
fertilizer applicator[J]. Transactions of the Chinese Society for Ag-
ricultural Machinery, 2014, 45(10): 110—115, 65. (in Chinese
with English abstract)

M, Tk, SO, & IR XURE LA AL B 3h J) 2
MR K )], AL HUBEA A, 2016, 47(3): 53—358.

Liu Chunxiang, Wang Jinwu, Zhou Wenqi, et al. Kinetic analysis
and experiment of double oblique hole spraying needle for liquid
fertilizer deep application[J]. Transactions of the Chinese Society
for Agricultural Machinery, 2016, 47(3): 53—58. (in Chinese with
English abstract)

Dixit J, Mahal J, Manes G. Design of nitrogen (liquid urea) meter-
ing mechanism for point injection in straw mulched fields[J].
AMA -Agricultural Mechanization in Asia Africa and Latin Ameri-
ca, 2016, 47(3): 28—35.

Liu Hongli, Wang Xi, Bingkun Jin. Study on NDVI optimization
of corn variable fertilizer applicator[J]. Inmateh-Agricultural Engi-
neering, 2018, 56(3): 193—202.

Zhang Chunfeng, Wang Xiu, Li Jinpeng, et al. Development and
experiments on the injection system of the self-propelled liquid
fertilizer machine [C]. 5th Annual IEEE International Conference
on Cyber Technology in Automation: Control and Intelligent Sys-
tems. IEEE, 2015:1650—1654.

Eei, a3 X, W, A RS TEIEHLR et 5B AT 5T ).
Ak TR 2441, 2008, 24(6):157—159.

Wang Jinwu, Ji Wenyi, Feng Jinlong, et al. Design and experimen-
tal investigation of the liquid fertilizer applicator[J]. Transactions
of the Chinese Society of Agricultural Engineering (Transactions
of the CSAE), 2008, 24(6): 157—159. (in Chinese with English
abstract)

Blouin M, Hodson M E, Delgado E A, et al. A review of earth-
worm impact on soil function and ecosystem services[J]. Europe-
an Journal of Soil Science, 2013, 64(2): 161—182.

Barré P, Mckenzie B, Hallett P. Earthworms bring compacted and
loose soil to a similar mechanical state[J]. Soil Biology and Bio-
chemistry, 2009, 41(3): 656—658.

Gu Yungqing, Fan Tianxing, Mou Jiegang, et al. A review of bionic
technology for drag reduction based on analysis of abilities the
earthworm[J]. International Journal of Engineering Research in
Africa, 2015, 19:103—111.

Jia Honglei, Wang Wenjun, Wang Wanpeng, et al. Application of
anti-adhesion structure based on earthworm motion characteristics
[J]. Soil and Tillage Research, 2018, 178:159—166.



o

19 44

TR ARG < W] 0 A VEOR b B B R 35

[18] Ren Luquan, Cong Qian, Tong Jin, et al. Reducing adhesion of

[19]

[20]

[21]

[22]

(23]

(24]

[26]

(27]

[28]

[29]

soil against loading shovel using bionic electro-osmosis method
[J]. Journal of Terramechanics, 2001, 38(4): 211—219.

Ren Luquan. Progress in the bionic study on anti-adhesion and re-
sistance reduction of terrain machines[J]. Science in China Series
E: Technological Sciences, 2009, 52(2): 273—284.

Zhang Dongguang, Chen Yuxiang, Ma Yunhai, et al. Earthworm epi-
dermal mucus: Rheological behavior reveals drag-reducing charac-
teristics in soil[J]. Soil and Tillage Research, 2016, 158: 57—066.

Zu 'Y Q, Yan Y Y. Numerical simulation of electroosmotic flow
near earthworm surface[J]. Journal of Bionic Engineering, 2006, 3
(4): 179—186.

Zhang Rui, Chen Bin, Li Jiangiao, et al. DEM simulation of clod
crushing by bionic bulldozing plate[J]. Journal of Bionic Engineer-
ing, 2008, 5(1): 72—78.

Li Jiangiao, Kou Bingxue, Liu Guomin, et al. Resistance reduction
by bionic coupling of the earthworm lubrication function[J]. Sci-
ence China Technological Sciences, 2010, 53(11): 2989—2995.
Song C W, Lee D J, Lee S Y. Bioinspired segment robot with
carthworm-like plane locomotion[J]. Journal of Bionic Engineer-
ing, 2016, 13(2): 292—302.

PO, A, BRSO IE 50 2 D) RETHA A8 v R B
PRAR[IN. ANk TFE 244, 2018, 34(12): 62—71.

Jia Honglei, Zheng Jian, Zhao Jiale, et al. Design and parameter
optimization of multi-function trencher imitating earthworm mo-
tion[J]. Transactions of the Chinese Society of Agricultural Engi-
neering (Transactions of the CSAE), 2018, 34(12): 62—71. (in
Chinese with English abstract)

B IR, AR, AR, & el 1 FLIR R 0 5 AR i R
TR FHLEREWTTT[I). PR, 2015, 64(2): 310—319.

Gu Yunging, Mou Jiegang, Dai Dongshun, et al. Surface drag re-
duction performance of bionic jet based on earthworm back hole
jet[J]. Journal of Physics, 2015, 64(2): 310—319. (in Chinese with
English abstract)

SR, TRER, TV, 55 . YIREAL I A R R AE T S A Y A
A RIAE[T]. AR LR, 2017, 33(8): 56—61.

Zhang Rui, Qiao Yu, Ji Qiaoli, et al. Establishment and validation
of mathematical models for irregular morphology of reindeer soles
[J]. Transactions of the Chinese Society of Agricultural Engineer-
ing (Transactions of the CSAE), 2017, 33(8): 56—=61. (in Chinese
with English abstract)

SRAR, FAE K, T H A, 502 RS Sl R0 ot T 07 A O 3 A
SRR AR R IGUE[T]. Al T RR2E4), 2018, 34(15): 30—36.
Zhang Fu, Wang Yafei, Ma Tianle, et al. Mathematical model con-
struction and verification of bionic topography of irregular surface
at the bottom of goat's hoof[J]. Transactions of the Chinese Soci-
ety of Agricultural Engineering (Transactions of the CSAE),
2018, 34(15): 30—36. (in Chinese with English abstract)

FH AR, W PRI, ik, 45 TR/ BH Rl 5 007 A5 D B 26 1 s BELAR
PE R AL TR 4R, 2015, 31(13): 10—16.

Tian Limei, Ke Qingpeng, Jin E, et al. Surface drag reduction char-
acteristics and mechanism of bionic function of morphological/ma-

terial coupling[J]. Transactions of the Chinese Society of Agricul-

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

tural Engineering (Transactions of the CSAE), 2015, 31(13):
10—16. (in Chinese with English abstract)

R, b, FIRIY, 5 2L TCRE 05 42 SR 4 i U
A ARG [T]. AR T RESER, 2016, 32(18): 67—72.

Ma Yunhai, Pei Gaoyuan, Wang Hubiao, et al. Simulation and test
of bionic bucket teeth of digger badger's claw toe to improve its
soil penetration performance[J]. Transactions of the Chinese Soci-
ety of Agricultural Engineering (Transactions of the CSAE),
2016, 32(18): 67—72. (in Chinese with English abstract)

A, BRI, Memon M S, 45 . 4 g Bl AL 1k Hl 41 FAY BE - R F T4
WA DT I B v SR I (7], Al TRE 244, 2017, 33(6): 43—50.
Guo Jun, Zhang Qingyi, Memon M S, et al. Rotary tillage-straw
crushing saw-tooth blade design and experiment imitating mole
toe arrangement[J]. Transactions of the Chinese Society of Agri-
cultural Engineering (Transactions of the CSAE), 2017, 33(6):
43—50. (in Chinese with English abstract)

W1, 1540, T i, A5 T RE 2 B A R R AR IR 0 A D) £ )
Frch HRE ] AR ALK )R, 2018, 49(12): 122—128.

Yang Yuwan, Tong Jin, Ma Yunhai, et al. Design and experiment
of bionic earth-cutting blades based on mole multi-toed structure
[J]. Transactions of the Chinese Society for Agricultural Machin-
ery, 2018, 49(12): 122—128. (in Chinese with English abstract)
R, A, AR, A5 O ZEHETE fil o PR KT B AT D). AR
ML HUBR 41, 2016, 47(ST): 124—129.

Wang Ying, Li Jianqiao, Zou Meng, et al. Study on horizontal re-
sistance of bionic conical soil-touching components[J]. Transac-
tions of the Chinese Society for Agricultural Machinery, 2016, 47
(S1): 124—129. (in Chinese with English abstract)

BT, LT, BRE, 45 AR Uk AL IE R IR S
JEFI]. AN, 2017, 48(7): 1—13.

Jia Honglei, Wang Wanpeng, Chen Zhi, et al. Research status and
Prospect of optimization of soil-touching components of agricul-
tural machinery[J]. Transactions of the Chinese Society for Agri-
cultural Machinery, 2017, 48(7): 1—13. (in Chinese with English
abstract)

PO, DRIE, TIOH, A BRI AR B 007 2R R 1 45 K R 4
THEN]. RAEHUBEAKR, 2016, 47(S1): 130—135.

Jia Honglei, Luo Xiaofeng, Wang Wenjun, et al. Fabrication meth-
od of bionic surface structure coupled with tillage components[J].
Transactions of the Chinese Society for Agricultural Machinery,
2016, 47(S1): 130—135. (in Chinese with English abstract)
Castanheira P J N, Serralheiro R P. Impact of mole drains on salini-
ty of a vertisoil under irrigation[J]. Biosystems Engineering, 2010,
105(1): 25—33.

James I T, Mann M J, Godwin R J. Design and operational consid-
erations for the use of mole ploughing in the drainage of sports
pitches[J]. Biosystems Engineering, 2007, 97(1): 99—107.
TR, A, Ty 2 A AR BB IR AR B v 5 e [T, AL
WA, 2014, 45(4):141—145.

Zhang Jinbo, Tong Jin, Ma Yunhai. Design and experiment of bi-
onic anti-drag subsoiler[J]. Transactions of the Chinese Society for
Agricultural Machinery, 2014, 45(4): 141—145. (in Chinese with
English abstract)



36 ANk TFE2EHR (http://www.tcsae.org) 2019 4F

Development of device for bionic sub-soil liquid fertilizer
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Abstract: The conservation tillage and liquid fertilization can enhance the productivity of farmland. However, soil adhesion occurs on
the surfaces of soil-tillage implements during liquid fertilizer applications. Soil adhesion phenomenon can increase energy consumption
and decreases fertilizer application quality. The working procedure of liquid fertilizer application by sub-soil liquid fertilizer involves
soil compression and shearing, hence, the shape and surface features of the sub-soil liquid fertilizer could significantly affect the perfor-
mance of soil penetrating, in turn, affect the quality of liquid fertilizer application. Improving the shape design of soil engaging tool is
one of the effective methods for reducing operating resistance and increasing working quality. Therefore, a sub-soil liquid fertilizer with
novel geometries and surface features should be investigated, and attempts should be made to improve operating efficiency of liquid fer-
tilizer application. Biologically inspired engineering is the application of biological methods found in nature to the study and design of
engineering systems. When pressed with an engineering problem in agriculture, engineers could find wisdom and inspirations from the
natural world. Through learning from the natural world, it is found that the interactions of living organisms with natural surroundings
have led to the evolution of biological systems and environmental adaptabilities. Among the living organisms, earthworms have long
been acknowledged to largely contribute to the aggregate stability of soils varying in texture, carbonate, and concentration of organic
matter by burrowing, foraging, and casting on the soil surface and within the soil. Besides, earthworms can comfortably move in moist
or adhesive soil, it's worth noting that soil particles seldom sticking to bodies. One of the soil fertilization mechanisms for earthworms is
that the earthworm swallowed soil and excreted particle casts while burrowing in soil. In this process, the earthworm mucus plays criti-
cal roles in adhesion reducing, soil fertilizing and so on. Inspired by this special behavior of earth worm, bionic engineering approach
was used and novel method for improving soil fertility were provided in this study. The profile curves of earthworm head and body sur-
face were extracted and fitted using image processing technology. Geometric structure surface of sub-soil liquid fertilizer injection de-
vice was designed based on the contour curve equations. The sub-soil liquid injection fertilizer devices (3 injection holes and 6 injection
holes) which matched with the bionic subsoiler, were designed. Ultra-high molecular weight polyethylene (UHMWPE) was chosen as
the material for manufacture this device. The significant influence of factors for investigation was the liquid injection, the number of
holes, the materials and the surface structure for drag resistance, and the surface structure, the number of holes, the materials and the lig-
uid injection for soil adhesion. The prototype performances were tested by using soil bin test system. The performance parameters of
holes, liquid injection, material and geometrical structure surface were taken into account to present the effects on drag-reducing and an-
ti-soil adhesion in tests. The results showed that the significant influences of the performance parameters for drag resistance were as lig-
uid injection > hole number > material > surface structure. The significant influences of the performance parameters for soil adhesion
were surface structure > hole number > material > liquid injection. The optimal level of each parameter was the liquid injection, six
holes, UHMWPE material and geometrical structural surface. The optimized prototype was selected from eight types of sub-soil liquid
fertilizer injection devices, which was UHMWPE in material, with geometry structure surface and six liquid injection holes. In the same
experiment conditions, the mean value of the drag resistance of the selected bionic prototype was 283.48 N, the mean weight of soil ad-
hesion was 10.93 g, which was lower than that of other prototypes. This study provided technical references for the mechanization of
sub-soil fertilizing engineering.

Keywords: bionics; design; geometric structured surface; drag-reducing; sub-soil liquid fertilizer injection; earthworm



