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Abstract

To address challenges in traditional manual spraying such as low operational efficiency, poor coat-
ing uniformity, significant paint waste, and health risks from volatile organic compounds (VOCs)
exposure, this study presents a multi-angle adaptive spraying robot. The system employs a six-de-
gree-of-freedom robotic arm as its core actuator, utilizes the DH parameter method for kinematic
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modeling and trajectory planning, integrates 3D point cloud processing, normal equidistant trajec-
tory generation and curvature-distance dual-input adaptive parameter decision model, and modu-
lar tracked chassis architecture to achieve automated, high-precision spraying on complex curved
surfaces and irregular workpieces. Experimental results demonstrate that the robot’s trajectory
tracking error remains within +1.5 mm, with planar coating uniformity exceeding 85%, while paint
waste and labor costs are significantly reduced. This system demonstrates broad applicability in
industrial manufacturing, construction engineering, and customized product surface treatment sce-
narios, providing technical support for intelligent spraying equipment development and engineer-
ing applications.
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Figure 1. Block diagram of multi-angle adaptive spraying robot system
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Table 1. Core hardware model and key technical specifications
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Figure 2. Schematic diagram of each rotating joint of 6-DOF manipulator
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Figure 3. Block diagram of control system
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Figure 4. Comprehensive comparison of experimental results
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Table 3. Comparison of core performance indicators of different spraying schemes

3. FRIBHRT R UM REFEARXTEE R

PuBiRER PRz ARl

XTEETT % SR B BARRHIE o mm) BIATPEYR) TR A (%)
%i%gﬁfﬁq SCHR[2] CAD ST ME], [EEWHIRZ 5 135£032 742 67.5
ﬁ%ii:gﬁﬁ SCHR[4] NToR#EGRE, T &R S 1.47 73.1 66.8
oI M) W CAD BN, THSSHRMGEEN - : <615
AT RGN AL e 0.82+021 863 82.1

MR LA A IR

G632 3 Bl 5 2% U AL 45 W R T 43 A

1) 55T CAD BRI 7 Xt L

SCHER[21BETHBIBTER RS LA CAD AR AU SEA AR OB R BzE, A5\ il il 28 5 0E SR e ms,  FENL
U PRERR 2N 1.35+£0.32mm, “FHIERZISIME 74.2%, A5l 26 d 5% A8 R 67.5%. A KA 3D
ARSI [ R, R - FE S RA T BE AR L, PUTIRESR ERE R 0.82 +
0.21 mm, “FHIRZEHSIERF 163 NMES R, RIEHTIBIR G R 21.6 MES . FNA RS
WIERIER T CAD MBI PRE, MR T SCHR[2] 7 A& Ge s kK 7 S0 = 4 R 4R v P ARt 1) 1) 8, B i
AEs TAFmHR Y 5

2) 575 H [ E ST BHRHLES AT

SCHER[A1EERT 7S E B EEBTR VLR T e AR R 5 LS I 7T, 8 R AN R 20 205 [ ik
ZH, IRRZEIAR) 1.47 mm, BZE¥ SIS AR AR S R . ASCUE 5T DH 250%
SERUSENF R, 456 B AN RSB T A B, BUERE ERIR IR Tt RKIE & R S R A 2 A
BEGE T, FHRESSIMH 73.1%RTF £ 86.3%, 28 M &K i 66.8%2TH % 82.1%, 1R
AT EFE . [ E SHO R R .

3) 575 H KUKA W5 %4 5t b

A KUKA B AR B R A[3], %t BRI S AERLE 588 CAD BRI AR AL 00 RS BE
KIS, HAETEIA. FR THEERE s, hiinmsiaR G2 HIURHE N, BRI T4
M CAD BEHKI B . AL RGO HRICH/M = 4aRE A, K 3D MGt B B0 TS, fEdRbR i
ST IR Gk A E] 82.1%, WM T A MEBA R RE ), (A BEMLAE A A I T3 1
T A, FL A& T e R AR M

4) RS T 2R

SCHR[S)FR H, ARG e ZHHR T2 AR R 2K VOCs HEBSCE KRB R . A S om 4%
) 28 SR IR RN B S WS B R, A RO G IR R TR, IR GBI (R
HLAREE VOC RIS SO M5 M, 76 TRkl VOCs W & R ER[5], FeAMH

DOI: 10.12677/airr.2026.154101 1120 NILERESHLE AT


https://doi.org/10.12677/airr.2026.154101

) 55

IrESARME

LRE KBRS IUEIA VT[], BEARRGAERRRE: 55—, RGERAHHRY 3D REHHL
KERZEEE, e, MBIV, AaBEREEN, SEEmEmER. R ERET
B S5, TAREREE . BIESS XETCARAL I RGUR G, LN E 2L B IR, 175 22N T oA me,
XA BT JC A R R LA N AR SRR 28 =, A SOROHI P U A T TR I8 N\ T 5E
AR P EH 55 75 sREE B B A, e i R A T HL R, S MO A A S0 251

7. &hig

ASCEE RGN THHR S IUH B S BHR B SAAEIRCRIG REBSINEZ . K CAD BY, Ikl
PFERZEN B[ 1], SERT 2 M5 HENBHR LA NIRRT BT R 5 SRR IE . W& DS H B E
HUMUE AT AL« BEHAL 8 7 IR A N RS 3h ik, T DH S50 58 SV UE 2 3l 2 8, 454 3D s
WEEEFERSCHG CAD HEAY Ty a) SERE R AR s A4 g il 28 — Wi PR B 0L AR B0 N S B SR A
A, SRS . IREHR RIS, B TER RS PEE N T Z2SHR— M E AR 2] [4].

BT MRS R ML NFUBERER 3R 2208 0.82 £ 0.21 mm, “FIHIiR/ZHSIEIE 86.3%, S
T2 i 2 M BHR S A% 2N 82.1%. G5A 7 3 AT Lh o, MHECT SCHR[2] STHR[4]H % S BHERFEAL,
ARAGEPITANEE . WRETE. IHERCAE /1 EISBURIESR T Wb KUKA BSR4 [3], A
ARTETE CAD JEbR TAHENIg SR M REL A 28 H, ELAE AR AR EA, &AL /MRl Al . TR RS
M RIBR LR R . IR RZTH, &N SHORE G K T IRENR S S VOCs HFilG #46 Thlk
AT SRR SR I R[5

AHIFFE AN HT ARGy =5 T :

1) KM 3D FzBENES AR 2R PR S, SEHJE CAD BB B ERE LR, SRk T e aimiinin s
Xof YRR AR, F-TE T st AR Y LA R IE AL R

2) #EhA - PHEXUE BN BEREH R G, R T IUA R 1% S B ] e B AR B R
(6], SLIME AT TR L ZSBNZERANESMA, REEREEE5;

3) RABEHA T U IR AL, SR T 1 VU (L 3 i R BR ), AT [R] & A 2 P 2R [A) 5 = 4
HRHIE, HHRE T BHRNLEE AR 5.

AW FADAEAET AL 52 3D AR PR B A THeae e 59; TR XISk | 3258
BRAUTERR ;s AR R TR0 e . S AmHRyLes NIRRT 1], a8 5k =
TR — RS S AL B EE, BRI R GAE B A TS R IPL TR ) 29l A
5 I, SRS X IR TE 2 AR S R = R T R SO A UL A AR 4 sk R U
HE— BT BOE AR B, HEBIZ ISR A BRI LA N\ S T8 K [l 1) AR 75 M

S5k
(1] X%, S5, EIEW, W, B, S RRHLE A SCHEHORBT LR BRI, HUTRE 4, 2022, S8(7):
53-74.

[2] FFRUbKR, AAL, BRME, &, HTRZEEEE LS ABRUEIRITE ). YUKSHE, 2023, 51(15): 88-94.

[3] KUKA AG (2022) Automated Painting and Coating.
https://www.kuka.com/zh-tw/applications/coating-painting-bonding/painting-robot

[4] &, XFLAE BE e, T 00 TR 2 BARM B LA AR C T A RIT]. MU TFESEH, 2024, 60(1): 210-219.
[51 ENNfE, A0FE, T4k, . EA TR VOCs AR 12 58 VAR [T]. FEREERT A, 2023, 36(5): 866-874.

[6] BgE R, BB, M. SN0 E AR RN 35 62 X3 H SR ], Wil K =R (L E), 2017, 51(4): 792-
799+816.

DOI: 10.12677/airr.2026.154101 1121 NILERESHLE AT


https://doi.org/10.12677/airr.2026.154101
https://www.kuka.com/zh-tw/applications/coating-painting-bonding/painting-robot

	多角度自适应喷涂机器人设计与实现
	摘  要
	关键词
	Design and Implementation of a Multi-Angle Adaptive Spray Painting Robot
	Abstract
	Keywords
	1. 引言
	1.1. 环境感知研究现状与现存局限
	1.2. 轨迹规划研究现状与现存局限
	1.3. 喷涂自适应控制研究现状与现存局限
	1.4. 本文研究思路

	2. 机器人系统总体设计
	2.1. 系统组成
	2.2. 设计特点
	2.3. 核心硬件参数表

	3. 机械臂运动学建模
	3.1. 机械臂建模与坐标系
	3.2. 基于法向约束的等距轨迹生成算法

	4. 曲率–距离双输入自适应参数决策模型
	5. 硬件系统设计
	5.1. 机械结构
	5.2. 控制系统硬件架构
	5.3. 软件架构与实时数据流

	6. 实验验证与结果分析
	6.1. 实验方法与评价指标
	6.2. 实验结果与统计分析
	6.3. 讨论

	7. 结论
	参考文献

