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Abstract: Aimed at the high-precision milling and grinding problems of complex special-shaped optical
prisms, a special high-precision milling and grinding machine tool based on the HNC-808DiG numerical
control system was studied. The machine tool realized continuous milling and grinding of multiple surfaces

through the coordinated control of the cup wheel rotating around the Z-axis + controlled linear motion
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along the Z-axis and the workpiece rotating around the B-axis + controlled linear motion along the X-axis.
A non-concentric arc corner trajectory generation algorithm with a three-axis linkage controlled by a cus-
tom macro program was adopted to achieve the milling and grinding of smooth transition surfaces between
adjacent surfaces. The effectiveness and accuracy of the theoretical research were verified through milling
and grinding experiments on two typical complex special-shaped optical prisms: a pentaprism and a triangu-
lar prism. The experimental results show that: For the pentaprism, the dimensional error << 0. 02 mm,
angular error << 20. 5", and edge thickness difference << 0. 008 mm; For the triangular prism, the dimen-
sional error << 0. 03 mm, angular error << 26. 5", and edge thickness difference << 0. 012 mm. The transi-
tion arc corners exhibit good radius consistency and smooth continuous surfaces, meeting assembly require-
ments. The results demonstrate that the special prism milling and grinding machine developed in this paper
based on the HNC-808DiG standard CNC system can effectively solve the high-precision machining prob-
lems of complex special-shaped optical prisms, and provides a feasible engineering solution for the high-
precision milling and grinding of domestic complex special-shaped optical prisms.

Key words: complex special-shaped optical prism; cup wheel; three-axis linked milling and grinding;

non-concentric arc corner; trajectory modeling and verification
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Tab.1 KO optical glass mechanical performance parameters

Density/ Young Poisson'’s Knoop
(geem *)  modulus/GPa ratio hardness
2.52 81.30 0.209 610




% 12 3

WA J7 , 45 . 3L T HNC-808DIG 1 & 4= 3 I8 6 24 4% 4 L BE AL IR () F 5% 1859

End face

Side face

(a) BITZRDVEL
(a) Bow-shaped grinding wheel

63405
< >

A 2 1

z 120°430”

3 90°+30" 90°+30"
v| 3 5
A 4

.

o
A 4

(b) IS MAREEE N T2

(b) Pentagonal prism and manufacturing standards

(c) =Mefbtiti Je T2 hRiE

(c) Triangular prism and manufacturing standards

K2 wiEebit Sk s
Fig.2 Bow-shaped grinding wheel and finished prism

2.2 HEHEARGE
TR P BT 1 B B R VR JEE AR A 22 FELIN LAY
B 0 T B T b A b B LB T A I O

PRUE R i 22 30 T 2 2 B0B0R . o PRI B B
Tr &P 3(a) B IR EH Tl B 5 B S8 T
FF 058 s 1R e e 55, B il e 2 0 32 e JE AR
WEBE X, Z 3 A9 8% SRS T D RO AR . = dk
BB BEBE J7 AN IE 3(h) 7R, 43 A WAL : (1) IR
M =M G B30 HoAvad B[R] 1ot (R 4% B B I
Trg; () VG H, X, Z, B3 52 B 5T
LI

Side milling

\ J@

Workblank

>
B
| Finished product
() TR BRE

(a) Hexagonal prism milling and grinding

(2)Arc-shaped edge

(1)Side milling milling and grinding

| ‘ / Workblank 'N !
N Tl

B
AL
Complete side milling and grinding  Finished product|

(b) =tk MR RpE
(b) Trilateral prism milling and grinding

3 T MR = A BT B 1 Uy R i
Fig.3 Design of the milling and grinding schemes for

pentagonal prism and triangular prism mirrors

T B B A0 T B S L SR FH A P B HNC -
808DIG F &t N i 1Y i I 4= HIl I PR 46 4 G72, 3 i
W G P S B0 (E B AT 58 R B i TSR L X T
B 7R N 0 L g N i TN SR 7 = R
HNC-808DiIG & 4t N & 1) G02/GO03 #r #E 5] I 4



1860 b=

34 %

MR A O 58 U TR
2.3 tRAEREEMES G02/G03 K /IR 1% 17
PR AR UE G02/GO3 B IR AE &b 8 4 hn T, 7
MR % 5 X, Z 3l B 3 5 8 52 9L, 35 sh i
WA ACa) BT 7R o 858 T8 T 0N 19 030 Sk A 1 [
I, H ER TR 0 S I EE 1) 52 e, DA AN T R 5%
B BR L 5 B NHLE B R A 22 5. K4
(b) @5 b 5 Bk 15 Je 1) 9T 5 00 S T AH VT, B
SV L AT A R A TR, A
TOL, UG ERCE T 65 Ea, =R P
RTINS R 2 oV S (0 8 ) N IS G N
B HLR 22 52 W, 1 1A X 5 i 2k 7RI g
FO,Q, O i —FE i

0
I
1
EX
>
\ 4
(2) [5G+ E < L
(a) Arc interpolation command trajectory
Grinding belt
Grinding wheel
S TSET
\DPrism ‘Horizontal
O 4 center line
- 4
7/
\\// 3
ectangular
plane
©) ® ® @

(b) FREFAEA [ (L B O BERE B
(b) Milling defects of the prism at different positions
P4 GO2/GO3 i I8 9 A i 2 B B 38 I e s
Fig.4 G02/G03 standard circular interpolation instructions

for milling and grinding trajectories and defects

R B = AL BN A 52, SR A Solid-
Works JEAR #4745 B 43 Hr . B AL T OS50
SE NN e iR o I TR B SR A Tt
FEQ T B U2 S 22 0, e SR R I B A
MAEQ T AL B, U)W A, e ff 50
BA

UG AT UL, JE i 8 i 5 0 A8 AE 6L A ],
P GO2/GO3 [BI 94 b 5 4> 34 JC vk 52 3 s 1 15
SN AA BE S
2.4 $IE G T E R R I A BT R AR B i R BR

Fr i GO2/GO3 15 IR 47 #h 48 4> 78 i B 1 48 5%
PF T S LAV B A R IR R0 I AR S B i T %0
W, A T A Sy B0 g A AR A R B R T AR
TS T4 LA R AE R DD . ok, 32 R TR
BURPLARZE 48, & A H A 2 Fh ] R 4 | [l 5%
FEAL BB AT RE Ty, Tk SR B4 T % e 5 4y IX
B ST T PR I AR 2R 5 — b RE AE BLAT = il
KK 2 2% R T 5 B o 5 0B IS 1 T R o

BT BT R A SCHR T — B LURD 5 i 1]
R HEAE R R ISR SRS T AR L
AR SC T ST B BB AR AE LR = A i AT T
it

(1) T3k & E T8 b A& 5 G02/GO03 [ K
IR\ TRl S R (A 2 N VO S e W E vl |
JE 5 A SCT5 ¥ 2R I S BB #3486 PR T
U, T A A A B R R R YRR A

(2) 75 7] B35 Be J5 1, 1% 58 07 i oK % JE Wi B
056 0 JUAR AL 46 56 2 5 T A S 7 ¥ 7E AR o 72 o
SIAKE 6 JUART 29 5k, DT o8 203008 25 38 5 S B 1
HLER A — B

(3) 72 TAERCR Tr 1, A% 52 )7 Bl o i B
2R B DR I BRI, 7% 2 0GE T ROR AR,
L I S T B — 5 T A S U A T
KRAFTIHE T AR Z 18] /A X078 OC &R, R
ZAL GBS R T TES 8| T — Ik
Bk Y ROR T, AT LG ok R A A A AR
TE A 2 v o

33k M IR A A Ak R A
3

18 I L 5 AR e vt (B il ) A



% 12 3

WA J7 , 45 . 3L T HNC-808DIG 1 & 4= 3 I8 6 24 4% 4 L BE AL IR () F 5% 1861

S 10 (B9, AT 2ok [ b 6 0 B B e
S O K e A N TN B I R 2 DTN N
AW E T L A AR AR 2 BOIR O AN 6]
B AR RO B, i T G0k B A 2% o Xk, T
W 52 2 U T ¥ 43 kg BB B 9 AT Ak B S ) ST
FLBCAE )0 BN 60 BE B Rl A A R i R A
VEAT B 4L A, B AT 52 B 22 B Al R] 0 [ 98 A2 2% A
T A A5 88 T o AR S AR DL I = b AR B Ok
FEXT G, T AR ()0 [ 9K AR 050 B B AR
3.1 ITHARETHHNTLARES
ERARE T i E R E I B RO
N SHUR BRI h O EA . E S PR, DR s
O HEST T AR AR AR R 2oz, 24480 85 3] [B 9IAT & 47 &
b, 0 B BE SR HLIR B #llie % — 5 ff1 BE 0 ] B 7 AL
PR AR bR 2 X il 5h— 2 B B, B8 3h )5 A9 T 44 A A
RICHN 2,00,2,0

IS B ARBE I i A rh R B b e o7 B G &

Fig.5 Positional relationship between the prism and the

grinding wheel during the arc milling process

B8 B N AE AR A A 2R T 1Y B0 A
H (2, z) SRR AR N r BB B R 20 AR B e
N 2w, Al 15 .
{Il—l_r . (1)
L=w—r

W] 15 AT 5 — AR AR G, ) oA

m=rsinld + x,

(2)

n=rcosl+ z,
BEPE RTE L 0,d, DT FE R

xcotd —z—mcotd+n=0. (3)
R B B iR e A, (D)~ (3)

AR 0, B HL b,d, I 0,d,°H

| —mcotd+ n|
()Md,,:—:
Veot’d+ 1
‘*ZcotﬁerJrr(cotﬁ*l)‘ (1)
Veot?d+ 1 .
WO 56 BE IS I I VI 26 a0, DT R R
rtanf +z— mtand — n= 0. (5)

MG G B BB s A5, (D) K (2)
(5 ATHF 0, B HELL b,c, B EIEE 0,0, 4
‘*Ztanﬁf w+ r(1+tand — secﬁ)‘

Jtan’0+ 1

01,C —

(6)
A (4) K (6) KRG TR R THLUK X, Z
b B 3 e e e % B S L R O R AN

Ba(o<e<’;)

7‘*Zcot6+w+r(cot€* 1)‘

Olndn_
Veot?d+ 1
‘*Ztanﬁf‘err(lJrtanﬁfsecﬁ)‘
01,C, —
Vtan’d + 1

(7)

3.2 ARRTHREHITERIENX

FENLIR A b5 2, TCe b 58 W Z il {42
B, BE B o T 46 AT AT T Xl 3k BP 46 v T 6,
Y Ry BRI A, TEALIR AL A5 & b XOh Y A A 6 X, 1R
LORAR . BT I8 T A bR R 4 i Y BE R
o R FE AR BN LR A bR 2 L 45 BIALR X5l A pr ) A2
R .

TENUR bR R rh, HE b,d, il o 5 X, 38
T X EL . K, TSR R A o, B H &
b,d, WM LA m d, EHLR bR R IR A S X,
A

B8 0, X, Ry B A4 XA A5 )5 1 1 AR A5
B H LR AN, C0R, 0,d=
0, X, Wl o, A0 T X, A0, LR A bR &R X il Ak
s X=X, +0,X,; 4 COW,0,d,=—0,X,, Ik
W o, A7 T X, 26 M, X il Ak b 6] FE O X=X, +
0,X,; % C=00},0,d,=0, M X=X,. HILAE,
HLIR A2 45 2N Xl A R 8 — 3RoR o X=X, +
01, X0

TSR RT A 0, 8] L4 b,c, IR 2



1862 e K TR

34 %

H oy, MR B B LR R A B0 A S, 2 >
0,n=>0F160=>0, 0] 1% C<<0, B & w4 XHE )5
HIFER N Z,E W 0,,0c,=—Z,E . bR BEE 78
HLIRAE bR R T Z8hAsbRich 2, , XZ 38 SN E. 1
TRBE O R AR XA 3 LR AL bR R TR 5
ot ZH A s Z AR FEARAE o B, TR o,,¢, B 4
MHLRALFR R T W) Z8hAL bR, 2R Z=2Z. —0,,c,=
Z+ZE.,

X T B, BeE R T 1Y 0 o 3 B R A LA
L5197 R 7 N v s W S R S
0.

g bl A g S ok R b, DL B e % AR
JE 0 HZS & HLR AR AR & T XA Z b i % 4
KEN:

B=6'<O<6<72T>

—/lcotf+ w+r(cotd—1)

X=X, +

Veot?d+ 1
J—7 4 —/tan @ —w+ r(1+tand — secd)
Vitan®0 + 1
(8)
UAEER

B=—0(0<0<n/2)

X=X, +(w—7r)sin0+(r—1[)cosg . (9)

Z=Z,—r+(r—1{)sinf0+(r—w)cosd

AR [ 5 SIR A 20 30 A A5 A I B AR
AR A ST o P B S BRI T v R R g 1 A
T Bl B B 4B, T 3l A 7 AR A B 9 S PR J8 b
2 0 e i T S R R AZ EBEE N E Z 5 H AR
8, LR B LA, BT AT R
R BB AR /DN 2 A T T N B A A A
SER RO ETIE N, CRUE B B AR AE D A A
Az i JE A 9 343
3.3 BENAHTERStE L IIE
BT B B Bl B T S MATLAB

P 5 E = Ak 3h T A8 sh B . o O R B B
B RS S50 b B R 8 fT  2/=35 mm &
2w=50 mm, A4 r=8 mm( UL 2(¢c)) . %I
A B 8 9 B A AR AR X, =86. 682 mm, X, Z #il
B A2 5 AL bR R (132, 682,85, 593)mm ., A T B4
[ SIFR BRI B LR S U A TR Y AR X, Z il B
Bl sl B ARG LR AN 1 6 (a) i s . MAT-

LAB {5 FLZ5 5L 32 B 4 5% v o0 76 Xl 1 19 A b Bill
Bl 3 ffy B PR 38 6K 5 B0 6 AE Z Bl b A A bR B
Bl 2 ff B el G B RS 200 P
B AN 28 A A b 5 WL R 6 S ) e 5 1 0 0 o
T A i o7 B — B, E I B2 A R T 1

T S PR A E E AEK O  ER 9 i
AR B IO A SR A o F BRI 4 AT AT AT A AR R
S AR B B I AR v e B 1 B A O A Ao A X
T5E — A B 9N A 30 B A e T 907, AR R e B
AR KA. B, A 58 B — W R 9N
BEEE |, 3840 20> 2w TR AL B B ) SE 3
e A A 40 15 I A A 4 B O A [ ST A 1) B s 2ol 3
mE 6(b) s . Bz, X, 24k FrbE B Y e
1 EE L 90" Ay (1] s 22 Jil 393 P A8 £k 5 2 il A1 b 7 AH AT
[ SIR Ff 6 B 1), 7 R AR 4 SR Ak

110

— X-axis
- - = Z-axis

100 r

90 ¢

80 r

X/Z value/mm

70 +

60 B -4

50 : . . >
-100 -80 -60 -40 -20 0
B-axis angle/(°)
(a) BRI A TR ELL
(a) An arc-shaped milling and grinding path

103 —X-axis
100+ i
95/ Z-axis

90+
85+
80+
75
70+
65+
60+

X/Z value/mm

55 T I L
-400 -350 -300 -250 -200 -150 -100 -50 0
B-axis angle/(°)
(b) PO 5T B ELE
(b) Four arc-shaped milling and grinding path

P 6 Bt 83 9 Ay o P2 v X/ 2 Pl I B e e vy 90030 i 2
Fig.6 Trajectory curve of the X/Z axes rotating around

the B axis during the milling of the arc angle



% 12 3

WA J7 , 45 . 3L T HNC-808DIG 1 & 4= 3 I8 6 24 4% 4 L BE AL IR () F 5% 1863

3.4 ENANENEE . EESMEEELE N
S
3041 ALFE(C)if L5
b 5 I I A % B o0 S L T B AT 00 300 B
(LK OHO,@,© 5O &), Ii BHE,
Zhig b AR XOh AT i 25 0B Bl s 3 B
SERUG BRI AT T — BN BEE . o T # 6
(b)) DL Bl fa BEAE S B A s XF X, Z %l Ak bn 47
FEIREF N [F] 0 B BOS I 1Y 1 Bl 2 1 B
A, TR th 2 ik 2 B ks T A
T T A AR AL T B o Be HE RS A5 L
A 52 bR 23 [R50 09 AN 3% 25 o
3.04.2 #E(C) L pmik B (C*)E L5 H
g ¥ ik — 20 g A B AR AR BE S A5 Al CT
CHAR Ak i 22, 20 (9) X I [R] 249 01 ok — By S 40
T B, AT A B O AR BE R B X, Z % C AR R
A
vi=—w(0<<0<n/2)
vX:w[(w*r)cosﬁf(r*Z)sin@], (10)
vzzw[(r—Z)Cosﬁ—(r—w)sinﬁ}
C AT L Hy -
aHZ*a(O<0<7T/2)
axza[(w*r)cosﬁf(rfl)sinﬁ}Jr
wz[(r*‘w)sin@*(r*l)cosﬁ} C(11D)
azza[(r—Z)cos@—(r—w)sin@]-i—
wz[(lfr)sinﬁf(r*w)cosﬂ
Y Bl R FH A O A o R R R
AR a=0, W1 ATk — 204k i R -
ay=0(0<0<n/2)
al‘:wz[(r*w)sinﬁf(r*l)cos@](12)

aZ=w2[(l*r)sin<9*(r*w)cosﬁ}

HR A 2 (10) 550 (12) f 02 3 B 55 3 B 34
5 B BB G, O T4 b B AR AR A
FE R R 7 22 MR 2 A AT HE R K Bl A Y
H— b Ab B Ry % B 1, 32 F MATLAB 7] 23 il
X, Z b B % 28 AL B0 i 7 B OR o

M & 7 0] LA, B S e ST LY
i A e (R A e U 2 TR B e (L 7
t—90°, — 180°, — 270°, — 360°f & ) , tH T 15 3l
P A8 5 B B3 E R S8V B
PR SR, X, Z i B S T B A 4y B

AR PSR AE 4

i —2 ), X (10) 5RA(12) 77 1% ,C' 5 C?
(1 58 1k 43 ) 5 Bl A R 0 RS kG
R, HRANIE L0 IR B, i, AT 7R
AR I R AN TN A R O R A U A A e C
5COMRAE,

X/Z value/(mm-s™)

.
B e TR s
-,
.
e i o . e e e o
7

— X-axis %
-15¢ - - - Z-axis

220 . . . . . . ;
-400 -350 -300 -250 -200 -150 -100 -50 0
B-axis angle/(°)
(a) AN 5L

(a) Situation of speed changes

—X-axis
[ - --Z-axis

X/Z value/(mm-s?)

2 . . . . . . .
-400 -350 -300 -250 -200 -150 -100 -50 0
B-axis angle/(°)

(b) Jnd BEARALAE L
(b) Variation of acceleration
PR 7 e EAE RN I X/ Z Tl S n R B B R e £ AR A
15
Fig. 7 Variation of X/Z axis speed and acceleration with
respect to the B axis rotation angle during con-

stant-speed interpolation
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Fig. 10 Influence of the selection position of the milling

belt on the width
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Fig. 11 Simplification and equivalent substitution of the

milling and grinding area of the grinding wheel
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Fig. 12 Two methods of forming arc-shaped corners
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Tab.2 Volume of material removed by the two molding

methods under different rotation angles of the B

axis (mm?®)
Material removal Material removal
Angle Angle
. volume . volume
/(%) /(%)
a b a b
—5 5.126 0.195 —50 24.178 19.557
—10 10.128 0.945 —55  24.357 21.026
—15 14.615  2.566 —60 24.457 22.215
—20 18.021 5.461 —65 24.504 23.135
—25 20.174 8.754 —70 24.534 23.785
—30 21.656 11.244 | —75 24.542 24.215
—35 22.697 13.616 | —80 24.546 24.447
—40 23.409 15.824 | —85 24.549 24.530
—45  23.880 17.816 | —90  24.550 24.550

30 + a Forming process
‘£25 i e - b Forming process
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Fig. 13 Remove the fit of volume and B-axis rotation angle
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Fig. 15 A laser interferometer measures the positioning

accuracy of the X-axis of the machine tool
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Fig. 16 Initial accuracy measurement result of the X-axis
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Tab.3 X-axis error compensation value  (mm)
Serial . Positive Negative
Location o o
number direction direction
1 10 0.001 0. 000
2 20 0.001 0. 000
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Fig. 17 X-axis accuracy calibration results
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Fig. 18 Laser interferometer measures the positioning ac-

curacy of the Z-axis of the machine tool

I i 25 B0 19 BT R, Z il 25 38 Bl
—10. 6~4 pm, EAAFEE N — 10. 6 pm(=>£5 pm),
ARGk B I H W SEATE 55 1 BOR , HE E AR R
2.894 pm, f @ R . ZHHRZE R UFIE,

-l 10

—e-2(+) ~+-2()
~3(H < 30) A

(=2}

(=

Error/um
>

—
S

0 10 20 30 40 50 60 70 80
Z-axis target position/mm

P19 Z b ih s R i 45 2

Fig. 19 Initial accuracy measurement result of the Z-axis
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Tab.4 Z-axis error compensation value  (mm)

Serial ) Positive Negative

number Focation direction direction
0 0 0.001 0. 000
1 5 0.003 0.002
2 10 0.003 0.002
3 15 0. 006 0. 005
4 20 0. 006 0. 004
5 25 0. 004 0.001
6 30 0.008 0.008
7 35 0. 004 0.003
8 40 0. 006 0. 004
9 45 0. 006 0. 007
10 50 0.002 0.001
11 55 0. 006 0. 005
12 60 0. 000 —0.001
13 65 0.002 0. 000
14 70 0. 004 0.003
15 75 —0.003 —0.004
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Fig. 20 Z-axis accuracy calibration results

B ARG BE o WP 21 B R A 0 T A b
Bk 22T B A, 171 gy 1w (5 Bk s A A e (5 Bk
ZhIAE S pm KL, K- BEBO6 L [ B, 450
A, E A AR 3 U, B I 30° A B I AT R AT 2
giit.

Photoelectric
auto-collimatorfi#s

Regular
M icosahedron

K21 o A E AT BB E LR
Fig. 21 Measurement of B-axis positioning accuracy us-

ing photoelectric self-aligning instrument
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Fig. 22 Initial accuracy measurement result of the B-axis
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Fig. 23 B-axis accuracy calibration results
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Fig. 25 Prism after milling and grinding-physical image
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Tab.6 Measurement results of the dimensions of the five-sided prism after milling and grinding

Project 1# 2% 3% 44
/5-1 90°5. 5" 90°15. 5" 89°59'41. 9" 89°59'51. 0"
Z1-2 120%6. 6" 120°7. 6" 120°17. 0" 120°12. 9"
£2-3 89°59'41. 4" 89°59'51. 5" 90°20. 5" 89°59'45. 4"
Upper chord width/mm 66. 322 66. 322 66. 328 66. 320
Lower chord width/mm 66. 330 66. 330 66. 334 66. 320

ReFmgs e 7 g . e TR0 R )
M KR 220 0,03 mm<< f2 i iR 22 0. 05 mm;

JIT A A 8 R e KR 22 O 26. 5" <" e iR iR
22 30" BT A AR MR 22 e RAEM 0. 012 mm<< 2

R BEENZ=ZAEEERTUELER

Tab.7 Measurement results of the dimensions of the triangular prism after milling and grinding

Project 1# 2% 3% 44
£1-2 89°59'45. 3" 90°18. 2" 89°59'52. 7" 90°1. 8"
/2-3 44°59'58. 5" 44°59'33. 5" 45°2.7" 45°9. 3"
/3-1 45°19. 0" 44°59'54. 0" 45°4. 2" 44°59'51. 3"
Upper chord width/mm 24.970 24.990 25.000 25.000
Lower chord width/mm 24.982 24. 980 24.996 24.990

r/mm 8 8 8 8
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