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Structure design and prototype test of flexible swallowing manipulator

DONG Zeng-ya', GAO Qian’, GAO Guo-hua', WANG Hao'

(1. College of Mechanical Engineering and Applied Electronics Technology, Beijing University of Technology,
Beijing 100124, China; 2. Beijing Productivity Center, Beijing 100088, China)

Abstract: In order to solve the problem that the fruit epidermis is easily damaged during the process of harvesting, a flexible manipulator
with structural simplification and swallowing function was proposed based on the flexible 3D printing material. The swallowing action flow of
a flexible manipulator was analyzed. A single wrist connecting rod parameter was established by combining the D-H coordinate method and
the constant curvature deformation, then the kinematic equations of the single wrist were obtained. On the basis of the prototype of the flexi-
ble manipulator, the shape variables of the pneumatic components were tested, and the relationship between the driving angle and the driving
pressure was obtained by using Matlab to fit the data. The process of grasping tomato by flexible manipulator was captured by camera. The
angle of driving element was obtained by GetData, and the relationship between grasping process and driving angle was obtained. The experi-
mental results show that the favorable grasping and swallowing effect of soft fruit can be achieved by changing the driving angle.

Key words: flexible manipulator; swallowing; structural design; kinematics; 3D printing

0 B = (85 ISR SR, AR T35 0 A SRS IR Y SR L
BARE B NG 0 & R Jr 02—, A T I

HAT, 3o E QAL PR O 28 e 2 PR i,
A 3k SRR T AR A 1 000 T3 AN B, AF 7 U 2 SR L8 A 552 3SR 552 5 0 10 o 3 12
FEE 2 A2 SRR R A A P PR RE N B I TR G G R h 2R 5 1 AR , 3L
A5, SRA B S ILRE R B 95 Bl AR R TR B TR e EE R SES RN T L,

r#s B A 2018 —05 - 12

EETA : EK AR A HE (51675011)

YEE B IO (1991 - ), Lo Wb AR N BT A, 32 38 A A b AL Z2 M AILER N BT D ik 1 T A9 A5 o E-mail : 15933575526 @
163. com

BEBRRANSEAEH E8Z 4500, E-mail: ggh0912@ 126. com



124

B, 2 SRR LR T A A B S AL

- 1305 -

FMEAUMEF B T e ARRUN U R B 3RER T
REFE/IN AIRAEAI A

HHr, B RIS FC R T REMI5T (B2
AT A 2 A5 R 52 A 5o DR M | S S o 1 2
LR, INERGIVE T B iGN AR TF-48 PaCoMe, JTT75
LR , Pl fa B (H R vE 4 227 40 S W) T4
WL R UK S (0 RV 1 T, LM AR B 25 5 S 5 ey
b R TS B AR AR ML A, AT AP 20 &
I RMES 25 E AR T —Fh LR SR AL T, R
T B R IRBIHLAY , 46 & & A= 25 it iy 350 SE AU
(e 0 5 BN B K BT 3D FTER I T 2 vk T8,
W2 AT, RESTUBUR R TE & 180 ¢ A T s WL
KA A R IR B0 i BRI T — 3k 2548 T8 S B A v PR T
He U GO TR S TS 5 0007 R T
— BRI B = fph T3 T T Tl ok
RS NN T ZIUT S R R T i 45
NP RAER S SRR T R BE S R LT 9T
My LA B P ST RN T R A et T Rk
FIRZ,

5t [ P AN BIE T BUIR 23 BT BT 60, WU T 1) 45 4
N2 P R R, TR E N 3 ~5 4,
FHe XAz sh B 2 M % Bl SR T — 2 NI
PRl 38 i 22 56T 48 58 BT, (HR 450 52 2% L i
T RCRINE2E ; 57— R 3 TR HOR CH A B B ALK
T RN T 38 N TR G- 3K 3 13 5, (HAFAE
IR HE AR R A ] R

PRI, AR SO SR IR B T T — sk G AaH T 2t
PG AR B LA T

1 AWML TS5 1t

1.1 ZitB4x

FET DS MU T 0 PR A AN o B, A SO E TR
it B

(1) P, HIT-75 BA A 3E W A2 IE i 6e 71 Fi
R AP A HTUBRRCR 5

(2) S5 M0 T B0, S5 40 52 2% B DL AR T 16 A 2he T 1R
ME P 2%, T LG5 TR ER, PR BE AR R

(3) &M AFr . Wb BCE S IF S ER AT, 4%
XFHUBR T A FTUBCI: B AR AT Pir el 3
1.2 E{KGHIgT

FEPEAT MR AILA T B A 2Pk 3 W ATUBORT A MK 1) 21
A, 25 1 fiR .,

BUBR T 2 i 2Pk F48 Ashooth AL T

1 A AL T

PRAIRIRELE A . RN T8 S = IR 45K, e Hh a] oy
TS gk, TR L R B R, ooy
AL 2 AR R ol A e 4 R 3K
FWERAETE | S BRIE RS AU A

FWEBEH S — A, ST A 3R Eh T BT 2
A , I AT AR AR B D RE , 24 K 3 58 T, K A2
FR . T T A e R, al 5 28 T4 i i 1)
FEREMAHIE , th T FHEARAE T 1 RHEREA R, 3
B A [ Al 5E

N T RS UK RS, A SR T Aot
1, B TCAF LA IO R AR o AT [
TEAETIE T 70, O 1 o e B [ LA A U
feSk— o AT [ 18 T 10, o T b
AL S, T, B o R
R A A AT SR Bl , DA T S B AAAT TR LA T B T
A IIHE .
1.3 mBESH

PUBRT B EBA B E T AR M T L. <
LIRS T i, SRR DL IR &, %
FEAh R QAT . HARB SRR I 2

(D) PIBERIEY o A7 A BT DU RAE T
RS OB RE FE A E ARy 3 T o iy, (75 52
PEFARAE TR ELRAS , 5 WA i = S M T4 A
YIRALIE , S8 AT RE 5

(2) WAEBRIEY) o PR RF S5 A I R TR
RS AT T FEATE R UA IR B BOE (L, S
TR R U, ek TR 48RRI, (7 4k
FARENERIE Y R AT, SE AL 5

(3) FFMAERIEY o A7 B TEATE R R B E
(EPRAFAN AL D/ NPT TE R AR L SR P TR Y
AR, TR R i W] B AR K, BRI VR, A
ARSI 55 T ) T T 4L s A WS 3, ) 1K 9% 31 A A



- 1306 - (1 S D 5535 %
I A, SE AT IS R ®1 ENSH
(4) /N WA A8 SR, R T4 ﬂﬁ /3 EFFE e /(°) ey /mmd,/mm 0,/(°)
AURE F AR AR O IR A A ; ’ N 5 4
SRR PR AR TR ) 0 . 0 6
4 0 b, 0 0,
AB5E iz D-H J5 sy His g e i e
LIRSS D ARBR RARX T - 1A AR R Y
= = FUAEGSES 5N
cosfy —-sing, 0 O
§§ \;% inf 6, 0 0
0T - sinf,  cosb, (1)
(a) IR (b) f13E 0 0 10
0 0 0 1
cosf, —sing, 0 b,
i 0 0
;T _ sinf,  cosf,
Q 0 0 1 0
0 0 0 1
(c) TFIH (d) $TFF cosf; —sinfy; 0 a
K2 ahfEimes A — sinf;  cosh; 0 0
’ 0 0 1 0
2 TR ST o 0 o
cosd, =-sing, 0 b,
T T BRSNS T A AE— e 3, T B ng.  cosg. 0 0
SR T o IR 8 S AT — 3, O T e
AWIANEZ A B, TR A HR)E R 0 o o0 1
FLAE TR GERT , A A 25 il A2 T B0 3 o 1 T i o .
o e FHOHE D0 45 4 AT 0 A8 3 25
RGN, FAET48 R AR o
S PO PR T4 3 T A
T =T )T T -;T =
: X:GJ X4/ () €08, —sinfy, 0 bycos0,y; + acosl, + b, cosh,
Y, ! ) sinfy,  €osbB,y 0 b,sind,, + asind,, + b,sinf,
b, \
N 0 0 1 0
' 0,//X S
4 g 0 0 0 1
L | 20 (5)
0.\ . MR 2, AT 4 ARBUS SR AR PR Z TP B RN
o R s
T =,T-,T =
K3 P m A RN TR K coshy, —sinfpy 0 Lycosfy, + bycoshy + acosf, + b cosh,
by—#AT 1 KA ;a—A4F 2 KA b,—#A4F 3 KA L— sinfy,  cosfy, 0 Lysincosfy, + b,sind,; + asind,, + b,sinf,
HA 4 ’Yi/g\;(xo,yo)_gﬂﬁf‘lé*@%,@i/ﬁ—%}i«t;(xlvyl)’ 0 0 1 0
(05,02) 5 (3,05 ) 5 (g, y) —HAREAT R, A B AEAT 1, 0 0 0 1
2.3 4 AR e —ARIE S X T AR A R A B R (6)
29 \2) 2y 25 BT 4R E 6 91 Hrp,
Oy =0, +6, +0; +0,,0,,; =6, +0, +60,,0,, =
AT A R T AR SRR T RS g g

B, g1 PR,



124 B, 2 SRR LR T A A B S AL - 1307 -

RV 1 AR AR A ¢
x, = bycos(B, + 0, +0;) +acos(0, +6,) + b ,cosb,
{yl = b,ysin(0, + 6, + 0,) + asin(f, + 0,) + b,sinf,
(7)
%, = Lycos0 55, + bycos0,,; + acosh, + b cosb,
{yz = L;sincosf,y, + b,sinf,; + asinf,, + b,sinf,
(8)
A so— LGOS 150, — BLOA o XY IZ L, —
B A o XIS 5 0, — [BLC A 250, — BELO A o,
XF LAY 5L 5 L — RO a, XA AT

A X R A TG
L, o
b, =2 ]' in > (9)
L
b, =22 - sin2 (10)
Q, 2
EESFEJL{ﬂa‘égﬂ‘[Jﬁ%iu 01,2 —‘? 3 E@;&%
=T %y o (u llw
01_2 2’62 (2_60)
27 )
0 :—(0‘2 )0 =_(7) 11
’ 2 15 2 ()
IR JE A B 1 T4 Y I J AR AR -
L .« 41
x, =2 071151n ?lcos(%fn— - %)+ acos(6—0»n- - 0‘1) +
L, &«
2 cTiSln ?zcos(‘ﬁﬂn- - - %)
Loy 41
y, =2 07151r1 jlsm(%ﬂn- - O;)+ asm(6011- - a1)+
L o
2 Lo Sin( 97, %)
azsm 5 sin 0" "% 5
(12)
X, = x, + L3cos(;%w -a - a2)
(13)

. (49
Y2 =% +L351n(6*0’n' - —az)
Heor,L, =42,L, =28,L, = 102,a = 60.67,

LA E A o, FIME, R Lkl 2
TR AU T 0L

3 RAEAT AL T FE AL IR

3.1 HHER

ARSCUETF A SR P AT I HLA T2k 1 FDM 2 3D 4T
B AR T R, T M0 RS 9 B RL Dy PLA (A W) I fi
PORLRFLIR) et T8 L IUBU 2 A I AR
TPU ( H IRV R AR AR o

2 57 B 2 PR AL T 1) 5 B A 385 g, E'?j
mlﬁ]jﬁﬁj\ﬂiﬁ’@ﬁ’ﬁ ek B2 R, KA

ERNIEESM, o s i s kA=
%%ﬁf\ﬁﬁmw,WZﬁJEﬁW?O
3.2 SHnfRETERERE

KB TC R REAERERL Y AR 1 22 B T 1 1 2
PR I B TR B A o 1 07 ¥, B 6 3K Bl R g R BIR 3 £
BESEATARE o PUHURAE B R sl 1 2 R A, B IR A 1Y
KB B R B, e I an &l 4 Fios .

\z;

L AP !&u

K4 RdehrEils

PP IR HE R A5 3R 7 T AT o AT

SAERI T, A7 WAL N, OO 7
<, L_Lmb‘:_%%ﬂ@?”’ﬁi'] J 3, IR IR MR R Eh oo
TR TR, IR B A, [RIBIR3) B,

AHEFEH ] Matlab B89 BEAU SRR cftool Xt
AR BT IS, A fh 2 anl&l 5 B o

60F o HgEa
— AL

N3
Eﬁlﬁ]ﬁ%l“‘

Al°

0 0.05 0.1 0.15 0.2 0.25

P,/MPa
(a) FRICTHAU A 25

o Hlli
B — A

45t

35k

B/°

25F

15 LA 1 1 1 1 1 1
0 0.02 004 0.06 008 0.1 0.12

P,/MPa
(b) T FEALA it 2
El5 St bz




- 1308 - HL 5}

T fi $35

PUR RIS A A 5% P, GG

EwWoF
A=axP,+bxP +cxP, +d (14)

A ia— FEGIBUEN 2 437 60— A BUEN - 1 385;
c— FHHUE R 316. 45d— FHHUE N 31.07,

TSI AL B 55E P, Sailara=Xh:

B=axP,+bxP, +cxP; +dxP, +e(15)
Arfria— F¥,a =4.334 % 10° ;b— Z8,b = -1.018 x10°;
c— B ,c = 5579;d— ZE,d = 421.6;e— R,
e =16.26,

XRE A A U AT DL AR i R 1 3K
AL,
3.3 IMELAIE R RS

SEH VOE U IR 0. 25 MPa, #5710,
B EIIMEA 0. 12 MPa, ABFFEXS PYLLAG#EAT 15 IR
PGS . IR an &l 6 s .

€%

'Y ,
AW o

(SR LT L

(a) L (b) {2
,;: Y ) 5"9 o :
(c) THE (d) T

K6 FEHLIMHGAE:

RIS AT DL & B v TS A S P L )
Hefim it B rh AR R4, R Bhoo R , RS V& L #R
T, BAR T L AU T 1 TR

AWFFEXS IR 7 PE AT AL B, 38 3 GetData {445 %)
AN [R) 2 A R AE T I 9 BIR Sl T AR 9 £ BE X 15 YOBE SR

BOFH, angk 2 Fis .
*2 WohRAETFHE
SRR JBCREME A/ () FWHREEME B/(°)
P 60.8 5.4
[ap s 56.6 49.9
K 40.3 53.4
FTH 0 5.1

i A AR, RAENUA S BL T R IR
A IIRE, IR UE T 12 3207 FE R IERf 1R o $i MR
W AT M E B AEIUPORFT I 2 A (ELAR
0, (E R T 22 UG R A AT A Sk B AR A A
JEE R P iR 22

4 ZERIE

ARSCHI D — H AR ARIEFIH it AR sy 7 T
WEEis s R, HE T 3D STENFS A T REHL, JF AT T
BT AL B A b R 16 AR DY 2 A ) TG
IR AR R  RAEU T R LS BUR SE (4 JCAR TR |
IBH RGBT HACR , IR IE 13z 32 0 A IE R 1

34k AN E BRYIVA Ui IS B u R S o £ (=1 DA E BRI A
AT IO G, e ik A7 J3E Ay 42 ) ] LA S B B 1) 4
BOR

£ %% 3L ik ( References) :

(1] AE & =AmEIM TR Rt D]. R
JERAAF BB A5 TR AR, 2011,

(2] HotHR. AR HGEFF I AL T B sE [ D). 8.
VLR R 2EHL TR 2= ,2016.

(3] KBLR . & W, TR, 55 M2 AR LS AT 5
5[] AR ,2012,43(9) :165-172.

(4] RERGEEE, ELR,F RIRBY T RS
TAEMERE BT [T ] AHLALHTY,2004(2) :133-135,139.

(5] MW, B, 2 %4540, 55 [ NS RARL & A DL 45
LB EIIFSE [T ] RHLEWTSE 2007 (3) :195-197.

(6] 2N HE, BT, 45 BRI HLAS A AR i AT &%
WFFEeiid [ J]. Al ALk ,2008,39(3) :175-179,186.

[7] LIONEL B. Enhancing versatility and safety of industrial
grippers with adaptive robotic fingers [ C]. IEEE/RS]J Inter-
national Conference on Intelligent Robots and Systems,
Hamburg . IEEE,2015.

[8] TAVAKOLI M, MARQUES L, DE ALMEIDA A T. Flexi-
rigid, a novel two phase flexible gripper[ C]. TEEE/RS]J In-
ternational Conference on Intelligent Robots and Systems,
Tokyo : IEEE,2013.

[9] ILIEVSKI F, MAZZEO A D, SHEPHERD R F, et al. Soft
robotics for chemists[ J]. Angewandte Chemie, 2011, 123
(8):1930-1935.

[10] LING P P, EHSANI R, TING K C, et al. Sensing and
end-effector for a robotic tomato harvester[ C]. 2004 ASAE
Annual Meeting ,St. Joseph: American Society of Agricul-
tural and Biological Engineers,2004.

[11] MUTLU R, TAWK C, ALICI G, et al. A 3D printed mon-

olithic soft gripper with adjustable stiffness[ C]. Confer-



124

B, 2 SRR LR T A A B S AL

- 1309 -

[12]

[13]

[14]

ence of the IEEE Industrial Electronics Society, Beijing:
IEEE, 2017.

ANVER HM C M, MUTLU R, ALICI G. 3D printing of a
thin-wall soft and monolithic gripper using fused filament
fabrication [ C ]. IEEE International Conference on Ad-
vanced Intelligent Mechatronics, New York:IEEE, 2017.
G e, MOE BT R RN R IR S L TR B K H
FEMILT ] BB T R4 ,2014,50(19) = 1-8.

TRk ARSI BN [ D] i 5t g 5B
T REZMU T FE2Bx ,2015.

[15] FRaRds, /T, Shp e, Bl M I B AR TR Y
Brep e [T ], HLGH &S A 3k ,2016,45(5) :99-
102.

[16] H T USRI T3 KSRt sE [ D). At R
IR A sk b ,2016.

[17]  FEfE. 5T FPA BB RS pLas N 248 R 15 05
(D] B T Tl R AU TR~ B, 2011

A5 A

A,

[18]

[19]

(20]

(21]

[22]

[23]

B, FERE R TR = A H
FETFFR et L R L) ] T E AL TR, 2014,
25(11) :1438-1442.

WANG Z, ZHANG L, BAO G, et al. Design and control
of integrated pneumatic dexterous robot finger[ J]. FFEg K
e SO, 2011,18(4) :1105-1114.

ZHANG L, WANG Z, YANG Q, et al. Development and
simulation of ZJUT hand based on flexible pneumatic actua-
tor FPA[ C]. International Conference on Mechatronics and
Automation, Changchun; IEEE, 2009.

B Bl R, R HRE A SRR A OB gl R 5 LA
FWBIH[T]. MU TARIF,2015(5) :93-95.

RIS BRI , SFRORL V4 B IS IR F sk BHIL
WFR B[] ALK, 2017 (10) :38-41,77.

B %L S B R IR Bl 2 FPA Rt & HiAE 248 R 15
TR YR HIBEFE LD ] AT« VL Tl R A LA T

2B ,2006.

(44 7F ]

e, AR A SRR AL T S B S R LIS [T ] AL TR ,2018,35(12) 11304 - 1309.

DONG Zeng-ya, GAO Qian, GAO Guo-hua, et al. Structure design and prototype test of flexible swallowing manipulator[ J]. Journal of Mechanical & Electrical
Engineering, 2018,35(12) ;1304 —1309.

CHLH TR Y 24k :http://www. meem. com. cn

(3% 1278 W)

(7]

[10]

[11]

ODEGARD G, KUMOSA M. Elastic-plastic and failure
properties of a unidirectional carbon/PMR-15 composite at
room and elevated temperatures [ J ]. Composites science
and technology, 2000,60(16) :2979-2988.

HYER M, HERAKOVICH C, MILKOVICH S, et al. Tem-
perature dependence of mechanical and thermal expansion
properties of T300/5208 graphite/epoxy [ J].
1983,14(3) :276-280.

ZHANG Z, YE G, WU H, et al. Prediction and control of

Composites,,

the bi-stable functionally graded composites by temperature
gradient field[ ] ]. Materials Science, 2015,21 (4 ) ;543-
548.

AR, SR E, 2T BERERTT AR A MR

[M]. dbat: Bhe it 2018.

WS SRR, B E, A MR ERR SO0 B s 15 A

[12]

[13]

[14]

[15]

FEAS IR A A 5T R ST [ T ]. AL LA,
2017,34(11) :1235-1242.

sOAE S, TR, S R I T700/3234 BN FR
BB A FE AR B DR SRR [T ] A2 MR,
2016,36(5) :70-76.

CAMPBELL M D, BURLEIGH D D. Thermophysical prop-
erties data on graphite/polyimide composite materials[ J ].
Astm Special Technical Publication, 1982(768) .54-72.
ESKSTEIN E, PIRRERA A, WEAVER P M. Morphing
high-temperature composite plates utilizing thermal gradients
[J]. Composite Structures, 2013,100(5) :363-372.
ZHANG Z, YE G, WU H, et al. Thermal effect and active
control on bistable behaviour of anti-symmetric composite
shells with temperature-dependent properties[ J]. Compos-
ite Structure, 2015(124) .263-271.

[4REE:JH B R





