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Fig.1 Schematic diagram of wheel belt grinding device and principle. (a) Cantilever component; (b) Rotation-revolution abrasive belt grinding device;

(c) Device working principle
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Fig.2 Schematic diagram of wheel belt grinding
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Fig.3 Attitude description of end effector
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Fig.4 Working principle of gravity compensation system
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Fig.5 Components of a gravity compensation system. (a) Gravity compensation control system of end-effector; (b) Hardware layout; (c) Host computer
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Fig.7 Schematic diagram of performance test experiment
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Tab.1 Comparison of output pressure during rotation

around the X-axis

RJ/(°) F1/N F2/N
0 19.75 19.75
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27 18.49 19.52
36 17.73 19.68
45 16.60 19.60
54 16.50 19.68
63 15.64 19.56
72 15.21 19.39
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Tab.2 Comparison of output pressure during rotation

around the Y-axis
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0 19.71 19.71
9 19.21 19.47
18 19.61 19.68
27 19.13 19.65
36 19.09 19.53
45 18.69 19.42
54 18.05 19.54
63 16.44 19.55
72 15.61 19.44
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Fig.8 Comparison of output pressure during rotation around the X-axis
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Fig.9 Comparison of output pressure during rotation around the Y-axis
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Fig.10 Schematic diagram of velocity analysis of the device
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Fig.11 Simulation results of removal function

4  FRALEEH E AN AR SEEIKE A HI in T

FEF AR RS RN SR A L ) SRR R AL, S T IR

UE A6 B I T2 A il B IR g 1, X ik Ak

(SiC) iy i AR AL BF (ZnS) AEBR T IEAT S I 5L 58 . 1F
%y 1A ) AT e A AT LR R R

2= —O.OOSSin(1%) (15)

x A BU(E VS 2 [0, 20] mm, y A9 HU(E 5 FE 2 (o,
20] mm, i T.J5 B BAE TE 52 gl an & 12 s .

. .
0
5
20
15
21
2 10
-
5
20
0 s 10 15 -5
0 Xx/mm

[ 12 AR IE % M Th
Fig.12 Ideal sine surface

JH GBS SmartWLI 61540k M #) 4 & 1, 4n
& 13 it 7R, Ra {H 4 0.168 pm, 2 i #5022

ek 3 pm KB G RIA DA, 3RS
4 0.28 MPa, by 28 3 B R 350 mmy/s, 12 H1 iR H
10 20 F B 1) 4 WA 8 10 08 2098, %o 0 s T T A 7T
HINTASIE . I a AR A RE - DRSS R an & 14

z/um

(=)

0 0.5 1.0 1.5 20 25 3.0

P13 BRACEERIIAFR IR
Fig.13 Initial surface profile of SiC

50

0

=50
100 . . . . . Ra 9.5.65 nm

0 0.5 1.0 1.5 20 25 3.0
x/mm

P 14 AR T T PR 3R T B
Fig.14 Surface profile of SiC after plane modification

z/nm

7R, Ra BN 9.565 nm,

LU TAETE I 04 Rk A ik SF- 11 >4 470 46 - 18 Jin T2 1
S% T, 32 B R 13 E O 0.28 MPa, b 2k o
K 350 mm/s, ¥ EIRCR T 1 ¢ 20 Fi BG4 WA 8 I A
W, 43 52K T 3 pm L1 A 4 WA DA 2 AR
WHATEIEINT. . TR B bR i /A, WnfEl 15
7R o 38 20 T B B 1) 5 A M A% 1 il B L
R A SO I T A ML 42 i) 4

20 10
15
g
g 10
=
0 0
0 5 10 15 20

x/mm

B 15 T EpRAT i

Fig.15 Distribution of machining removal allowance

X I TS 68 AR e S A, A7 4l A
BRAE X LG BRI B AN S BRFC B, S5 L anTE 16 s, 1E
5% 1 T B BN T PV ABN 1.414 um,

TR A AL B sk i 7 B A=K (16) R, AE
BRI S50 3 fis .

oo

oN
z/pm

EN

W
[\

20230471-8



i E ok A2

% 94 www.irla.cn % 52 %
® [ lacal profile Z= A +AY + By +Cy* + Dy (16)
M Measured profile R(1 + m)

.| G 17(a) iz, H Taylor Hobson PGI 1240 % 5§
- ASCGHAT ARSI, B8 Ak S A 3K T 9 TET TR 5% 25 AN 151 18 I,

0 VAT PV {H Y 8.4 um, Ra {7 0.492 um.
2t FEABTE S8 1 vh 5 AL Ak B AR BR 1 9 6 0 D0 £ 5
ol 4, R 8000#A AL A BE I L B £ 20 nm RLEE () — 41
A RES IR AT 00 T2, A FE R 40 v/min, ST
-6 o 5 . . o 0 b 7178 2N W 17(b) BioR B8 Ja B A B ARk 1 A
x/mm TE %6 8 5 40 i 1 TR 6 8 AR LU RICHE Uk 2 WY W R IR
Bl 16 1 T K4 PV AR 2.7 pm, SR H8 EOHLRE B2 0 5 PR, Ra (6
Fig.16 Inspection profile after machining s3] 10.2 nm, & 19 MEIEIN TS (AL AR If .

&3 MUK ESH

Tab.3 ZnS aspheric parameters
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Fig.17 Profile gauge inspection image. (a) Initial profile of aspheric ZnS surface; (b) Surface profile of aspheric ZnS after machining

z/um

0 10 20 30 40 50 60 70 80 90

X/mm
[ 18 BRACFEEERR I By T 1R 2 19 BIE )5 fs AL BEE ki
Fig.18 Surface error of ZnS aspherical surface Fig.19 Aspheric ZnS after machining
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Design of gravity compensation and machining process

for robotic belt grinding (invited)

Peng Jiyou', Guo Bing'’, Wang Shihui', Nie Huahai', Meng Bianbian', Zhao Qingliang', Zhao Huan*"

(1. Center for Precision Engineering, School of Mechatronics Engineering, Harbin Institute of Technology, Harbin 150001, China;
2. State Key Laboratory of Intelligent Manufacturing Equipment and Technology,
Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract:

Objective The application of complex surfaces in aerospace, optical engineering, shipbuilding, and other fields
is becoming increasingly widespread. The surface roughness of complex surface components directly affects their
performance, efficiency, and lifespan. Improving the surface quality of complex surface components has a
significant impact on enhancing their operational performance. The substantial demand for high-precision
machining imposes higher requirements on the surface accuracy and complexity of related optical elements. To
address the challenges in machining difficult optical elements, such as processing deep cavities and high steepness
optical components, this paper proposed a robot-assisted wheel abrasive belt grinding method. Additionally, a
gravity compensation system for the wheel abrasive belt grinding device was designed, and the constant force
loading and smooth control problems in robot-assisted wheel abrasive belt grinding under arbitrary processing

orientations were investigated.

Methods This paper proposed a robot-assisted wheel abrasive belt grinding method (Fig.1) and analyzed the
influence of the end effector's gravity component on the output pressure. A gravity compensation system for the
wheel abrasive belt grinding device was designed (Fig.4), and a physical prototype of the device was built (Fig.5).
The performance of the gravity compensation system was tested. Based on Hertz contact theory and Preston
equation, the removal function of the wheel abrasive belt grinding device was established (Fig.11). The
effectiveness of the device was validated through grinding experiments on a sinusoidal silicon carbide (SiC)

surface (Fig.16) and a zinc sulfide (ZnS) aspheric surface (Fig.19).

Results and Discussions Due to the influence of the gravity from the cantilever structure of the grinding device
itself, when the grinding tool undergoes changes in posture, the output pressure at the end of the grinding device's
contact wheel will experience noticeable variations. To address this, we established a model for the gravity
component of the cantilever and designed a gravity compensation system. During the operation of the gravity
compensation control system, real-time communication was established between the upper computer, attitude
sensor, and DA conversion module. The system received angle change signals from the attitude sensor and

processed the data using the gravity compensation algorithm. Subsequently, the system sent corresponding signals
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to the DA conversion module, triggering the electrical proportional valve to respond, control the current, and
output the compensated air pressure, thus achieving a stable control of the output pressure for the MQQTB10-10D
low-friction linear cylinder. The system was capable of achieving constant force control within the range of
0-63 N (Fig.6), with maximum pressure fluctuations less than 0.36 N. The response time of the gravity
compensation system was less than 300 ms, enabling constant force loading of the wheel abrasive belt grinding

tool under arbitrary postures.

Conclusions In this paper, a constant force loading system was established for the public-self-rotation wheel
abrasive belt grinding tool of the robot-assisted wheel abrasive belt grinding system. A gravity compensation
system based on attitude sensors was designed. The wheel belt grinding process was applied to both atmospheric
pressure sintered SiC and ZnS aspheric surfaces. For SiC, the Ra value decreased from 0.168 pm to 9.565 nm
after machining, resulting in a sinusoidal surface with a P} value of 1.414 um. As for ZnS aspheric, the Ra value
reduced from 0.492 um to 10.2 nm, and the PV value converged from 8.4 um to 2.7 pm after the grinding process.
This validated the processing stability of the wheel abrasive belt grinding tool and the rationality of the grinding
algorithm. The study can provide theoretical guidance for robot-assisted grinding of complex surface optical

elements and hold practical value in this field.

Key words: robot-assisted machining; ~ wheel abrasive belt grinding; gravity compensation;  removal

function;  silicon carbide curved surface;  zinc sulfide aspheric
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