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1. Goat neck segmentation line 2. Quarter carcass segmentation line 3. Ribs
segmentation line 4. Segmentation line between waist and buttocks 5. Chest,
abdomen, and belly segmentation line 6. Sampling area of goat ribs
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Fig.1 Segmentation site of goat carcass and sampling area of
goat ribs

RWE %, AT N EIRR. FHRP
DU 2 U o A, R A R R KR S i A
e %R, AT R4S, 19230 Ma 1% R
N 1.22 g/em’,

S e HEBCRE X I 5 ARE D, R B
g AT AR DT, HR S Tk £ E R H s~ 10 mm
2 R o B R AN ) i BE AL ) B4R, FFAmac il
B E, A TMS-Pro B 5 #4 CHAT 5Ll R 4 k58 . e
iR AR & 2 B

- A

od Technology “*s,
. -

Mmrmnrabinm

1 BRI AR 2. Bk 3. G 4. JifkiRas
1. Cylindrical goat rib sample 2. Probe 3. Loading platform 4. Force sensor
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Fig.2 Uniaxial compression test
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Fig.3 Friction coefficient instrument
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Fig.4 Central collision test between a goat rib with another
goat rib
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1. Bonded goat rib sample 2. Steel inclined surface 3. Tilt angle 4. Cylindrical
goat rib sample
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Fig.5 Coefficient of bone-steal friction test
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Fig.6 Collision test between bone and steel
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Notes: S, is the horizontal distance of the goat rib when it falls at a vertical
distance from the collision point. S, is the horizontal distance when the goat rib
falls into the sandbox at a vertical distance from the collision point in the absence
of a base , and H is the height of the stand.The horizontal and vertical
components of the velocities after the collision of the goat ribs are v, and v, .
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Fig.7 Model of collision between bone and steel
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Fig.8 Three point bending failure test of goat ribs
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Fig.9 Force and displacement curve of goat ribs
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Table 1 Parameters of goat bone fragmentation simulation model
4 Parameter 18 Value
2 TEHA B Poisson’s ratio of goat rib v, 0.34°
KA L Poisson’s ratio of steel v» 0.30°
ERE B UIRE sa
Shear modulus of goat rib G,/Pa 452410
AT DR 10
Shear modulus of steel G, /Pa 7.94x10
R a0
Density of goat rib p,/(kg'm )
B b
Density of steel p,/(kg'm ™) 7850
- R T K -
Coefficient of restitution between goat ribs ’
R 043"
Coefficient of static friction between goat ribs ’
AR 007
Coefficient of rolling friction between goat ribs :
SR 5 A 073
Coefficient of restitution between goat rib and steel :
R 05"
Coefficient of static friction between goat rib and steel :
R R A oL

Coefficient of rolling friction between goat rib and steel
e a RoRIZIONYIRIRINE, b RIRIZIUNE SRS -
Note: a indicates that the parameter is determined by physical test, and b indicates
that the parameter is obtained by consulting literature.
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a. Discrete element model
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Fig.10 Model of goat ribs
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Simulation model of goat ribs bending failure
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Table 2  Path of steepest ascent method
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MR A x, PR TR AN e o
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xR3 HESHEE
Table 3 Range of bonding parameters
Bonding parameter Range
VA A I 13 13
Normal stiffness per unit area/(N m ™) 6x107~8x10
B 16 2 Y B 12 12
Shear stiffness per unit area/(N m ™) 6x107~8x10
5 S92 1) B T xs 3 3
Critical normal stress/Pa 1X107~2x10
Wi S+ U177

8 3
Critical shear stress/Pa 1X107~2x10

R4 FESERLR
Table 4 Code of bonding parameters

, TS
Cgf]dﬁg Bonding parameter
xi/(Nm™) x/(Nm™) x3/Pa x4/Pa
~1.546 6.00x10" 6.00x10" 1.00x10® 1.00x10®
-1 6.35x10" 6.35x10" 1.18x10° 1.18x10°
0 7.00x10" 7.00x10" 1.50x10° 1.50x10°
1 7.65x10" 7.65%10" 1.82x10* 1.82x10®
1.546 8.00x10" 8.00x10" 2.00x10° 2.00x10°

2.1.2  vh R ERERLE R 5 54T

I 0 15 3 ) AR 2 B ARAE 2 B e B A 5
W€ MR S HN & BV, B E M AR R X . V)
T 2 i A R e W S92 1) 82 ) s DA R I A7) 1) 2 7 3%
ANFhEESHIE IR CCD R BB TH R T R 2R W 1 2 i i
Wi AR S R AT bR 8, WE 3 HEE LKL,
SILFIAT 27 Hikse, WKWt L HEE Rk 5 s,

RS FESHMMHMEIRINZ T RER

Table 5 Response surface test design and results of bonding

Bidixs Mjx oy L AHXF

e X Shear Critical  Critical A1 150 RE

No. 'Normal stlffnes.s normal  shear P'e ak Cutting Relative
stiffness per per unit failure oo o

unit/ area/ stress/ stress force /N situation error /%

(N m,g,) N m,g) Pa /Pa

1 5.00x10"  7.00x10° 5.00x10° 5.00x10° 100 KW 78.25
2 5.00x10" 7.00x10" 5.00x10° 5.00x10° 600 KMr o 30.52
3 1.00x10"  1.00x10" 6.00x107 6.00x10” 175 KW 61.93
4 7.00x10" 7.00x10" 1.00x107 1.00x10" 82.5 W 82.05
5 7.00x10"  7.00x10" 6.00x107 6.00x10" 285 W 38.00
6  7.00x10"  7.00x10' 6.00x107 6.00x10° 94 W 79.55
7 7.00x10"  7.00x10" 6.00x10* 6.00x10* 450 KB 2.11
g 7.00x10" 7.00x10" 6.00x10° 6.00x10" 104 W 77.38
9 4.00x10"7 4.00x10" 6.00x107 6.00x10" 73 W 84.12
10 1.00x10"™ 1.00x10"6.00x10% 6.00x10° 145.3 Wr  68.39
11 5.00x10"  5.00x10'22.00x10% 2.00x10° 2433 AW 47.07
12 2.00x10"  2.00x10"1.00x10* 1.00x10" 107 W 76.72
13 5.00x10"  5.00x10'% 1.00x10* 1.00x10° 360.5 W 21.58
14 2.00x10" 2.00x10'*1.00x10® 1.00x10% 147 KW 68.02
15 8.00x10" 8.00x10'22.00x10% 2.00x10° 747.4 W 62.58
16 8.00x10"™ 8.00x10'6.00x107 6.00x10" 140.8 W 69.37
17 8.00x10"™  8.00x101.00x10* 1.00x10° 4782 7 4.02
18 7.00x10"  7.00x10'*1.00x10% 1.00x10° 351 W 23.65
19 6.00x10"  6.00x10'%1.00x10® 1.00x10° 3404 Wi 2595

A1 3R 07 FORLUL U6 A5 2R (B AR ) il S B
WEAB AR 77 459. 75N KRG 45 S B Bl e, B VG LR
DN Wi IS FH T A ) 1, e BT BR A D o L g T PR 2 B
=1, JEHITEAE S 0, [FINARYE alpha [EY & £V
H, UMRIER SR IUEAE TR N, SRR 4 Fos.

parameter

)%7'::7' x1/ , x2/ R x3/ x4/ ﬁﬁ%ﬁfg L;:%é:

No. (Nm”) (Nm™) Pa Pa force/N Error/N
1 6.00x10" 6.00x10" 2.00x10° 2.00x10° 407 —-52.7
2 6.00x10" 8.00x10" 1.00x10° 2.00x10® 487.94 28.24
3 7.00x10"  8.55x10" 1.50x10° 1.50x10° 635.1 175.4
4 7.00x10" 7.00x10" 227x10% 1.50x10° 675.1 215.4
5 7.00x10" 5.45x10" 1.50x10° 1.50x10% 439 -20.7
6  6.00x10"” 6.00x10" 2.00x10° 1.00x10* 3533 -106.4
7 8.00x10" 8.00x10" 1.00x10° 1.00x10° 678.9 219.2
g8 6.00x10"” 6.00x10" 1.00x10% 2.00x10% 3479 ~-111.8
9  7.00x10" 7.00x10" 1.50x10°® 2.27x10 4852 25.5
10 8.00x10" 6.00x10" 2.00x10% 2.00x10° 524 64.3
11 6.00x10" 6.00x10"% 1.00x10° 1.00x10° 3104 —-149.3
12 8.00x10" 8.00x10" 2.00x10° 2.00x10° 747 4 287.7
13 6.00x10" 8.00x10" 2.00x10% 1.00x10° 493.59 33.89
14 7.00x10"  7.00x10"? 1.50x10° 7.27x107 385 —74.7
15 5.45x10° 7.00x10" 1.50x10° 1.50x10° 480.6 20.9
16 8.00x10" 8.00x10" 1.00x10% 2.00x10° 781.1 321.4
17 6.00x10" 8.00x10" 1.00x10° 1.00x10° 357.6 -102.1
18 6.00x10"” 8.00x10' 2.00x10° 2.00x10° 583.7 124

19  8.00x10" 6.00x10" 1.00x10% 2.00x10° 3745 —85.2
20 7.00x10"  7.00x10" 1.50x10° 1.50x10® 557.8 98.1
21 8.00x10" 6.00x10' 2.00x10° 1.00x10° 449 8 -99
22 8.00x10" 8.00x10" 2.00x10° 1.00x10® 614.4 154.7
23 7.00x10"  7.00x10" 1.50x10° 1.50x10® 553.5 93.8
24 8.55x10"  7.00x10' 1.50x10° 1.50x10° 678 218.3
25 7.00x10"  7.00x10"? 7.27x107 1.50x10% 364.6 —95.1
26 7.00x10"  7.00x10"” 1.50x10° 1.50x10® 464.9 52
27 8.00x10" 6.00x10'* 1.00x10° 1.00x10° 385.4 743
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Table 6 Fitting results of four model equation

YeE RAL WRE R R it
R Coefficient of Adjusted  Lack of fit P- Model P-
Model determination Coefficient value value
R of determination (P) P)
HET
. 0.773 1 0.7318 04198  <0.000 1**
Linear model
R HA
Secondary 0.8442 0.746 9 04301  <0.000 1%*
interaction
model
ZIRAAERY
Quadratic full 0.9011 0.7956 04768  0.000 5**
model
IR
Cubic full 0.9880 0.8958 0.9928 0.037 0*
model

HFREAA R (3) FiR.
=8 IEEMIF M E AR S E SR

Table 8 Analysis of variance of peak failure force for response
surface optimization model

T3 ZE KR H %175 Fl& P1{H
Source degree of freedom Mean square F-value  P-value
7 Model 14 66 162.88 21.89  <0.000 1**
X1 1 1.11x10° 36.74  <0.000 1%*
x 1 1.73x10° 5718 <0.000 1**
X3 1 41538.39 13.74  0.001 4**
X4 1 28 076.48 9.29  0.006 4**
XX 1 21306.80 7.05 0.0152*
x2 1 22 055.56 7.30 0.013 7*
5% 7 Residual 12 3022.54
AT Lack of fit 10 3052.85 111 05762
4lii% 2 Pure error 2 274981
S Total 26

e PRORRE (P <0.01); *RREH (0.01< P <0.05); AKbpE*R
AAEE (P>0.05). .

Note: ** represents highly significant (P <<0.01), * represents significant (0.01<<
P <0.05), the data with unlabeled * represents non-significant ( P >0.05).The
same below.

TIRERBI T Ea N InE T iR . 98, IR
R PAE/ANT 0.01, HARPLIT P EKT 0.05; HAik
) 2 fk X B ey o U R0 B Ak B ey« I 925 190 B 0 s A
SE LA, W B IA N A7 x s 325 14 Ak D E 5 ) ) 4 fik
W 149 22 THL 30y o, DL R M S 170 1) B 7 B ~F 5 T A 3
AP

Fz7 IBEEBFOWNHE ZREERSESHT

Table 7 Analysis of variance of peak failure force for response
surface quadratic model

T3 ZEHVR B o7 F & P {H
Source degree of freedom  Mean square  F-value P-value
1571 Model 14 29 440.75 7.81 0.000 5**

x1 1 1.11x10° 29.45 0.000 2% *
x 1 L.73x10° 4583 <0.000 1**
X3 1 41502.56 11.00 0.006 1**
X4 1 28 074.29 7.44 0.0183*
X1x2 1 21306.80 5.65 0.0350%*
X1x3 1 2971.56 0.7879  0.3922
X1X4 1 10.81 0.0029 0.9582
X2x3 1 2078.27 0.5510 0.4722
XpX4 1 5668.28 1.50 0.2437
X3X4 1 527.55 0.1399 0.7149
x? 1 3085.59 0.8181 0.3835
x3 1 16.98 0.0045 0.9476
x3 1 833.41 02210 0.6467
x3 1 22031.39 5.84 0.032 5*
%7 Residual 12 3771.47
SRANTT
Lack of fit 10 3975.81 1.45 0.476 8
AR
Pure error 2 2749.81
S A1 Total 26

R TR L, ERIEEAE . RN
BERELT, HERAEZED 6 =B e A AT
R BEAT B T5 2= M 4 R Ak 8 o, 45 B (A

f=535975-1.824 % 10" x, —1.643 x 107X, +
8.964 % 1077 x; +6.020 X 10™%x,+
3.649 x 1072 x,x, — 1.762 % 10’14)@21 (3)

45— AL B RB IR 7980 25 S 3R 77 Re % 15 31
BN T SE PR g R R ZE H R, (B Rl 17
I, 05 24 BT DA R s TR R R e s, i L
IR LT N LR TR NN CINE W b | R 17
459.75N, 15 2475 FIEAR % I8 77 5 358 0 3K ) 2 1) 1 i
Z NFRIEDATTRE, sl (4 Fios.

Af=76.275-1.824x10"x, - 1.643x 107" x,+
8.964 x 1077 x; + 6.020 x 1070 x,+
3.649x 107 x,x, — 1.762 % 10’14)@% (4)

22 RIMFLESHAESHRERRIRIEITE
22.1 RMFELE AL

NEFIRMFESHAE, WERRE S Z 3R
B R ZE L B, SRIGTTRE (4) h Afdin T
0fIfl. &iHH, REFEMEERRFLESHAE, Wik
] 422 b W BE X, A 7.07%10"° N/m®s Y1) 1) 42 ik ) B xSy
6.22x10" N/m*, I S0 B F7 x5 24 1.34x10° Pa. I 1)
[N 1 xa A 1.87x10° Pao iR BH 45 S HARA (4)
13 Af=—0.873, LB AR g 55 S AR g A T R
2N 0.19%, R 2E B L il A Y 15 21 (1 5] )5 75 F2
CIEER
222 EFMET wARIRMG LRI RE

Rt — 0 B0 UF I B 43 B R ARAE S B DL KA e 15 B 1
SR HER T, IR LUK S B bR 2 15 B I S5
FENL I E S IR B OO RN B B,
WA [F AN RS B 2E W 3R, SR AL Fr (3 AR
SR SRR G SH R B OIS, DL T
Ui BASRPLIR G AS 207 VR (E RN ). FRERXT BL B H A 2
i R AT S AR B EE, B RIS R S
BRI 25 B AT X LI . X LB E k6 45 2 9
Flime WRFCEE R, 7 BRI A S bR AR 50 AR H
AT R ZA KT 6.49%, FHIMITRZEN 4.19%, i
B 2R B L 45 S 80 e T, B R A B
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Table 9 Five overall dimension of goat rib and results of test

ISR TR AR ZE N 0.19%, 2% W 2 Bl 25 il il PR
AR B[R 7 FE AT {5 B

3) GEHL S HAFERST SRR AT 7RI E, it
o g AR, 7 EA R R 77 5 S BRI 58 R il IR 77 AH
MR ZEANKT 6.49%, “FEIFIRZEN 4.19%, FEMH
P B 5 S bRk ie v & BE v, UE R T AR SO ISR

verification
MACH B . o o e
¥#5 Major axis of Minor axis of 11&%&5)&%73 @iﬁﬁ)}i%ﬁ ){:HXTB.EE
No ross- cross- Failure force  Failure force Relative
’ SCC(;iOISl Jmm section/mm of test/N  of simulation/N error/%
1 8.96 6.03 398.13 400.76 0.66
2 8.40 5.95 530.01 512.24 335
3 6.36 3.42 151.52 160.93 6.21
4 11.88 5.58 522.04 499.74 4.27
5 10.01 6.73 366.97 343.17 6.49
3 & i

KRS T &I EHOCSHbR € I T, Xt
AR B EOT B S EO T TR Shr e, WS
PREEEE: ENENEARRIESHR S NS, NE
P HE ARG . B R 4R e P DL R 2 R A 55 SOk
B3], T EMERAERTERE S, fERZ TR
BEHEAT 2 i 2 Bb s 1 R H 0 3 B A AR B0 A A R
EL2E i AR X 52 bRk 56 rh SE AU IR RS e K, eVt
AR BRI G R, [R5 R 2 T B 4 R OO - P
PERA WD REEI AR R R A, i S
ORI D K AR R 56 2 B AN S -
b S R A B S S B AR 5 s = A2 il
ARG T B BT AR P, s i e i e B A S
R, 4% CCD o7 T TR T (5 BRI
RS, 15 H A CEN B2 fh e E R 77 3 e
R & AR, RS SEH. &5, BS54
ANERSE 2 W R AT 7 B ASE 20 g S 0 25l Al 3R 1
WA, K IRIHI 0 IR 15 5 AHARE Sz b = s it
B PR I6 (0 S B e R A7 847 5 B, 3B I i 3R FT AR R 2
BOAUE T 2 E B HOT T B S R I R D AR E T
A EE . A2 B (AR 77 V& A T B et 1
HAG AT HERR A 50 1 BRI B 45 S 80 e

2 B IR ERI 0 EAs e AR, SREU SR
FISET

D 8RS T EMEEARIES . KA H
BRI IS EA R ER AL, BRI, B
PEBEE, 429N 034, 4.52x10% Pa. 1.21x10° Pa. @it
MXD-02 EE#E ZE0C . RIHVE X ORI . AL
BRI B A4, WA B S EE RS
RENBEE R B BN 043, 0.07, ERE 58 8 &
JEEPE R AN 0.65 RBNELERKCN 011, B -H bk
RECN 078, - TKE 508 0.73. &=
WARIEIRE T R E B 25 O, e 7 R R
TR E IR 78 459.75 N,

2) iz HMB fBS G E B AL, 0 28 AR
AT T E T 456 AR S50 S TH CCD 4,
e TR S B . o @ STIEEREIR ) AR ZE Af
RNV 2, 3T DA S PR il i Ak 56 W (L il 3K 18 B
bR, BE T AFNEBNOERILE G S A, BRI
)2 il N B ey D) R0 B A oy v I PV N T s I
BRI x4, EAVIHEN 7.07x10° N/m® . 6.22x10"2 N/m’,
1.34x10% Pa A1 1.87x10° Pa, I X S (45 FLBE 3R 17 598
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Calibration of discrete element parameters for the bending failure on the
chilled Boer goat ribs

WEI Jia'? , FU Jiayi*? , WANG Shucai'? , LIU Haopeng"**

(1. College of Engineering , Huazhong Agricultural University , Wuhan 430070, China; 2. Key Laboratory of Agricultural Equipment in the
Middle and Lower reaches of the Yangtze River, Ministry of Agriculture and Rural Development, Wuhan 430070, China)

Abstract: Large-scale mutton processing is ever-expanding with the increasing demand for meat production. Mechanized
carcass segmentation has been one of the key steps to upgrade the mutton industries. Among them, the goat rib has been the
main obstacle during segmentation. A scientific and reliable discrete element model of goat rib can be expected to provide both
the analysis of mechanized goat carcass segmentation and the optimization of tool parameters. Taking the chilled Boer goat rib
as the research object, this study aims to calibrate the discrete element parameters of the bending failure model using EDEM
software. Firstly, a series of tests were carried out to determine the profile, density, Poisson’s ratio, and shear modulus of the
goat rib. Next, the collision, inclined plane friction and friction coefficient measurement tests were conducted to measure the
contact parameters, such as static friction coefficient, rolling friction coefficient, and collision recovery coefficient. The
bending failure test of the goat rib was carried out on the texture analyzer to obtain the peak failure force and cutting position,
which were the target values of the simulation. According to the actual test conditions, the discrete element model of goat rib
was established to simulate the bending failure using Hertz-Mindlin with the bonding model in EDEM software. The path of
the steepest ascent was used to determine the optimal parameters, including the optimal value of bonding parameters. A
quadratic polynomial regression model was then optimized between the peak failure force and the four bonding parameters
using response surface analysis. The optimal combination of four significant influencing factors was also obtained to solve the
regression equation. The results illustrated that the normal stiffness per unit area was 7.07x1013 N-m™', the shear stiffness per
unit area was 6.22x1012 N'm”', the critical normal stress was 1.34x108 Pa, and the critical shear stress was 1.87x108 Pa.
Finally, the bending failure of five goat ribs was simulated to verify the accuracy and reliability of calibration. The maximum
relative error between the simulated and the actual values was less than 6.46%, and the average relative error was 4.19%,
indicating the credible calibration. This finding can also provide a theoretical basis for parameter optimization in the
mechanized segmentation of goat rib during mutton processing.

Keywords: goat rib; discrete element; parameter calibration; bending failure; segmentation; model
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