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Abstract: To address the challenge of real-time and precise identification of distributed forces during flexible contact in cooperative target
de-tumbling and capture processes, this paper proposes a nested recursive distributed force identification method based on an array
pressure sensor. This method achieves real-time characterization of the contact area and distribution characteristics of distributed forces
under spatiotemporal coupling conditions. First, a distributed contact force model is established, and its power-exponential function
properties are utilized to perform a logarithmic space transformation. A shape function is then introduced to decouple the spatiotemporal
characteristics of the distributed force. In the spatial domain of the nested inner layer, an improved weight equation based on the Sigmoid
function is proposed, and a weighted least squares method using the S-shaped weight function (S-WLS) is developed to refine the
geometric parameters of the contact area obtained through a neighboring response region search algorithm. In the time domain of the
nested outer layer, both a forgetting factor and a weight factor are introduced to construct a recursive formula for dynamically solving the
standard equation of distributed force. Accurate identification of the distributed force characteristic parameters is achieved through
exponential transformation. Finally, a distributed force acquisition system based on an array pressure sensor is designed, and an
equivalent microgravity collision platform is developed to conduct oblique collision experiments. Experimental results demonstrate that the

proposed method significantly outperforms the traditional weighted least squares ( WLS) method in identifying distributed force
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characteristic parameters, with a relative error range of only 8. 8%.

Furthermore, the Hazen scoring method is applied to perform a

normality test on the relative error at a 95% confidence level, confirming the accuracy and effectiveness of the proposed method. This

work provides a theoretical foundation and technical solution for the accurate prediction of dynamic distributed forces in space debris de-

tumbling and capture applications.

Keywords : space debris; array pressure sensor; distributed force; parameter identification; microgravity collision experiment

0 3l

il

23 [A) AR B X P IR R 4 AT RAT: 55 1 W B R
TS E AR AR A B B S A R ) 2N 2 LI
SEAEPUREAT S5 IR BT R 2R, 3T ER (active
debris removal , ADR) L5538 78 JABE,, 1A [n) 25 [A] i - B 4
Ve EA RO WL M 3h i, I HUS AT Be sl — IR At AR i
F B IRURS: , 25 TR1 A e 2 A 4 AR R 8 9K A it K 43
BRI 2 — T R E TR T e AR
e T BERCR B A E PR s R AR
AR A THILAS A i, ) 22 M A i 5 25 Tl e R 1) L
oz i He ik A 19 R AR 3/ 013 R S 3 E s 2l i 0
TN AT 55 Hh OGBS AT SR A TAILAG SR P A i 5 28
() B s G 1 1 Ay, e 422 il A7 Sy e 30y S R L
PR b o An S I AR LR B R AT ] 3 AT 4 ik g i
HEHPRE AR 2R THBEVE IR 1Y 23 (B8 2 77 20 L A

FH T2 [ T e AR A Ab T B8 36 Uk B B, HAE LS
5 TR 1 125 o8 A R v DRSS S5 Bk R, b T ol = ) Al 4 35 oy
TH BB AR R R R AL 3R AL 1 22 0% n 5 HLR 0
JERRARIT S . W B REBE S AR AL R
sk RaE L AR T EARAY (R RIS s
PR d B, R AR S 2w, Alves %5 R
RN E T AR AE AN [0 4 o 3 A ol 3 BT Y422 fi
3, HUAPEAS SRR, 3501 422 ok 1 SR B PERE , X 5
THAE BAKRR , (0 i T AR IR 2 32 5 75, FEAL
02 =R PR 1 23 ) R A T I A R Pk ik, ARk
SR I AR SAARES] B A5 & A w3 TR R
JBT B B R T S AR L R TR X T A A
PORRSEPE AR LM 00 Rl 488 1 b A 7 oAy, ME L SR it i 2 H A
AR S OB R SR BUIE R G B
TR AR T | 5 H AR R (O B R U F R AE R, X
VR OR R v, AT A PR, ELAUTE R B ] YRR 45
FI R BT T RE RS R £ b RH T R AU
25, B I TR A R i s ) H AR R T H
JEEA8E T3 WHEE T H s ol 48 AR 1 14 5% i) AS R 2400, AT 5 1 —
PR D IWIES % N Ao a2 g N (T /o o AR TN
KSR P RE T B

T RIEARE $2 figh 3 A 7 PR 2R 5 T T8I, 25 325 5 A
JRE 2 T IR 1 kA IR R T I B Y
e fih 3 B | 90 20 B ik DX B B DX % R T
I o AR ISR W R DX IR 23 S 2 A B RO i
A BT 4 W 17 50 R A o7 T B fih X
SRR I E 7 SR, % IR AR B A ROV
B AR oA B 7 U N R & P ECR R B
PR SE IR 5 I | AR 2 AL A X A RS R M ARORE A5 7]
LIRS (7S N LR S R R Wi R e i)
AR A DR 2R A A S R o R e X O T
IR R IR X S IR R LA AN ] N e A AT
AE-5 S AR Bl 48 45 5 TR A% , (0 A5 B30 v A g 0l 2 X
A5 LS Bl 2 e R X 23 O, DTG B0 T Y R 22
FIANG S 1 o 30 4 )T 45342 fih 17 F) 5 o =R 4 A0 X0 30
AbPRASAFEANAL 2% o SR 1 NS B MR P A R B B THD R
Wi, 25 AT 52 3 kol e 307 20 A 45 02 5 0 i A 50l
M) G TR B A A (3 B A o T vk
Y SE SRR S 20T ik B R Ty A R L
7R I {FL R TR AR R — v A Y B A
Fi, He T2 B RA 35 B AR Lk A AR | X A 4
ik sl Il A8 7 1) 43 A 2OxfE UAE B A 3R, IRt 7E SR
fifp 1ok 248 TSN AR AT S T 4 ik 2 014 4 fk g A R ]
IS, ANASCTET i 25 42 fish 7 A1 7 A 25 8] RIS [ 24 R L Y fige
IR, a0 AR A PR I Ak 1) A8 M R SE i 1 A 2 2% BR
BEH) ADR AT 55 v, BUAT A 42 fsh 70 A1 07 BEIR 05 3k 1 e
LR Bk A, A LA 25804 il 98 e st v I I 22 £ 114 2
AR, 5 B0 T R RS Il AR SO Ay 1 42 fih ) 43 A
TS 0 I 5 01 e/ Al 3R 42

e, BT — B R T B T A I A ik S 5
EBHE AT 1 BRI TT Ik | B R DR 1 il il 5 ) B AR
SR AR S R | Bl 2 R X L S I B R DR A
OTET VEHES B0 20 A1 7 BB R e ik UL AT 2 8
Ho3 A J1 A S s o $5 S W SR 0 00 A 1 R 4R R
G, M FH 5 A I o 5 T 0 45 1) 3 80 97 R g R A
8 B TRBE A2 40, B A A WA Y AR i 2 00, () I e i e
ARAZ A 73 B A< TR 75 X R AE S HOI RIS, e
A 2o S HE o B Ve Uk P i 5k A SR 1 Ak A S v X
e fub R LA 2 BRI o3 A 3 R AE S 808 R pI B
FEXFPHRGE R PEAT G 1T B SRR S, ISR % 7
BRI A AP R B e



%1

FrAERE A 5T 9 I ) A s (g 5o A1 23y HER 3

1 o

11 &R

BEXT A S i B R A ) S SRS B AR )
RO, GBI A R 0 0 45 R X 43 A g A 2 g 2
FRESBHATHRR . AP —Fh 5L T B 571 1 ) 4% Ik
i Pk deh 41 U0 A D BT 2, BRI AR HE SR AN 14 1
7R o HAZO REAE : AR g 2 BE 0 G 1 i, A 2 43 A1
JIHERIASAY TR ST OCHE ) S RE S, WROBT R TR
TR AR AR W ) T 3 Bt | 32 9 B AR AR AR
AL Ay A AR Y T8 o R ASE TR R v AR IR S 0 TR
BN X B 2T 25 [R5 2 fik L Aef 28G4T
1E, DR 31 T g A JRtse Mt e R 53 0 S50 A 418 P 17 7Y
X 8k 48 T 5 ¥ ( neighboring response region search
algorithm, NRRSA) VORI, R EANZ B B
JP P 08 93 AT S 50 A T 368 1 BT SR A, e ¢ S B By 2
AR AT ISP,

BAESEBENE i R
i ] e e —
s | - [ é’)%ﬁ%?&bﬂﬂ. ]-w[m » pI.‘ ol y)]
B [ smw )

shIz

[ | ﬁﬁ%@

|7[ o |——{ masio |

% J
1

ey I

T B0lSigmoid ] '

HHS-WLS ) 3%

1= 1l
1

BeRIET ] i
FEFa 1
’

B B

Rz }——'[Z’EP; {};j:{(;';”"]

Bl e R T BHAESR

Fig. 1 Framework of nested recursive distributed

force identification

1.2 Sh#EMOREEE

LT P i TR SR A S A R4 ko e R B
TR A PIABr B, IniE 2 fis, R3S T i 20k
PETHITTES d¥ S AR S TR G 73 i e NI I D )
AR A o RAS T s 220 iy v SR A S5 Al A A
X HURE R | MR 4 AR A R ol s B R, AR
I 5§ 220, v 5 P A S 5 - A Ak 70 B 3 fd s B R 28
PIF Z AR S8 @A, RIDKG A A2 0085 . O T il ik
— S R ELAT — B ol T SR R S R AR A S 4
LN TEVEV NIV SN SS SR IR 2N S S clbiia
PRt ad | S e AT 23k .

1 1
Z(x,y‘):;xz +§y2 (1)
FOH a0 Ay AR T A AR BRAE,

A1 s AR m

/1\'\
v\ %

-

& - - - - ///
IRAE  WALEE

(b) = H FR AT P R AR T
(b) Local deformation in the
main curvature section

(a) Pt e BT
(a) Schematic of impact
contact process

2 A S A 8 o R

Fig.2 Schematic of the flexible end contact collision process

B 2(b) #5R T PEASP A A 1 fo sl B b (R 4 B B

FPK S B B ) 7 =5 i 2R 1w o A AR, X B R A
YR TR — A~ AR A %, LI S22 ik =R 22 T i ) ] it
Loy Ly (2)
2R 2R’
X R MR SRR A AT i 34t EHARER
B 24 AT PR PR ¢ BUR (LR, 38 (2) S I8 5 2, 3 1E
J2& Hertz B 8232 Ml 30 W 5] () A | b SRy AR SC 40435 7742 fi
B HEEAR AL T SRR

PR AT — P, 8, AT 20 06 1 T
L RIR 2 () P, AP, B, RS R 0 DG
(HEERIIT 7R ) W 2 7 Wl A8 T8 Ji5 A8 ) 1 922 fioh 3% ThT ( 52 46 BT
) Y 2 7 1 AR TR e 0 ] B pR AR

c(x,y)zco(x,y) +;zl +;‘.~2_80 (3)
R u, Alu, 2R P, AP, 51T 2 7 1M 85 5h 3
P, S ASTEAL RS 58, JEAL T AR AR IF S A Fe R4 AR I | HL
8, =u,(0,0) +u,(0,0),

F T AT 2 — A T e, B

{c(x,y) > 0, $Zflgish (4)

c(x,y) =0, 2 fb ek Py

FE xOy PN, U« BT 10HE = «, ASIE LR
AS,H A8 =u (0,0) —u(x,,0), MITEIEMELA, FF1E .

co(x,y) =

1 1
AS, + Aé, Zﬁxz + 2R’y2 (5)
X (S) FEATRREL, WA .

2 2
X Yy
P ©
K.a=./2R-(AS,+AS,) ;b=./2R - (A8, +AS,) .

R S SCAEPTA ) P2 ik 14 U0 1 F- G ( B 0y F-
i) WTE R BN @ (x,y) , BHAT:

2 2
X
plxy)=1-"5 - (7
a

MO <ox,y) < 1B, SAEEAIEN; M e(x,y)=0



4 % # X

E Faetk

AF, s 7 e 0 1 L

LTl 2 BB S A A g i3 A ST R
ShE e o R R T N R B RO R, A

P(%,y) =Py (1 —xZ—yz)B

a

K, p,o AR KR IE; BRI RS

FEAT BRI 2, AR T B 51 T ) A5 SR A8 ] AR A5 4
fip S P I S BT I TR T B, X R 7RSS (7) A (8)
h O e REE o (x,y) FUEIMEp.(x,y) EEFIH AR,
MR KR p,, FHERREB IARMSEL,
1.3 ZiEkabE

M 5L g8 B P ARSI E B AR R R R BES TR
AL SRR 2k B 25 27 1) 7 Gt M s R B ML 7 1 3,
SRS AL R 2 ¢ (I MR ICAE £, B IR A MRS
WA T T RN

Po(%,5) = P+ @2,y (9)
K (x,,y,) FREFEG)E )AL RA5 I B 076 b5 Ak
Fr 2 AR FR(E

R 28 (7)), 78 3 fol 3k 9 FE pR M 1R 0 2
e, (x,,y,) > 0, HFEEZIM & IT 1 IE ok BUE 5 A R
RS AR LM R, BT b S 50 R B, X
3 (9) P3[R H L SR ER B LG o et 6 R nT 36
A

In[p. (x,,5,)] =In(p,..) +B, - In[e(x,,y)] +

1 {1 & }
n +
Powes 02,500
TEFE IR LA e ( BVE BB e KRAE @, (%0, 7,) )

AEPEAT AN ETT A3
In[p. (x,,5,)] =In(p,,.,) +B - In[e(x, )] +

(8)

(10)

By
81 ‘9,5 .th(xO,y())
Inl 1 + 2 + 5 .
pmux,t : th(xu ’yz) , pmax,r ° gor(x() 9y0) t £

1 1
Lo,(xu,yb)ﬁ’ sol(xo,yo)ﬁ’} ()
214 7 300 - BTG P A7 AN T s L ART 0 B
B, AR AR (7)) KRR B, TE R ¢, (x,,y,) FFULEL
)1, MANT e <p,.., BLA:

g, &

1n|:1 + B’:l = ' 5

P = .(%0,50) Puai * @(%05¥0) "
(12)

A (1) TRAfRTAE R
In[p, (x,,y,)] =In(p,,,) +B, - In[e(x,.,y,)] +&
(13)
Krp o RBHRALT LR 2E e, WX (14) FiR,
e e . {1 ~ 1} (14)
. (x,,7,)"

- t 13
&g, = +
Puaxi Puaxe T &

1.4 EME#ERS5EE

1) sl i ik

TEAR R, 2 A 1A P, 30 & 0 A% I
i Hhe R BT Y R (B A, HE R B AT 8 B BE A
J 70 A% S P i 07 B ST BRI — 3K, LR MR T 3R 2 1Y HE
B 56 22 55 %5 107 W 07 BATAR G B AR — 2, IR
fl A A, SR FH NRRSA S0 5010 IR 1 46 B P, 3647
PG AL B AR SRR X i Ry BRI ] R A T
B TG AR AT BN 7 T R R N BT Il
1 T KR T T AE A58 A A bRl S ER45 TR R AT Y
AEbR R BARE
sgn(n) -1

2
Kb N AN, 0BAERE P, AT B0 07 1) B R B BT
S d, T d, 53 R RS R D) A% 8 D e B G 5 L) B
B RS RN Hodr g 2 O AR H

l,.:(Ni+ )-(dr+dﬁ),i=1,2 (15)

1, n >0
sgn(n) =10, n=0 (16)
-1, <0

2 fih a0 S H4 57 T i IO B [ B DX >0 5
i B IGAL TR i B TT A I <05 HAl R AL, =0,
P TR 5 ¢ IS 22 s B Bl

_ max(ll ’lz)
Y2 (17)
b, = min(1l,,1,)
2
BEBT P R A% s i BT T R o (x,y)
(5,.0,) =1 -~ Z— (18)

t

2) IS HIEIE

(1) BEHE

M (7) T LAUEL R TE xOy -1 PN (B2 fioh - 1 ) 4
il Ry — A 5, AR Hertz 2 M FHIE ™ | o5 48407 I 7 A9
Vo8- P AR S L, 3RO T A 2 7 ke DX 3 114 i 5 B 3
PR IRREERE R . 75 IR B S0 14 52 ) FIAL SR 2% 1)
Fbk Bl (0 Bt 56 P R A SR HER, 5 Ak, Mg
K (13) , FELd LR B R T , 4047 F1 sRETE X8
AR T SB— R A PR, A DR IE J T IR JEE R 5 o0
B (x4, yo) PUBFFNEEERRS . Hoiidud, s o s m)
Bl S A RO, PR, 3 HEL S SO A R, LA
% RS A BT AR U i A B HE Rt SR A0 Bk

FERPZE I GA A BTG BB P2 TR A T JEZR
PR 2, A5 b 22 X 2% 1T LAAT: B 2 0T AT T 3 2R 1 pR B
X HRH Sigmoid pRETH AR AU BREL, A

wi(@)=1/(1 +e*) (19)

IZ MRS RE S AT BT BB @ B3I (0, 1) IYYERZ



%1

FrAERE A 5T 9 I ) A s (g 5o A1 23y HER 5

W, BAE p—of ws =1, AL (7) HHIE RERESE
FlR[0,1], HEEE BP0 S0 ¢ =1, JLBFAE
wg = 0.731, WARA (19) J0 1% I J 5 I 42 4 0o
PR B KB 1 IR, PRI A SCHR H B0 Sigmoid
PRI, BI .

wi(x,y) = 1/{1 + e (20)
KAk NRER HA k> 1 x Mimfh,

JUEHE pRBOE BT LU /M 0 Ak KB 1,
Z BRF 9 1A% 2 o B, S BRI oR B A A7 —
AR, A TR (20) HBCE MRS S B0 IR AE Y
SR, 33 HEL 3 B 0 ek B T T 2 st SR e BT
HBE @, (x,5) =0.01 Fl @, (x,y) =0.99, WAEAF i Fe
B/ F3% E SNENXERNE 3(a) iR,

M 3 (a) HAT L& B, FERAS B X — S TG DL T,
23 A G HE VT i L (R @ (x,y) = 0.01)
SRk SACE wi BIGOASCH:, FARFS R X K AU
wy A REE T 0, T 2490 5 57007 T4 poCs B (e
B @o(x,y) =0.99) ,BP% k 5HGE w} 2IEHEHE, WE
N R wl BAE ST T 1, A HIE, MR

0.6

=001 —&— =01
—e— =05
=09

1 3 5 7 9 11 13 15
k
=09
1.0
5208
‘3 —— =01
= 0.6 —o— =05
‘ =09
04 1 L L 1 1 ! ]
1 3 5 7 9 11 13 15
k
(a) TE R BUTRAB I B SR

(a) Relationship between weighting factor and &
when the shape function attains extremum

—m— o a"
—o— k=9 o "
k=11 i

08 /:/

B

1 1 1
0.6 0.8 1.0
4

(b) AFEKFRE ST REHIK R
(b) Relationship between weighting factor and
shape function for varying values of k

K3 BCE S ECGE RESECZ E R
Fig.3 Relationship between weighting factors and parameters of

the weight function

X, = 0.5 B AU wy BRI L [R] I 32 fh i i 50 Py
AEI IR AR, 20 TEMARMF N IR BEAFERE LT
B wy SR @ ISEAR . X HUAIA] 3 (a) ZEHL 3 21
ke AEIEAT HEXT o i 3(b) fis , S8k ORI e B
B Ty TEFE A el i 5T HR O AR ARAT AR/ NS R FIAR KA,
FEIG SRS R & O 9.

(2) BIEH TR #

1 (8) PTRIVLEE B, 7o B 4 fih flf fi 4 B vp I
153 AT SR DU AR | BT 2 B 200 Fe 70 43 A A6 3 ds 1 /Y
AR, R A RUBE b i AR AR, A4 2t
ANEEAR TR A0 6 T D B 9 A2 A, 3 L A i
Oy B RAR AL R 2R, oA g — A 23 18] A R AR
B A A 0 AR T A A R, KB 43T eR L
HOHRFHES B H (8, B e R ) 02 i 28 8002 1A 7 1Y)
WM (13) , e R 2 B 7R ) 3 48R 1 e M mT U S )
T SCEANEAIE B 22N -

Cu =Pus = Pu (21)

R IRk Sigmoid FCEE pREL Y S TE AL de /) — 3 B3
1 (s-shaped weighted least squares, S-WLS) #EATH04k,
ISR 2R -

wie,, =wl (p,, = P..) (22)
B J5 iR 22 Ak H AR sR80h

argmin || ) (p,, = p,.) |’ (23)
B SRR

In(p,

L} (p q = (O"W®D) '®"WP, (24)

MG (8) , AIFHEIE A i H Ml Eh -

1/B,
%wwxw{“f““)) (25)
P masx,t
B BB O3S | B TE T o, T
¢.(%,,y) — 17"
a:lzﬁv} (26)
n %(xu,%,) -1
P TE 5 O Kl
max (1, ,l,)
a, =o - f
min(l, 1,) 20
bm - ——————
2

1.5 H=ZEBETHIBERE
FE SN @) RFHHR S BOERE 0, 505108
D, =[1,In(¢,(x,,7))]"
0,=[In(p,,.).B1"
WA (13) , AT AR 205045 T A bR T R
y, =®/0, +&,, ¢, >0 (29)
Loy, =Inlp, (x,,y,) )6, RARHE k BIRIEHLEE
R,

(28)



6 e M & 2

a6t

BB oA J) %A Sh A R RIS
IS, iX 2% SCHR [ 29 ] Pk Jr A2, [m] ik e ot
I PG 2 f Sl 1) 225 [ 57 " AL B2 2 A 5 38 s
PRl AR P s R s A B

P_ P,
) Ag + D,P,_ D,
P, =%[Pk—1 _dejzpk—ll (30)

0

k

ak =ak—1 + K, [w, + (y, - ¢Zék—1)]
A P IR T 2250/ A, R T,
W5 )5 W53 10 I S BOFREE R

N _ 6,(1)
Prax,k — €

A (31)
B, =0,(2)

2 SRIGTEHIE

2.1 KEEEN

BIUBBEE I TR 300 5 7 T T TR A ) 22 W42 fik o o5
O 5 I A o S PT AR Bk — 2 kot
T PTIBTE e 11 2 1 EL T 25 6 R fe R A5l ) °F
T, 7 ST IR PR 0 T e Al 2 7/ 0 R BB 4% S L A 8
EMBNRERY IR, UL, BT I3 T — A~ SE R E T Al
FOF-5 (& 4 BiR) , LML ARD 4155 i R4 DA S
23 [A)HE 22 ) Rl o L 3205 B B KA 6
23 (IR RS | i A S TR R R FE R e, S T
T B ICTP 22 A 3 AR, I ey I AR, 3
TFAERIEA I b SC B GER J) PREE AR, LR A
T — F FR B, BEAS ECSI SN A 32 B 1 b it S AN 1 1Y)
RITFia s, L PR s [ R AL AN i o A i A T 8
FAVREDGTASE B Tl JE AN ] ok S 8 R[] Al T A4

=

SRl
s
vk
| v
KT ifgg‘ dll

K4 R REE ST B

Fig.4 Microgravity collision experiment platform

1) B9 s g i
W 30 s A TR SR DA o 1 vy % 18 0 A1 s T

feRkes , HETEMES BT 4t 3~5 v, BN 0~
1 025 kPa, k5B R +0. 5% FS, B E -~ 0. 1% FS, % i i
F+0.01% FS/°C, KM 16 17 16 FFE5 %1, 04
256 AN ST IR B TT, BIT A HEEE 1.9 mm?, BB R/
40 mmx40 mm ., FEA FH I [ 5 7R HL 4 o 22 Ak 1Y)
B B R AR RO R A R PCI-1716 # 43 HE R
ZIUIRERER WA —1 250 KS/s 19 16 i A/D F4ds
—A 1K B A/D REE FIFO ZEhes, JFEA 16 BB
B A RIRE ST, S KRS R 500 kHz, EFEHL R
MIC-7700 i A TAEHL, HAT 4 4~ RS-232/422/485 Hi [
F2 4~ 1 000 Mbps ¥ 44 5 Wit %5, H 4k BE 28 4 Intel”
Croe™ i7-6700 CPU@ 4.0 GHz 8 G DDR4. .,

WE 5 Fizs W T 2338 1 53 A 71 R 4 f %, DAkE
GaBEF R AR AR AT B AR Z [ i T, i I 1
—A~ 16 BRI ST — AR E R, BT OCH £45
MUBEE AR, J1-B 3 0 5 M50 R S B g 1 J1-A
Ui VA, BRI 1 J2-A v F1 3 J2-B2 v
H—A~ 16 B RE, tAh, Bl i@ J2-AB & Al 4%
Uiy 115 REE-R Y J2-B1 i I AHE . SRE SRR B
BT b i | SR AE R ¥ 16 BRI S 6 4 B (S
PAIE S

.......................

1
'
Row01-0 V/5V :
H '
Row08-0 V/5V &
N 1
: '
Rowl6-0 VISV
'
1

.........................

K5 BBy B R AR

Fig.5 Schematic of array pressure data acquisition

2) &

AT NI R e R R [ Dy R S v Xl R T
TTToREE, B 4 s, b R i BT 85 B 32 1K
INYE T AL B TR G G Ay | H RS R
HURPBHLJC BROZ AR, e A i [ 22 HE 7S 4 ) A% AR 1
IR R I A R I, BB RIFRINR
TR YA . BHJE BR A7 22 56 76 ST TR R a0 &, H
T BRI o R s Az A R I PR S, IR IR R
JERRATIRE, NYE L AR A ATL 28 7] minidS J1 1%
JEA , FL LRI R 1B A 1160 N, AT L A [A] 2%
PERXF s R ER, ELRBIE LA 5 minid5
IR SRR BT, J0 S A% v 3k G ol A St 76 Alf 1 2o



%1

FrAERE A 5T 9 I ) A s (g 5o A1 23y HER 7

FErp sz BT, M H ERRAEAT RIS E] 32 i SRAE
W Ik 4 kHz, BRI RFEER

3) S AR SR

THGTAL . AR BB HAE B R L BRI
PR AR , AR RIS 11, JRE ARG AR 1 [1] T2
3y, HES AR A LR S5, FEd AR e R
R S 1K e 22 [8] PR 75 4 g A TR e R SR AR 4R v 7, 93
I TRLAL A s A i B L, R, BES R )
e AR I e BT AT 1) o)A T R AR R AR i 2 4%
Blo H Tz B o 4 LU 223 < S L L A AR
DRI/, EL it AR RIS | R XU A 20, % T3l
TRl 38 52 9 25 A I ) 5, ELOR D T i P RE A AR
B2 TR IR IR AR IR A R B, SR
SCHRL 10 ) Bl E SER SR 1 PR,

x1 XBSHY

Table 1 Experimental parameters

g HfE/m WM/ (mes™") BHBIE A1 BE /vad

TR 0.05 0.03/0.08/0. 11 w3

P 6 7~ 1A [F il 8 2 T F0 43 £ v g R O
)i 1"'{{)@%%%‘%%%%0

‘,\_ v,=0.03 m/s
60 - I --=--,=0.08 m/s
so L :: ===v,=0.11 m/s
i > HEfdE %)
Z 40 |- :‘ 13 0 SrEERTZ]
Heon
E, H
&30 i
i
20 |- : :
b )
10 R i
[
0 o, L d fg.i\k 3aad el )
0.1 0.2 0.3 0.4 0.5 0.6
5 [f)/s
(a) AN TR T HRE R 42 vh 70 B

(a) Collision concentrated force data under different velocities

(b) 1=0.35 sivf Zalv 38 BE T BB R o4 iR AR B B 45 2R
(b) Measurement results of the array
pressure sensor at velocity v, when 1=0.35 s

K6 1/ g o S gk o I 4 2R

Fig. 6 Partial measurement results of contact/impact test

K 6(a) i £ B 1 B 43 A 0146 b ) A2 Al
MR, O R T e TR AT R B HE 4 P B
FIEARRE B B, Hfih g 5 3L 1 a8 K5 /N e #
ARSCINAG AR vp 3 A ol e 4 B Be iy 22 46 5 SCHR [ 31 ] vk
AR EEA AT B BARRL, (E 2RV A2 LI 3 S T Y
BRI , JCvE S Wi A2 B B it B b 28 Al AR SR S0 T 56
SO T X — B
2.2 SERITEFSN

ATVRERI 2.1 RS ) s BEAT R AR B, A
P fih BOL AT 2 Bege R b, 5 %l A /N T3 ik
(weighted least squares, WLS) #47 T XF kb, 75070 J1%F
MESHHER b, 5 Hertz HEARSS AT TX L, BOR A
Gt T EE A BHR A SRR AT TA SR AT

1) $ZRh e S 04

7 45 1 ARHRES D0 3 U LA 24048 1E A A1
TFHAESEHRER . FE U T B AR B
(] ROBEAN 7 2) 1 3k FELARE A pRdili >R T T A0 A I 1]
A BEATAL B, TG ek AN A I 7 47) S22 308 2o 42 fk s ]
H—EA N0 ~ 1 J A, BB o 25 i gl 76 B
il AR Ao A P B B

x107
18
—a—yg
16 am
14 b
—_— b
£ 12 "
=
o
LE’E\
8
ll_lx
6+
4+
2+
1 1 1 1 ;
0 0.2 0.4 0.6 0.8 1.0
Bk i) 551
(OF i3 Lt a SRR EE R4 S
(a) Search results for the semi-major axis
and semi-minor axis of the contact area
34
o MEA{E
32 - =~ WLS [al
ASCEA
3.0 &
2.8
o
=
24 1
22Fe o
H
.
20F ©
18 a 1 1 1 1 1 1 I}
0.7 0.6 0.5 0.4 03 0.2 0.1 0
In(p,)
(b) Befiligi A IE B F B S5 R

(b) Regression results of contact area correction factor

K7 L S0 5 B I [
Fig. 7 Identification of contact area geometric parameters

and regression of correction factors



8 O O ¢

a6t

M7 () H AT LA %€ 31042 fid S |~ Bl 48 1 I
Ja , FOBEE R S RGN BOSE T SRk A S 7 — U4
S RIEARE o R ) P 46 AR A A B 0T P > Bl
RRAEIEAE A 1. 29 mm, Rl KB EEY 1. 07 mm,
X FEJE O NRRSA 18 555032 2R FH I 4 B0 0 i 2
PRITSE B , RIASBESE X il s S B B ISR b T 1%
SRR FATT M B R

5 JEF 0] A 77 T8 4 AR pR R 18 7 (b) g i ok A
g b A o s 1) AR A b B 23 A, LR A SC [l 6
FIWLS A2k, Horb o Ab B BOR A0 1200 B F 0T
FE AT A A I PG o ]IS R AR ik AR B, AR
R F Al T A X B, IR 2R A, 5T Bt
Sigmoid PR ECHR A A A L T 58 AL 5 i, (] U9 48 B
MR T 5 30T fk 3 0 B B AR T T A T R R [l
IERbE- AL

2) S AT IHERE R

ARG LS )3 27 BE 7636 2 Hertz 35 M (19 73 A5 3o
Pefh RO H A 0.5, WIRGIRI > A BUE D 1728 FER
R Sty P AR v, AT L O 0 i 2R AT IR AR,
HE e RIE /N (AR 8 (a) FIT7R)

. —o—p, HHA
0.8 — Hetrz#fill
]
w07
& o
0.6
& oo ___
056 — - - - S/ ________"= *—o
ey
04 . .
0 02 04 06 08 10
30 - A S
i - —o—p, JFR
g2 € N — = Hetrz3Efil
=20 —e
= _~® ~——e_ "\
o N
o

0 02 04 06 08 10
FRHERS T2

() DA SIRAESBHERA R

(a) Identification results of distributed force parameters

S E
R R

)
S

= =
s o
*

A SN

15

(b) 24 S3 R G R AL 22 (M3 I S g %o bl
(b) Experimental comparison of distributed
force identification results in the spatial domain

B8 I3 JIRAE S BN S R S S L
Fig. 8 Identification results of distributed force characteristic

parameters and experimental comparison

TER) b0 40 B B RV 52 d5 S B B, 2 i 2R HRTE 0.5
BT, AH o i 5 T ) P 0 A8 T /0, el 785 5 A Sl A e K
FETMEABEL N, 025 R 46 38 3 d5e K d5e K ) 2246
G A AR BCRE AT 1, 302 R Ol M R i 14 8 I Sy R B
T, H b A0 ) J LA R AR R A= R A2 Ak, B T2 1258 /2 Heertz
e 25 A G B, i T oA ) B I S A AR
FEFEE, I 8(b) JB/R T 0. 4 JFH N 434l J1HEZS [ Ak bR 3%
T RYBERG R S SRR AE R Ul i T 45 2R
fil sl A& E S5 A SRR RIS, T LR B 3
1) T RE A AR S (A0 28 S IR AR 25 5 . X Al A 5 R
AR FERZE AT G I AR R 22 (A0 9 iR ) o M
Pl T LI HAIXT DR 22 X TR D [ -8. 8% , 8.8% |, HLAHXY
PR ZEHA AR ULIN 5 18 5 3 4 o dml 30 AL, 3 R A B
) e g A et iy MR PR (SO i — 207 I 8 3 4 i
Sl R 32 S I ek BTG T T B 2 S O, hy ke A R
JERGN 5 R I 15% 2 22 5, 3% L 36 TR %o 15 2 A7 1E
O AREY (AnE 10 iR ) >R A Hazen 1143051, B AR
IR 95% 4 3o 25 R AR AT an 18 T 7s o DA (5 B - 43 ot
K (quantile-quantile plot, Q-Q) " AT LUK BUAI X 1R 22
FA) 57 Z5CF T 28570 A1 B8 0 B % A 2 R oA, D6 AH
X152 IR N IEZS 3 A, RPSS TR IR T B () 158 22 K

¥ :_é?j THT%T T jjTL 91 J.L‘TU |
AT T

1I0 2I0 3I0 4I0 5I0 6I0 70
BRI
K9 oA T HERES RAR X R 22
Fig. 9 Diagram of relative errors in distributed

force identification results

0.10
BHELR o
° Bl
95% B 5T 09
0.05
&
iz[
R
W0
o
®
=
-0.05 F
-0.1Q ! - 1
~0.10 -0.05 0 0.05 0.10
FRAEIEA A 8

K10 A JiARx R ZE Q-Q KGR

Fig. 10 Q-Q test of relative error for distributed force



FrAERE A 5T 9 I ) A s (g 5o A1 23y HER 9

3 & i

ARBFFEHR T —FhEE T R85 ) A2 s A i 2 5
SR TR F RS 0 B B AR T e Ak
BN A oA F) o %07 Rl U Y Sigmoid R
FIAGR RSN A AR 7 iR i 4, B s il 1
TG B TR A TR AR IR B TT 3 WA B, AT AR
AR 1015 ) SRR R A A v A I e I A 45 Tl
ZESebE, BEAN, it 7T IR AR IR 1 A TR R
GE, IR TSSO DR B R T R Y )R
FRAE | AR M T il 4 o R ) 32 fih ) B S O Hle . R
Fil S 36 2 R 2 U, M A S 1l 48 42 foh 49 1 40 063 AR
LR B b RIAF B Hertz 45 fih 234 10 76 5 KK
A RN, b A ST TR 3 A, SR B 5 W 4
FEAFRRE, la EAVER K, Sk 1 TR 7 A
Rk, Zr b AT O M TSR 25 18] I e/ Al AR AT 55 B
BT AR BIE FIEOAR S

&% 3k
(1] T30k, b, SiRaxE SRR L[],

HUBC T RE2 4, 2021, 57(20) : 215-231.

WANG W L, YANG J ZH. Spacecraft docking & capture
Review[ ] ].
Engineering, 2021, 57(20) ; 215-231.

BARANOV A A, GRISHKO D A. Review of path

planning in prospective multi-target active debris removal

technology : Journal of Mechanical

(2]

missions in low earth orbits[J].
Sciences, 2024, 145. 100982.
YANG J N, HOU X L, LIU Y, et al.

scheme for multiobjective multidebris active removal

Progress in Aerospace

[3] A two-level
mission planning in low Earth orbits[ J]. Science China
Information Sciences, 2022, 65(5): 152201.

[ 4] RYBUST. Robotic manipulators for in-orbit servicing and

active debris removal; Review and comparison [ J ].

Progress in Aerospace Sciences, 2024, 151, 101055.

ZHANG ZH P, YU ZH W, ZHANG Q W, et al

Dynamics and control of a tethered space-tug system using

[5]

takagi-sugeno fuzzy methods[ J]. Aerospace Science and
Technology, 2019, 87. 289-299.
[6] YUY F, YUE HH, YANG F, et al. Electromagnetic
interaction between a slowly rotating conducting shell and
magnetic dipoles: A theoretical and numerical study[ J].
IEEE Transactions 2021, 57 (8):
6302311.
F2A, AR, BRR, S RBash T m#iE A
R A 3 e Hh RS [0, TR, 2023,
44(10) ; 1564-1574.

on Magnetics,

(7]

[8]

(9]

[10]

[(11]

(12]

[13]

[14]

[15]

[16]

[17]

WANG H W, DAI H H, CHEN H, et al.

feedback control of contact detumbling for tumbling

Output

targets in space under coupling disturbance[ J]. Journal
of Astronautics, 2023, 44(10) . 1564-1574.

ALVES J, PEIXINHO N, DA SILVA M T, et al. A
comparative study of the viscoelastic constitutive models
solids[ J].
Mechanism and Machine Theory, 2015, 85, 172-188.
LIU J, CHEN CH, YU J Y, et al. Unmanned aerial

vehicle strike on a flat plate; Tests and numerical

for frictionless contact interfaces in

simulations[ J]. Chinese Journal of Aeronautics, 2023,
36(4) : 286-298.

PENG S Q, ZHANG H B, QI CH Q, et al. Impact
pressure distribution recognition for large non-cooperative
target in ground detumbling experiment[ J]. Aerospace,
2022, 9 (5): 226.

SR, JEET, WEHSL. A A a8 K MR ) 15 %
ARAE R L R [T]. I 5 AR 2 i,
2024, 38(8) . 153-159.

ZHANG L C, ZHOU G F, LAN ZH L. Study for the
nonlinearity and sensitivity of the titanium alloy nano film
pressure sensor [ J ]. Journal of Electronic Measurement
and Instrumentation, 2024, 38(8) :153-159.

W, TRESK. T AR IS AR A i P g
MRS )], TR, 2023, 46(19): 14-
20.

HUANG ZH, YU S R. Low-cost high-performance
sleeping posture monitoring system based on pressure
sensing array [ J ]. Electronic Measurement Technology,
2023, 46(19) . 14-20.

LI T L, ZHANG AO, DU M CH, et al. A fingertip
optical fiber composite sensor with conformal design for
IEEE/ASME
Transactions on Mechatronics. 2024, 9. 1-13.

YUAN W ZH, DONG S Y, ADELSON E H. Gelsight:
High-resolution
geometry and force[ J]. Sensors, 2017, 17(12): 2762-
2783.

robotic perception of tactile force [ J ].

robot tactile sensors for estimating

ZHENG L. Learning the signatures of the human grasp

using a scalable tactile glove [ J ]. Journal of
Semiconductors, 2019, 40(7) : 070202.
XIA 'Y J, HUANG P J, LIN X M, et al. The

piezoresistive pressure sensors with elastic graphene-
coated silicone spheres[ J]. Journal of Materials Science
Materials in Electronics. 2024, 35(18) . 1235.

SUN H CH, ZHANG ZH J, JIN X, et al. Monitoring
through  unconstrained

driving psychological fatigue

heartbeat signal extraction by using pressure sensor



10 DO O a6tk
array[ J ]. TEEE Access, 2020,8; 22193-22202. Data-driven high resolution calibration method for
[18] ZHANG Z M, ZHANG Y X, JIANG X, et al. Simple piezoresistive sensor array [ J ]. IEEE Robotics and
and efficient pressure sensor based on PDMS wrapped Automation Letters, 2021, 6(3) : 4970-4977.
CNT arrays[J]. Carbon, 2019, 155. 71-76. [27] YE ] H, LIN ZH K, HUANG SH H, et al. A flexible
[19] RAMIREZ W A, LEONG Z Q, NGUYEN H D, et al. touch-sensing sensor based on the theory of non-uniform
Machine learning post processing of underwater vehicle gradient potential distribution[ J]. TEEE Sensors Journal,
pressure sensor array for speed measurement[ J]. Ocean 2019, 20(7) : 3396-3405.
Engineering, 2020, 213, 107771. [28] JOHNSON K L. Contact mechanics [ M]. Cambridge
[20] RAN X, WANG C, XIAO Y, et al. A portable sitting University Press, 1985.
posture monitoring system based on a pressure sensor [29] HADDADI A, HASHTRUDI-ZAAD K. Real-time
array and machine learning[ J]. Sensors and Actuators identification of hunt-crossley dynamic models of contact
A Physical, 2021, 331, 112900. environments [ J ]. TIEEE Transactions on Robotics,
[21] MAOY Y, JI B, CHEN G, et al. Robust and wearable 2012, 28(3) : 555-566.
pressure sensor assembled from AgNW-coated PDMS [30] MAZ Q, LIU ZH Y, ZOU H W, et al. Dynamic
micropillar sheets with high sensitivity and wide detection modeling and analysis of satellite detumbling using a
range[ J]. ACS Applied Nano Materials, 2019, 2(5) . brush type contactor based on flexible multibody
3196-3205. dynamics[ J]. Mechanism and Machine Theory, 2022,
[22] xIBEd], 22608, AE K, 4. 2T DFFRLS-AUKF fy 170 104675.
SRR 4SS A BRI AP ]. TS [31] MA J, DONG SH, CHEN G S, et al. A data-driven
R, 2024, 38(2): 101-111. normal contact force model based on artificial neural
LIUZ CH, LI J ZH, ZHENG CH L, et al. Dynamic network for complex contacting surfaces[ J|. Mechanical
inclination angle of monorails crane based on DFFRLS- Systems and Signal Processing, 2021, 156. 107612.
AUKEF research on identification method[J]. Journal of 1EE™/N
Electronic Measurement and Instrumentation, 2024, FFRBEE, 2015 T Tl K2E3k i 2
38(2): 101-111. B2 o, B L Tl K2 B T
(23] 5K, BHER HETEMAS SCKF AIELEE & i PR B P50 , EERF S 7 16 AL
PEMTRE[T]. AR ER, 2014, 35(11): 2524- e NS s S
2530. E-mail ; qcq911@ 163. com
ZHANG K, SHAN G L. Nonlinear non-Gaussian filtering Qi Chaoqun received his B. Sc. degree in
algorithm based on Gaussian sum filter and SCKF[J]. 2015 from Hebei University of Technology City College. Now he
Chinese Journal of Scientific Instrument, 2014, 35(11) : is a Ph. D. candidate at the School of Mechanical Engineering,
2524-2530. Hebei University of Technology. His main research interests
[24] JlRE, MR, X&, & A AT 8 IEXFR 3 include dynamics and control of intelligent robots.
BIRAR @B (1], (IR FE M, 2022, BB (G (SR ) L2009 4F T R B
43(4) : 108-120. TRERA AT 2 2E A, 23 ) T 2011 4R A
ZHOU M R, ZHOU ZH H, LIU X, et al. Modeling of 2015 AEAEMS IR IE Tl K2 A5 A0 L 24 57 Al
asymmetric  dynamic  hysteresis  characteristics  of A7 TS R TR R %, £ 3
piezoelectric actuator [ J |. Chinese Journal of Scientific 5T 7 R HLA 3 120 5 k) 04 3Rl EE
Instrument, 2022, 43(4) . 108-120. T 5T AT,
[25] BO=T, SCEM, Ha0E, . JRH =007 b 34 K E-mail ; /zhanghuibo@ hrbeu. edu. cn
MR [ )], IR, 2024, 45(10) Zhang Huibo ( Corresponding author) received his B. Sc.
234-243. degree in 2009 from Harbin Engineering University, received his
DUANZH Y, WEN Y M, YE J CH, et al. A noise M. Sc. and Ph. D. degrees from Harbin Institute of Technology in
suppression method for modulated electric  field 2011 and 2015, respectively. Now he is a professor in Harbin
sensors[ J]. Chinese Journal of Scientific Instrument, Engineering University. His main research interests include the
2024, 45(10) : 234-243. basic theory and engineering application of mechanism dynamics
[26] MIN K, CHOI H, CHO K J, et al. Single to multi: and control.



