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Design and Kinematic Analysis of New Multi-mode Hilly Orchard
Mobile Parallel Mechanism with Folding Platform

ZHANG Chunyan PING An
(School of Mechanical and Automotive Engineering, Shanghai University of Engineering Science, Shanghai 201620, China)

Abstract; A novel multi-mode mobile parallel robot with folding and deploying platform was proposed to
make mobile mechanism adapt in hilly and mountainous agricultural environment. The design and
research of mobile robot mechanism has become a very important exploration direction of robot
mechanism. The design of the multi-mode mobile parallel mechanism was composed of the spatial
geometric relationship of the rotating pair and the principle of interference. The mechanism platform was
constructed on the 8R structure, and the bending rate variation curve of the platform was obtained during
the folding process and the optimized platform parameters were determined. The screw theory and graph
theory was used to draw the topological diagram of the movement and folding modes. Topological
constraint diagram was used to calculate the degree-of-freedom ( DOF ) of each mode. The mode
switching principle was used to analyze of the robot. Movement process of the robot was proved by
ADAMS. Finally, prototype was concluded that the movement process of the robot was stable and
reliable, which can provide a good mobile mechanism carrier for the later installation of pesticide
spraying, seed sowing, and patrol monitoring application modules. It was of great significance to further
explore the use of multi-modal mobile robots in agriculture.

Key words: multi-mode mobile parallel mechanism; folding and deploying platform; mode switching;

movement characteristics
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Fig. 1 Position of each axis of folding platform
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Fig.5 Variation curve of folding and deploying rate
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Fig.8 Screw diagrams of mechanism

(b) HU7SILTERS S

(¢) HURIRTE S sk

IS BB B 9 2 47 7 A X, WA L A ) B 5 R A
9 Ji g

HUH AL T4 1] 9a J7 /% (i B 388 5 BR B P 7 v
(S EEREEN R Uy R $, . 8, 57 AT,
A Sc P Ob R N I B g M AL T 2 5K
B 7 ShEl Uy, R U, % $, . 8, 8.8 1k,
LA BN S B Od I 2% 1 75 KT 16 DO T 5 48k 10 ek 8 4R
. MYHL $. 5 $,. 8, 3t E I, HLH AT 52 B
DU B B B L T 2 4k 2 0K B % s ) U,
Ry Uy, WL 5 i 38 0K 25 11 9, ik i 4L 52 81
o SRR 1 30 1) D . A3 R 5 ek 3K 0 3 )
Uy o Ry U I BLRG 25 545 4 6 ™ sz s pL A
T 7 5 5 ) B 46t

HLAS N B 350k 25 28 S 7 J IR 25, i B iz 280
] Oh HLK 5¢ 4 B FF IR A, IR h B 7 F A e i S,
(i=1,2,,8) FF7E %6 h B EHLAG 7 2 2 40 7 9g BT
TR 5 AT B RS, T 0 3 F A e i 8.(i =
1,2, ,8) B A2 30 )2 AL A b L g 7 & 1o 7 dn
[ Of i , Ak S ih B e 8, (i=1,2,+,8) if
TERE BRI P S e R 8,(i=1,2,,8) &
7 52 T T P4, UM S LI Oh (LA 52 4 JEE T 4R
RSN 7 b R HLRIZ 3h B 4 P 9e HLF T
JERZS RS B A e 8, (i=1,2,,8) fF
T8 B ) AT LR T RS B E R AR A
2.2.2  AYTEIFIEHLIG 4 I2 AT [

Y P 2 LA S B03E B A 3, SCHk[ 28 - 29 ]
H T L3 R B X AL 1] RE AT T 4y
BF , T LK LR W e 2L B 5 | A 4 g 6 3k
W7 5 TR R R . a2 LR R R A
B E B 2 SR I PR B 24 R AL e i
I TR B VTt B s ) R, R 2
2 K% TR M ) O 25 BB A LA P BE L S
TR R BE I 7 2 L Rl P B B A B T B ok

o I AL B 2 Fiz g gL

Fig.9 Multiple modes of mechanism



%3 1

it SERE T B T AR B X LR FL i A R

WP 9a.9b 735l LKA RS Bl A 2 3 B 4 XY
T PR A, 30k 7 R 2 4 A L S EOMLA A A Bl
B T4 B 7 B A, W DL B RIOIR S S 1, 5B
A iR R T A 3 8 S B B R Y U
JE B,

UntE 10 fr oy w5 s 1 (B R AR R A 1, 26
FRATR AT )z SR i 3 e B AR T bz 8h
il ey 2, M ) 9a T 7R HILAG A% Sl AR S AR U 22 il 1]
e i 29 AR AR o AR P B Ok ik R BUALA T
RIS RS FTLUE L T ~ V35 A%, Horp |
FAEMA T %R, TG AR &R TS S
-5 L AR 408 S 1] 2 T TR AP 3E

l’§l10 DIRGE: 22 E A G BN i Q’Jﬁ%‘ﬂ*l’ﬁ

Fig. 10 Screw constraint topology graph of moving state

Hoo,(i=a,b,e,d;j=1,2,-,16) FmF-H Ik
w8 (i=1,2,--,16) 5L EER $,(i=a,b,c,d;
J=1,2, 0 7)) X I B S A ff TR AR TR 10 Y
[ ~ V35 AHI, g AL RS sk 28 e &= 20 oy
TR

Lw$ +o, 8 0,8, ~ 0,8, —~0,$, ~0;$ -
w8 —w,$, =0

H:w9$9 +w]6$16 _w10$10 _w11$11 _w12$12 -
0,3, -0, 8, -0,$;=0

]]I:wal$al +w2$2 +a)3$3 +wb1$bl +w112$);2 +
wb3$h3 +tw, S, +wb5$b5 +wlr6$hﬁ tw,$,; +
0,0 +0, 8, 0,8, 08, 0,8, -
wa5$a5 _wa6$a6 _wa7$a7 =0

Vo3, +o8 -0,8, ~0,3, 0,8, -
0uS — 0585 0,8, — 0,8,
w]ﬁ$16 _wr1$f1 _wf2$cz _wc3$n3
w85 —weSs —w,8,=0

V:a)(“$,“ +w{12$dz +w(13$,13 +w,14${14 +wd5$ds +

— w9$9 —
- wn4$(t4 -

wd6$d6 +a’7$7 +w6$6 +wf1$f1 +wf2$pz +
w(‘3$(‘3 +w(‘4$(‘4 +w(‘5$£5 +a)c6$56 +a)4‘7$c7 +

~ Wy $d7 =0

0)15$15 + w14$14

(2)
B 20 (2) 5 U 9B 5K

A SR G SRR SRR 5 2 S A S b 453
MN =0 (3)
Horp
N=[0, 0, 0,0, 0, 0, 0, 0; 05 0
(4)
MM, M, M, M, M, M, M, M, M, M,
MM, M, M, M, M, M, M, M, M, M,
Y w M M, M M M, M, M,
MM, M, M, M, M, M, M, M, M. M,
(5)
M, =[0 0 0 0]
M,=[ 8% -$, -3 -3,
M,=[0 $, $ 0]
M,=[0 0 0 §,]
M= -8, —-$, -8, 8]
M,=[$;, 0 0 0]
M,=[0 $, $ 0]
M, =[S, -8, -8, -$.1
M,=[0 $, $, 0]
M,=[-8 0 0 0]
M, =[-8, -8, -$. 0]
M,=[0 0 0 -8,]
M.=[0 $. $. 0]
M.-[8, -8, -s. -s,
M,=[-%, -$. -3, 3$,]
M, =[0 0 0 -8,
M,=[$%, $;, $, 3]
M,=[-3, $, -3, $.5]
M,=[$, $, 0 0]
M,=[-%, -9%, $., -9%,]
M, =[0 0 $, $,]
M,=[-%, -$, -8, -3.]
M,=[$, $, $. $.]
M,=[-%$, 0 0 0]
M,=[$, $, $, $,]
M=%, 38, S, -%.,]

JiE B 29 R B M — > 30 x 44 4ESE [, HLAY

R Sl RZS A Hh BE XS N T i 2 oA P ) % A ) 4k
B, R T A5

rank (M) =41 (7)

JiE B LY M MO 50 R 44, HF A3 (A] Y 4



454 £l #HL

L

2022 4

00 5 B0k 2 B 1 B K, T AR ARG A% Bl IR 25 BT AR
RIB B A MR 3.

PLA INIE 9a B2 SIPR S AL 9e P RARZS 1Y
@ik 2R N 11 B s, HohoF 5 T s 3l i
S~ $, 5V Tiasei $, ~ § K EWALE, e
ik 2 TR I P OGS R R 32 B i ) Sk A I ME £k
FTR I 2 SR A b BT R i ST A 2 ST R LA
A e O IR Pl R A A

N NI NI
5,

gilOlbﬁtbaﬂaﬂ’Q
v B o

S $13
. 0@@@@@@@

5 5, O % O
UL L7 AR 1 e B 24 4 41

Fig. 11 Screw constraint topology graph of folding state

K(2)HH $, ~ $ RAERE, K PP
JEARAFREFE M orh M, ~ M A SO R T R R
M’ —4> 30 x 44 AERE R ARA(3) 74

rank (M') =42 (8)

BLAS 47 AR 25 B Pl 2 Ay i ek 2 SR I 1) 2 5 1)
HEH, e T Y RFEFE MRS ECR 44, % 55 (8] )RR
R HWVEE 2 B AS B ARSI A R 2.

) 38K 8 9b X i 8 ¥ gh B 5 5 8] 9e U P
Fo sy 58 3T AR A1 e ek 249 AR 3 0 P B0 i 114 4% e A
AR B RE e o, ] LAy 5] 45 B LAY 76 75 198 # 5l
BT #9 A Dy 3, 78 B B sh A UF /9 A
EA L,

3 AHRNMMEEHEXEIIELIR

LB I e F B 2 A s g, B — A IR
2l 5 I e Bl i 42 — A 2 BE AL, o A A 1A
12 fis. SFA T, \T, B2 EHL2 50 M, M, Fl
M, M, S8 BZEEAPLN M, (i=1,2,3,4;)=
1,2,,7) , Ho M, 36 e ik g Rl 2k UL, M,
LHARFE SRR Uy, M, A5 BRI R,
LARAE R SR R, M AR5 R R M % 3 A
B mIELk Uy, , M, R R U, . il
U‘XﬂlZEJJEEHMJ\HT?”‘Fﬁ'J HE 52 B AL 4% iz Sl [
DI

MR SCHR L 13 DR ALVIRZS 20 K3 ( @) (B
(O) KA (®)3 Bl A FEPIR A, 8 i o2 B LR 25
PR K A 18 SR T B 5 5 P(P) AR AT,
EALF A Hy BRSO DA [l iz s HLG 7E 52
B A) iz Bl 3t ALK B Ak iz 3R A4S Lm0 P(PY) J2

ATAE  H i E PRSI 1 R .

A 12 mm@mﬁmmﬁ@

Fig. 12 Motor distribution of mechanism

x1 MAREXTERESBEIKRS
Tab.1 Number of degrees of freedom and state of

motor in different modes

PP

iz Bl A ZERES IS B g

FEEEERRRRRR
[ XXX

BROOOB®®

R0 0OB®D

VR0VORD

V00 B®®
paind

—a
[} aﬁ)ﬁ
e
e

o

0000

EAREREEREER
[oX Jok:JeX Xel
oORk0O®0R®0
0®0®CBO0
0R0e0R®0

o]

— ikt
Bkt
Rt

SRR

oooo WH

M,

M,

M

M,

S M
MiaJE M| F
i X 3

.

N

L

4 BERNXIEINEFESH

AR SCT W 58 1) 0] Bt B 22 455 208 Bl IF R AL
FETARRE R X, LA S 3 iz o) i
AALEE R A oS LR sh A, R R
Bl B b i R R A0 T O SR LA AE R Bl R
IR g A B O AR AR I S, S ADAMS {f B4R
iz s S8
4.1 NamBHEXNEHRENE

BURE 7S 8 88 g X R 38 3 7 O 7S B &
By, it ZMP 23 B SR HLAL RE A5 52 B0 AR VR 8h 5 9K 3
i A AL T 5 B BEAR R , 013 TR, N IIB R
St 2 48 S B A ET 4L 2 4is
SR %éﬁﬂmﬂwmfl%ﬁﬁémmuﬁ
I A X 7 A3 32 B 5E 4 A R 0 3 FT 0T A Y R — A
RIEAT M o MR AE DL 132 322 40 47 nT AR HLAL i A f
6,.6,.0; 5 ZMP B4 RN



% 3 3

i

K13 R R Sh i A bR &
Fig. 13  Coordinate system diagram of hexagonal

movement mode

n

im4;+@%-im@4—(zL%)

Z m,( z; +g)
(9)
Zmi(-x.[ +g)zi - Zmi.z:iyi - ( Z]iai)
Zpp = =1 . =y iz z
Z mi<.9éi +g)
(10)
b om,—5 AR
J—% © FFE G B0 i
o, — 5% 1 FTFF A in 2
g—
LN PR 550 R 0 A b
XNYinZ 550 FTRAE X Bl Y B Z oy

fia) = % o i R

B EF BT m, R R & S
Fefi, A XL AL E AR O, (1,1,0) , i LA 56
R R FHBTO A, ~ Ay UL BT R A B,
AR AR (9) L (10) AT LIS 2 i A f 6,.6, 5
ZMP () 5C R WA 14 fiR o

& 14 7] 81,0 <9, <2 rad 0 <9, <3 rad i,
X >0.Z 0 >0 WAL S IE 8 S A 0R 3 ik T
faEIRE, 2rad <6, <5 1ad.3 rad <0, <5 rad i},
Xoup <0 Z >0 BB 7S 30IE B sh A 0K 3 ik T
RAIRZS, BV I B Ak M0 8 i e
4.2 MihFEBHEXIEHREE

PUR T DU 98 78 S8 20T 32 3l 07 0 P03 E IR
gl H AR bR R SR S HN 1S s R L
B AT BOAT P T ¥ 29 o3 A B0 6 3 LA AL
Qb EFF RN my, SCEE U N m, , B ER R B
8 T 2% 3% FF S0 9 2% S 5 T Ak, AR (9)
(10) , AT i34 A ff1 0 5 ZMP B SC R NE 16 s,

H & 16 AT %0, 4 6 35 65°HT, ZMP 7£ X il J7 1]

KR . SR 6 W 2R R 3 I AL Bt 5 s SRR S A 455
600 - o
I 600
\% 400
3 200
0

-200

-400
600
\g 400 500
- 400
300
200
100

0 1 zo\lra(\
B 14 X, 2y, BE AR R A 722 16 il T
Fig. 14 ZMP of X axis and Z axis change with angle graph

AZ

—_— —— =%

1S PULIE# g A = Ak AR
Fig. 15 Coordinate system diagram of quadrilateral

movement mode
800

T80 ===

X, /mm
Iy <
vl (=3
=) S
T

=2

(=]

(=]
T

W
W
(=)

500
0

1|O 50 3'0 40 50 6b 7|0 Sb 9|0
0/(°)
B 16 X, k% A f o 07k il £k

Fig. 16 ZMP of X axis change with angle graph
EIRBI UM FE E S R R A2, 0° < 6 <65° I L
F U # s R sl Ak TR E RS ,65° <0 < 90°
ISP HILAG) DU T3 9E B Bl A 2R Bl b T R RS R S, B I
B Kb T 4650 B 3o 7

5 MMsEHEXHE
SRS R 5 BT TR ML PR A B A2



456 & o Bl B ¥ i

2022 4

SE LA R L RE HLRE R IR SRR O & AT
KB 95 mm s 3CHEE AT K BE 190 mm; Jir A 5K 2l %%
o Rl R R 0. 28 rad/s, X ALFY 4T ADAMS ff K
59k .
5.1 #HB#EKX

DO A= T =N A RN T
WmE 17 s, rieramil M, ~ M, & A5 Sl
LA AL T 17a 8, L4E LML Ry & A58, i
MM AL F B 17b 7 &, W FHE LM, ~ M,
G reiha 2 e8RS WNE 17
FTR

@i0s T b)isbs  (Qi=12s

17 frEssr s

Fig. 17  Folding mode simulation

5.2 RNaEBHEX

XML 7S I B sh A Xt AT 0 -, —4~i8 3 A
B AL E B ) SR I 18 B . SCHE B2
BL M, K AR S A 4 2% SOBE v [] 0 S B T il i F-
AT TR 307 1), W&l 18a frzs s il id 4 4% 508k -
HBL M, 5 30, B A HLM %8 K A AR Ak az 3 F)
Kl 18b; HLBL M, M, M, Bp [a] 5% 2l il L A4 5z 5 2
18c; i iLAL My, M, FE Sl MLA 2 3 2 K] 184,
SCEEHLAL My, e 8l (DL 32 3 B 18] 18e; 3d i Hi AL
M,, M, My, B [5) 5% 3l 65 L F 32 3h 2 0 46 47 &, W
& 18f,

(f)1=18 &

(a)t:s b);=4 ©1=10s  (@i=l2s  (o)i=lds
B 18 N5 K
Fig. 18 Hexagonal movement mode simulation
5.3 WiamsmhEX
XTHLAY U B s kAT s s 5, — 1N is
fy S 30 P9 A B B I ] B AR P 19 BRI A
HAL M, ~M, 5358 blL R, &4k, (515 ML &b
T 19a &, WAL M, M, 5% 3 {15 P19 &
A5Gy, HLA AR B o 8 19b (19¢ fr R, HLAL
M, M, 4k L 5 5, BL A K 52 3 ) b6 A an 18 19d

NS

(b) =2 s (©) t=4s ( =85

19 UAE R s 5

Fig. 19  Quadrilateral movement mode simulation

‘ (a tO s

6 BEHIKE

FRAJE FRIE 70 B B Al A5 3R, S S LA B
AN AT R 6 1 28R 3 IR BR LAY R AT
TAEB ISR IR, An &l 20 F 7R FEHLS HL
FEEHLE 230 mm | 55 230 mm . 5 430 mm | M
2.4 kg B MR R TR R AT 1R B S ik 2T 4
HLHLE 5 5 ToworPro MG996R  F4 #i # oy STM2 . T.
fEHRE RN 7.2V,

K20 FEHLICH A
Fig.20  Prototype mode

R T R B R R 2 RORE 0 R AL, O 4k
e N RO I o L B s R R /=3 W ]
TR st 30 DU I A% sh B X AR LR IE

Pl 21 ~23 Jy il o 47 il B B L S HL AL ) 45 o
AT 9 S5 e Sl B LR 23] S BRI B L DU I A% Bl A
NHERD . LIRSS RS B HAT R &

(a)1=0s (b)t=5.6 5 (c)1=12.0s

K21 frg sl

Fig.21  Prototype folding mode test



% 3 3 SRFRAE A5 T ITRT 6 2R S R B B 5 8 SR 2 AT 457

[2]

(3]

[4]

[11]
(12]

[13]

[14]

[15]

¥, KA 8R 47T & &5 1932 ) 43 2 R v T 1 3R AL
Ewa”*&ﬁﬁﬁT LA Bk 4T B BE 1 1Y 8R
PRV 158 TR SAT IR & ¢ I SELL &
I —— — Xfﬂﬂ%/~%%ﬁﬂﬁ XAl

22 SOl S R (2) BT E s MEE, UL SRS S
Fig.22  Hexagonal movement mode test 1 AR Ay 191 22 1 Jié £ 29 AR HH FD R, 43 AT i Bl e
5 PR I 7 R SR it i B 1 o L AR AR OC R A9 B 45 A B
A A R

(3) X AL ) 75 1 T 8% sl A =R DU 34 T8 6 2l
L AT T8 shRe Mo i, 932 Hl Matlab #1155

(a) 1=0 s

(d) 1=18.0 %

@0s  @E2e @ees @ 150 0 6 25 BOIE o X B 0 25 B 80 2%, 3
23 BB SR ADAMS fi #0URE LD SLSRAE T 3CBRIB AT , B T
Fig.23  Quadrilateral movement mode test S RE LI 432 Zh A 50 1 A 45
&t

(1) it 17 & I -F 5 1 2 808 3 IF B AL
2 % x W

XSS, F AR M, B0 U, 5. el L IR JT 05 B AT E S A8 TR M Bt 5 [J]. Rl WL =4 ,2018,49(2) .74 - 81.
LIU Pingyi, WANG Chunyan, LI Haitao, et al. Terrain adaptive and dynamic leveling agricultural chassis for hilly area[ J].
Transactions of the Chinese Society for Agricultural Machinery, 2018, 49(2) ;74 - 81. (iin Chinese)
FAE, BRI AR A R T TR S R S B S [ T] . ROk TR 2R, 2012, 28 (HET)) 139 - 44.
WANG Ya, CHEN Sizhong, LI Haitao, et al. Design and experiment of high performance profiling terrainchassis with
powertrain[ J ]. Transactions of the CSAE,2012,28 ( Supp. ) :39 —44. (in Chinese)
AR, T P, EAR L AR L TOG R IR AR 8 AR FE A TR B R [T ] AR AU i, 2020, 51(11) ;21 -27.
NIU Runxin,ZHANG Xiangyang, WANG Jie,et al. Orchard trunk detection algorithm for agricultural robot based on laser radar
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2020, 51(11) :21 —=27. (in Chinese)
FOACZE VLA S BRAE R, 55 Bl 1l XOR B AU BR 53 s i st e [T ] el AL 24 4] ,2020,51(11) 11 -20.
ZHENG Yongjun,JIANG Shijie, CHEN Bingtai, et al. Review on technology and equipment of mechanization in hilly orchard
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2020, 51(11) :1 -=20. (in Chinese)
LIU C,CHAO X,YAO Y. Ground mobile bricard mechanism[ J]. Journal of Mechanisms and Robotics, 2020, 12(4) .1 -21.
LI Duanling, JIA Pu, LI Jiazhou, et al. Constraint and mobility change analysis of rubik’s cube-inspired reconfigurable joints
and corresponding parallel mechanisms[ J]. Chinese Journal of Mechanical Engineering, 2020, 33(5) .61 - 71.
T A, NP, AL S AN TS R T]. U C R 244k, 2020, 56(19) ;14 -27.
YU Jingjun, LIU Kai, KONG Xianwen. State of the art of multi-mode mechanisms[ J]. Journal of Mechanical Engineering,
2020, 56(19) ;14 —27. (in Chinese)
KONG X. Reconfiguration analysis of a 3-DOF parallel mechanism using Euler parameter quaternions and algebraic geometry
method[ J]. Mechanism and Machine Theory, 2014, 74.188 -201.
SRAT, WA, 7 Ak A RS T AR Sh AL s AATENU B 50T [T] . Al HLBK 3R ,2019,50(8) 418 - 426.
ZHANG Shuo,YAO Jiantao,XU Yundou,et al. Design and analysis of moving mechanism of shape reconfigurable mobile robot
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2019, 50(8) :418 - 426. (in Chinese)
AZIMI M, ZAINAL A, ZAHARUDDIN M, et al. Multi-objective path planner for an agricultural mobile robot in a virtual
greenhouse environment[ J]. Computers and Electronics in Agriculture, 2019, 157(2) :488 —499.
FOUNTAS S,MYLONAS N,MALOUNAS L,et al. Agricultural robotics for field operations[J]. Sensors, 2020, 20(9) :78 - 89.
ZHANG C Y, WAN Y, ZHANG D. A new mathematical method to study the singularity of 3 — RSR multimode mobile parallel
mechanism[ J]. Mathematical Problems in Engineering, 2019, 1(11) .1 —11.
LIU X Y, ZHANG C Y, NI C, et al. A reconfigurable multi-mode walking-rolling robot based on motor time-sharing control
[J]. Industrial Robot: the International Journal of Robotics Research and Application, 2019, 47(2) :293 -311.
X4 I, B, 2Rt JOME R LA AF I BUIR OCHEPERE SRR [T]. ML TR 241 ,2006,42(12) .1 - 12.
LIU Jinguo, WANG Yuechao, LI Bin. Current research, key performances and future development of search and rescue robot
[J]. Chinese Journal of Mechanical Engineering,2006,42(12) .1 —12. (in Chinese)
X4 B AR, SCH] L 4. BE T 3RRS — Bricard BG4 25 MR RSB 2= 0T [ T]. fizs %4 ,2021,42(1) ;234 - 243.
LIU Weihui, LI Xiaohui, WEN Wen,et al. Kinematics analysis of composite space capture systems based on 3RRS — Bricard



458 YA T A 20224
[J]. Acta Aeronautica et Astronautica Sinica,2021,42(1) :234 —243. (in Chinese)

[16] LYU S,ZLATANOV D,ZOPPI M, et al. Bundle folding type Il Bricard linkages[ J]. Mechanism and Machine Theory, 2020,
144.103663.

[17] YANG F,YOU Z,CHEN Y. Foldable Hexagonal structures based on three fold-symmetric bricard linkage[ J]. Journal of
Mechanisms and Robotics, 2020, 12(1) :011012.

(18] BRXARME, S0, it i, 55 . 25 6] 2 MUAG 37 Je e S 5 Mg IE 8 1503 [T ] MUB T2 24 42 ,2020,56 (5) : 133 — 140.

ZHAO Fuqun,GUO Sheng,QU Haibo,et al. Design of deployable space multiple-arm mechanism and its structure configuration
[J]. Journal of Mechanical Engineering,2020,56(5) :133 — 140. (iin Chinese)

[19] WANG J, KONG X. Deployable polyhedron mechanisms constructed by connecting spatial single-loop linkages of different
types and/or in different sizes using S joints[ J]. Mechanism & Machine Theory, 2018, 124.211 -225.

[20] SR, ARHRH , 5 RME. AT RS E G SIF B T S2 3 0 H [ 1] O HLRAE R ,2021,52(3) :410 - 417.

ZHANG Chunyan, ZHU Jinyi, LU Chenhui. Design and motion simulation of wriggling parallel mechanism for collapsible
pipeline[ J]. Transactions of the Chinese Society for Agricultural Machinery,2021,52(3) :410 —417. (in Chinese)

[21]  Sh¥e, slBE, 28U, 55 AT 47 R 2 () )\ 5% 3 Bl 7 T4 3R MUA A9 3503+ [ T ] 79 22 3838 R % %41 ,2020,54(3) 1179 - 187.

MA Yan,ZHANG Qun, LI Ruiming, et al. Design and analysis of foldable capture mechanism based on spatial 8-rotation
linkages[ J]. Journal of Xi’an Jiaotong University,2020,54(3) :179 —187. (in Chinese)

[22] LI Lei, LI Tengfei, DAI Jiansheng. A novel line-symmetric goldberg 6R linkage with bifurcation property[ J]. Journal of Central
South University,2020,27(12) :3754 -3767.

(23] vk, Jr BRI —Fhiz g & I BRI A 4548 29 R 538 gl i [ 1] 79 %2 5238 K% 4 4k , 2018 ,52(6) :62 - 68.
WANG Bing, FANG Yuefa. Structural constraint and motion mode analysis on parallel mechanism with bifurcated motion[ J].
Journal of Xi’an Jiaotong University,2018,52(6) :62 — 68. (in Chinese)

[24] w20, BOKA, 8. R RPN LML et w4 H0E WL ,2014:86 - 256.

[25] /AT Eig L HR AT I M ] JE a3 A s A, 1984 041 - 219.

[26] YAMAMOTO T, SUGIHARA T. Foot-guided control of a biped robot through ZMP manipulation[ J]. Advanced Robotics,
2020, 34(2):1 -18.

[27] KONG X, PFURNER M. Type synthesis and reconfiguration analysis of a class of variable-DOF single-loop mechanisms[ J].
Mechanism and Machine Theory, 2015, 85.116 - 128.

(28] mhil, i Aok Whal ¥, %5 SUZSHIEAT AL T] R RN IZ S 53 J1 240 i [T ] S 12444 ,2020,41(4) <810 - 821.
HAN Bo,XU Yundou, YAO Jiantao, et al. Kinematic characteristics and dynamics analysis of a double-ring truss deployable
antenna mechanism|[ J]. Acta Armamentarii,2020,41(4) :810 —821. (in Chinese)

[29] SONG X,GUO H,LIU R, et al. Mobility analysis of the threefold-symmetric bricard linkage and its network[ J]. Journal of

Mechanisms and Robotics, 2019, 12(1) .1 - 12.

(L#EEBL1T)

[30]

[31]

[32]

[33]

[35]

[36]

COMAS D I, WAGNER J R, TOMAS M C. Creaming stability of oil in water (O/W) emulsions: influence of pH on soybean
protein-lecithin interaction[ J]. Food Hydrocolloids, 2006, 20(7) : 990 —996.

GUILMINEAU F, KULOZIK U. Impact of a thermal treatment on the emulsifying properties of egg yolk. Part 1: effect of the
heating time[ J]. Food Hydrocolloids, 2006, 20(8) :1105 - 1113.

GUILMINEAU F, KULOZIK U. Impact of a thermal treatment on the emulsifying properties of egg yolk. Part 2. effect of the
environmental conditions[ J]. Food Hydrocolloids, 2006, 20(8) ;1114 - 1123.

ELIZALDE B, BARTHOLOMAI G, PILOSOF A. The effect of pH on the relationship between hydrophilic/lipophilic characteristics
and emulsification properties of soy proteins[ J]. LWT—TFood Science and Technology, 1996, 29(4) .334 —339.

LIU Q, NIU H, ZHAO J, et al. Effect of the reactant ratio on the characteristics and antioxidant activities of Maillard reaction
products in a porcine plasma protein hydrolysate-galactose model system[ J]. International Journal of Food Properties, 2016,
19(1):99 - 110.

HUANG X, TU Z, XIAO H, et al. Characteristics and antioxidant activities of ovalbumin glycated with different saccharides
under heat moisture treatment[ J|. Food Research International, 2012, 48(2) :866 —872.

RS e . My PR AL B XS N AR M [ D] AL SIET RS, 2017.

ZANG Yanni. Effect of physical pretreatment on wheat protein glycosylation modification [ D ]. Hefei: Hefei University of
Technology, 2017. (in Chinese)

FARE A AR AE SR R BT AALRE I P [ T]. A TR, 2020(5) 47 - 48, 46.

SHON M Y, KIM T H, SUNG N J. Antioxidants and free radical scavenging activity of Phellinus baumii ( Phellinus of
Hymenochaetaceae) extracts[ J]. Food Chemistry, 2003, 82(4) :593 -597.

BENJAKUL S, VISESSANGUAN W, PHONGKANPAI V, et al. Antioxidative activity of caramelisation products and their
preventive effect on lipid oxidation in fish mince[ J]. Food Chemistry, 2005, 90(1 -2) :231 -239.



