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1.Three-dimesional seedling tray platform 2.Manipulator 3.Lift mechanism
4.Rotation mechanism 5.Translation mechanism

B ZhEETENEA
Fig.l1 Three-dimesional seedling tray management robot
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2.1.1 #AFALAFA

KH D-H VRPN 3 A B B3 A (0 A
FRERMWE 2 Pos, LS N B SR ARAR 2R R 3 [ A
MLAE NS AL, KPR SN ERBER OpXoYeZo hH
MERFR, OX Y\Z, [IZELEREEHIRI DT, 0.X0YoZ, [lELE
THERNFI ST, O3X3Y3Zsy OuXyYaZyn OsXsYsZs 53 Hl[EEAE
MU (PR . TP R INE TRERL KT, Ognoa [EIEAE /N
BRI, 1ZHLAE AN D-H MRS ENZR 1 TR,

e LRRAY 1 MR i+ IR AR NS, mms o R [ 18 R L
AR IABEES, mm: 6,4 LA Iy IS f, it L L, (), A
T W€ J7 W AE S KPR SN L EDER) OcXoYeZo hHEALFR R,
O X\ V1 Zy HELERIFEHUIRTY,  0.X0YoZ FHEAETHENIE KT, OsX3Y3Zss
OuXsYaZys OsXsYsZs 53 ) [ EEAENURRR IO DR o vl B8 RN ) T e 5T
Ognoa [ AL/ NEAR . T,

Note: /; is the length of the common line of joint i axis and joint i+1 axis, mm; d;
is distance between /; and /;; at the intersection of the i axis, mm; 6 is the angle
between /; and /;, direction from /;; to /;, (°), the right hand rule determines the
direction of positive and negative; OX,YoZ, is basic coordinate system fixed on
lift mechanism; O,X,Y,Z, is fixed on the rotation mechanism of joint, 0>X>Y>Z,
fixed on the lift mechanism of joint; O3X3Y3Zs, O4X4YsZ, and OsXsYsZs
respectively fixed on rotation joint of big arm, medium arm and small arm;
Ognoa is fixed on the end of the small arm, the same as below.

B2 AR EEEAEANEAT AT R
Fig.2 Connecting rod coordinate system of three-dimesional

seedling tray management robot

F 1 HFEAR D-HFHSECEE

Tablel Parameters range of D-H rod of robot

KA i ] f K A
No. of joint Distance Angle of Length Torsional
i d;/mm rotation 0/(°) [/mm angle o,/(°)
1 di (0~3 000 - - 90
2 d, (0~3000) - - 0
3 - 65 (-180~180) - -90
4 6y (-120~120) 1y (0~1000)
5 65 (-90~90) Is (0~1000)
6 6 (-135~135) s (0~1 000)

e dy A dy 530 A PR MR RN T BN G AL B 05 S IR IR G e
i, Oan Osv O 3 BIIHUMCE IO KB . ANESCWEAM: Ly Isv L5000
ORI R T L ANERERTCE s o IR ¢ AR i+ 1 AR
T LERARIS, (), Jrie i m il A5 T WekE 7 e fi.

Note: d, is joint variable of translation mechanism and d, is joint variable of lift
mechanism; 65 is joint variable of rotation mechanism, and 64, 65,66 are joint
variables of manipulator; /4, /s and /s are the length of big, medium and small arm
of manipulator; a; is the angle between the joint i axis and the joint i+1 axis in
the plane perpendicular to the /; plane, (°), direction from i axis to i+1 axis, the
right hand rule determines the direction of positive and negative.

2.1.2 EEHFFA

A SCRR YR AT AAFR FR (0] (1) B T B X ML A8 A 11
EIE )2 F T REATHE S o PN AH AR AT AL b 2R 7] % G
RINFIRA A T 4,1

cosf -—sinfcose; singsing, I cos,
g sing cos@cose; —cos@sing, [ sind D
S ) sing, cosq, d.
0 0 0 1
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TENLER NEM AR R T 0,X,Y2Z, Aebn 3T 175 [A] AR FRA
B K 3b H, HAR LAEAE KT X,0,Y, -1 E AR,
KT X,0,7, SR JE SRR, 5 P Hir TAE ) 5 0.X;
MIMAC B et i, R Pav Py Pys Ps BIAKTTIERIE
Hbs TAEZS AR 0 A

a. BRERE A KA )
a. Growth space of seedling tray

Z Y2 Pz
LA /L
. v/
] 1
1 1| A
0 $ }
2 /; 1 Xz
P, | 1
1 T£P,
"""" - Ja
b P

b. HAR LAEASH

b. Target workspace
T: L=600 mm 7% H AR TAE -5 HLE R RN o0 Zo(B 2) i
JEPEES; =800 mm. =600 mm Al =1 000 mm 43 5|3/ H AR TAE 23 ) )~
P SRR Py O fil S HRR AR AR RO MRS 2, Pas
P3. Pyv Ps BN KTT ARG HbR AR () (I T0
Note: L = 600 mm represents the shortest distance between the target workspace
and the robot’s center axis Z, (Fig.2); « = 800 mm, b = 600 mm and
h=1 000 mm represent the length, width and height of the target workspace size,

respectively; P is the starting endpoint where the O,X, axis intersects the target
workspace; P,, P3, P4 and Ps are vertexes of the workspace of a square object.

B3 BTy £ KER
Fig.3 Target workspace of manipulator and growth space of
seedling tray

2.2.2 AARA VTN

SEARH RN EEALAS N BINUBUE TAE 2= 2 R LA
N AR T — e 28 B LA R A g P 81008 = [ R RH 26 1)
120200 MRYE R 1 HUWUE RIA S B0, SR B A"



%7

BOER A SEARETELE BEAL & NP S 8t 5156 13

P T ZHLE NI 1E X50,2, V-1 P9 10 A2 1)
wm, HVE 4 rhpgs ARBISIOITIR DR, XA LB
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Z

2

7 o1=0x~ Pr=Pas 1=y i~ B pill yal 39 R WU 55 £ B4+ Os il Os H1E
WBRAE, (O): ao~ Bo Rl ya 53 BB S5 1 04n 05 F1 O I FUARIRAE, (°)s
AB WA A% 34(mm)ZE i3 3 gl » (A3 EIHL; R BC. CD. DE. EF.
FG RN RER 4253 5125 1B(mm)\ 0,C(mm). O,D(mm)- 1'E(mm). 3'F(mm);
TP IR GA AR 4T~ 02134 1, LL OrA(mm) A 24258 5 Os BE# (o1 +an)
JEHL

Note: a1=az, 1=P>, y1=y2; a1, f1 and y; are positive limit values of manipulator
joint angle 64, 5and 65, (°); @, B> and y, are negative limit values of manipulator
joint angle 04, 05 and 0, (°); AB arc can be got when 34(mm) rotates y, degrees
around the point 3; Similarly, the radius of BC arc, CD arc, DE arc, EF arc and
FG arc are 1B(mm), O,C(mm), O,D(mm), 1'E(mm) and 3'F(mm); However, GA
arc can be got when 0,4 (mm) rotates (a;+a,) degrees around the point O,.

B4 PARE TAVZ R X,0,7, BB

Fig4 X,0,Z, section of manipulator workspace
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3.3 mMSHEIKE
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Fig.5 Evolution diagram of genetic algorithms

FEREEE] 150 A/EAI N R 8 CHARBRED 58
A, VRS ARUR R UM 2 0 PR AT R AL A
B, SR 2 Prr.

R2 BEERZAERMASHER
Table 2 Optimal parameters obtained by genetic algorithm

KEK K MEK G IEWRIR 05 IEARIR 65 IERRIR
Length of  Length of Lengthof  Positive Positive  Positive limit
bigarm mediumarm smallarm limitof @, limit of s of O
ly/mm Is/mm lg/mm a/(°) Bi/(°) 71/()
648 472 396 96 68 126

AR S A P R B A IO HUBE 2 B L i Jf 45
R IR PN b p RN 1 G AN P

Matlab #AFF- 6 Sl 7 524K B A FLALA A T
VEAS [ SE AR B AT H b TAE S ALK, Wl 6 Pros.
Ferp HAR AR 25 [ AR T HUBRE 1)« P A PR B 2% S 1
H MR IR AL i 7 2 (A, BRHUBRE A AR A I 5
A Hs TAEZR, Ry T HS LA U 2 50
H .

WU 1 AE 7= 1
Manipulator
workspace

Zimm

H#w I fE20m

Target workspace

1000

e WIS B AR AR, P AR BR A4 ST ) 1) €. 2% 4% (8] S LB
B LA, A 23 ) e T4 A ARARELHY Z i IR 3 e A
Note: The blue rectangle is target workspace, the envelope region between inside
arc and outside arc is manipulator workspace,the color of manipulator workspace
change gradually from blue to red as the Z axis coordinate value change from
low to high.

B6 #MAIEZNSBAIETEN %G AR
Fig.6 3D simulation of manipulator workspace and target
workspace
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B 7 MEA, hGERETF 6 BEAL
Fig.7 Robot prototype, three-dimesional seedling tray
experimental platform and high speed video camera system
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Table 3 Size of three-dimesional seedling tray experimental
platform

4514 Structure #1H Value

SEA AR T R CRx i< i)
Length,width and height of
three-dimesional seedling tray
platform(LengthxWidthxHeight)/

B A <D
Number of seedling tray(Row x Column)
B R (KexBixmn)
Size of seedling tray
(LengthxWidthxHeight)/(mm>xmmxmm)

2 100x720 x2 500

3x4

600 %800 x100

4.2 REAHE
4.2.1  HUMRAE #EE R

ST AR B EL A N — B A AT WO AT S5
I, SERE N HLEs A E T2 8) 2 HAsE LA B A7
EAL, HUE A B — e, SRR LS e 90°
P B . BRSSO A A S R A
VURH AR A P R T BN RN, HUBRE 6 B bR A
B S AR, P 8a B

Yk
Target seedling tray

HHARR AL
Adjacent seedling tray

“5/E ]

a B0 W BE SRR R By Z TR R
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Note: A, is the height of seedling in adjacent seedling tray, 0<<h,<<h, h is the
height of target workspace in Fig.3b, 7, is the height of the target seedling tray
to be lifted, A,>h,; Nozzle is placed at the point M, which lies at the end of
manipulator; 4; and A, are different spraying heights for different heights of
seedling. Left nozzle is placed at the point N; and the right nozzle at the point
N, ,the point N is the midpoint of connection between N, and N,.

A8 HARAHE R 5 o im iR & A
Fig.8 Schematic diagram of handling test and spraying test of
manipulator
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Fig.9 High-speed camera test of manipulator carring
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Fig.10 High-speed camera of manipulator spraying test
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Table 4 Comparison of theoretical coordinate value and measured coordinate value of handling experiment

5 FEig AR Theoretical coordinate value/mm SEAAAR{E Measured coordinate value/mm_ AHXJ 2 {7 % 7% Relative positioning error/%
No 9x 9v q- q.' 9 q:' T Iy T
1 996 0 -500 999.2 — -495.8 0.53 — 0.42
2 996 0 -400 1 000.6 — -393.4 0.77 — 0.66
3 996 0 -300 999.4 — -307.3 0.68 — 0.73
4 996 0 -200 992.8 — -192.8 0.53 — 0.72
5 996 0 -100 992.4 — -105.8 0.60 — 0.68
6 996 0 0 1 000.8 — 7.6 0.80 — 0.76
7 996 0 100 1001.8 — 91.8 0.96 — 0.82
8 996 0 200 991.2 — 190.2 0.80 — 0.98
9 996 0 300 992.3 — 293.8 0.61 — 0.62
10 996 0 500 1 000.9 — 494.2 0.82 — 0.58

e ge gy Mg AIBSRI NI AR BR ARFREL, q0s g M g N md R R SE PR MU R AR, B e g 4o g~ @/ F1 g BN 00122, 24
FRA T IIMARE, s 7y R N SEUARBRAE 5 BARARBRAE Z [DITE Xov Yo R Zy D7 WO ROARNS SE LR ZE, R e SRR S E AR HUDR RS 7E H b5 LA 22 i P ) 2
B 26T, BRI il R R G2 X%0.2, AT ¢/ g FE, A3k g, M FrE .

Note: ¢y, g, and ¢. are the theoretical coordinate values of the manipulator end of the motion planning, ¢.’, g,' and g." are the coordinate values which the high-speed
camera system actually measure, q., ¢,, 4-, ¢.', ¢,/ and g.' are all coordinate values in the 0,X,Y>Z, coordinate system, r, 1, and r. are the relative positioning errors
between the measured coordinate values and the theoretical coordinate values in the X; axis direction, the Y; axis direction and the Z, axis direction, the same as below.
The handling test verifies the vertical capacity of the manipulator in the target working space, in the direction of the Z, axis (Figure 2) "traversal" ability. Therefore, the
high-speed camera system records the ¢,’ and ¢.’ coordinate values in the X;0,Z, plane, except for the ¢,'coordinate value.

RS BURRIEIRICYIRMES TN ALRMERIXT L

Table 5 Comparison of theoretical coordinate value and measured coordinate value of spraying experiment

e Hig AL FR{E Theoretical coordinate value/mm S A4 47 {H Measured coordinate value/mm AHX E L% 7 Relative positioning error/%
No qx qy q: qx, Qy’ qz’ Tx Ty I
1 600 400 100 602.8 404.3 — 0.47 0.54 —
2 600 -400 100 603.4 -396.4 — 0.57 0.45 —
3 1200 400 100 1203.2 395.8 — 0.53 0.53 —
4 1200 -400 100 1195.2 -402.5 — 0.80 0.31 —
5 900 0 100 904.3 4.8 — 0.72 0.60 —
6 600 400 500 605.3 402.3 — 0.88 0.29 —
7 600 -400 500 597.2 -396.6 — 0.47 0.43 —
8 1200 400 500 1203.6 404.2 — 0.60 0.53 —
9 1200 -400 500 1202.8 -402.4 — 0.47 0.30 —
10 900 0 500 904.4 -4.6 — 0.73 0.58 —

v WA L S UEN U TE H AR AR 20 A AP 7 I A RE ST, BRIl B8 R SR LS 7E H AR AR M X00,Y, BUEFIIA R ¢/ M q', Abs

fH, AidF g bR

Note: The spraying test mainly verifies the horizontal capacity of the manipulator in the target working space, so the high-speed camera system acquires the g,'and g,
coordinate values of the manipulator in the X,0,Y, projection plane of the target workspace, except for the ¢.’ coordinate value.
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Parameter optimization and experiment of manipulator for
three-dimensional seedling tray management robot

Quan Longzhe!, Peng Tao?, Shen Liuyang®, An Siyu®, Ji Zhongliang®, Sun Tao!
(1. College of Engineering, Northeast Agricultural University, Harbin 150030, China; 2. State Key Laboratory of Robotics and System,
Harbin Institute of Technology, Harbin 150080, China; 3. Hippocampus Car Co., Ltd, Zhengzhou 450016, China;
4. Changan Automobile Co., Ltd, Chongqing 404100, China)

Abstract: With the rapid development of modern agricultural technology, plant factory has become the most advanced
development stage of facility agricultural. At present, the majority of work tasks in plant factory completed by manpower are
labor-intensive and low efficient, therefore, the agricultural intelligent equipment system has become a hot spot in the
development of plant factory. In view of the task demand of the carrying and spraying of the three-dimesional seedling tray,
the three-dimesional seedling tray management robot was developed. In order to make the manipulator of three-dimesional
seedling tray management robot complete all carrying and spraying tasks flexibly and efficiently, meanwhile to reduce
operating space and structure size of manipulator, parameters of the manipulator were optimized by the method of theory and
experiment. Firstly, in order to determine the relationship between the end coordinate of the manipulator’s connecting rod and
the base coordinate system, the kinematic model of the robot system was established by D-H method, which was important
theoretical basis for the workspace analysis. Then the workspace of manipulator was constructed by graphic method, and the
workspace constraint conditions were determined according to the condition that manipulator workspace accommodated target
workspace. Based on that, the objective function was established according to shortest distance and compact structure, and
genetic algorithm was used to solve the objective function. The optimal rod lengths (big arm, medium arm, small arm) of the
manipulator were 648, 472, and 396 mm, and the limit values of the optimal joint angle were 96°, 68°, and 126°. The
workspace and the target workspace of the robot were depicted in the MATLAB (Matrix Laboratory) software platform
according to the optimal solution of the manipulator parameters, the kinematics equation of the robot and the range of the
manipulator’s parameters. The simulation result showed that the target workspace was between the inner limiting envelope
interfaceand the outer limiting envelope interface of the manipulator, which verified the manipulator’s ability to cover the
target workspace, and the rationality of the theoretical optimization for the parameters of the manipulator was proved. Finally,
in order to further validate whether the manipulator could complete all the action tasks of the target workspace, the robot
prototype and the three-dimesional seedling tray experimental platform were built in the laboratory, and the motion planning
test of carrying and spraying of the robot system prototype was carried out. The carrying test was planned as follows:
According to the target workspace size and the theoretical position coordinate value, the manipulator was controlled to move
vertically upward from the lowermost (lower limit) to the topmost (upper limit) of the target workspace, this group of actions
were repeated 100 times, and seedling tray was always placed horizontally during carrying. The carrying test mainly verified
the manipulator’s ability to cover the target workspace in the vertical direction. Spraying test steps were as follows: 1) The
initial spraying height value was 100 mm; 2) Divide the seedling disk plane into mxn grids, and each grid point represented the
spray position point, m=10, n=20; 3) The target path point group consisted of all the spray points at the current height, and the
manipulator was controlled to pass through the target path point group sequentially; 4) The spraying height value was
increased by 20 mm; 5) Repeat step 2), 3) and 4) until the spraying height value was equal to 1 020 mm. The spraying test
mainly verified the manipulator’s ability to cover the target workspace in the horizontal direction. The high-speed video
camera system was used to mark trajectory coordinates of manipulator in the motion planning test of carrying and spraying
(high-speed camera was KODAK'’s color CCD (charge coupled devices) camera, a resolution of 512x480 pixels, frame rate of
125 frames/s). Test results showed that the optimized manipulator could reach all limiting positions and other characteristic
positions of target workspace, and the maximum relative positioning error was 0.98% which was within error range and could
meet the accuracy requirements for manipulator containing the target workspace effectively; what was more, it was proved that
the optimal parameters of manipulator were reasonable. Parameters optimization and experiment of three-dimesional seedling
tray management robot could provide the reference for trajectory planning and motion control.

Keywords: manipulators; optimization; experiments; workspace; plant factory; genetic algorithm; high-speed camera
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