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a. Structure of foreleg of
mole cricket

b. AL AL 11 = 2308 ) A5
b. 3D inverse model of the
foreleg’s claw toe 1
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Note: o is the center of the base section of the foreleg’s claw toe, y is the axis
perpendicular to the excavation surface, z is the axis points from the base of the
claw toe to the tip, x is the axis perpendicular to y and z axis.
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Fig.1 Foreleg’s claw toe structure of mole cricket and its 3D
inverse model
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Table 1 Polynomial coefficients and their fitting results of
characteristic curves of foreleg’s claw toe 1 of mole cricket

E2TE (] ST Xz P 2y P xy
Polynomial Plane xz Plane zy Plane xy
coefficients 2 ) 2o X)) e S2) v D) v X)
P - —0.091 - - 4.602
P, - 0.608 0.138 —13.140
Ps - -1.513 —0.803 - 10.042
Py 0.118 1.762 1.551 - 0.396
Ps —0.565 -1.116  —0.767  0.233 —0.524
Ps 1.211 0.500 -0.658 —0.390  -1.611
P; —0.070 1.599 0.738  —0.008 —0.007
PE R
Coefficient of 0.992 0.100 0.993 0.991 0.974
determination R
BT A
Sum of the Squared 0.091 0.009 0.008 0.011 0.015
Errors SSE
ez W zpe RPIHT xz BIRFAEHN G, yao A1 yor AFAIHT zy BORFAEBHZR, yie 9
ST xy FARFAE A 2K o

Note: z, and z,. are the characteristic curves in plane xz, yq and y. are the
characteristic curves in plane zy, and yy;, is the characteristic curve in plane xy.
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a. Characteristic curves in  b. Characteristic curves in  ¢. Characteristic curves in
plane xz plane zy plane xy
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Note: A is the area enclosed by the characteristic curve z,=f(x), the x axis, and
the z axis; B is the area enclosed by the characteristic curve z,=f(x), the x axis,
and the z axis; S is the area enclosed by the characteristic curve y,=f(z), y=flz),
and the y axis; C is the area enclosed by the characteristic curve y;,=f(x) and the
y axis; D is the area enclosed by the characteristic curve y;z=f(x) and the y axis.
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Fig.2 Characteristic curves of foreleg’s claw toe 1
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Table 2 Comparison table of factors and levels of the orthogonal
test
T xz #TE S zy FATE P xy #ITE
T (=D (H&E 2 (HFE 3
KT
L Plane xz Plane zy Plane xy
evels . . .
configuration configuration configuration
(factor 1) (factor 2) (factor 3)
1 BB T2 R
2 Tl S1 CcC
3 AA S2 DD
4 AB S3 CD

I RIEE 207 AL By S. CHIDBIESL, AA NTH A HARTE A FRTE,
AB NIfi A FITH B 4RI, BB NI B SHEIEMIRIFRI, T1 AHLRIKR)
SSRGS, T2 BRRIRR B = MIEGEI, S1. S2. S3 73 AR
B 1. TURE 2 AL 3 (AT, R SBEIRIRIFEZSGE I, CC AT C 8%
TEREIXSFRTE, DD JYTH D SHEIERBUIXTFRIE, CD JyTE C AT D 4L .
Note: Based on the definition of A, B, S, C and D in Fig.2, AA is the area
formed by the mirror image of plane A; AB is the area composed of plane A and
plane B; BB is the area formed by the mirror image of plane B; T1 is the
isosceles triangle projection area of the wedge; T2 is the right triangle projection
area of the wedge; S1, S2, S3 are the longitudinal sections of the claw toe 1, the
claw toe 2 and the claw toe 3, respectively; R is the rectangular projection area
of the wedge; CC is the area formed by the mirror image of plane C; DD is the
area formed by the mirror image of plane D; and CD is the area composed of
plane C and plane D.
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Note: Parameters in brackets are the combination of the plane xz configuration,
plane zy configuration, and plane xy configuration in the factors and levels table
of the orthogonal test.
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Fig.3 Bionic specimens designed based on factors and levels
table of the orthogonal test
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1.Servo motor  2.Synchronous guide rail 3.Foamed phenolic plastic
4.Controller 5.Torque sensor 6.Bionic specimen
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Fig.4 Soil groove test system for the cutting resistance test
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ik f:Specimen
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Note: v is the cutting speed, mms™; % is the initial cutting depth, mm,; @ is the
relief angle of the specimen, (°).
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Fig.5 Schematic diagram of test conditions of cutting resistance test
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Table 3 Material parameters used in finite element model

o dm PHERE g R o gk
Wk . Elastic . ,Internal
. Density/ Poisson’s L Stress ~ Water
Materials (gem’) modulus/ ratio friction ratio content/%
& MPa angle/(°) ’
f7 HE A R
Materialof 56 4000 030 - - -
bionic
specimen
TR AR
Material of 1.79 1.25 0.15 315 1 20
soil model
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Fig.6 Curves of cutting resistance of different bionic specimens
changing with time
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Table 4 Cutting resistances of different bionic specimens under
different factors and their orthogonal test results

Pl xz TG P zy MG SFIE xp TR

PidslfE  (HE D (F% 2) (H% 3 DIHIE g
Bionic  Configuration Configurationin Configuration in Cutting

specimens  in plane xz plane zy plane xy resistance/N

(Factor 1) (Factor 2) (Factor 3)

No.1 BB T2 R 35.33+1.07
No.2 BB S1 CC 23.93+1.36
No.3 BB S2 DD 31.65+2.47
No.4 BB S3 CD 21.81+1.56
No.5 T1 T2 CcC 30.77+0.97
No.6 T1 S1 R 29.10+0.35
No.7 T1 S2 CD 22.01+0.61
No.8 Tl S3 DD 22.83+0.33
No.9 AA T2 DD 32.61+£0.95
No.10 AA S1 CD 24.28+0.46
No.11 AA S2 R 27.01+£0.98
No.12 AA S3 CC 19.09+0.52
No.13 AB T2 CD 27.49+0.91
No.14 AB S1 DD 29.32+0.70
No.15 AB S2 CC 23.09+0.51
No.16 AB S3 R 38.80+0.89

Rfaﬁes 236 355 51.95

Ff aﬁes 427 9.82 22.14

T SRR AFREAT 3 IRE S YTHIBE S5, UIEI L 45 R AR P8
fHEFRERERIR.

Note: Cutting resistance test is repeated 3 times for each bionic specimen, and
cutting resistance results are expressed as mean + standard deviation.

FIiE LIES
Surface pressure/MPa Surface pressure/MPa

49.43 326.08
Fao7 I 28586
-34.51 - 245.64
-27.05 - 205.42
19.59 - 165.20
I 12.13 [ 124.98

4.67 - 8476
-17.71 -35.90
b 25117 Lox [ 76,12

b. 4/i 11 {-No.16
b. Bionic specimen No.16

a. fi il No.12
a. Bionic specimen No. 12

B 7 At No.12 4= No.16 49 K @ /& ) = A
Fig.7 Surface pressure nephogram of bionic specimens No.12 and
No.16
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Design and experiment of bionic mole's toe arrangement

Drag reduction mechanism of the 3D geometry of foreleg’s claw toe of the
mole cricket (Gryllotalpa orientalis)

Zhang Yan'?, Qiao Chaoxiong'?, Wang Tiangi'?, Cao Jiafeng'?, Wang Pengfei'?, Shi Lei®
(1. Tianjin Key Laboratory of Integrated Design and On-line Monitoring for Light Industry & Food Machinery and Equipment, Tianjin

300222, China; 2. College of Mechanical Engineering, Tianjin University of Science & Technology, Tianjin 300222, China; 3. Tianjin
Limin Condiment Co., Ltd., Tianjin 300308, China)

Abstract: Biological plane geometry has been unable to meet the harsh requirements of bionic design in most soil contacting
parts of tillage machinery in recent years, particularly on the operating speed, energy-saving, and emission reduction. In this
study, a bionic investigation was performed on the toe of the foreleg claw in the mole cricket using the three-dimensional (3D)
geometry. Projection and segmentation were also used to extract the 3D characteristic curves of claw toe in three orthogonal
planes. The MATLAB platform was selected to determine the characteristic curves via the polynomial fitting and smoothing
processing. An orthogonal experiment of bionic samples was carried out, where three plane configurations were taken as
factors, while the different characteristics of configuration as levels. A total of 16 bionic specimens and 1 wedge-shaped
comparison specimen were constructed by SolidWorks software and then fabricated using 3D printing (polylactic acid
material). A test system of soil groove was utilized to evaluate the cutting resistance of each specimen, where the soil was
assumed as the foamed phenolic plastics, the cutting speed was 10 mm/s, the cutting depth was 15 mm, and the cutting time
was 20 s. The explicit dynamic Finite Element (FE) software ANSYS LS-DYNA was used to simulate the cutting process of
the specimen, in order to determine the relationship between the 3D geometrical toes of the foreleg claw in the mole cricket
and the drag reduction performance. It was found that the cutting process of the specimen was divided into the drag increase
and stable phase. Furthermore, the drag reduction performance of specimens with 3D biological geometries was significantly
better than that with one- and two-dimension, as well as the wedge shape. All configurations in the three planes also presented
a significant impact on drag reduction. Correspondingly, the main influencing factor of drag reduction was the cross-sectional
configuration perpendicular to the growth direction of claw toes. More importantly, the cutting resistance of the specimen was
reduced up to 56.96% with 3D biological geometries. The FE analysis results showed that the 3D geometrical toes of the
foreleg claw in the mole cricket effectively alleviated the accumulation of soil on the tip of the specimen. As such, the soil
moved smoothly along the excavation surface, thereby avoiding the accumulation of pressure on the middle and back of
specimens. This process was the reason for the reduction of cutting resistance. Furthermore, an optimal configuration of
soil-contacting components was also achieved to reduce the cutting resistance, while effectively improving the working
efficiency of machinery without the use of external energy and auxiliary devices. Nevertheless, the actual configuration was a
3D structure of soil-contacting parts in farming and engineering machinery, where many interrelated geometric parameters
were involved during optimization. Consequently, the biological geometry can widely be expected to optimize soil-contacting
parts, whether to project the main configuration of bionic objects in two dimensions, or to directly transplant the 3D biological
geometry with 3D reverse. The characteristic curves of 3D biological geometry were also coupled to design bionic specimens.
The feasible idea can also provide an insightful promising bionic design on soil cutting parts of tillage machinery, such as
openers and subsoilers.

Keywords: agricultural machinery; bionics; design; optimization; drag reduction; cutting resistance test; mole cricket



