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Fig.1 Analysis route of the mandible of the leaf-cutter ant
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a. Mandible of leaf-cutter ant b. Structural details of the left mandible
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Fig.2 Structure of the mandible of the leaf-cutter ant
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Note: « is the rotation angle of the mandible around the y axis, (°); f is the
rotation angle of the mandible around the x axis, (°); M point is the mass center
of the mandible; Mxyz is the initial position coordinate system of the mandible;
Mx'y'z' is the final position coordinate system of the mandible.
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Fig.3 Spatial position changes of leaf-cutting movement in the
mandible of leaf-cutter ant
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a. The contour curve of the b. Sliding cut feature point of the
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Note: x; is the left sampling boundary of the mandible, mm; x, is the right
sampling boundary of the mandible, mm; y, is the lower sampling boundary of
the mandible, mm; y; is the upper sampling boundary of the mandible, mm.
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Fig.4 The contour curve and feature points of the mandible edge
of the leaf-cutter ant
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Table 1 Coordinates of the main feature points of the contour of the mandible of the leaf-cutter ant

ALFR Coordinates/mm 1 2 3 4 6 7 8 9 10
x 1.1616 8.6318 13.5238 19.980 3 25.456 3 31.659 4 36.077 6 42.765 5 50.2357 57.650 8
y 0.0581 3.3430 4.606 5 5.430 4 6.1555 71223 6.584 0 6.001 7 53755 32551
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Fig.5 Edge fitting curve of bionic blade Kb & RS0 ETI R BB REG m AFEFE,
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Note: v is the sliding cutting speed of stalk, m*s™; v, is the tangential speed of
stalk on the cutting edge curve, m's”; v, is the normal speed of stalk on the
cutting edge curve, m's"; a. is Stalk acceleration, m's%; F, is the positive
pressure on the stalk, N; f is the frictional force generated by the cutting rod

sliding on the blade, N; 7 is the bionic blade sliding angle, (°); XOY is the
coordinate system of bionic blade.
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Fig.6 Schematic diagram of the sliding action of the bionic blade
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Table 2 The edge curve coordinates of the bionic blade

A FR Coordinates/mm 1 2 3 4 6 7 8 9 10
x 0 6 12 18 30 36 42 48 54
y -0.1111 2.1335 3.9389 5.305 1 62321 6.7199 6.768 5 63779 5.548 1 42791
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Table 3 EDEM simulation model material parameters

48l Material Z¥ Parameter HUE Value
AR R/ 04
Stalk cor B (kg ™) 0.53x10°

By D) L/Pa 1x10®

HEL N A 0.3
TR e '
Stalk epidermis J.i.‘E/(kgm ) 1.17x10
By P RL/Pa 4.8x10*
DEY N A 0.3

J1J Blade %‘E/(kg~m'3) 7.85%10°
YY) /Pa 7.8x10'°

— Tl S 2R 5L 0.165

Core-Core B R 0652

B R 0.075

IZE RV =3 0.702

BEO-R Ny

Core-Epidermis Ll }??j& 0.604

B R Z AL 0.070

Tl 1 52 R B 0.485

wpRR T R 0.203

Epidermis-Epidermis s o .

B R Z AL 0.098

T AR Z 5 0.382

CoroBlade B AN 0.434

B EE P Z AL 0.053

bR ZHL 0.603

FH-SKD11 -

Epidermis-SKD11 i 0.324
B R 0.108

* 4 EDEM (iEREFHIMESE
Table 4 EDEM simulation model particle bonding parameters
BEGRR - BB
B R PR AR BRI B R

Core Core granules- Epidermal granules-

S

Bonding parameters

granules- epidermal  epidermal granules
core granules  granules
VR NI 7 7 8
Normal stiffness/(N'm'l) 2.36x10 8.15x10 9.51x10
IELEES 7 7 3
Shear stiffness /(N'm'l) 1.15x10 7.22x10 7.62x10
Ve B o e
A AFIRL) 5.56x10°  1.04x10° 1.54x10*
Critical normal stress/Pa
I 00 1a) g 4 4 4
Critical shear stress/Pa 3.78x10 7.17x10 8.27x10
Sk 4 Sz g2
RislipAe 0.65 0.8 0.35

Bond disk radius/mm

R ) K 4 2 BOASUR KL 4 4

Bond between core particles  Bond between epidermal particles

i

BEC TR 550 2 RUhL IR RG 45 5
Bond between core particlesand
epidermal particles
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Fig.8 Discrete element model of corn stalk
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Fig.9 Simulation test model of 3 kinds of blades
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Fig.10 Cutting force-time curves of different types of blades
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Table 5 Comparison of simulation test and bench test results
DAL WEINY ®I IR HIJI

Blade type Bionic blade Oblique blade  Straight blade
UES s EoNTIE V]
Maximum cutting force for 737.4 768.5 785.2

simulation test /N

EEIE AL V)

Maximum cutting force for 680.0 760.0 780.0
bench comparison test/N
4 B M R
Number of broken bonds 25201 27923 26 666
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RIUNTI R FRBIEIREAT LR, 20 Bl R K,
FEVIWTREAT g 18]t D KB, 2 SR VD70 2 SRR B
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Table 6 Comparison chart of stalk cutting process with different types of blades

VI 2 {li#. 7] F Bionic blade

#7171/ Oblique blade

B 7]J] K Straight blade

Cutting process ) 2% Simulation test #5423 Bench test /i ELR%: Simulation test £ 4213 Bench test (/2% Simulation test 5 421X %: Bench test

Frmp B

Extrusion stage

o A

PZEAEY
Cutting stage

B
Through stage

Ll

x7 TEEETIRFEHRMFEFIE
Table7 Stalk sections produced by different types of blades

T3 FEFFUITH Stalk section
Blade type ZERETREFE ZERET R i RS AT
Stalk of ear node Stalk below the ear node
Pi%ETI R

Bionic blade

~

#ITI R
Oblique blade

HITI A
Straight blade

3 BN
3.1 ISR R

Rt — IR AUE R EE TT F DB B IR ER T 5 m U] E
REMOCHEIN 2, 2021 4 8 ALENU IR K 2E fy a0it =
HHTREFFDIEI G 4558 (Il 1) o T KREFFDI SRS
BEHR T TR REFT e K ARG L A%
M, W 12 FioR. WRIGHRAREZ T2 P i )1
i 3 5 FOKAEAT, W50 BT RS AT AR R 2588 S L T o 3
TR, BAEAKNEA—, FYERAE 20 mm, P
YIEIKE 78.9%, “FHIETKEE 130 mm. RIGIEFREFTFE
ARG 12 h WEET .
3.2 RWKITERZE
3.2.1 R¥EIT

FEFFRE D) M RS FT 41 e i 26 5 ) ~F T 22 1) 1y 2k
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1.Corn stalk  2.Test blade 3.WEW-600D universal testing machine 4.Blade

clamp 5. Stalk clamp
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Fig.11 Test bench
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3.2.2 RX¥HE

BRIS ER H JT A I8 B a5 70 R [ e 78 5 g3 AL
m#Esk b, JiReRE AL SR ) R Nigsh, JIRiE
Bk 5 E N 30 mm/min.

DA RSN Rl F NI E WA (BWSE o E s 7 R ok
Fro @It MaxTest A HAEFDIR I8kt 2k, Ffid
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3.3 IEXRE
3.3.1 RBEEZHKPE

FRYE AT A RS0 45 S, B e s RS R S K VI 1
RIHEREKFE, Wk 8 fn. BARKEHTE /785
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g5 W 41E
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Table 8 Test factors and levels

KF pakitl BV DIl
Level  Blade type Cross-cutting angle/(°) Stalk cutting angle/(°)
1 I=2PANe 80 0
2 #IVTI R 90 20
3 it IR 100 40
3.3.2 #RHNH

HH Lo (3% ERFIAT = HE ZAKFIELZ R,
R TTREER WK 9 s,

FEFF BRI 7880y, RIS T] A VI 1 R T o
RIEWRZE MR, RS e K V)E] /7 B PR 2 32 i
¥R A>B>C, BMMHE N 43B,Cso

FIFH 7 22 53 M HERR BI85 22 B 52, (] 3] 7 6
R A B E KT, R SPSS26.0 B3 ik i 45 k47
J7ZA TR 10 Fios.

*9 EXRBARSHR
Table 9 Orthogonal test design and results

e N
No, A B C DFEHD Maximum
cutting force/N

1 1 1 1 1 836.7

2 1 2 2 2 740.0

3 1 3 3 3 793.3

4 2 1 2 3 770.0

5 2 2 3 1 733.3

6 2 3 1 2 750.0

7 3 1 3 2 740.0

8 3 2 1 3 653.3

9 3 3 2 1 640.0

ki 790.0 782.2 746.7  736.7

k> 751.1 708.9 716.7 7433
k3 677.8 727.8 755.5 738.9
R 1122 734 389 6.7
FERIGF Order A>B>C
BAft 414 Optimal combination A3B,Cy

VE: 4. B C A AJIEL. BRI VIMI KT
Note: 4, B, C is the level value of the blade type, cross-cutting angle, stalk
cutting angle.

F10 EXRBAENNER
Table 10  Analysis of variance of orthogonal test
B SEI AN H i W75 FlH PfH  BFE

Source Sum of squares Freedom Meansquare Fvalue P value Significant

4 19 487.309 2 9743654 281464 004 o
B 8 706.496 2 4353248 125752 008 o
c 2489.236 2 1244618 35953 027 *

I‘ffr 69.236 2 34,618

it

4954 121.560 9
Sum

E: %, 0.01<P<0.05 IR E K **, P<0.01 I &E K.
Note: *, significant level at 0.01<P<0.05; ** significant level at P<0.01.

FHER 10 AT, 56 R 3 X RS AR ok D) &1 g5 2 2
PEIT A A By Co i REWESHTAHEE. 525
W SRR TI 8 B REAT e K VIR DA R R 3 5
mal, YIHI X AREF R K YIE 1A B . H kT & )
F IR TR IR TR IR R A RE SR, A
A S WA T R g U0 A B 3G R AT A ) FEAS R ) B o B A
FOIRI R S R SRR 5 70 7 Bef A Pt R 42
A IEICR, B NIEIE ) fe
3.4 ISIERIE

WRIER 2 AT 48 RAB BB MM SEH A A4:B,C,, A1T])
R A T BEVIAA R 90° « YA N 20° Z2HAET
AT FEFF DB BGE G . RIS RS EA R A E, R
BEE 3K, RIERWE 11 Fir.

F 11 WIEREER

Table 11 Results of verification test

F'5 No. 1 2 3 “F-¥4 Average
oLVl
Maximum 630.0 620.0 620.0 623.3

cutting force/N

MRIEFAER IR T, RS HAE 4:B,C %
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-, “FRREFERRVIEI 18 623.3 N, ARG IE RS ik 36 i [6] TEHEH, W, FHT, 2% GHHEMILSISI S
ARERTBAYIRITI 640.0 N (G 2.6%. 3 E 5 SRR ] KB, 2018,
4 % 49(10): 103-114.

Ao T IO R ) R, & T —
ATy s S Ul 4 05 AR T I RO T s
FEERIT:

1 R EIM A5 45 R AR 7] T)  F B )
TIRs AT R RS B K V#7755 IR 4.05%-
6.09%; &40 IR 4 BB R T) TI R FE T)T]
Fry DA TR RS AT I B R U1 7343 i BRAR 10.53%.
12.82%, /i A2 1 v AE 3 RS A D) 1~ 5 B A AR e K V)
75 B A B

2) GG, 3 MR R R RS A R
YB3 F 007 Ry T B> U > DT A BRAR S5
GRETI R B 90° « DIEIfE 200, fEREAAG TRy
T R RS I B KD 7174 623.3 Ny A 42 7 sk BB
FEER L, 2 &1 RBGRIUR VR L ER
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Design and test of bionic crushing blade based on the mandible of the
leaf-cutter ant for harvesting silage maize

Zhang Lihua, Luo Huizhong, Zhou Yang, Qiu Qingyu, Yuan Senlin, Cai Jinxiong
(School of Mechanical and Electrical Engineering, Sichuan Agricultural University, Ya’an 625000, China)

Abstract: A crushing blade has been one of the most important components during harvesting corn for silage in modern
agriculture. However, the existing crushing blade cannot fully meet the high requirement of sharpness and slip cutting
performance of the silage corn harvester. In this study, a bionic crushing blade was proposed under the mandible of the
leaf-cutting ant as a prototype. A kinematic model of the mandible was firstly established to clarify the cutting principle of the
leaf-cutting ant. A bionic edge curve was then designed to extract the contour curve of the mandible of the leaf-cutting ant. A
reverse engineering was also used to fit the slip-cutting curve. As such, a discrete element model was established in the stalk
cutting test using an EDEM software. The evolution of stalk cutting force was then explored under the same parameter setting
of bionic, oblique, and straight blade blades. A bench test was carried out to record the stalk cutting deformation using a
high-speed camera. The simulation and high-speed camera results show that the stalk cutting deformation was divided into
three stages: extrusion, cutting, and through the stage. Specifically, the blade continued to compress the stalk skin in the
extrusion stage, until the cutting force increased sharply to the blade’s downward pressure exceeding the strength of the stalk
skin that caused by the skin rupture, where the cutting force appeared at the first peak after a small decline in the cutting force.
The blade was used to cut the stalk with the increase of cutting force, where the maximum cutting force appeared instantly, and
then dropped sharply in the cutting stage. The cutting force decreased sharply to a stable state for the stalk cutting in the
through the stage, when there was only friction between the blade and the stalk. Correspondingly, the maximum cutting forces
of the bionic blade in the simulation were 4.05% and 6.09% lower than those of the angled and straight blade, respectively. By
contrast, the maximum cutting forces of the bionic blade in the bench test were 10.53% and 12.82% lower than those of the
oblique and the straight blade, respectively. Correspondingly, the relatively relative errors of the maximum cutting force for
the three blades in the simulation and bench test were 7.78%, 1.11%, and 0.66%, respectively. More importantly, the better
cutting performance of the bionic blade was achieved in the uniform flatness of the stalk cutting surface and the low maximum
cutting force of the stalk. An orthogonal test was also carried out in on the stalk cutting bench with the blade type,
cross-cutting angle, and cutting angle as the test factors, while the maximum cutting force of stalk as the test index. An optimal
combination of parameters was obtained to verify the simulation. Consequently, the blade type and cross-cutting angle posed a
highly significant effect on the maximum cutting force of stalk, whereas, there was a significant effect of on the cutting angle.
The validation test showed that the maximum stalk cutting force was 623.3 N at the bionic blade, the cross-cutting angle of 90° ,
and the cutting angle of 20° under the optimal combination of parameters. This finding can also provide a theoretical
reference to design the crushing blade in the silage corn harvester.

Keywords: simulation; stalk; bionic; leaf-cutter ant; silage maize; crushing blade
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