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Fig.1 Schematic diagram of forward

kinematics
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Fig.2 Mirror milling constraints



A
COVER STORY iﬂ‘ﬁx?‘

P, AT LUK 14) 3o
kot

|:r0w [row
271 - _ ™1
0 0

k,=+1,k,= %1

I

[ S

k€9 0. krée 0 Tor,
:elgrlrleZH,ZrZ s

0

(17)
Ao, el (R F T 5L TAE & e
3 AL I T 0% AR 6T
3T 7 JEL I R T 5 U A 0
ey Fky BUE K +1 53 —1, S T
i 1 RS i 2 e ) LB Bk
R RAE TR FE L
i 13 Paden—Kahan T~ [n) &5 1 f1I
2 kAR (17) 155 0, F1 0,0 (IfRHT
fi Ui g 5L R S e, 30(17)
B2

ek,g},” -0y 'r(,zwl =c= ekzgﬁrzgrz . ogty
(18)
RS ¢ FEELTT R
=00, +fo,+y(w, X 0,) (19)
. @o)ou-e)y (@) v-ou
ENES (@ w,) -1 @)1
_, [TulF-a"-g-2ap0]0, A
y=s lowarlp 7 EHH

EfS R TR AT REAEAE 2 M
1A EH TR G DL, u=r,
Fopw;™ Toywo

SR SIS ¢ L R (18)
;{i}%ﬁrﬂg 0% y=c yall o =
¢, v JH| Paden—Kahan F [1] #% 1 3K fi#
0., f6,N

0=k, x atan2[w}(z, x V'), z,"V'],

212 V=

Zi=z—w,(®)2), V=v—0,(0}V)

0=k, x atan2[w5(u' x zb), u''z}],
. T — T
Z5=2— ,(,2) , u'=u—w,(w,u)
(20)

TE5E BUERE SR A I , b —2 11
BHEHAR X, Y, Z, iadhe, RiE
iz g ERE R (14) 40 B [ i
YIS

HE
1 1 0

- g“”’lwz (0)[ gfw2 (0)] - e “Elrlrm e ~60, 002

1 0 0 kx
0 1 0 kyyZ eéﬁnleﬂl eéﬁnzgﬂz
0 0 1 k.z,
0 0 0 1
er‘z
[ £.,0)] | (21)

K, 0, F1 6, & Tz sk 5%
Wiz sh i, 0, M0, 2] Bz 5
HE FRRI . kL k, A0 k. AT LA
B+ 1, X BT B4R il 12 sl v
ML E . 7 HEMTEIR S F 200, k
HHL -1 ; A EHLZMERT F 25, k
{EH+1,

X 21) EHEER A v LIS 3 B
LRI IE B F % [x,, 5. 2,,0]" K

|:rp1W1:| _ d.|:r°1W1:|
1 0

= gW]W2 (0)[gfw2 (0)] B e 7§Hrw]9m11 e 7§H'W29rwz

k x,
) ) 7 k,
esfﬂr“gnl eff'*nze”z[gﬂz (Oﬂ [ e :|+ }y 2
11| k.z,
0
(22)
k x,
k,y : é
P2 g gt [ &, )]
k.z,
0

(80,0, )] “( {r”‘w‘] - d-[n‘“})
1 0

_ e§e,.,9n1e§gnzonz[ 0 J o, (23 )
gftz( ) |

BES T Ak

22 BEMIHE B S EHRE

TEBT BN T R v, S
(5 LA REAS i T4 A 5 i o 5k
Y, LA DR BT 1500 T v 1 P FORS
JEE, SR AE AN i A vh ey TS
PEHT, AR AN AT e B )™ A — 7
JEARIE , i 3 B2 A5 T 400 i ik o O
B R TR B FR L RGRE.
W, 5 X L FE AT I, i
BT L R, PRAEJT R - T -
SCHERR T L BRI T 25, Q& 3
PR

4 S e ) iR B s B 5
P i R t)=(P(1,),P.(4),P.(1),
0, (1), 0, (1), O, ()" i}, i T
TS, P/ RAR, (£)= (P, (1),
P, (t,),P. (1,),0,(t),0),(t,),
O, (1)) R SBRSCEENLE, I T
SR SCEAN BB R P S LAPRIESE
B S

P (t)+A, 0,(t)+A,
[rl/lzwl r(,’2W1:|
ool
1 0

= gwltz (ewzl 76w22 T ’0W2n ’012] ’0122 T ’etzm)

|:rP2‘2 r“z‘z}
1 0

FIHRC15)~ (22) 39 1 K fie
(24) 155 P/ 528 [R5 26T 1 1Y
SCHEMz s AR bR M (1) =[x5 (1),
Vo (1), 2 (), 0y (1), 0, (1)]",
P} 1R I8 Sl AL bR A

P 1)+, 0,(t)+A,
Pzz([i)+ APZZ Okz ([i)+ Aokz

(24)

B3 R ITHEE S

Fig.3 Automatic adjustment of mirror milling trajectory

20244E 55678 710 - piAT RIS EIA 31



s L
%‘TEIE—'— COVER STORY

0,,=k, x atan2[w,(z} x V'), z{"V'],

=z —w,(012), V=v-0 @)

0., =k, x atan2[wy(u' x z3), u'"'z4],
2=z —w,(032), u'=t—w,(wiu)
(25)
k.x,
kyy; _ eggngmz eéa,w,ﬂrwl
k.z)
0

[ 6,(0)] [gw(on*[r”;w'}

£0,00m1 ,£0,,0m0 Trats (26)
— "'l g0 [gﬁz(())] .

AEME Zh s
AM(8) =M(t,) —M(t)

(27)

EGEEE DA &2 PIRAS
Jo BT SR EI” IR OCER AR
TR B I TN Iz 8L Q) K,
X RN ANz sl il Asds o My ()=
(X)), 2108, 0, (1,0, (1))

3 HMEEEMRERIG AN T3 08E

NS AN T S — e
L S AR A FME R TR 4 i
FIFHA B A AT 0T ] ) 5000 il B
G T UEA T 0 Tk g8 56 0E . B8
G T4 4 s, H AR
UST AT T Yo ok A 254 , PR DU B
3,8 MR 5k X, L Y, Z,. B,
MX,. Y, Z, By, if X, Y, Z,, B,
BRI TN BB AR, X, Y

B4 BHEMITEE

Fig.4 Mirror milling system

(a) Hi—J1%ak

0.05
0.04
=)
g 0.03
N 0.02
0.01

20 40 —60—30
60 30 _20—40

(e) SH—TIEP AL

(b) H =TIk

(f) 25 =TI AE

5 g ‘X - SEE UT RISIRE

Z, . By R ST B SR i
I A% B B A SR i A, 43 AR
ff BB B 2.2 797 ) EAT AR
TEAME IR HEAT A TE AR MEL1E DA T
BRI, A BE AROR SF A 1000 mm x
750 mm x 5 mm, 1% 2FE4% K 4000
mm, ¥R 7075 8844, I T4y
BE B 5R(1.5+0.1) mm. £ ] i
o RigelScan Pro FH520 =4k
AL CORS FE A 0.03 mm ) 0 & T4 1]
Y FRAT S FEN S o 181 78 2 BB
P 1 55 = A 5 A Design X 444
T[] AL, R UG 37 TAFSEFrts
RUFEAE BN TAMEIAE | 8 2o 57 0 B
1§ SCAE — BRI Bl IR AR A B
SEHEERID B T AN -5 ) S 4%
B IR AT B S - BRI P,
BT AR T 28 S 4 Sk AL I T
SRR T8, s 5 B
TN o MM T8 R AR5 T 5%
RS, ok H 2 1 Fh i T 2 80k
AT T, 3 H R A S5 4 R AR IR FA
BARE TG a8 ), TR EAR 10
mm, B2 JiE i 30°~45°, S R 3
2 LA GER S, SO K B R
B0 7 45, Wil ER 4 30 mm, 52

T A

(g) HE=J1BHE

Fig.5 Support-milling path and trimming volume of grid

32 Wi HEREA - 202445 5678 5571



A
COVER STORY i,j‘ mi I$‘

PESRER A 4 51 2 104 mm F1 126
mm, AT 5 A T4 3 m an &l 6 pr
No

& H Innerspec i# 7 I JE AL (K
B4 0.02 mm ) I &0 TS A A
AYREJEL, HEAR I & 9 A e, B AU
SO 3 U, BT SRR by 6 s BE
JE& A5 AR TR A& 8 AR 4 AR TR &
PRI R mFE 2 f 3 Uras, T

x1

1 ) A B JEE AN TSR (1.5+0.1)
mm, i A5 JE & I8 BE JEL ) & 45 2R
J3(1.5+0.07 ) mm, 5 2% 4 0.012
mm 5 A AR T 8 R 2 45 RN
(1.5+0.11 )mm, ##fE2E R 0.026 mm,
SERFI ARSI MBS T “ 3%
FE—BEH” ST A B AV E I8 7
AT DA e L TR, HLRE

BHEMISH

Table 1 Machining parameters for mirror milling

7 bt R BORBNRUIGE /| BHE | Bk SET

(remin') | (mm-* min") mm mm (mm-z") N
F—T] 5000 600 L5 2 0.04 100
£y 5000 600 1.5 2 0.04 100
=] 5000 300 0.5 2 0.02 100

AT B AN AR L 4
B 6 mnILiEMigRm
Fig.6 Machined surface of grid
x2 FEATREANIGRKEZEMNSSER
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Research on Kinematic Modeling and Automatic Trajectory Adjustment for
Mirror Milling Based on Screw Theory
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[ABSTRACT]

To solve the problem of datum failure caused by deformation of workpieces during mirror milling,

a kinematic model of wall thicknesses for mirror milling based on screw theory was established. Considering

comprehensively of parts machining requirements and mirror milling constraints, a “support-milling” trajectory generation

method was proposed. Meanwhile, a supporting trajectory adjustment model for deformation compensation was developed.

Then automatic trimming of the “support-milling” trajectory for mirror milling was realized. The results of the verification

experiments on the grid mirror milling of thin-walled parts show that the “support-milling” trajectory generation and

automatic adjustment method for mirror milling can meet the requirements of the wall thickness for mirror milling.

Keywords: Mirror milling; Kinematic model; Trajectory adjustment; Thin-walled parts; Measure—machining integration
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