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Abstract: To meet the precision requirements for full-stroke, multi-parameter composite measurement of rolling linear guides in ultra-
precision machining, this paper investigates a geometric error compensation method for guide rail contours based on fused line-structured
light sensing technology. To address the distortion in measurement data caused by the coupling of feed-axis straightness errors and sensor
installation deviations, a unified mathematical model incorporating three-dimensional position error, attitude error, and sensor three-axis
installation deviation is established based on multi-body system theory. The feed axis is treated as the "moving body" and the sensor as
the "end effector," and the nonlinear coupling mechanism of various errors is clarified. An error identification method using a quadrant
detector and a linear laser sensor is designed. Feed-axis position and attitude errors are separated through quadratic polynomial fitting,
and sensor installation deviation angles are extracted based on geometric projection relationships. A joint compensation matrix is then
constructed to correct and compensate the measurement coordinate system. An experimental platform for the guide rail geometric contour
instrument is established. Straightness error identification is verified over an 800 mm stroke, and sensor installation deviation is validated
within a 0. 5°~2. 0° deflection range. Identification errors for both methods are below 3.5% , confirming the accuracy of the proposed

method for guide rail contour measurement. Comparative experiments under no compensation, single-error compensation, and joint
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compensation scenarios demonstrate that, after joint compensation, the average deviation of guide rail profile measurement decreases from

6.229 pm to 2. 301 pm, with the mean deviation reduced by 36. 9% ,

the standard deviation by 22. 8% , and the maximum deviation by

20. 8% . Full-stroke measurement accuracy is significantly improved, verifying the effectiveness of the multi-body system error model and

the joint compensation matrix. The proposed method provides a theoretical and technical foundation for high-precision inspection of ultra-

precision machining equipment.

Keywords : guide rail profile; straightness error; installation error; line structured light measurement
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Fig. 1 Guide rail profile measuring platform
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Fig.2 Definition of coordinate system of measurement system

1.2 HAEWMELXERENE SRR
K 2 il ) LR P DR IE I il D9 o B R 22 IS AN IR
P , 3 A [ o A e (9 S PR R (6 2
LB 2 MUY XY H Z Bl 3% 25 Ax Ay Fil
Az, Jorfr A A Ay J3 90 D R 1) RV [f) ELZR R IR 22,
He 5 W A5 S 28 22 LR BE 5 Az SRR 7 1] DL RS 1R 22 |

K5OG (B A5 JFT-10B-1740C3, 43 #% 0. 01 pm) 52
ke Mz, R R A B, 7 B IR 22 R
S AT e A 0 e A Pl AR A U A
Ax=5 pum B[] — R AT P 19S5 200 58 D30 00 A i A e
275 wm R GEIRE %R 75 5 5 S A8 AR &
PAR G T

R IRZEWGRAEZ Sl e w22 , 8 R SE X, i
BRI AR o ZR Y, A2 f B 2R Z, i B f y o &
AU 2 3 1o AU SR DN By 1 S A B, AnREAT A
oAy, R, 51 AR ARARIRZE Ay, =1 - tana, L
WA ERITENE DS B R E w2, Wi
fi BRI, 2 X, BARY, BIABE 0] AL bRIR 25 Ax, =
[ - tanB, FET RN B 00 HER R, X587, Sl RHUR
Ay, B TSz s A8 i, R B R HE 25
T2 (8] 7 ), JEE 52 i AT 3 G S5 S H AR SRR AR 2
1y [ERAE , A AN P B AR

T Bl B A R 2200 o XY A B R
LR A 2 LR 2%, b ( EIREHE T, =

[Ax Ay 1]"EERERMER,,, L V-X" B ITF
BIT /MEER R (o, B << 1) FZAMEE B TCI5 /N,
1 0 B
R,.=|0 1 -a (1
-B « 1
g e 2 Tty DA LR 57 228 380 S oy 228 ) AL 4 i I
1 0 B A«
R, T.. 0 1 -a Ay
Trcm:l: . :'Z 3 (2)
0 1 B o 1 0
0o 0 O 1

1.3 RESRERENEXSEE

1B IRAF LR ZEAR T LRI R O - XY Z!
X TFHARARFRR 0. - X Y.Z 500 %, HiESH
T S 2D 1 i S ER S R Ak, WE T S A $ A
WAAR % Ik B AR 2 e i, JHC ) o b 4k (O S
M) WMS5eRABIRR Y ES, P TR, 5
LR WO A T BT ARG Oy ), AR AR R
SHALNGEX Y, M Z, = A WA o« IR B R
Ay

AR REEAE 3 B, il o TRIEIRER5E
FIE X, liess S BO0CERAE Y, - Z, P IR, 5
IR IR TE B 5 AN 152 W 2, 5 TR 0 R e 1 AN T TS
17, WA 3(b) FT7R ., fmff B/ 1RG5 H & vV, ThiEs:
SHEOGHOCBS R Z, WA R EoBZe E A AR
FESEA 7 PR AR E AR 2 W 3(e) B, Tifa y' 151%
ARG A T 7, e FEGMOERAE X, - Y, i I
RE, SE R T I RS A 3(d) BT,



214 %A X

x B47%

(b) Ao
(b) Deflection angle o

(d) fRfay
(d) Deflection angle y'

(a) ¥IHAL B

(a) Initial position

(o) RSP
(c) Deflection angle /'

K3 e s IR

Fig.3 Schematic diagram of installation deflection angle
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Fig.4 Four-quadrant detector

VU4 BRI 25 [ 2 T F 25 - & i v, BT 65 7 2P is
8l AR R SRR 0, - X, Y, Z,, 3% GBErh
OAEBR (5,0, Y ) ELHE ST WEIE 25 I TE 42 Jy AL bR 2R T 1 55
IR S o HIOGHE B AR SR BRI A% [ & 2 PR 5
HIH RS U, SBERE R ARG, St (55 b 35 T
BoepErfue g, B,
U, +U, - (U, +U,y)

U, +U, + U, + U,

UA +UU _(UB +Uc)

Yol 2) =k U v,
s w,,, Ay, JCBEF AL kA R 2, & R A
g iRy v

xqu(zl.) =k
(7)




24

FHFR] A T A B I ) 22 PR 22 S M T R S 215

BRI 25 Bl 7E 2% >R FF A3 Y 1 )/ 3 1) A B8 )7 51
{w,0(2)  y,u(z) |, R W 2 W40 A i 7% ) 91
ST BRI S ARG AT, B

xqu(z) =a, +az+ a222 +e,
(8)

yqu(z) =b, +bz+ bzz2 +e,

A R I a, = Ax/by = Ay Rk 45 5l )/ 3 ) o7 1%
P — IR a, =B/b, =a 43 HIXF B REA B SN
o; K a,/b, fi%iﬂ@mﬂ%;sx/g RAUAERZE
2.2 fRESEREIRENYEHI

LR OCAL IRER 0 L2 15 22 HL I R BUMO I 207 17 D
BRI RN | R T RS S R R ) AR R
BT 2R R G L 115 22 L, R 2238 0R 25 1 LT B
T, S £ 1% 22 1Y) = A B BRI, 4 1 R T 5k A
e MR

WA A — R S W&k AWE M =
(%, %02, ) N =[x, ,y,,2,]" SO S AR B LA 1E
Wsi M FIN N EM =R, ., M,N =R, N,

XPM' N RIS, 15 BT [ (k) = kM’ +
(1 = k)N’ WA P AREN RS b 0 SEPR A A5

P,‘ﬁﬁé*/]?j"]
0
P=|(1+y?)y, - (a' +B'y)z, (9)

(1+B%)z, + (a' =B'y")y,

BUR 4 A5 MO VR AR B IO 59 A5, TR B
PM (K JE d B A S A 0 s BEAEL, e 4 Bt PM T R
HL(k)=kM + (1 - k)N - M, f#f5 .

d=[[kM+ (1 -k)N-M| = |x, -7y, +B'z, |

(10)

1) sy’

W IR B AR F = [x,,y,,2,]" Fl
T =x,y,2]", HAKRIE XS R 4 Jm A bn 21 T 07 B, 47
PRI e AL R ST AT A5

y =t (1D
Xy T X
2) s B’

MR 7, B IR — SO R TS
BIPT AR F = [x,,y,,2,]" BT = [x,,y,,2]", H =
KR BN

=" (12)
3)1}%% a'

B DB 6 AT A6 57 AR DS 2 A 0 9
N, ELAA T f 2 O A TR By D0 /N 15 0 S 0
e BE AL, A AN R I 2R, AR D00 A0 s o B

PEATRE R A . AN S, A5 I IR) 25 R A B | B
LROLAL RIS | YORIEEIBR AN F = [x,.y,.2,]",
Al — RO AR I EAR R T = [x,,y,,2,]" . HIREE
[l — 2515 I S 0 (b v ) e [R] — SR BRI M 10 25 A
PR (G

a,z_(1+B/)(yf-yt) L By’ (13)

X T

2.3 ZHRREMNME

WM H AR THBR th E LR B 22 T, VLI 22
W2 R, AEFEGIEA AR R, RAE4) F(5),
FEIATSARRR P, 50 3 BHAR 42 Ry AR AR R T B4 TE A
BR P, e s T 2R SR 2B WA T IS 5 D

P i =T ep s = (T * Riar) P actual

(14)

FE SUBRBFMEFERE T sion = (Tioeg * Rian) ™5
TR LA A AR R BB IE W (14) BT 1R MEE AR [
B, BREAMEIEMERE R B IR 3 R 2 [
AR, ST HE 5l 4 1R 2 R Ay A e iR 22
MU EME IE

Tcompcnsalion = (T RinslaH)_l =
Rinstallil : Tfeed71 = 2 2 1 2 2 N
(1+a”+B" +y" ) (1l +a” +B7)
[ 1+a” v'+a'B -B'+a’y’ 0
-y +a'B’ 1+8"* a'+8'y’ 0
B'+a'y"  —a'+B'y’ 1+y" 0
L O 0 0 l+a?+8" % +y"
1+ of B -—(1+a*)Ax—aBAy
B 1 o —opAx-(146)Ay (15)
B - 1 -BAx+aAy
L 0 0 0 1+a’ 448

3 XBEHER

3.1 LEEBSNMRNFEEERE
SHGIE T HE S AR 22 M T L 18 T U LA 58 5
IR, i 5 Fis .,

Lot A b b XM60
() HARRRETR T &

(a) Straightness error platform

USB8S01  QPS0-6
(b) ZRREILHT B

(b) Installation error platform



216 % 2%

i % =

47

(d) LJ-X Navigator & #H4:
(d) LJ-X Navigator software

(c) NI DAQmxRAE 4
(¢) NI DAQmx software

K5 SHULRECEEE &

Fig. 5 Experimental platform for guide rail geometric profiler
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Table 1 Identification results of straightness error
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