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Design and Research of Trajectory Planning Scheme of
Fully Automatic Spraying Robot

Abstract: At present, Tunnel Shotcreting is mainly completed by
workers controlling shotcreting machine. This work has high technical
requirements for the workers, and the environment of spraying is very
bad, which is very harmful to the workers' health. Intelligent tunnel
construction machinery is an important direction of robot development in
the future. At present, there are few researches on the tunnel automatic
shotcrete machine. The trajectory planning of shotcreting machine is an
important part of realizing automatic shotcreting. In this paper, a set of
trajectory planning scheme of the shotcrete robot is proposed based on
the actual shotcrete scene, including the establishment of the thickness
accumulation model of the shotcrete machine, the processing of tunnel
point cloud information and the solution of the optimal trajectory. The
main research contents are as follows:

(1) Establish the concrete thickness accumulation model on the plane.
In order to analyze the growth of concrete on the tunnel wall, this paper
combined with some parameters during shotcreting, using the commonly
used thickness distribution model to establish the concrete thickness
accumulation model, the model can represent the growth of concrete on
the tunnel wall during the shotcrete, and participate in the construction of
the objective function in the trajectory planning later. In order to solve
some parameters in the model and verify the accuracy of the model,
several shotcrete experiments were carried out. Sampling points were
randomly selected to calculate the difference between the theoretical and
actual thickness values. The final results show that the average thickness
error is less than 1cm, which proves the accuracy of the model.

(2) A method for processing tunnel point cloud data is proposed.
Number of tunnel surfaces acquired by Lidar . Since the data is discrete,
the trajectory planning cannot be carried out directly. In this paper, a
solution is proposed. Firstly, the moving least square method is used to fit
the discrete data into the surface. 2. Rasterize the fitting surface. 3. The
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grid method is used to calculate the distance between point cloud data and
the corresponding grid in the fitting surface. Using the moving least
square method, the fitting accuracy of the fourth basis function can reach
97%, which can accurately reflect the tunnel information. The grid side
length chosen in this paper is lcm. Compared with the large tunnel
surface, the grid has a high precision and the minor errors caused can be
ignored. Judging from the final grid thermal map, this method is
effective.

(3) A planning method of tunnel spraying trajectory is proposed. In
this paper, the grating shape is determined by theoretical analysis Track
route, based on the mathematical models of concrete thickness increase
and rasterize tunnel information, build the shotcrete problem to an
optimization problem, in each grid on the track in a spray gun time as
decision variable, with the aim of the whole grid smoothness as the
optimization goal, with concrete gravity model is set up on spraying time
constraints. Gradient descent method and adaptive genetic algorithm were
used to solve the problem. Two groups of simulation experiments were
carried out. The results of the first group showed that: The average time
of solving a track by the gradient descent method is 74s, the average error
of each grid is 0.9cm, and the paint utilization rate is 96.7%. The average
time of solving a track by the adaptive genetic algorithm is 231s, the
average error of each grid is 2.3cm, and the average utilization rate of
concrete is 95.4%. The second set of results show that the average time of
solving a track with gradient descent method is 76s, the average error of
each grid is 1.2cm, and the average concrete utilization rate is 95.4%,
while the average time of solving a track with adaptive genetic algorithm
is 278s, the average error of each grid is 2.0cm, and the concrete
utilization rate is 96.2%. From the experimental results, the gradient
descent method can solve the problem effectively.

(4) A simulation system for trajectory planning of shotcrete robot is
established. The trajectory planning technology of the whole paper is
integrated into a system, which is convenient to carry out the trajectory
planning and check the simulation results of the trajectory, and verify the
effectiveness of the algorithm. The system has been applied in this project
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group and has certain practical value.
Figure 38, Table 15, Reference 60

Key words: Shotcrete Robot; Spraying Model; Point Cloud Fitting; Path
Planning; The Simulation Results
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Horb, n 2R x AR 0] x P AERE IR Y L wix—xp) 22 5 R HIRCRR 3L
18 x, KBS, wx—x) =0, BPEBIERAME A B AR AL x I G = A2 580, £
x, W, wx—x)>0, f72xtREEE. JRRELERE G (x) 7 x AR N 1
GEZEINBCT- 70, 1 alx) B R sR I R 4T, BEARAS B A LA AR, U /&
BT ER/IME. WA
aJ n m
0 = 22 w(x—x, )[Z p(x)a,(x)— f1p,(x,) =0 (3-3)
i I=1 i=1
Hrp, ikell,m].
HH A (3-3)ml DAHE

fiim»wmmmmmﬂmw=im»wmumﬁ (3-4)

S (3-4) AT LU
A(x)a(x)=D(x)f (3-5)
75 B 0 M ()
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a(x) = 4™ ()D() f (3-6)

o,
A(x>=:21w(x—)@)p<x,)pT () (3-7)
D(x)zﬁwu—x,)p(x,) (3-9)
F=LF G £ ) f i) (3-9)

HANXG-6)TLAEH, RE alx) MG IR IR BAEDE, AR E
SRR A, R, ASFER S AR EE A . B ARG-D A,
AL BRI 27 (x) FT LRIR A :

7 (x) =P (x)a(x) = P"(x)A7' (x)B(x) f (3-10)

HAZG-10) AT A1, B SRR B 5l N 15 MLS J572: 5 A R4 Bk 30— FF
FREAEBE S, BTARECRESN, BT & B, [F, BeR
S AT 5 R RF PO 1 s 2 TR AR B AR D%, 7R BOAS [ 4141 s B, B iR 30
TR AR, Rk, Bahih 3k o Bk Bl & RO E I, kT
o B BR B B 5 AN T S 1), SO TR 5, LA B S A 1
f.

3.2.2 B HEBLREL

BURBAERS B i/ —RIEFA B s B R EEAEM, Z2XATHE
LA SRR E AR DR B AURAT RS, B T IX—H5tE, {815 MLS
DAL R T i m] AR E R R S H, Sy i1 & Rk
Ao B PR 30 B G IR LLR LA A
® ERSCIENXEN, B RMBREUE LA KT R M IR, AR S XA

aE LS ERIBCR EE N
® IUHEAT LA Sy fiE ko
® BURELADEHIEL A T
® IESCHEIIN, BURRBUEA R S S RS R TR R R A B

MU SSTEBCR B 2R A AT DA . ARG /U S SO L
W B 2 R B R R RO, K SCREE B WAL eR A IUED B8, BB S
AUl i B B BE B B AN M/ o Uh 5 H SR PR R Kl A AR el BB S 7 5
JIT AU, HE SR il T B A — 5 BB, IR EOR N B, LA R
(FIRR A2 N Rl 1. FBEH F AL BR AT 22 R 2% R BORT 1 4 e A

= IRFEFAR N N PR
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——4r +4r, r<—
2
4 4 1
W)= ——4r+4r* ——1°, —<r<l 3-11
(r) 3 3 > (3-11)
0, r>1

:lx_x1|

Hr, r T XX, | RN B N  S S RGBS,
J
h, RN B SCEI RN e B- R A 3-1-a fron:
07 ) . :79(47»3&»@& : Yo R R A
~ r<=0. Y\\
sl == il \\\\
08k \\ \\\
05+ 1 g . \ \\‘
@04t 1 o 3 \\
g 03 B g ul . \- L AN
02f g 03 \\ \\
NN
01t 1 o \\\ \.,\\ -
0 0.2 04 - 06 08 1 0 02 04 . 06 08 1
() =R A F KR AR (D) R B 52T 69 B i A # B A%

B 3-1 ZRFLFIRESZHARES,H BER

RO A B MO SR
exp(-r’B)-exp(-f)

w(r) = 1—exp(-f%) (3-12)
0, r>1

Hort r FIRG- 1) P57 AR, FoREE S 5 S e, SR
ETERA LA BB AR B 3-1-b FoR, ATDUE H IR TR & B 30
AT, IF B BRIIUE S AR BURIIUE, €W T SR &m0 A
WA SRIATEEE, hIE 3-1-b WTLUEH,  SRESIAIER, AR H i

(LD, e RS DO A B A AR R SRR, B AR 6
R

3.2.3 BN A R Gk

TSR B SIN, i MLS B R G rERE, & 7 a1
RS o AR 23 SCHE TR, S Ar 4G R s IR AR H B S R e
FOFER] T MLS T332 5% i 2 552 b 4065 IR 7 5/ 20 5 B9 s Ak ) B S R K
Mo BOCHEIRARIR — BRI, B IR, B, dERreE, Hpeck

23



GAlEEPNE ] e VA8 o 3 & BRIE {5 S A AL

PR, RIASCOARITE A5, A28 BB s an o] B sh A il s SR

BB RS A N A AL RSN s AR B 4R .

D) G DWEBRE R, RoRESEE, HAYIE KN BB N 05

2)  LAER AT R ORI @ ARAR R, SR DY SR A B RO Ol i =,
FEA by, by, by by s W By = max {hy, by, by, by s BE SSCER AR N by
R DA TR EH S, WRIE RSN, WA 3-2 Pror;

3) PEMAN AR, BT S AREEAT A R AR AE

4)  AnRAERE IR SR RN, WSS R 8d . KR A
(K1 AR b d , IXFERY RE SRR, 28R EU & ROR 4

B2t EE.
-_n
& ha

B 3-2 WERTER

FEAE PR Bhfie /N ik i o il FUNS , XSOV i E A B, iR
FEA AT AL B DR FITAT 1 A (0 3 SO o B e B AU S i, AT
th2E NG I, FEM Y A TS, BT A, R Y S D
T=A BT ROV, XA R DR R R EE .

3.2.4 FEULE KD R i 1 s B T 1%

R G AR AL T V5 22 SO M IX 3k, A 3-3 o, frdl & s x b T
x1 x2 x3 x4 FESHRH, FrAG x I 75 22558 x1 x2 x3 x4 DA /0T x [R5
Wi, P x5 R SCEEOFRA RS x, BT 58 x5 % x (20, & x
NAMZ 5B,
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B 3-3 & x B9%5o aat H AR

3.2.5 BB R Z BRI S RN —RIEIG

KHBOCHEIEREN H e T AR T, HPWx, y,z 205 RoR
A (A R IO OB, ] 38 AT e o U R AR B AR A 2R RO DA BR Ky (x, ) T
LA

v (x,p)=a,(x,y)+a,(x, )x+a,(x,y)y + a,(x,)x* +...+a, (x,y)y""

p(x,y)a.(x,y)= P'a (3-13)

™

Hordrm RFEREIIE, p(x,y) Bm 4R WAL, a(x,y) B 28, %R
B — WS A LA H
W (x,y)=P A (x,y)B(x,y)f (3-14)

HAHrE 4. BRRAE ARG 3-8)s -9 LITEAH.

F MATLAB T E¥ = BdR4H, WK 3-4-a Fiow, BRZEP gD )14~
ZEnt, O] DUE 2 Bl T DAOK 35S et B T TR

MG R = IS OURT DUE BT M E &t An,  y s m 2=/ 3R
RS U B A AR IS R IE S . R 3-4-by 3-4-c. 3-4-d AR
FH U, =R, TR IIAUA RO o RS s s B 404 i T 5 o R B
B/NTHE—ANBERS, Bt DLV SEERL A T B, PR, A RCR eT LosE
LA T B S AR AR T S S BRI LR R, PE R, RIFTA TR
RBRLT.

25



GAlEEPNE ] e VA8 o 3 & BRIE {5 S A AL

LA

-5000 o -5000 0

(c) =k (d) Wk i
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G FLA RS BE an N R s
% 3-1 RREASHIEH A
FER AL TR = RFEE DU YK 3 bR 2

MRS 90. 37% 93. 42% 97. 54%

HEALA IS5 T LAE Y, R 8l s — eids T DR 4L HE R 5 =BG

T, BRI E P RCRAR B, AT LA G D VR IR 22 | RE I, BRI G RO BON
BAH, AT DS BREEA BB B S R T AE S

3.3 F i T A A A A 2R

W R B b S, Dy 17 A AR il i EEAT R LR R AL,
i BT AT S ALAL B o AT AR T IS A BOR, T SR Bl 1 R 2
B, EXHE BT R AL, 5 (AT BEIE L AL .

3.3.1 M HA% L

s s AT LU BETE R R S S, (HAEH IR IE Ao el T, m
HEAMZ I8 R, BN AR B OR EEBORRIT. 55—, TR BB I £ 2 1Y
P EEESRARAR T, T DAAS TR A IS AL SR AR BE i 25, R UL 65 R B T T )
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JSAE T TR S5 AR A% o WIS 0 R/ INAR e 75 ZEARORS BEOR B e, MRS DS, (5 R
SR FIREHER, RIS, SBATHTHE RSN AR . Hox B 3-5 fow,
Hor i SRR BEIE RO, A L a RoR BRI XS 2 (5 £, B 20 Xk
R HME RN, D8 T RBETEL, ARSCREME 7> BRAETTE .

B 3-5 [ 8 s AL & B

LRI H T A5 2 5, 35 TR BTSN DK = B8 e T 0k — Bt %, e
TS A Z AR AR S M b, B AAE & B = 4R b B AT 15T, e
AR AR R R AT FIM . WA GB-15)F7R, Hof REGRIARAR 42, B3R
R BRI, 0 ARR S BIESKTITRKNEAs, d &Rk
FEHhA) AR .

d=x
R=\z"+y’ (3-15)

4
0 = arctan —
y

TR X G 28l 5 AT TRy, R m Al m S ARz
] ) e A R A IR DX e A, B N, WS RNy 11, A Bl
N@%%%%a:%wﬁ%%%%ﬁ&%&ﬁ%ﬁ%—ﬁ%%oéﬁ*ﬁ—ﬁ

T

sz R AR AT DR & 5 K17 160 1) e A7 DB Al [ e 8 0 0 T J R — Bl A
i PR A, R F R TS T R s B ARk, T RSt
AT RIZIH 5.

H T T B BEAT OB R AN TS (3, DRI A SR TR el R 245 B A 2Kl
A TS JRE T A TR, RV 5 1 o A A T R P Ak ) 2 Jee T 1
R — WSRO R IZE AN B XAl _E RS s e TR
FEAE IR, (Rl A s e AT
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3.3.2 HRIZEIE A

JOLE H (Y B A A ) 1 R RE B RFE TE PR SRR TR, i S R B 148 R 245
2, FBIE R R 2R R E 3-6 Fras, e TR RLRIDR U2 — A R
SR, O R REE R AT HPIRAS o b FH IS A0 v AN LA T R
I3 VR 2 S AR BRI, 85 AR A 5 DA Jih 17 £ JE A Xk I e 2= e 70 P 2%
RIS 2 b o B2 BB/ AL A SO T R s A S, T RN
23 (ST, SR S e A AR v T ) sl XS I R R A DX sl — RS o
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RGBT > R BEHUHIA Py 38 10 - o T 2 T P s R 2 S AT BT 229, it el
PRI B A% 1B R A2 A5

[ 1 B HE

m RIZXE
m X

B 3-6 EEARETER

SRR G R R E T 5. HEERNEER: 5T S8 i
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WG MRS ET N f(x,y), Hex,y Rt g8, x5 ihim -
AT — s, AT AT SR HH 12 s 81 o T A 28 PR PR 2, A ot T P e 38 P 2 1 B
Ar(xy), BEEEHE 8O, CEHLMEEE Jr,, W% ) HA R w]
A IR N

d i (X, ) =min{|| r(x, y) =1, ||} (3-16)
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K Bl 1 K2 A5 SR RIS, v R SR T R P2 05 BT B
RIFT R 2EAit

30



GAlEEPNE ] e VA8 o 4 T W AT 1 P

B 4E ETHEHEEITEE TR
4155

AN R RO AL RS S R R 10 TR A [, AER = R R R IE K
TR ERE, BABBIEIFAZ AT, AR R b R EE R R -
A CLEAS B2 I 5, 18 A PREAT I LUB B 2 W RCR, fER T2
DX sk n] DASE v P DL TR B L I B, R R R S (R . A E 1 il
LR BN R AT, AT A AR T B E ) SR AR L 5 AR RE BEE T
fRITEI B AR 2, 50 RO B BT B e — S S BRI PLL RN FE . ABETARAE
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KAEABSERT, wh R 7 BRI S N W AE ATE BT A28 R B 19 )R 2 18] () 2248 /)N
T BYE FE P AT A IR T e R, A ARE-DMA K @E-2)r 3
LZ
4R?
HAR4-6)13, BRI RAMME BB p e, HSIMEE

2(1-

)ﬁ*l _ (2% _ (%)Z)ﬂl — 1 _ [4(1 _ 21/(17ﬁ))1/2 _ 4(1 _ 21/(lfﬁ) )]ﬂ*l (4-6)

32



GAlEEPNE ] e VA8 o 4 T WU AT S 1P A

MEZHL g B AR R W 4-3 Fo, 2 g U3 5 4 Z A SEAMERT, RAR R
SHRNEARE, ~3@4-0)%F g oREEL, nTBMGH = 5T 348, SIMEBKE
%49 0.

rft)mf',ﬂg 5 Z}&yﬁ&ﬂu \%] .

11111111111

122 30(4-6) T LA HY B2 2 1] (4 T) BERT A2 2 TR AE — e R EE I SC &, 28
I SR SRAGWER A2y 6.5em, AT DASK HY I 2 8] Y [E] BE DY L=6.5110cm.
A DAE H, ARAR B 2 8] 1) (B BE A 6.50m 75 45 B ] DLEUAS — /MBI I B s
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