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(L AE ARSI A S HLH 5 4 TRE B 1 B 330013
2 A A KR R A 58 e B 5 M B 4TRSS h L 330013)

B AFRERFERTMNTRG S EHG RA KA 397.5~1014.0 nm 9 HAERBERE A F LK
MESTRGFTERGATEENR., AMATEZRENBBEEARTRABERERARMEMES . TH
B RGEERFFHERFHNFALGFNAZAHBITER T 2. AR GLERLEZARKEIRG TR
% E ¥, £ A Gap-segment £ F .SG K F A= ik & & (Baseline) 3 . 35 FRA 22 7 ik sF R ¥4 b S 4T T4 22, 45 %
EHEL N FARKAMME S S5 A E IR R D = K= )3 (Partial least squares regression, PLSR) = £ & 4 & )2
(Principal component regression. PCR) & , X T A & & /& (Baseline) MA R 7 =, R AZEFHAERN TR
(Competitive adaptive reweighting sampling, CARS) f# £.1% & % & i} & (Uninformative variable elimination. UVE)
2 AP R AT AR R AR AR IR R A MA T FH LS N FAHE L PLSR R, hFAH %+
S A EBGEREN . DAFARAE—RBELTARIET R Y EHGRE, 7 F 580 T4 EMEBRG R ED
3 Ao 3 K AR AR 3 AR 138.40 N 3k £ 335,86 N;-F 342 fik A7 -F ) 4E Ak 77. 13 N 3 X £ 188. 20 N; 45 @ A2
B3 AEAK 208, 07 mm® 3 K £ 544, 42 mm®;-F ¥ E 3R -F 1A 0. 34 MPa 3 X £ 0. 42 MPa, 2)Baseline CARS-PLSR
AR 3 ) AR TR AR A HEE ) T B B B AR AT R R TN AR R B(Re) AT 4R 3
F A% £ (RMSEP) % #1 4 0. 892 #= 31. 527 N,0. 883 #= 18. 861 N.0. 895 #= 54. 411 mm?.0. 661 #= 0. 045 MPa, i&
HHABEREHERE N FARMES N TR ERGETEZTRAMNAA LA TR, THARLGR RO LR E

K @RS L,
KR TWE; kg AFAK FEBRG; BRI ZFkE)E; TRSES
FESES 0657.3 XEHS 1007-4333(2023)02-0186-12 XEkIRERS A

Quantitative study on impact damage of Gongli based on
hyperspectral imaging technology and mechanical parameters

LI Bing'?, ZOU Jiping'?, ZHANG Feng'?, SU Chengtao'?, LIU Yande'?, XIAO Yihua'"
(1. School of Mechatronics & Vehicle Engineering, East China Jiaotong University, Nanchang 330013, China;
2. National and local joint engineering research center of fruit intelligent photoelectric detection technology and equipment,

East China Jiaotong University, Nanchang 330013, China)

Abstract In order to accurately evaluate and predict the impact damage of Gongli, a combined hyperspectral imaging
technology and mechanical parameters in the wavelength range of 397.5 — 1 014. 0 nm method was proposed in this
study to quantitatively detect the impact damage of Gongli. Firstly, the mechanical parameters such as peak force,

average contact force, damage area and average pressure were obtained by using the collision device based on single
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pendulum principle and intelligent data acquisition system, and the mechanical parameters were statistically analyzed.
Then, spectral data on damaged Gongli was obtained by a hyperspectral imaging system. The original spectrum was
preprocessed by Gap-segment derivative, SG derivative and baseline calibration (Baseline). The partial least squares
regression (PLSR) and principal component regression (PCR) models based on spectral data combined with mechanical
parameters were established. Finally, the competitive adaptive reweighting sampling ( CARS) and uninformative
variable elimination (UVE) algorithms were used to select the characteristic wavelength. The selected characteristic
wavelength was used as the input variable and the PLSR model based on characteristic wavelength combined with
mechanical parameters was established. The results of the statistical analysis and modelling of the mechanical
parameters show that: 1) The average value of mechanical parameters increases with the increase of release angle.
The average value of peak force increases from 138.40 N to 335.86 N, the average value of contact force increases
from 77.13 N to 188.20 N, the average value of damage area increases from 208.07 mm? to 544.42 mm?, and the
average value of pressure increases from 0.34 MPa to 0.42 MPa. The change of mechanical parameters can be used to
characterize the impact damage degree of Gongli to a certain extent. 2) The baseline-CARS-PLSR model displays the
best prediction performance on mechanical parameters. The values of correlation coefficient (R) and root mean square
error (RMSEP) of peak force, average contact force, damage area and average pressure are 0.892 and 31.527 N,
0.883 and 18.861 N, 0.895 and 54.411 mm?, 0.661 and 0. 045 MPa, respectively. The overall results show the
feasibility of quantitative prediction of impact damage of Gongli by hyperspectral imaging combined with mechanical
parameters, and provide a theoretical support for quality sorting and packaging of Gongli.

Keywords Gongli; hyperspectral imaging; mechanical parameter; impact failure; partial least squares regression;

principal component regression
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)2
AL SR AE 400~100 nm K T8 Bl N TG 3 45 BB bk

SEES

Ab B 5 S BT TG F5 R 2 T AT I8 IR A SR A Ak 2R AT R
S, 1F B IR B 284 ok 98, 3% A1 95. 0% . Yuan
SENR) Y s B AN RAS 5 FPAS W] 45 405 R G R

B AT Y T

H A 4 FACR BRI 0 kIR 2 . D&
FARM 2 X BT 5 0Lz S 3) Bmg
PR 40 ST AG I e AL I e Ol it A ) B A AE AR R
s SRS DU 7 TR A AR R0y . I ARk B DG I
AR B AW 2 e o A Ry — R0 H A T AR 1Y 755 O
TSR AR T 12 B AR B A I SR
JEIE UG H ARG G TG AL e TR LEMR
AR ZUAM G A5 22 2E R AR B OGS B R FA% S Y
TR EOR BEAT A HLEL G L RT [R] R HEOGEF R
s el g B AR 4RI 400~1 000 nm P
S L A 58 B R R A8 5 J A T s i) B 1) 9 2R 1 O
T G I B 58 G R A DL R 45 3 R AR 114 D6 35 B4
A AT R B (- LW) | 3% 223 %2 15 (Successive
projections algorithm, SPA) L & — [ 5 % 72 #2 B
FRIE B A S B TR AR K 43 1) 4 o7 38t 4% B ik A Ak i
BP # 2 M 2% (GA-BP) il 32 £f 1] i #l ( Support
vector machines, SVMD) i 15 U B 8L, X Lb )5 & 30

A, R ] 2 BAk B )5 ¥ 5 57 A e /s 3 3 B
(Partial least squares discriminant analysis, PLS-
DAY AR, 45 52 % Bl MSC-PLS-DA ##8 J2 f ) 43 2
BEAY SO 22 b g B i 39 Bk o D i D't 3% A4 ek
P S OGTE AT R AR B A B SR I, 57 PLS-DA 72K
R, 45 5 K W) MSC-CARS-PLS-DA J&: 7% 1 43 3
B, fEAf 5 AT 35 89. 5200, LA b % sk 2R i 43 44 1
WFIE R 2 HUE E M 53 B, HLBT A 57 A A 1 HRE IX
PRI 2. B AT, WA O T K R 1) i
WF5E. Zhang 5 FH @ 65 R HLAR R AR 900~
1 700 nm K 8 F N i DG % R DL KRS S0 5 4
AR A5 3 Sk 7 o AR v B LR 2 B8 X S R e 46
PIEAT TR DT . Xu 8 900~1 700 nm %
R Y BT SR 4 8 013 B4R -5 ) P P S B A B
W5 5 HL R 2= B 25 & 2 57 e de /) — 3 Il I
(Partial least squares regression, PLSR)# % , 52 #j
TS B R s 0, SCERC12 A3 ] A A
FAUH T —FR B X ) 2 Z 50t A7 B0, R kAT 2
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FlRE TR XoF LU A3 BT X BT A4 o 460 405 1) o B SR R
UUESIER
ABFFEIFI 397.5~1 014. 0 nm J% K 3 FEl N
(s G R 5 ) 2 S B 45 5 0 T ik S A
SR N [) T ASE R b A 43 BT I e BB G T I A
Y, ST BT A ik 458 40 16 o B T A AN S = T, LA
W10 BT AL B T 1 DA R A 2% 38 AR IR RS SRR

1 #MHE5RFIE

1.1 KGR

TR TVIVE A M BT KR T, T—1~2 °C
FR T BE T T . 3 DR 5T AL AE & IR R 20 °C L AR
18 J¥ (Relative humidity, RH) 2 40 % B9 45 11 T i &
24 b, DRI REE ARG 3 505 o T 82 %o 5 B 408 43 3 A 1) 5% i
H T AR BT AL S5 AN S AR BT A v o 4 K 0
(5, S 240 AT A W I BRBE TR B0 Ay
TIRL, AR EARZH 70~80 mm, 2 (240£10) g,
1.2 REEEBRBGIAE

AT 9 3 T 20 42 R B BT BT AL R S IR 2

a BT (),
1. ;2. FE I A% A 53, 454, I B P AF; 5. M #5285 6. K- L H#
FF 57, 2k 8. AR I H ;9. B RE G 43 A7 R A2 4% 5 10, TH5EHL

1. Baseplate; 2. Force transducer; 3. Guide rail; 4. Vertical support rod;

PR TR IR | T B SR KPS
DL RO e H AR AL (B 1), il ad X 7K P S AT
JE 3 f% s (HZC-H1, B 0~ 100 kg, REUE
2.00 mV/V, & @M B DL K & a5 8 3E 47905,
M Aff 8 BT B AR o 70 T )AL AR A oL . BRI TR
5 A& IR AR R IS S B0 FI0E 51 AL, By 1k e A
T 7R A R AR R R O PR AR
#& (Data acquisition &. signal processing, DASP) 5 1
TG IR AR AH I, T KA 53 g e e L I I S Y
B A 4 =L AE o R TTRE DG X R AR 1Y
B s FEAT TS 03 A W] ARAS W (R ) P S R A A
) JH 5T B A 1 0 R SBOAS () 451 0 Y B
BB TTRARE A B AL Syl 6 A1, B 40 4>, 6 A BT
BUREA T AR ICA JEE o 2 35°,40°,45°,50°,55°Fl
60 RERL BRI E o I 1 Hp iy 45 2 B P i R A
AR Z A . T 2B DT AR AR e DL i
R 0 531 3 75 445 40405 1 BT AR A TE 2 IR AR R R R
24 h AR A DU S SE 80U A i 500

Release angle.

5. Angle measuring device; 6. Horizontal supporting rod; 7. Fishingline; 8. Fruit

fixture; 9. Data acquisition &. Signal processing; 10. Computer
B1 mHAESREE
Fig. 1 Gongli impact test device

1.3 SREEEGHRERRR

OGS R R S8 Y B AR 25 4 UL 1R 2, A 1 21
ALFE 2 3% 20 W % Z 4T (DECOSTARS51 MRI16
A1, OSRAM, #E ) | i 46 3% {X (ImSpector V10E
B, Specim, 2% 22 ). CCD #H #L (C8484-05G I,

Hamamastu, H 49 (LB F & B A KR RE R
AL WS, MR & 1B sh il 2B dE HL AL
e SEHL s G AR GG AL CCD AHAL (L B8 F- £ 45
B PR 22 2 A E— D ISR N

TEHEAT PG R AR I L 1 5 i v D6 3% 1R &R 48 13
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1. Stepper motor; 2. Camera obscura; 3. CCD camera;
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4. Imaging spectrometer; 5. Lens; 6. Halogen lamp; 7. Displacement
platform; 8. Gongli sample; 9. Computer

B2 SrEMGREREE

Fig. 2 Diagram of the hyperspectral imaging system

30 min A2 A7, LB IF 2R SRS B mi R MR R . AR
J& ) H B R BRSO TS AL L £ Y SpectraVIEW K
X TS AR R G — S SR AT RS O
Ay PR E N 2.8 nm, CCD AHHL 114 B 6 I 1] % &
20 ms, 7 8 & AT F R E R A B I E R
15 mm/s", JEWEER FE 24 h {448
) TR CE AR R S B & L AT R OGS ERCR
. ARBIEGE BT R S O 5 BOHE Y K T L R
397.5~1 014. 0 nm, 3t 176 B,
T G T R B 52 5 H I RO BN 34 5 S5
F Y FL A, 7 AL BRECHE 2 H 6 20 % O 1 R AT
PR HE . AERHERT B S R B Sk 55 R B Sk
fE L HEAT F A5 31 4 DA 0 A o U L 8K 05 4 Sk 15 B
T AR ER R DU SR 2 A RE R B A AR T AR A 4
F ARG E PR, B A o,
I, — Ry
R = R —Rs
PRy A EHE S AR B s Ry 4 RS HE RIG 8K
Wi s Ry Ry 4 A HE MG R 5 T Ry I IR B HE
FIH ENVI4. 5 305 82 BOG % £t . & 5,
i SpectraVIEW B {464 2R £ 14 &5 06 1% EAR 17 4%
IE R G RIE G B 65 BHR 5 A & ENVI4, 5
A, Dot B 2 4 X R B4R X 8 (ROD) , 32 B
AN [ B T A BT o A 408 1 X3 ) O 15 54l
1.4 BEAFSHHNVERITEHE
1.4.1 HiaR
t T 07 J5 51 A4 AR = R R OICE 24 h, B4 IX

@Y

o AR A T I A HR AT LS 45 A DX R L T i )
DAL DX AR AT 0 i, AU b o B A BT AR
A A5 03 DX I B O TR T o DR 0 s s R O 2
90,01 mm) W &2 53 45 DX B0 B A Sy o A 0 0 B
I ARG R 00 4045 DX A AR I BB 12070
LCE AR IR 3 it A X AR L A e O 2 (E
e e KL N R L Vi TR AN RN W

=D’
A= 1 (2)
AP A TR T A, mm® s Dy 5T AL 1 X

W OE A%, mm,
1.4.2 MM H FHBEBRAFFYER

T AL R ) A5 R R 4 B R ) A% R A B
&4 2 DASP tf, T 5% T Jma g 3k B . W {E )
S 5T B 5 TR A% B Rl AR A R v ) A R T S
KA . 51AL 5 7 A% I A5 il 18 ok 72 b, DA i R
U 22 il 45 25 5 — W [R) B P s g A8 Ak 1 T Y (E R P
P14 J7 .38 3 Coinv DASP V11 #4: %F 5% 48 (19 %K
it AT B 353 BT S AR AT 0 T3 R 4 452 M g

i A e B R A R G T AR AT T 2 4 g LA
Qe I 1 488 A T BT B 2 R e, A Ok

ng (3)

Ko HFE R MPa; F 4 ¥4% M /7, N,
1.5 FiGFAIE RAFME R KA ERE

TS A | DL R I e P 5 A SR A Y
JIt R £ 1 D4 Ol 1 AR B AF A MR R RNT SR SE TR
KX BT AT B 23 3 E AT AR 25 L4 43 T
T 15 55 (] REE S0 DR A X R A O 3 AT
AL BE, SGiG WAL BT A Z R i VSRR 2
JG B & & 1IE ( Multiplicative scatter correction,
MSC) Fl 45 #E 1E 75 78 ##t (Standard normal variate,
SNV)ZED0) - R BFE vh R il Gap-segment 3K § . SG
3RS0 e 26 AL 1 (Baseline) 3 Rl TH AL B 7 5

TE 4 Y 42 06 3% A7 78 F8 4 T R T AR
KX LA 2 AT AL A T ORS JE L [ B 4Ol i
T Y BCHE  2 (8 A5 8L 1Y A8 AT T 3
e A 0 9 K 4 ISR v B 42 0l 3% o B 4 B ALAR R
P R RR AIE D K TT LA RO T A R ARG T R, R
E9E R A S8 4 M A i W & 0 AL (Competitive
adapative reweighted sampling, CARS) 1 Jc{5 B 4%
# 74 B (Uninformative variable elimination, UVE)
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CARS 3 2 3 F 52 05 R U8 R AR 5 fe /N — 7fe
(Partial least squares,PLS) [A] 5 & % 00 F51E AR & 1%
Oy B AR K R SCHE RS T IS
FE7 I R, A% O JE AR 3 0o 7 SR R 0o R o O
BePE PLS [ )7 5o i v [ U5 2R 50 446 {0 K A 728
L3t 2 KRR TG I 24Kk W38 UG UE 35 O AR iR 2
(RMSECW) S/ MG EE TV E N R AR AL A7

UVE 575 i 3 A% JEUAR R0 1m0 09 3 B0 S i K
MR AR, e — AR R ECH M BE L
AR B A B 5 | G AR 5 SR R 56 R B A8 XUIRAIE
w7 PLS BER ) . 15 PLS [ R BCE I H 5
o v i 25 119 L AR 208 1T 0B B O £ 87
1.6 EBESTKIFH

IR REASE 240 4>, 3543 B 6 41, Al Kennard-
Stone(KS) J7 ik FEAFE 3 ¢ 1 1 LMl 43 Oy g B4
FUF 4 L BP AL AE 180 AN AR AR, W AR 60 AR
AR oy S ST WA g ST 35 e L4 49 T AR
- ¥ K B A9 PLSR AN & & 4> Bl Cprincipal
component regression, PCR) Y |

S K 6 A R L T B 5 S O T A ST A A
RUHEAT T . 8 3 b B AR A A O R (R L T
A RB(Ry) L A AE 2 7 AR R 22 (RMSEC) 1
T 4E #4975 AR5 2% (RMSEP) S $F M2, S 4 751

200r 7700
[ {8 /) Peak force {600
400 [ #7100 A Damaged area
1500 =
z 300} £
R E 1400 =
m F
@ & 200F 1300 &
=
4200 ™
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=35 40 45 50 55 0
a/(°) Release angle
(a) W (L IS (910 A
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-2 5/ MPa

ELA TR 0 A R A R G R B (RO 5 TN 4R A 56 & R
(Rp) I 1Y 2B 4E 15 )7 AR 1% 22 (RMSEC) 1 i il £
R R 22 (RMSEP) , W) 2 B 2 A% A 5L A 88 1 79
it

2 HRE5SMH

HESHNEL RS

378t 6 PSR RE A () T, BT AL Al 48 )
2SR ik 45 5 < B 5 AL R AR B A 3 K, (L
1 V24 fk g A0 1R R T 34 R A A 3% T G 1
K. WEE S FEI{E M 138, 40 N H K = 335. 86 N,
S4B fh 3 Y (E N 77,13 N #E R E 188,20 N, #i
i T RS E N 208, 07 mm? 3 K ZE 544, 42 mm?®,
S35 3O #4980, 34 MPa 38K % 0. 42 MPa,
495 T AT LA 19 44 B BT AL A 40 405 R L Bt 3 BT
BRI B 1 1 O 4G T RRRR A, b < 46 40
i, 5 TR I WA T T 384 Ak O FOE 4 TR
SRt Bz 3K, AT LLE AR5 B ) S S R
FE— 7 (0% sh M 3 AT RE 2l DAY SR A 0 i
LRI DT ALY N TGS A 22 T AF A B A BAR M T R
B, BARRUL, BEE R K, 1SR
— B, 7E— R LRI 2R SRR
AL b 0 R R VT AT

2.1

pald
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1.2 - [ F¥ 554 Average pressure
[0 SEH4%fim 71 The average contact force
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Average pressure
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The vertical lines on the columns are the standard deviations of the mechanical parameters.
B3 AEABHAE(e) TRRAZSHHTH

Fig. 3 Changes of mechanical parameters of Gongli under different release angles
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Preby C—H SR 4 4R 3 51k i, R A T A
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REPAAABL L (H R R B2 451 50 BRIAS [R] R B A 5 1 52 4
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Fig. 4 Average spectral curves of damaged Gongli

TETIA A BE Y 3 O, o7 A 400 45 B L O3 S S R
1%L 77 A ik — AR Ak Y 5L IR AT g R T AL S 4 e b T Y
JE 3 A% B 2 il 48, 5 75 5T AR A rh 5 B 1% 4 i RE A
i N R N R T S St I R S SR 2
T s DT 328 RO M 2 b R B R 25 . DOBIE
o R AR 22 5] R DT AL S AR B L AR F
S OGRS 1 S B S G Wk i —
S B 5T A o 5 0 1 E B T
2.3 HifTFabiE

il i Gap-segment 3K T ,SG K 5 Al Baseline il
Ab 3 5 B 6 3 K 3E RN R 6 O 3% BOEE 4 ) ST
PLSR 1 PCR #8) , BIRIPERE S AL L3R 1 FIER 2.k

F1 FAEAXEFLEENFSHA PLSR RE S H
Table 1 Performance parameters of PLSR model with different spectral pretreatment
LTS TR AR P Modeling set T 4 Prediction set
oAb ' Number of
Mechanical
Pretreatment principal
parameter o -
components R. RMSEC Rp RMSEP
U AE ) 14 0.872 36.514 N 0. 846 36.877 N
X V- Y7 ik g 12 0. 849 22,073 N 0.831 22.412 N
Raw 35007 1 AL 10 0.843 69.795 mm®  0.833 66. 031 mm”
S 11 0. 694 0.058 MPa 0.672 0.044 MPa
W {H 77 7 0. 885 34.729 N 0.872 33.832 N
Gap-segment RSt p g5 4 5 0.852 21.857 N 0.821 23.714 N
Gap-segment
derivation EE AR 5 0. 885 60.596 mm®  0.837 65. 718 mm”
R R 2 0.594 0.064 MPa 0.575 0.049 MPa
W AE 7 10 0. 890 34.019 N 0. 859 35.322 N
SG k& S8 4 fk g 7 0. 857 21.512 N 0. 840 22.060 N
SG derivation 35007 1 AL 7 0. 883 60.878 mm® 0. 844 65. 096 mm?
3 i 6 0.705 0.057 MPa 0. 629 0.047 MPa
W AE Sy 15 0. 892 33.738 N 0. 881 32.558 N
LR A U V-2 4% fih T 15 0. 897 18.399 N 0. 852 21.571 N
Baseline 35007 7 AL 14 0.908 54,291 mm?  0.879 59. 667 mm?
S35 i 9 0.663 0. 060 MPa 0.639 0.046 MPa

1 :Re F1 R 435 S #4542 1 T 42 (19 AH 5 22 88 RMSEC Ml RMSEP 43 5y s 6 2 AT 2 1 7 AR iR 2% 5 3% 2 R 5 Al

Note: Rc and Rp are the correlation coefficients of modeling set and prediction set, respectively. RMSEC and RMSEP are root

mean square errors of modeling set and prediction set, respectively. Table 2 and Table 5 are the same.
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Table 2 Performance parameters of PCR model with different spectral pretreatment

122 5B TR AR AL Modeling set T 4 Prediction set
oAb ¥ Number of
Mechanical
Pretreatment principal
parameter S, .
components R. RMSEC Rp RMSEP
W AE Sy 26 0. 836 40. 864 N 0. 829 38.710 N
Jc Y Bz ik 28 0. 835 22.942 N 0.812 23.387 N
Raw 5475 Thj AR 22 . 839 70. 473 mm? 0.832 65. 706 mm®
34 i 19 670 0.059 MPa 0.652 0. 045 MPa
W45 Sy 44 . 859 38.161 N 0. 856 35.734 N
Gap-segment 3K 5
) XA fih g 32 . 848 22.098 N 0. 801 24.606 N
Gap-segment
derivation 4 4 THI AR 30 . 868 64. 545 mm® 0.832 65. 684 mm®
-5 i 11 . 603 0. 064 MPa 0.572 0.049 MPa
WE(H 5 42 . 867 37.124 N 0. 844 37.177 N
SG k& REEE Y W) 25 . 845 22.287 N 0.831 22.536 N
SG derivation 407 1T AR 26 .873 63. 437 mm? 0. 846 64.115 mm®
35 i 14 . 656 0.060 MPa 0.649 0.046 MPa
WA 1 52 . 893 33.585 N 0.874 33.684 N
T 4 1 1 Bl 30 . 861 21.249 N 0. 845 21.191 N
Baseline 47 18 FH 27 . 878 62. 200 mm? 0. 865 61. 387 mm’
¥ i 30 707 0.056 MPa 0. 650 0.045 MPa

FHASTR) ) oAk B0 75 v 3 5 772 2 50000 $000 A5 7 P
fefFfE 25, Hoi ok ] Baseline WAL 5 , J122 250
) PLSR 1 PCR & & 4 g &2 I . Gap-segment 3K
.86 SR AL B HCBE T BR OGS BoE oA 2
FLL VRS [R) B 25 1 OB A R 75, AR A R L
Baseline T &b 38 55 50335 204 5 2k I 7% i OR 22 1
Gap-segment, SG K 7 i &b # (%) &% F 4, A 1L,
Baseline T 4h Hfl 2 £ A4 9 Ab B 7 350047 il i LK
PLSR #1 PCR # Yy Re.Rp.RMSEC 1 RMSEP
KBTS A SR B PLSR BERL Y PR RE AL T
PCR BRI 1 BE . PLSR #5E RU XJ 04 {E 7 - 35 4 fh
o3 R T AR A 00 2 2R - H R X TR 24 e i
) TN ORI R AR . 3 PLSR BRI 4 He i
i) Ak AR 2 04 Je R AT R R R T T 4 R o 14
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Table 3  Selection of characteristic wavelength of mechanical parameters by CARS algorithm

Ik £ 34 BRAH
Mechanical Number of IEIH R /non
parameter wavelengths Selected characteristic wavelengths
407.6.414. 3.438.0.444.7.458. 3.461. 7.471. 9.475. 3.482. 1,502. 6.588. 6.602. 5.
W AE i5 651.3.654.8.686.4.689.9.711.0,718.1.721. 6.725. 2.728. 7.753.5.764. 2.771. 3.
Peak force 789.1.792.7.799.9.810.6.814. 2.842. 9.853. 7.857. 3.864. 5.889. 8.900. 7.904. 3.
918.8.926.1.944. 3.948.0.973.6.984. 6.,988. 3.1 006. 7.1 010. 3
2 42 ik 407.6.414.3.438.0,444. 7,451, 5,458. 3,461. 7,471. 9,482. 1,502. 6,602. 5.612. 9.
The average 35 616.4.623.4.651.3.654.8.686.4.689.9.696.9.771.3.792. 7.814. 2.842. 9.853. 7.
contact force 857.3.864.5.882.6.889.8.900.7.904.3.918.8.948.0.984.6.988. 3.1 010. 3
414, 3.427.8.434.6.438.0.444. 7.448.1.454. 9.458. 3.461. 7.475.3.478.7.482. 1.
485.5.492. 3.502.6.,578.2.588. 6.592. 1.595. 6.606. 0,630. 3.651. 3.654. 8.718. 1,
64493 1 AR 6 725.2.739.3.742.9.746.4.753.5.757. 1,771, 3.774.9.778. 4.782. 0.785. 6.814. 2
Damaged area 824.9.832.1.842.9.857.3.860. 9.864.5.871. 7.879. 0,886. 2.889. 8,904. 3.907. 9.
933.4.948.0.955.3.959.0,962. 6.969. 9.973. 6.980. 9,984, 6.988. 3.995. 6.999. 3.
1 006.7.1010.3
S 44 R 5 3 431.2.554.1.592.1.644. 3.679. 3.686.4.711.0.,735. 8.746.4.828.5.857. 3.868. 1.
Average pressure 944. 3

x4 UVEEHZERBAZSHMRFERK

Table 4  Selection of characteristic wavelength of mechanical parameters by UVE algorithm

N#ZH PR E ) .
) T Y R AE 7 4 /nm
Mechanical Number of
Selected characteristic wavelengths
parameter wavelengths
414.3.,444.7.454.9.,458.3.461. 7.502. 6,602. 5.612. 9.616. 4,644. 3,651. 3,654. 8,
W {H 37 665.3.668.8.686.4.689.9.693.4.707.5.742.9.789.1.,792.7.814.2.853. 7.857. 3.
Peak force 860.9.864.5.,900. 7,904, 3.907.9.,911.6,918. 8,948. 0,955. 3,973.6.,984. 6,988. 3.
1010.3
414.3.417.7.427. 8.441. 3.454. 9.458. 3.461. 7.471. 9.,478. 7.485. 5.550. 6.602. 5.
- X4 fih 612.9.644.3.647.8.651.3.654. 8.665. 3.668. 8.686.4.689.9.693.4.711.0.718. 1,
The average 51 725.2.728.7.,742.9.771.3.,785.6,789.1,792. 7.814. 2,853. 7.857. 3.860.9,864. 5,
contact force 879.0.,900. 7.904. 3,907.9.918. 8,944, 3.948. 0,951. 6.955. 3.966. 3.973. 6.980. 9

984.6.988.3.1 010. 3

414.3.434.6.444.7.454.9.,458. 3,461.7.,478. 7,482.1,485. 5,516. 3.630. 3.651. 3,
34 654.8.668.8.718.1.739.3.742.9.,753.5.771. 3.778. 4.785. 6.853. 7.857. 3.864.5.
879.0.889. 8,900. 7,904. 3.,948. 0,955. 3,984. 6,988. 3,1 006.7,1 010. 3

543 T AR

Damaged area

) i 43
24

—

.2.506.0,509.4.,512.8,526. 6,530, 0,533. 4,554, 1,557. 5,561. 0,564, 4.,592. 1,
.6.644.3.679.3.682.9.686.4.,707.5.,711. 0.860. 9.864.5.868.1.889.8.944. 3

wul
©
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Average pressure
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Table 5 Performance parameters of PLSR model for original and characteristic spectra of mechanical parameters

o
H2EBH ERATH AR Modeling set T 4E Prediction set
1Y Number of
Mechanical
Model principal
parameter R. RMSEC Ry RMSEP
components
VEAE g 15 0.892 33.738 N 0. 881 32.558 N
- E B il 15 0.897 18.399 N 0. 852 21.571 N
Baseline-PLSR
b1 495 1T AR 14 0.908 54,291 mm?  0.879 59. 667 mm?
-5 9 0.663 0.060 MPa  0.639 0.046 MPa
1A 1y 14 0.843 40,028 N 0.771 44,485 N
RS SE:S ] 15 0. 869 20.616 N 0. 844 22.028 N
Baseline-UVE-PLSR
4495 1 AR 10 0. 884 60.811 mm? 0. 856 63.095 mm?
- 15 i 9 0.658 0.060 MPa  0.624 0.047 MPa
[E2 (=W 16 0.901 32.344 N 0. 892 31.527 N
S ¥z ik 12 0.897 18.474 N 0. 883 18.861 N
Baseline-CARS-PLSR
4455 1 FL 14 0.923 50.120 mm®  0.895 54. 411 mm?
3 i 8 0.677 0.059 MPa  0.661 0. 045 MPa

H£T Baseline CARS-PLSR SR 2RI 222 500 I Ak B -5 0000 00 R A7 40045 s 4 B0 L W L)
S TE LA 6. 23 50 BTG RN BI GE A0 Ty P8 Mk A TR A R AR B 3 50 ) 4 A

<
v 0or o A Modeling set ) E 201 A Modeling set °
;:; 350 @ T4 Prediction set = E 00k ® il £E Prediction sel
o L =
= - = 2
== B o150
R g =
Zs200r 4 Xz
1 X =
=% 150l R =0.901 RMSEC=32.344 N &S osof e R =0.897,RMSEC=18.474 N
~ LY R]):O,S92,RMSEP:31.527 N ngn RP=0.883,RMSEP=18.861 N
1 1 1 1 1 1 ] g 0 1 1 1 ]
100 150 200 250 300 350 400 450 < 50 100 150 200 250
VA 3 I (/N SR 0 /N
Peak force measured value Average contact force measured value
(a) WE{H JJ Peak force (b F-4fh 7 Average conlact force
L 0.6 "™ .
o 700 - ® K4 Modeling set ° = o AfiifEModeling set
o = 600 | ® BUMLE Prediction set &= ® il i Prediction set o ®
E > = < 05} ° o
f@ £ 500 Fo| "'&E/
=% ==
i Zlodl
& 3300 H oz
= 5 = °
2 % 200} . 7 203 v
?; ’éﬁ 106 N R =0.923 RMSEC=50.120 mm T g;ﬂ .R(,:0.677,RMSEC:0.059 MPa
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Fig. 6 Measured and predicted values of mechanical parameters based on the Baseline-CARS-PLSR model
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