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LR FET BEUT I RA B R AL S 3 PR S R 31

A 11.0 cmx22.0 cmx0.1 cm f R 205 48, H A B E
217 600 kg/m®, AR (8 A 1.2~1.3 ke.
1.1 BkE
FKEFZWRGI 1. AR IR, 4R AR
AN, TR T Sk R MR, B R
(B 0~300.0g; ¥/ 0.1g) RBUEARE m, BUGH
S EEEERLE TSN, MBS E Me. BRERTRON
100 C fEIRFHEEAE P HET 5 h 56 | h BR—k, BELEMR
EARSE, IR M, SAKE v IFEIR:
M,-M

v % 100% QP)

LS e BT &, 3RS KRN 58.76%
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T BN R ST Z R, AT R E R
M He s AR, X RN R AE AT 25 . W
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o[BI, 305 Y GE TR R ORI 5 B 5 L,
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K2 8] 5 ARG, TR e DR I RS A
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Ji S S BRI I DUIX P RP R A A . AR DA G
PR B R IR B RHR ST {E N 7 mmx6 mmx2 mm
Smmx1.7 mmx1.5 mm, XFF X D& FReR E Rk, Hig
{E R~ A 0.5 mmx0.5 mmx0.5 mm FIR.
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a. Jefk b. JIR c. Rtk
a. Bulk b. Sliced c. Granular

B1 BHPRFER
Fig.1 Schematic diagram of fungal material shape
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Table 1 Fungal material characteristic size
WEPEAR FHIERST S L
Fungal material shape Characteristic size/mm Quality percentage/%
Bk KL 5.9~83
\ =4 ~
Bulk E L 1427 52.75
e Wy 4.8~72
Jrs KL, 3.3~6.7
LA = ~
Sliced ,; T 09721 36.13
e W, 1.4~2.0
-, S 0.2~1.0
RN B -
Granular E 7 0.27~1.1 11.12
i W 0.2~1.0
1.3 EE

PRHE T HCE AN EURL kL, I 5E bR ifE DL GB/T4472-
2011 o[BS RT3 UE . LT RSP RREL 50.0 g B
Bl GINERE A, I AT % R R R AR
EER, iCRERMAR, EENE 104, HEEHERE
By K 435.1 kg/m’.

1.4 JARMEFIEERE

BT RGBT RO R, R A 3 R il 3R AL 1

R AT B R 4500, BENLINEL 10 frERl, DR B R

WK E L M58 H.

BB TR Em L, RENBGERE 5 mm/min,
WK BT M n#k 30.0 s JEfE 1k, MEKEBREEAL M
TEEAR AW, L 10 4. @Bid ) HEAEE
BHARAEE 1o N 0298, ASCHL 0.3,
g _AW/W
&  AL/L
K ey NIERINAR s e, AYNFINAS; W ik a0 mi v e
£, mm;

JRAFIRLAE RIS R G A sh B AL, BRI 10 &k, F
H=C (3) ~ (4) HHEARE R A EIIE N 1.3 GPa,
B YRR IME N 0.54 GPa.

Mo =

(2

F/A

E= ALL (3)
E
T 4

R E iR, MPa; F 4R K i In B Rk A v 25
Fi, N; A NEEAREA, m% G ABYIEE, MPa.
1.5 FRA

HEF AR B I W U ) (38 B AN BE SRR . 4 ok
PR I A AN R 52 B v T 2 B D RS el R YRR
SAERHERUK T 2 AR — MR Je f . RIMERA AU,
MR TR AT EN 100 g Bk BRIER DER A
SRV, FEMEREE R b, WiE 2 Aror, {# A Matlab
UG AT R A EE . A AL EE, BT A EALAREE S
MG N BB F IR BRI %, oM 2 Al i 45 51, %
PG AT B RE S AL FRAN Canny SO KM, FEAE ] &b —
e A G FEIMER 10 4, B3 FEHER A (AOR)
YIME N 42.52°,
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a. Original images
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b. Gray-scale processing

d. BSHERAL
d. Outlier treatment
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c. Binarization
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f. Least squares fitting

e. 1% skl
e. Edge point detection
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Fig.2 Test and analysis process of angle of repose (AOR) value
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BEE SR, il (5) TH5HE B R AN IR R
BERBOTF YN 0.468, VIR EEAE N 24.443°,
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A MR RE B i EE R R m BRI &, ke
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TR Ak ) i B 3 1 7 ) P B T bR e A s TR IR
Blo Blan, BERERE LT 4E T Bk AR 2 S B
BENEAF W EREI R, ik HGH o bR %Ok b
TERNMR 3R T, Gl 3b BT, 75 CURS B IR B Rl 2 T 4 42
HiGERL, WS 3 AHE, BHRHEE, 58 RS
THFE, O A B R AE A 2 fll T 0 28 4% 7 1) AT UL T AR
YIAMIE, VAR REHER I AR AR obE LR R EE R AE A
5 20 3R 56 i A B AE 2 0 A 42.95°, 43.10°, 42.85°,
43.15°, 42.90°, U8 BEORHA] 0 77 1) 0] i R 1 R 255
BN, HH I E PR R B R P R AAME N 0.932.

b. BRPRR- TR AR U
b. Fungal material-fungal material
static friction test

a. R A A AR
a. Fungal material-stainless steel
static friction test

B3 A A SR

Fig.3 Test of static friction coefficient
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{8 1] Solidworks B3] B RHIEAT A5, ] ANSYS
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Fluent, 1# FH userdefine £ Bk 152 HX 3+ 4% ¥ CalcRadius.c,
4T CalcRadius Volume, 3RHU(E B AL¥r. 7 EDEM 5%
DY s N S Vi S Rt 1A K TN NG (K7 S
Tk 8 I ROk R~ R ek D R B R R A AR AL AL, SR A 0.5
A1 0.4 mm FIERERORLEAT I 7S, 159 2 5F BB SOt A,
Wi 4 fios . RPE EDEM Statis 2035 /] S HUIRE B . A
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Fig.4 Fungal material discrete element model

212 BRER

B IE W A T RE A OR O LS T S, BT
BIEKE N 60% Fid, BATREN AR, & EDEM
rF Hertz-Mindlin with JKR. 2% FE A4 R} 45 W) 5 1 Ko FLAE Rlf
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HBERE 2B m, N 0.3~0.6.

FRAAAT 5 RPTEARE, ZREUYME, Wk 2 Fix.

T2 BEEBEZRRHEANRAREER

Table 2 Static friction coefficient simulation test scheme and

results

e TR AR Wi
No. Static friction coefficient m, Inclined angle/(°)

1 0.30 16.812

2 0.35 19.771 6

3 0.40 223226

4 0.45 24.5343

5 0.50 26.1818

6 0.55 28.462

7 0.60 30.824 8

X 2 R AT 2, sl S R
32

My=—26.05m+68.63m,~1.22
30 Re=0.996
28t

26 -
24 +
22
20 -
18 1
16 1

i 5 f Inclined angle M, /(°)

0.3 0.4 0.5 0.6
¥ B8 15 2 # Coefficient of static friction m,
B 5 #HEEAKG AR DE &

Fig.5 Fitting curve of static friction coefficient simulation test

KV IRA 2 K F EE 24 0.932 RAZ T, 15
3| m=0.443, @it EDEM 31T 3 k5, 152074
T A A 24.871°, HEBRIE SRS RZEN 1.76%,
A bR S 07 B R S B B S AR R Y, R
WA 72 TR AR AN R R ECN 0.443.
2.3 HRA(EKE

17 HZHRYE EDEM i) GEMM #4 8} A 56 3C
WA B, Wk 3 FToR.

f£ EDEM #ffr, SA—MRHEEA (42 40 mm,
K260 mm), FEIEFHIE T U7 50 mm A% @2 H £, I
| A ST R AP 1A BORE T

BT EEbRLAR AN, FEha& AR, Pk, AR
SOREIREEHR A B3 E B B 399) 9 0.354 0.25's #10.05 kg/s,
A RRE RS R BN 055 kg, MELRIEEINY 25, K
0.05s, BEHTINSF R & 2B 0 R E 2 opHE .

HERRGR G, FEHERR RSN Y D7 R RS DD, %
DI B HEAT AL 345 2 HERR A, (RN X 77 [l A ) 1
MR A INE, i 6 frw, KM ELE 0 HHEM
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%3 EDEM{HiESH
Table 3 Simulation parameters of EDEM

i HSH HE
Simulation parameter Value
RS E 0.3
ANERIA L 0.28
B R B D) R/ Pa 5.4x10°
AR BT I &/ Pa 8.2x10'°
BB (kg m ) 420
TEREE (kg m™) 7850
TR B R RE T K R R B 0.1~0.3
FRURE- T I} R i 2R B 0.8~1.1
BRI 1 BE 1 R L 0.01~0.15
BRI AN R 2 R B 0.1~0.3
PR A5 0 B R i R AL 0.443
B RN R B R R DR 0.01~0.1
BRI T AR 2~14

.

b. K FEREER
b. Grayscale processing

a. JEUG 07 STEIR

a. Original simulation images

d. Canny I ZK I 5 de /N — AU &
d. Canny edge detection and
least squares fitting

B 6 gARAGANK
Fig.6 Stacking angle simulation test

2.4 Plackett-Burman &35

DAY HEAR Fg g BB AT A S b g R T
HMHERENRMSHE 2, iR Plackett-
Burman iR ¥ TRE I, G A IR A L R Y
Fo AR Design-Expert 13 #4415 B2 BH FCHEFR
RIS HIN 6 MARBITRR . £ 4 &0 ESHII
5l . % 5 N Plackett-Burman 5 (1) 12 ZHi014 25
r I 25 SR 77 22 0 M in e 6 B o

% 4 Plackett-Burman i3S
Table 4 Plackett-Burman test parameters

c. _fEiLKER

c. Binary image

23 iR KT
Parameter Low level High level
PR B Rl 1 5 TR B X 0.2 0.3
ol e R LR 2 X, 0.8 1.0
B R} PR RLR Bl BE R N A X, 0.01 0.2
RSB A A At i A TR X 0.01 0.3
TR AN AR R B0 B 4 TR 5 X 0.01 0.05
PEHR T RE X/T 2 14

%R 5 Placket-Burman RIEF REHER
Table 5 Placket-Burman test scheme and results

75 HEFA S

No. X X X% X X X Stacking angle/ (°)
1 0.3 0.8 0.20 0.30 0.01 14 59.98
2 0.3 1.0 0.20 0.30 0.05 2 43.29
3 0.2 0.8 0.20 0.01 0.05 14 70.15
4 0.3 1.0 0.01 0.01 0.01 14 52.48
5 0.3 0.8 0.01 0.01 0.05 2 29.68
6 0.3 1.0 0.01 0.30 0.05 14 37.29
7 0.2 1.0 0.20 0.30 0.01 2 4475
8 0.2 0.8 0.01 0.30 0.01 14 50.95
9 0.2 0.8 0.01 0.01 0.01 2 33.12
10 0.2 1.0 0.01 0.30 0.05 2 27.61
11 0.3 1.0 0.20 0.01 0.01 2 45.97
12 0.2 1.0 0.20 0.01 0.05 14 75.05

M3 6 W AR G 35 1k i AR P<0.05, B E N
R’=0.9654, MR, WSS HMEEES. 1,
Xy Rl X I P<0.01, FHI X, X, 0 HERL A A A2 25 72
Mis X, [ P<0.05, KX, XHERUAA L FH 0.

# 6 Placket-Burman iXIG FSHEZE M2
Table 6 Parameter significance analysis in Placket-Burman test

PR FrAEAL RS 77 A TR

Sources Standardized effect Sum of squares Contribution rate F P

Y - 12.980 — 2328 0.0017
X -0.296 0.265 1.950 285 0.1523
X, -0.018 0.001 0.007 0.011 0.9199
X 1.346 5.436 40.179 58.51 0.000 6**
Xy —-0.427 0.547 4.044 5.89 0.049 6*
X; -0.122 0.044 0.330 048 0.5182
X 1.492 6.684 49.400 71.94 0.000 4**

e ORI (P<0.01), *RREFE (0.01<P<0.05). T,
Note: **means extremely significant (P < 0.01), *means significant (0.01<P< 0.05),
The same as below.

1F B BE N8 3 1026 1 Box-Bennken it26 1, H XF 520
BER 3 ANREREAT N, X A X ARELROSAE KT 0,
VL Xov X5 X BB M 52w 9 IE RN, T X, ) 3808
E/NT 0, X X HERR A (R 52 0 Dy 47 3008
2.5 EmBEMHINISIRIULE R i

I3 Plackett-Burman o 5 i 16 H 52 ) & 35 1 2 44,
MR YR LR AR RS, 05 B HERUA S e AN B 2 (W S HUE
B N Plackett-Burman 36 [ Al kP2, i, x,=0.25,
X=0.03, X,=0.90, PJELMIG H IR 0, 515 B
U HERR A 6, Z B AEXHREZE R 2l (6) 1S3,

R:l@gfﬂxlow% (6)

B BENCIHE B0 7 RAGE R WK 7 fim. R THERE
B, BEE 3 AT, {5 MR A S EHEAR A
FAXTRZLESE 3 AR B/, Rk, JE22li bAE 3
HRE IS EAE A O, DU 2 A 4 A2
H055 A e TR BT E AR KSR g KT, 7R B IX JR)
1T Box-Behnken k56 73 #1241,
*7 mBEMRKIRIES RMER

Table 7 The steepest climbing test scheme and results

P M R
No. Xs % X Stacking angle/ (°) Error/%
1 2 0.01 0.30 18.17 56.76
2 4 0.04 0.25 33.24 20.89
3 6 0.07 0.20 40.09 4.59
4 8 0.10 0.15 52.84 25.75
5 10 0.13 0.10 59.46 41.50
6 12 0.16 0.05 65.05 54.81
7 14 0.20 0.01 71.95 71.23

2.6 Box-Behnken LR S5
2.6.1 Box-Behnken iXJ&%5 &

Box-Behnken % /7 A 25 R Wi 8 Ak,

1% FH Design-Expert13 %I Box-Behnken {46 25 R i3 47
Z oA A, HERA 0 R W (7) Fis.

60 =39.08+6.90xs +4.71x3—0.913 7x, + 0.580 Oxgx3+

2.09x6x, — 2.45x3x4 — 1.94x7 + 13.74x3 +4.67x;  (T)

Box-Behnken 14 77 2 73 B 45 SR 403k 9 Fios.

B P<<0.000 1, FEARLEE, KNI P>0.05, K]
BRI T, HOCHERNR, YUE RELR*=0.986 9,
WEEYUE ZE0N 0970 1, Wi 8a T 1, Ul B 0lE
HEPrEWI G RIEF, 25 2N 3.64%, 5L KT 4,
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AT R FED, BT R R IR
B 7 TR, AT AR SR M B TR AR, i
U RG SHRHE B MR R, TN, HeBL
Sy SRR 5 TR O . 4%, IR g
W SRR AR T3 P T TS

%< 8 DBox-Behnken M HREER
Table 8 Box-Behnken test scheme and results

5 HERA
No. X X X Stacking angle/ (°)
1 6 0.07 0.20 37.02
2 4 0.07 0.15 33.34
3 8 0.07 0.25 45.97
4 8 0.07 0.15 49.67
5 6 0.07 0.20 37.98
6 6 0.04 0.15 53.52
7 6 0.10 0.15 58.16
8 4 0.10 0.20 47.14
9 6 0.07 0.20 41.41
10 6 0.07 0.20 39.13
11 8 0.04 0.20 53.32
12 4 0.07 0.25 38.01
13 6 0.07 0.20 39.54
14 6 0.04 0.25 51.79
15 8 0.10 0.20 63.77
16 4 0.04 0.20 39.01
17 6 0.10 0.25 66.23

&9 Box-Behnken 1230 Z )RR T E ST
Table 9  Analysis of variance of Box-Behnken test quadratic

model
SEITAI I H ¥175
i Sum Degrees of Mean F P
Source of squares freedom square
i 1529.10 9 169.89 5876  <0.000 1**
Xs 381.29 1 381.29 131.87  <0.000 1**
X, 177.28 1 177.28 61.31 0.000 1**
X, 6.68 1 6.68 2.31 0.1723
XX 1.35 1 1.35 0.47 0.5162
XX, 17.51 1 17.51 6.06 0.043 4*
XX 24.01 1 24.01 8.30 0.023 6*
X7 15.88 1 15.88 5.49 0.0516
st 794.40 1 794.40 274.75 <0.000 1**
X} 91.95 1 91.95 31.80 0.000 8**
WZE 20.24 7 2.89
SR AUT 9.16 3 3.05 1.1 0.4453
AR 7 11.08 4 2.77
Bt 1549.30 16

2,62 XAk AR AT
{1 FH Design-Expert % ik 5 2 4f8 12£ 47 2 o A&
A s ST P, 0 0 i % S e AT 20T i AR AE H
EH. K 8aln, 5 X, MLk, X, rma i il 28 58 B,
VLB OO HER A A B R RS Y X fEE R, HERR
S BE ARz R G N AR S S, B 8b o, AHEL
T Xy X STHERR M B R 3
2.6.3 RS E A BRI 45 K
H R RS HE AR A AR NG H AR, DL X XGs
X, VE AR %, 48 Design-Expert 13 HI0ALREE),
XA () KRB Xov X X, BREX 8] 7350
N 4~8. 0.04~0.10 F10.15~0.25. a1 (8) Fm.
AOR(Xs, X, X4)
4<X;<8
5..40.04 < X5 <0.10
0.15< X, <0.25

€))

2R AR, 3R R A AR B 2 B o Xe=5.33,
X,=0.086. X,=0.21, ¥4 EDEM 1 ES ¥ % & N _Eidthib
SRS, #HAT SHGERE, BB A D N
42.87°. 43.32°, 42.88°. 42.64°, 42.82°, 4B IMH AN
42.92°, SYIEMERAAXRZEN 0.97%. UESE T SE0R
AERI AT EEVE, AT UE SE B HOCHT B B A R . AL
& P R B A BT AR S B 0E SCRE .

R
§ +ﬁ/ﬁf‘£' 6.00F Experimental value
£ 99| Fitted line 4.819 63
—é 95 b = " 4.00 +
] ° ili = | =
g 80t Probability 'é 2.00 . s V.
— | = - d
§ 30 & 0 [
S 20 K —2.00 b :
ﬁ | = 2 s
£ 400+ 4819 63
2L . . X
=
-3.00 —-1.00 1.00  3.00 30 40 50 60 70
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Analysis and test of black fungus stick piercing and laying falling process
based on discrete element

JIANG Chengjie' , DU Xiaogiang"*** , YANG Zhenhua® , HONG Fangwei' , ZHAO Wei' ,
ZHANG Guofeng"*** , CHEN Hongli**

(1. School of Mechanical Engineering, Zhejiang Sci-Tech University, Hangzhou 310018, China; 2. Key Laboratory of Transplanting
Equipment and Technology of Zhejiang Province, Hangzhou 310018, China; 3. Key Laboratory of Agricultural Equipment for Hilly and
Mountainous Areas in Southeastern China (Co-construction by Ministry and Province), Ministry of Agriculture and Rural Affairs, Hangzhou
310018, China; 4. Zhejiang Key Laboratory of Intelligent Sensing and Robotics for Agriculture, Hangzhou 310018, China;

5. Longquan Guyuan Automation Equipment Co., Ltd., Lishui 323700, China)

Abstract: This study aims to observe and simulate the internal movement of fungal material substrate during the piercing and
laying of black fungal sticks using the discrete element method (DEM). The contact parameters of fungi were calibrated on the
different sizes within the cultivation sticks. Key parameters, such as particle stiffness, friction coefficients, and damping
factors, were adjusted to replicate the interactions among fungal particles. DEM simulations were used to accurately reflect real-
world mechanical behavior. Both physical experiments and DEM simulations were conducted on piercing after calibration. The
physical experiments were conducted to measure the key substrate parameters, particularly for the influences of repose angle on
the substrate settles. The DEM simulations were fine-tuned to closely match the real-life scenarios after measurements. In
simulations, virtual tools were inserted into the modeled fungal sticks, in order to observe substrate behavior under controlled
conditions. The comparison was performed on the depth and diameter of the holes created during piercing, in order to validate
the accuracy of the DEM model. The simulation results were compared with experimental data obtained from a fully automatic
piercing machine. The relative errors between the simulation and experimental data were 3.6% for the hole depth and 4.5% for
the hole diameter. The low error margins confirmed that the high accuracy of the model was achieved to replicate the real-
world conditions, providing for the reliability of the DEM model in the subsequent simulations. In addition to the piercing
simulations, a systematic investigation was also made to explore the impact of landing shock on the deformation of fruiting
holes within the fungal sticks. The falling behavior of fungal sticks was simulated in a semi-automatic laying machine.
Displacement velocities of substrate particles around the ear holes were measured at three positions along the fungal stick: the
top, middle, and bottom. The velocities were recorded as 441, 621, and 1 115 mm/s, respectively. There was the most
significant deformation at the bottom of the stick and then decreased towards the top. The diameter and depth of the bottom ear
holes were 12.3% and 14.3% smaller, respectively, compared with the top ones. The minimum aperture diameter and depth
were 3.28 and 32.9 mm after simulation, respectively, fully meeting the requirements for ear production. Therefore, the fungal
sticks remained suitable for agricultural use, even after deformation under landing shock. The semi-automatic laying machine
was effective with the acceptable deformation for practical agricultural production. In conclusion, the DEM model was
validated to accurately simulate the piercing and laying in the internal movement of fungal material within black fungal sticks.
The insights were gained on the deformation caused by landing shock. The findings can greatly contribute to the design and
operation of machinery in mushroom cultivation. The quality and functionality of fungal sticks were maintained throughout the
production. The DEM model can be expected to improve agricultural practices in mushroom cultivation.

Keywords: discrete element method; simulation; parameter calibration; fungal stick; piercing; black fungus


http://www.tcsae.org

	0 引　言
	1 黑木耳菌料参数测定
	1.1 含水率
	1.2 外形尺寸
	1.3 密度
	1.4 泊松比和弹性模量
	1.5 堆积角
	1.6 摩擦系数

	2 黑木耳菌料离散元参数标定试验
	2.1 离散元模型建立
	2.1.1 菌料模型
	2.1.2 接触模型

	2.2 菌料静摩擦仿真试验
	2.3 堆积角仿真试验
	2.4 Plackett-Burman检验
	2.5 最陡爬坡试验模拟结果分析
	2.6 Box-Behnken试验结果与分析
	2.6.1 Box-Behnken试验结果
	2.6.2 交互项响应模型分析
	2.6.3 最优参数组合确定和仿真试验结果测试


	3 黑木耳菌棒刺孔和下落冲击仿真
	3.1 黑木耳菌棒刺孔仿真
	3.2 黑木耳菌棒摆场下落冲击仿真

	4 结　论
	参考文献

