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Abstract The non-contact transport of electronic components is one of the bottlenecks in achieving its fully automated
production. Bernoulli gripper, a non-contact pneumatic gripper device, is widely used for gripping, positioning, and
transporting objects in industry. However, the miniature Bernoulli gripper, which is used for clean and non-destructive
transport of millimeter-scale semiconductor devices, has rarely been studied. In this study, combining the SST k- and
laminar/turbulent turning y models, the effects of the gripping gap, nozzle diameter, gripper size, and gas supply pressure
on the suction force and gas consumption rate are first explored and the variation of the gas flow characteristics inside
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them is analysed. Then, based on hundreds of data obtained from numerical simulations as a dataset, six gripper
performance prediction models were established using machine learning methods, and the hyper-parameters of the
machine learning models were optimised by combining them with the corresponding intelligent algorithms. Finally,
feature correlation analysis and comparison of the prediction effect of each machine learning model were conducted. The
results show that the holding force is influenced by multiple factors: it grows with the gas supply pressure and the gripper
size, while it initially rises and then declines with the gripping gap and the nozzle diameter; The gas consumption rate
grows with the gas supply pressure, the gripping gap and the nozzle diameter. The optimal machine learning model has
good prediction ability for holding force and gas consumption rate with accuracy evaluation metrics R? around 0.95 and
0.97 (the closer to 1 the more accurate), respectively. The model prediction results for maximum holding force and
corresponding gripper parameters at different gripper sizes have less than 5% error compared to the numerical simulation
results. In addition, it was found that the gas supply pressure and the clamping gap should be controlled at 3 ~ 5 bar and
0.045 ~ 0.08 mm, respectively, for low G-F factor operation of the gripper (gas consumption rate required to generate a
unit of holding power g/s-N), and the model is used for prediction on holding force and gas consumption rate of the
Bernoulli gripper under the influence of multiple parameters. The results of this paper can provide a reference for the

design of miniature Bernoulli grippers and the optimisation of structural parameters.

Key words Bernoulli gripper, machine learning, laminar/turbulent transition, holding force, gas consumption rate

UBE, I RESMEHERT T 1L, Yu 2507 it ek Bt
T2 T A R 1 5 T R B, T

5 GRS B 2035 SEER 00 1 b g, it iy i e — S R Lt
PWED) A B EINaRAE N T Ae S S R R R S R T AR, (EAEAE G5 18 e T TS s s e
A3k ) FITRE AR SR AR R H B A AR B AR AR AR B AT M R TR 2 18190 S
PRGN RS WL SRR, & LI gy aeas s i, mE 1) B, 3

jilllg

El

PORINER S 2 [ A L )BT SR e (IR BN g s e s 4 T 0 X S, L
DURCRF ) AL SHCERIOBEARAIIE T g g A0S 0 e 77 8 7 0, 96
AL R R SR, RIS IR g e X i e, K v A 5
BRIRIRTSREEEZ B, BURE ST g somph i smRan s, BUSH, FHRER 31N
PRBERRIIIE AL IMIL ™y gy e ety Li 4505 46 06 BEE S T
AR R R TIIIE g ok, KA AT SR, 1 A 5
B 2T LA ADIRIOIUR s G CLAVERT g s by, AR T, 960 T A e 8
SRR TS (5 RPARL SR LIRE gy 1o, g T 4055 RS 5 B8 0
LR ISR, SR SO PRI IO IR gy o e ) g st A BRI K T 47
I, ERURHOTR PR ST, SRTOLTE e gy om gtk F2IEHLAA) TR
I 1956 G Welanetz ™ ISR, LRSS gy cpimaesptih) L. ot —S4r 515
B 1) S LSEFI , 01— EE0) T
e OB AL B LI 3 B P . Wang
001, Liu 402 A1 Failli 505 55 15 F1
JESFRHEAT 408 A AR B A A

air flow

late

P, LA 45 40 SR A 1, (1B 7 8 0 e s = ) . ﬂLl i
i 75 e 5 52 2 R AR A - T p L P 2K object [T object [T
FO, —J SR B A M, Dini 509 )\ ton (5) Onlae jestion

T I 2 MR ) S B TE SR R R A AR B SRS

JE ﬂ& |}ﬁ ﬁl% jj , Shi % el §J\ *Ff T % %I: sy F ’/fé xf H& FJ“: jj Fig. 1 Bernoulli gripper schematic



%9

TS 2T WL 2 B0 55 RIS FRp s MRS RS 7T

2567

FF 2% 10 N Y B9 2 o SR B i |,
L8 B AR T UL K2R ECRS JE, iE T mm )
P PRI WOE M BE 55 ) R RS, A B NHE Y
SIS A L A 3 B AT SR

o TSI T L A A e R AR IR B R, T —
S T 5 2 A P AR AR 1 B 1 U R SR R R P A R T
JE 350 A7 FE T SR RE 2122 R L 2 T SR R (] B
P AR AL BN B - 43 B A R M AORE, AR E EE i A 5
S Y IFFRIBR by AR N, R ) FL &
RNTEF K, M Jekeds ReFRSR KIS, FL 2150
BROK. 53— LU Fi 3 BB T AR, (R 2
T AT R4, RIS T A BOR A 4 R A
0.32 i, FLBE AR Y S 210232600 i 5081 1 Shi £5(16)
1E FIRWE a3 R . AT R4 RS, XA %%
F e Fps R M (R 2R34T T B0 5 SLEO o A R4k
T RFFAAME. JE 82 Shi ZPT BEF SIS L T LA
PRI HIBR AR, RILTAFERT S R A B
J7 R G, B S, IR B B A AT AR E, I
P& W — Aot - - PH B AR B TT DAV A b R T
ML AHE s R

B T AL AR I kR, A AR AN, 2 s T
ASARAE TR B P I B0 R P A R B 28290, Paivanas
G0N B TR . E RO T B AR 5%
) e 2% AT AR, AR Y T VA B B B ) 4 B
4. Brun 25132 X ] RANS J5 R i NS X
HE T 5 A 1 AR 1) I T S PR AT 55 ) e o 2% g AT AR
0L, 25 S TP o b 10 R R K R TR I DA BT
B EEIX, BLAMEEHE H B SR 2R AN I T i -
JZ A ILE ; Paivanas 25030 78 3 B AW e R 2
AR BLT R RS RS T AT S R e R A
AR BT AR I B A i A B o B, R R B
e R IR-Ti I I

VAR, AL TE s H AR S B ——< B R
fie” (Al for technology) [ 4L RURFAE RN 2 ] @, FF:
X CPU & AT T 42 B 3l it, A AT hnid a1
BRI N TN, (RIS 0  2 B 5 % B )
03 B8 7, 2B AR IR R, MLEs % )07
AR R SR R U R ) AR R (1
I N S I TR AR, R R B B B AR AR R
Ji&, K& ] F O )t B DA R SRR AN T SRR g 1 gk
2, MLES 2 STLE I AR AR 77 TR B8 B A 454, i
WSS R JEFE A AR BN RE M B T S 4t 1 —F

. BT 77 A S AN AR TR A P A
LT e e A AR 2 i P I ki R L85 52 > A
R AN T AL RSB R LIRS B
R WU AR AT Re SR L i U R A S 4 1
3z I - ] U 51 B T A0 S U Al R P T 581,
ok J 45351 SR FH A AR 28 [0 2% A Al 000 1 SODL AT
T B ZH, I RBORZEFNT 0.2%, 54
REBBORFEFRNCT 1.2%. Wang Z5B8 J@ 14 - [ 7 3)
HHE, R PR IR 2 SIS TR of /= - [T sl 4 P
PEAS AR BEAT T, o ARG 10— Bk, 1 AR AR
SRS AN TR 2 >0 R ok 25 ] R A A Bl
PEREAT T LEAE 1 e AT TN R 5 2 140
BT BE A LARAMAR R XS 8 00 -1 P AR S 30 A R
FHEFVESCEL T ER TN . BB 7 2 P TR
RGN ), BXF T mm Zpk /SRR Y 15
P e b 1 3 [R] SCE (R 9 Sl R 2 T, AR SR AL 2]
R A N

BEAh, 5% SR FF BRI (L)Lt em) BIRHA
WA 25 R e FR A% L TR U R RE R T2 B ST
ELE3241420 5t mim 2% ) R S R 4% (11X S /N 5%
B2 PN R AR B A, AR S < R A
5 BE s VARSI T8 o B ey B T R
TRB 2 A e IR, I HLA EE T SR KRR
R A IR S o 5 AR A7 A8 55 00 0 P52 KD ) R, 3 P
T T A OS2 R e R A AR B R
PERIEFEIE AR WARTE. BE I, DAl & mm 2% o 34
AR A Oz B d A 38 V) /55K, 750 He i sh Rk 2t
AT IR S VP A

ASCRBAETHE T T WA SR e ff 84
ANFJCRRIAI R IR ELAR . ek a8 A0 RS DAL A
ST R AR AR, Em i TS
KO FL A LR, 8 BE A LA (K LA 1, AT
6 FhHL a7 ST I 25 & B e LA gt AT 2 4L
VDL, BETC 1A FIALAS 2 SR R e 455 25 W 5 0 A
SARTEAER K TINAE /7, A SR AL A T 1A
[ e 1 A% RSN B B R WRCRE 3 B0 L 1 5 45 4% 5
B, AR T ORI AF AR G-F PR3 (7 2 A R B
D3 JT it B SRS AR ) AR IS 0 R0 R ] B
P X (8] Y, LS ad Y3 s 7 oo g s 1 i
RS M R Fp s Bt AR 1255, Jf it — Dk
ARSI S 2R AE A2 A s U 4 e



i

2568 Vaj

i

Eitd 2024 3 56 &

1 HERIEITTSEIE

1.1 ERiRBL R m i B IS 1R

Menter 1 Huang #& tH 1] k-0 SST T3 LAY,
EN—M a4 RE Y RANS B8, 2 H AT 32
A8 FH F) e 28 Al T 58 28 1k e PR e AL R — 1, 1E
TR IS . B M R IR A R
BfRT AT SEARAUI). D928 J8 2 AL A e AN I 3 40
FIEEARPERE IR, K F Menter 28144461 3 {2 T
J A DG I U AR v AL BRI R AL, RS
SRR TR R 7 R R AR T, PR P R R U A
BN AHIR R R ST FERE &R, T it [A] s 77
eI

0 (U, 0 0

Py, A1 E,, 73 79 N A5 0 S AR RO P 2 I AU
Wi p N L, Uy RS w NEN IR e D9 sl
HIFEE; o) FRERYHECI 1. (R ERR 1 y fih RS2 il
A A SRR AR, B Ry = 1, BiRiLAE
H, y i T 0.

Ay AR 7 5 19 SST BLA! Hh i 30 e & Hiniz
JirEtn=X (2), AR o fiis 7 PR AR

opUjk) : -
M"'M:Pkﬁ'P};m—Dk'F

] (M

ot axj
ok
2+ = 2
o, (+ oepte) 8xj] ()
Py =yPy 3)
Dy = max(y,0.1) - Dy 4
alk
- " 5
M= max(arw, QF,) ©)
Py = szS7(1 - V)Fonset (6)
Ey = CaZPQ’yFturb(CeZ’y -1 (7)
1 6Ul BUJ 2
Sij==|—=+—L], §%=25;8; 8
Y 2 (ij (9x,- A ( )
1 BUZ an 2
Q== |-, =200 9
H 2 (6x,~ 6x,~ I ( )

P S ANARR, L, FRon il I XA LR 256 &

B BCERIMME L, = 100); FAni Ffj o BARR R /R
AR RN x My J7 1) ap AR 5 0 2500 0.31,
o NIERVE L, Fy NI TR R A R EE; @ A 4axt
W e =0.06, cor =50, Qy = 1; Py M Dy 73 5 N 17
B AR AR UL A — RS- 47); plim Sy g 7R e 5
NS, ARAUFTEAT ARSI AP T, 1 s ¥y m]
FEAEE I k

P =uSQ (10)
Dy = B pwk (11)
Pi™ = 5Cymax(y —0.2,0)(1 - y)-

F™ max(Csgppt — 1 22) (12)
Cr=1.0,Csgp=1.0

. R .
Fggl:min(max( ev _1’0]’3],1362‘@:1100

2.2Relim
(13)
BRI A B DA BRI )

_ Re,
Fonset1 = 22Req (14)
Fonsez = min(Fopset1,2.0) (15)

R 3

Fonsets = max(l —(%) ,0) (16)
Fonset = max(Fopser2 — Fonset3,0) (17)

(%)
Fuw =¢ 2 (18)
Ry = £ (19)

LW
2

Re, = MZ—S (20)

Reqe(Tur, Agr) = Cruy +Crupe-CrunTufration)

@1
X dy BRI BE 2S5 Rege 9 IE 3N 5 5 J5E 76 i 4L,
7 PR R A A e PR ) SR BE Ty, A1 g, RS E
AR, 73 3B Bk B P I T I 56 S A [ g 6 P S 4L,



%9

TS 2T WL 2 B0 55 RIS FRp s MRS RS 7T

2569

dV /dy Nl 52 TR FE R
Tuy = min(lOO “wzk/ 3 , 100) (22)
dV pdy?

Adgr =—0.1111-— +0.1875 (23)
dy

Fpg BRECE RE 1 K T8k BEXT i P semi, g

Fpg(Ar) = min(1 + Cpgidar, Chm ), dgr, >0 (24)

Fpg(Agr) = min(1 + Cpgador+
Crgamin (gr, +1.0,0),Chm ), 297 < 0 (25)

Horh Crur, Cruz, Crus, Ceai s Cega, Cras, Cpgy A
Chm N2 5 RS, BUE 73790 4 100, 1000, 1, 1,
-0.5,0, 1.5 F13.0.

12 BWRFHESHEE

w2 fos, AR EEIANA 5K
I GRS A, TR R R R A 5%, AR BER
B N TCI B EEHL. M IEEL N poly-hexcore, 115+
JZRI% 9 10 JZ, S RN 1.0 x 107 m, fif
13y EAE 1 I, R E BE TR 7, Mg 1
KHRBE AN 11 RN IR BRI AR A Sutherland
SER. AERE S XL, 420 77 R R A SRR SR i,
71 1) B R F 3t KUk 2, s 0 R ) A SR
H coupled 5775, Ik 71 & IRSHA 74 0.4, fRIE

HAE RS E PR S PR S SR
air flow

nozzle
diameter

1 WA
gripping gap

B2 MR LA S R OR B

Fig.2 Schematic geometry and mesh of the simulation gripper

1.3 1B R AR IR MR IE

SR B8 E AR ST B R R ) AE R M, SR SRR 8]
W SE G HE T BUE B AR, B 3 N standard k-0 RNG
k-e A1 SST k- 3 Pt I A5 AL 0 A0 55 F Je R TAF %

']m 20] D=40mm " RNG ke
d + mm
mn

' . —standard k-
,0=323 g/mi SST k-w
:Lr 3 —exp, Ref. [29]

-20 -15 —1W10W10 15 20

=5
x/mm
B3 B AR S aG Rt L

Fig. 3 Numerical model and experimental comparison

preessure/kPa

f] & 73 43 A7 (0 B0 RCR, oI LA I SST k-0 15284 RE
i B AF oW & S BR 45 . I 4F, Mykhailyshyn £547)
R H SST k- 456 2 /i e 3y B8, o [5]
TEAA B3R Je 3 88 1) S AR B R 1 AT BUE AL, 4>
T T W JLART S H000) A% ) [T s 77 93 A 1 o e L
RF 770005 3 A 1] B 0 A RS AR A JRE 428 i DA
R B he RSFHR 1, 3/4, 1/2 F1 1/4 4 51058 B 6 2K
B BN 4 TR AT R, AR 3G K R
PIN 1.2, RIRS B2 2.0 x 104, 6.0 x 104, 1.1 x
10° A1 3.2 x 10°, P I S ZSRAMET 0.2, B4 541
Wk 5 RIEARF A, WE 4 R, iz T 1%, HEH
B AT JE BT

0.20 - 0.136
0.18 £ -=-holding force_ 10.134 ::
0.16 } —e-gas consumption rate 39
Z 014t o132 3
2 0121 = 10.130 £
s =
o 010 {0.128 -2
= o
5 0087 10126 £
e 0.06F 2
= 10.124 g
0.04 0 g
0.02 10.122 §D

0 : : . - - . 0.120

2 7 12 17 22 27 32
number of meshes x10*

P4 THoa 2k L A R R ) 3e 1 i 2k
Fig. 4 The variation curve of the calculation results with the

number of grids

2 BEEUNERS

S A ) A B AT S R P 52 T RE TR B IS
BAR Jefp e T PR A T 5Em. Jefr & 1M
FE Tl AR ) S 10 AR 3 3143, FL € SN

F= [{ pa(x,y)dxdy (26)

AP RIETT pg <0 W NGUERMET T, pg >0 By
AR 71, W Jo T 1 SR I ZE A, -5
gt T AR R A s AL



2570 7 F ¥ Eid 2024 - H 56 &
p/Pa| positive pressure peak static pressure/Pa
x10¢
=7.50 —-1.25 5.00 11.3 17.5 23.7 30.0
0.15 : levitation region : +holdmg force 0.20 Tf\
—+—gas consumption rate :D
‘ z 0.10 1 o1s E
negative negative 3 -- ‘i ----- s
£ 0.05 ; =
pressure zone 0 pressure zone S ' 0.10 &
en . 102
£ 0 L &
positive pressure zpne fmm = 005 h:{gilo 0 EN. 0.05 2
r = -0.05 R =
¢ 2
—-0.10 0 S

Bl 5 AL 15 Aios =2
Fig. 5 Schematic diagram of pressure distribution on the surface of

the workpiece

2.1 RIFEPE b,

FFFHRK TN 4 mm x 2 mm, B EZEN
0.5 mm, < % /374 3 bar (1 bar = 1.0 x 10° Pa), JFF
IR 535314 0.025, 0.05, 0.1, 0.15, 0.2 F1 0.25 mm. & 6
SR T AR AR S 0 o3 A BE R A (8] KR K A2 4k 16T 7
SR AR BB WA AR AR A AR, W R
73 R AT B AR 18 DR S 388 K5 BN, AR AE A hemax
AEASFIRCRF 78R OK, AT 6 2% I S 5 8] B2 A 48 KT
R, S5 E B 6 M 7 73 #r, ZIFFIEBR he < hemax
I, B A 45 1A Gk /)N, IR0 A W IR 1 14 52 P BEL
ST, A I R A S T A s g 0 {3 A v
0, A E N TR] R B AR G R o 498 oL 2Rk i R 4
RCSE XS S R s A 2, s W DA R s X
SR, HETT KRR 30800 2 SRR T B e > hemax M,
I8 45 T B 0 4 K, AR N T B 47 BEL 980/, g
W 15T 5 (0 A SR T LE IR WA /DS, o Y
PSRN S , 7 A A7 WA ARLAN B X3k, A5
P S el 55 7 A ) s AR A 5 BEL IR AR R IE
JEARAK, WRAE 3. oAb, ABRBET AR BT m, 24
TARLT A misl B mii, WeFF 055 T HE Jymg, A 1
NEaE BIFALE, T B AT AE, ASBZ
A i X, A AR AE A SRR e B, 9 T
PEIE TR 5 A R, WREF a6 E Sl B, RAIE TAFIR

x10*
—h,=0.025 mm|
. —h.,=0.05mm
< 2F €, h.=0.10 mm
a h.=0.15 mm
) 1 N\ —h,=0.20mm
5 \ —h.=0.25mm
] width (3 length
g J/ — \\W
—1.0=0% *?(.)2 0.2 \\076/10 14 1.8
Xx/mm

Pl 6 ANIRISHF IR T ) A 210 s 7 4341 i 2
Fig. 6 Pressure distribution curve on workpiece surface with different
gripping gap

gripping gap/mm
7 WRRRIIL AR B B A (AR K AL A 2
Fig. 7 Curve of holding force and gas consumption rate with
gripping gap

Bl A LRI, 75 B LB 2 AR e 1, & TAF
fiw 25 B 15E4JE1D“J “&ﬁﬁﬁi‘iHE%#%H“&ﬁA

M A7
22 REFHIEEREJ

RFFH/EKIEN 4 mm x 2 mm, FFFEBN
0.1 mm, 55 778 3 bar, Bi¥EEZ 494 0.4, 0.5,
0.6, 0.7, 0.8, 0.9 F1 1.0 mm, L/FEE M E /15045 W
K 8. 18 9 MR ) 5 SRS FE R BE T BLAT AR 1k
2. Bl A S B B RN, SR E S, SR

x10*

—d=0.4 mm|
N —d=0.5 mm|
< 2 W —d=0.6 mm
& d=0.7 mm
g ' d=0.8 mm|
Z —d=0.9mm
8 | widt 61 length—d = 1.0 mm

& RARIRE FRRRNAN X X X

1. -0.2 | 0.2 £ ~ 1.8
_10 L

x/mm

Kl 8 ANIRIWEME BELAR T I LA s 7 437 il 2R
Fig. 8 Pressure distribution curve on workpiece surface with different
nozzle diameter

static pressure/Pa

x10°

-8.00 -1.67 4.67 11.0 17.3 237 30.0
g}; " holding force 0.30 i
N I —— gas consumplion rate .
1025 &
Zz 0.10 I =
g 008 1020 E
S ood | 1o1s &
@ 0.04 | 2
5002 | {010
= 0 L R L X 2
—0.02 [02 04 0.6 0.8 \ 121 005 8
~0.04 0 &

nozzle diameter/mm

KO MRHF T AT RE A RE B ELAR A AR 10 h 25

Fig. 9 Curve of holding force and gas consumption rate with
nozzle diameter



%o M

TS 2T WL 2 B0 55 RIS FRp s MRS RS 7T 2571

N TR R BE 38 0, AR 3R T I s X ok, 4% X
B R A Je R 2R A G % B, AR B 46 N T BUR
JE DX IS 38 I s ek /)s, Jh (06) B AU X DA K A7
JEUEAE BN IRAS . IR )2 TAF RN IE &5 7
Sy A SRR FH B 45 2R, B S N B RS R, 2
Je G0 JE Dk /N B B e HR B AR BT AR I
1R AR S B 56 2% IS AT E .

23 REFFKFTaxb

FFFIE I 0.1 mm, Bt 57104 3 bar, B E
1208 0.5 mm, AR RFE RS B AR K )5
A& 10 Fros. B 11 R ) 5 AR R
It e ot RO B AR A il 2. A3 1 1 s X AN 3,
Wt SR e RO S, U sh v B i, A A
BE TS MR R s, A RSN A D A Hs XS A,
FEHE Al (58) b AU XIS 08 RSN 2 3%, s 7
It SR 5 A ROST i 1 K. AR AR R L AR Sk
Fraw T A2AL.

x10*
304

——axb=4mmx2mm

——axb=4.5mmx 2.5 mm

)

2t | ‘b5 mm

Q\«j ‘ / axb=5mmx3mm

o / S '

8 width | 65 | length

= I L\ , , , \
72 L

oo Lo f o 0@,&91/.31.7 2125

710.

x/mm

10 AN [EI I #1021 s 70 0 A h 2

Fig. 10 Pressure distribution curve on workpiece surface with different

gripper size
static pressure/Pa

L o < 10"

-8.00 -1.67 4.67 11.0 173 237 30.0
0.25 020 =
-=- holding force ©n
z 0.20 | -+ gas consumption rate lo1s %’
g 0.15 £
g 01 * e nd =
< — {010 £
£ 010} I &
S 3
=] i 7]
2 005t 0.05 g
Q
0 - - . . . . . . 0 5

7 8 9 10 11 12 13 14 15 16

gripper length x width
BT W SRR BE Je s a8 T 384 i 28
Fig. 11 Curve of holding force and gas consumption rate with
gripper size

24 RIFBFHSEEDP

FFERKTEN 4 mm x 2 mm, FFEE N
0.1 mm, Wi¥E E AN 0.5 mm, 55 100504 2, 3,

4 A1 5 bar, TAFREEII A I 12, K 13 JyWe
73 5 A RE R B AR ) AL B 2, W) 5
AP RE B U TR, R i,
T 3l AR o T TR, 2 A O P % X
SR, S S N DR, R 1
SRR AR R BN K, K () EEINR %,
i (F0) EREAUEAIRE 3,4 5 5 bar A R
7 B 5 AT o LA 7 A 0
O EIL PN

x10*

46 + —P=2bar

38F e —P=3bar
P =4 bar
P =5 bar

pressure/Pa

3 \
width 14} length
6L

e N
“T0=067 07| 02 \06—10 4 18
x/mm

12 AREGCSE )T B AR 2R 7 3 A 28

Fig. 12 Pressure distribution curve on workpiece surface with different

supply pressure
static pressure/Pa
[ e > 1 0*
~8.00 1.67 113 21.0 30.7 40.3 50.0
0.20 020 ~
0.18} 10.18 =
0.16} 1016 2
Z 5]
o 0.14¢ 10.14 =
S 012} 1012 2
= o
o 0.10 1 10.10 =
b=} o
£ 008 10.08 g
ERoNl “u holding force 006
: —+—gas consumption rate | - 3
0.02 | 10.02 =
0 - - . - 0 ch
1 2 3 4 5 6
supply pressure/bar

K13 W SRR SR AR A 22
Fig. 13 Curve of holding force and gas consumption rate with

supply pressure

3 HEFIREERER

3.1 BUESE

TR AR 25 A e R 2 RSB R R BN R 2%,
2R ARFS RS, AL 2 SRR LW FF
T35 AR AR AR BTN A BEROR, 2 T HUE T 0K
FEB R I THSRL [A] 5 BRI BRI, SRAIHL &2 20 05
1%, A O Bl 12 S SEBUBOR RS HE R T Xt
RLHT SIS 5 &, 2 a7 ik SR, 158 432 41
G IR (EVSEACITE S € IFE S IR SEI| E S SN



2572 VAl 2

Eitd 2024 4E 2 56 &

WEE S MR, N 8:1:1. NEBRENLmM.
B DRASI 2311 DA S il B 2 A AR AR 2 (R AL S
RS E MEAFAE )52, K FH Z-Score AriEALEAREL
32 HESEFIER

BT 3.1 TSR, BRI SRR BE A SR
ENAE LW DU RN N SN E AN N A S
R LB R 1 1 e 4 5 AR G M 1) 3 S, [ IR %
B FE T A [R50 S BEAL R A ML A 27 ST A0 [F]— 2%
A2 A F PO PR e, PRI AR SR A T SCHF )
2 [1] 9 (support vector regression, SVR). [ HL 4%k
(random forest, RF). R 2% >J ML (extreme learning
machine, ELM). A L#1£ /%% (artificial neural
network, ANN) £ LSBoost 5 UM A (generali-
zed additive models, GAM) 6 L& SR, F5%t

EAT T B AT VPl L. AR Y SR A L
SHBEN BT,
3.2.1 SCHFmEFIE (SVR)

SVR (1 H A & 2 — A B EL f(x), AT REH AL
EUIZRREAR, B E AU K bR BRI ME & AR
SAR R &, 2 TR 22/ T B & FIREA 1L, w
BUE Ay B A K. AR AR A 5 L R

N
mip I+ Y 6l @)

st —yitwp(x)+b<e+§
Vimwp(x)—b <e+é; o)
&,8>0,i=1,2, N

5l N Largrange B804 5B R 15 2
EVERE f(x)

q
F) =) (@i—a)K(xi,x)+b" (29)
i=1

N (i — o)) NSRRI E R, K(x,x) AR, B
HIT ST AR A% AR IR B e 8 5 M BT 3 R I i ) 5 45
5 MR EHIRIE NN x, R IEHRE A y, xi e RO,
xi S NGRS &, x; = [x], o7, 0],
yi € R XTI . SVR [ A SE by 55 i 28 ) 2%
BN, RSN S s =B 14 PR, %
T T SR 1), X1 59 g [ A 000, G At A 28 iy o N 5 i
FA G HAH ], J5 LMo .

SVR AL T BOR T =2 FE NS4 C -
BIE & LA R AL R S5 g HIFEM.

holding force/
gas consumption rate

K14 SVR 458 HR &
Fig. 14 Schematic of SVR structure principle

3.2.2 BENLRHIK (RF)

RF DL S A g 2 27 ) 28 IR T S 1 )1 5
ARG NBENLIE B T8 5 8 1, i ) AR
SRR () TN 25 SR BT 28 AR~ 35043 381) e £ 11 Tl
G5 RO BIR A e R

$i=o— > Tjx) (30)

Horp T ARR BRI I 5 R, Nigee R ANEL,
xi YRR A IR B R 5 R R 2 KA A 1 R
RF F 7 (R P ROCR E 25 B RS S e/t
T PR B K B AL R R

323 PRI (ELM)
ELM #5811 Zx B B R F BE HL I 5 N 2 BUE A
22, T4 HERCE M@ ) SO R B T 5

B E)E, R 5E IR 5 S 7. 158 4 A
MR RN

y=h(x)xB=HxB=L (€20

B=H'XL (32)

Horb x g I 28 i N R 3R 38 SR B e PRS2 e R 3R
HARFEFE, hx) RIS AERE, B o4 BUE, LN
M %, H* N H ] Moore-Penrose | X I 55 [ .
ELM #5228 1 0 264 SR = 2 b B 23799 R 380l AR
TR RO



59 M T BT LR T (0 55 R S R 53 AU b 5 2573
324 NTIAH4RZ (ANN) s 3 . / z >
. R™=1- i=Ji) i— 36
ANN S35 1 586 1 3570 2 L 22 2,032,007 .
BUE W, S\ )& N JZ 5 N 2%, Jd i R4 11 )
TEEREL R R, ARE R T B AT, P E MAE = 1_Z|yi_§,i| (37)

IR H A2 AR 2 5 RS BB A5 R, x e fy
o SR Bl R S i DA 2R B AR i e S
HiRE I 2RIE B

§=f(W'x+b) (33)

ANN 527 1) F5000 250 SR 52 1) W) 245 25 kg — 2% J2= i
ZTCNEL (hy_n, hy_n, hy_n)~ B0 BRHORT 24 5] 3R 45
BZESHE M.

3.2.5 LSBoost

LSBoost LA SR Ay 5557 ] SRR | oy fa 2 1 A5
R AE Gk TAR, DL AR J7 200 A5 eodh A5 2 1) 93
WMIGE 77, B /IMUGIE T R 22 R A AR ASE B 8 17 i s 451
5557 > 2% BB 0 e 24 R AR 1 T 2. AR 4
FOE N

N
y= ) Bihix) (34)
i=1

Horp g B 55 2] B HOBUE, hi(x) NEEAS555 5
(A Y, x SRR RN R R R PR R HE
. LSBoost 5 it Tl &4 SR 3 252 B 58 i > JA 39
], 2 RS N T AR R S

AU

3.2.6 ] SUMPEELSY (GAM)

GAM Fi| FH HE 28 14 >t i bR O R IR A2 & 14 A
HEAT R, Hod i JE 26 1 R Fom AN 1S 31 B 2 1 i
W& B0 R =2 5 R

Ji=Bo+filxi)+ax)+--+fp (xip) (35)

Horb B EHHOW, fi, fo -+, fp RAFRIENI G 2L,
x; 9 RREEE () SR IR BN R e R 2 HHE A 1)
GAM 5 A (1) F50I 28 S 3= 2 52 P AR T ek K (Tl
W) HE 5 XA R B A (58 HA) BRI,
3.2.7 HERIPPAN TR R
AL AR A SR AL R T ROR, SR g &R
BO(R*: Va0~ 1), “PIILITHRZE (MAE) VLRI T7
RiRZE (RMSE) VE NV 4EHF, yi NEHE 552, 5
AR TSR, 3 D9 Hds S8 1~ 918, n N E
i

i=1

IR o PR
RMSE = 4 n;(yl $1) (38)

X R? RATENA = IR SREN S &, ©
FeoN B WA I F A R, AR TR o R AR
=0 i H AR E 0 MAE 58 T Bl S
THIE B P B FERE s RMS E 538 TR Z BT KN,
B 5 E UK. R (HlkE:08 1, MAE 5RMSE
AELER /)N, WL 27 S AR T o A 236 ey

33 BREEKMUNBEIERBSY

£ BE (swarm intelligence, SI) H P78 5 i
Wi (Bayesian) Sy 8 T AL 38 2% ) BEAL (68 S 440
oAb, 5 HLA% 27 ) B S B0 A0 X 7 1 92
K 15 fiow, KA ST A ki 7B (PSO)L, dby
GIENATEE (NGO MG HEIRAL L (POA)E!
S HAEAL SVR. GAM Fl ELM A7 (#8251, ¥4k
FRESL 35, 1A K EL 30, SR DL A AL 2TANN
RF F1 LSBoost #5124, Bayesian i%4X 30 IX.

r——— _| | hyperparameter optimisation | r————

- - . -

| ||
[l Bayesian &3
|

POA l

machine learning models

15 B Hlas 2 ST AE S AR B2 5%
Fig. 15 Algorithms corresponding to hyperparameter optimisation for

various machine learning models

4  HEEF IJRBEFUNHER K itie

4.1 $HERXMESH

N1 B N REAE AR H R R AT A 5G4 AT
3 5lTHS T Pearson AHOK R %L, Spearman #HC R %L
DA K Kendall #H56 &%k, W3 (39), 45 R WKl 16 F
K17,



Eitd 2024 4E 2 56 &

2574 Vil =
= lengh = supply pressure = nozzle diameter = width = gripping gap
0.5
0.378 6 0.369 9
0.3 102712 02649 02973 0.2886
o1l 0.098 01

0.036 43

holding force

—0.159 1

—0.2255

-03 —0.2397
Pearson

Spearman Kendall

correlation coefficient

Kl 16 BRHESHCS WA T AE G
Fig. 16 Correlation of each feature parameter with holding force

q
=i -5)
=l (39)

q q 172
{Z <xi—x>22<y,~—y>2]
i=1 i=1

Pearson(x,y) =

q
6> d’
Spearman(x,y) = 1— ﬁ (40)

g-1 q
524
i=1 j=j+1
q@-1) ~ 41)
if (xxi—x)Qyi—-y) >0, &=1
if (xxi—x)Qi-y)=0, &=0

if (xi—x)(yi—y) <0, &=-1

Kendall(x,y) =

g N EIREAEL, d; N5 § A Edhs o A
ZE.

Wl 16 FE 17 s, 3 AN FHIE R B0 HUE G
FE—1 ~ 1 (8], ZEXHE BT 1, AT ER AR, iy

= lengh = supply pressure = nozzle diameter = width = gripping gap

0.9

0.750 1

07} 0.665 4
0598 2

05144
05| 0.464 6

0.3611

03+t 0.280 9 0.26
0.197 2

gas consumption rate

0.1F

—0.004 862 —0.003 917
Kendall

0.1 —0.010 89 —0.009274  —0.006 365 —0.005 841

Pearson Spearman

correlation coefficient

K17 BRAESHS R TEFER AR
Fig. 17 Correlation of each feature parameter with gas
consumption rate

FRIETR A 5 Je ke 28 RT R FeRIBR R IEM G, 5
M B4R B AU O, SRR ) 2 58 SR G, A
IESMAHRER SRR J7. WM BLAR I e Fr () i 2
TEAE G, Forh 55 e Re 1] B IE A G MR B A i, 5 9 FF
BT PR, SR A S S 56 2 T T i
A RE &
4.2 FHBREERFRIFHHOFNHR

TR 7 1) S AL 88 2 S A B S 405 BRI
MR 1 FR, DL R? N EEPHN R R UGEATHE
J¥#3: ANN F1 LSBoost 1) #EffiZ # it 0.9, ANN [
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y_value AU A8 I A5E 28 6F W R 77 1 F000 i R A
y_true AYWREF ST ELSAR. TN AR B 22 1 ELM, H
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Table 1

Hyper parameters and prediction effects of various models for holding force

Model Hyper parameters

Prediction effects on the test set

R? MAE RMSE
hl_n:211, h2_n:292, h3_n:7, batch_size:24, activation function: sigmoid,
ANN - - - T 0.9512 0.032458 0.045212
learning_rate: 0.0062

LSBoost num_learning cycles:70, learning_ rate:0.339 34, min_samples_leaf:1 0.90729 0.053 685 0.062316
SVR kernel: ‘polynomial’, C:14.2472, ¢:1.14108, g:1.6915 0.87492 0.055125 0.072381
GAM num_predictor trees:42, num_ interaction trees:9 0.83897 0.066984 0.082128
RF n_estimators:988, min_samples_leaf:1, max_features:3 0.766 04 0.083493 0.098993
ELM h_n:190, activation function: sin, bach_size:18 0.64593 0.10909 0.12178
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Table 2 Hyper parameters and prediction effects of various models for gas consumption rate

Prediction effects on the test set

Model Hyper parameters
R? MAE RMSE
hl n:65, h2_n:220, h3_n:45, batch_size:44, activation function: tanh,
ANN - - - . - 0.9784 0.0099042 0.022188
learning_rate: 0.004 6
GAM num_predictor trees:159, num_ interaction trees: 10 0.96432 0.014035 0.031213
LSBoost num_learning cycles:81, learning_ rate:0.151 85, min_samples_leaf:1 0.96163 0.017045 0.03237
RF n_estimators:299, min_samples_leaf:1, max_features:5 0.94153 0.024918 0.039956
SVR kernel: ‘RBF’, C:453.8064, £:0.002, g:5 0.93716 0.028 926 0.041423
h_n:152, activation function: sin,
ELM - . 0.73217 0.068103 0.085518
bach_size:10
e d 1.2 - B ;
0.7 :Pg{)fss';"lijm e = data size = 200 = data size =300 = data size =432
+EOA-]_ELNI[&pred | L oosss
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Fig. 19 Prediction effect of various models on gas consumption rate
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Table 3 Maximum values of holding force and corresponding gripper parameters predicted by machine learning model

Gripper size Clamping gap Nozzle diameter Supply pressure . . ]
Holding force Fy /N Holding force F} /N Relative error/%
a x b/mmxmm h/mm d/mm P/bar
4x2 0.084 0.47 49 0.1661 0.1617 2.72
5%x3 0.092 0.59 5.0 0.4278 0.4130 3.58

MR FE T Frp SEUE T EIREE D) Frs R 2
INT 5%, HLER 2 SRR I TR R A+ B2l S PRt
EIFHSE R, & X G-F BT N A AR FF 7 F B
T SRTHFER G, HAE— @R E LR T JeFeds
TAEE R REFE. T T 7E I8 35 RN 4 mm x
2 mm, W FLE 42 A 0.47 mm I, 3 T AER AR e ok
FEIBR LS ST R Bt L) G-F R 43 A L
Bl 21, f AT, R PRIE R 2K G-F R TA4E, fit
SR ST HILE 3 ~ 5 bar, JeREAIBR N2 7E 0.045 ~
0.08 mm.

G-Fl(g's"N)
3.400
3.120
2.840
2.560
2.280
2.000
1.720
1.440
1.160
0.880
0.600

K21 G-F T4
Fig. 21 G-F factor distribution
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