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Abstract: The thermal-structural-optical integrated analysis method has been widely used to evaluate the impact
of environmental load on performances of opto-mechanical systems. However, for opto-mechanical systems with
complex optical surface deformation mode and large rigid body motion, the results obtained by the traditional
thermal-structural-optical integrated analysis method are inaccurate. A modified thermal-structural-optical
integrated analysis method based on the complete equations of rigid body motion was proposed. Firstly, the
deformed optical mirror was modified by bicubic spline interpolation method, then the complete equations of
rigid body motion of the optical surface was established. The rigid body motion of the optical mirror was
separated by a common optimization algorithm, and finally Zernike polynomial coefficients were solved by the
least square method to characterize the elastic deformation of the optical mirror. Numerical and engineering cases
were used to verify the effectiveness and correctness of the proposed method. The effects of key factors such as

rigid body motion equation, surface correction method, node distribution and surface shape on the results were
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also quantitatively analyzed. The results show that the proposed method can identify the rigid body motion and

elastic deformation of the optical surface more accurately than the traditional method, and does not depend on the

analytical equation of the optical surface, and the shape of the mirror surface has a great influence on the analysis

results.
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surface deformation
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Tab.1 Comparison of rigid body motion of the optical surface (R,,,,=1, c=0.2, k=0.5)
Calculation of rigid body motion
No. Deformation error Test value
The proposed method Traditional method
T,=1.0000 E-1 T,=1.0000 E-1 T,=1.0000 E-1
7,=1.0000 E-1 7,=1.0000 E-1 7,=1.0000 E-1
1 Case I (Rigid body motion) 7,=1.0000 E-1 7,=1.0000 E-1 7,=8.5600 E-2
6,=0.0000 6,=—1.6168 E-8 6,=—7.3240 E-10
6,=0.0000 6,=-4.0098 E-9 6y,=1.4389 E-4
6,=0.0000 6,=6.5839 E-9 6,=—2.6730 E-10
T,=1.0000 E-3 T,=1.0000 E-3 T,=9.9994 E-4
7,=1.0000 E-3 7,=1.0000 E-3 7,=9.9999 E-4
5 Case 11 (Rigid body motion) T.=1.0000 E-3 7,=9.9999 B-4 T,=8.5637 B-4
6,=0.0000 0,=1.3572 E-8 0,=1.7830 E-9
6,=0.0000 6,=—1.2696 E-8 6,=1.4343 E-6
0.=0.0000 0.=—1.8522 E-9 0.=1.5747 E-10
T,=1.0000 E-3 T,=1.0000 E-3 T,=9.9672 E-4
7,=1.0000 E-3 7,=9.9999 E-4 7,=1.0000 E-3
3 Case I11 (Rigid body motion) T.=1.0000 E-3 T,=9.9999 B-4 T,=8.4683 B-4
6,=1.0000 E-3 6,=1.0000 E-3 6,=1.1101 E-3
6,=1.0000 E-3 6,=1.0000 E-3 6,~1.0977 E-3
0.=1.0000 E-3 0.=9.9999 E-4 0.=9.9953 E-4
T,=0.
TX,=8 8888 T,=4.9010 E-7 T,=4.9005 E-7
T) :0'0000 T,=8.7944 E-10 7,=8.8007 E-10
4 Elastic deformation 6);:0,0000 T,=32373E-6 T,=3.2373 E-6
6.20.0000 6,=—5.4085 E-10 6,=—5.4015 E-10
0.0.0000 6,=—1.4595 E-5 6y=—1.4595 E-5
k4=\1 0000 E-3 6~=-1.3092 E-9 6,=—1.3093 E-10
T,~1. E-
71 gggg E; 7,=1.0004 E-3 7,=9.9722 E-4
o 7,=9.9999 E-4 T,=1.0038 E-3
710000 E-3 7.=1.0032 E-3 T.=8.5007 E-4
5 Rigid body motion + elastic deformation 6,=1.0000 E-3 o . O -
6.21.0000 E-3 6,=9.9994 E-4 6,=1.1101 E-3
0.-1.0000 E-3 6,=9.8545 E-4 6,=1.0830 E-3
k10000 E3 0.=9.9997 E-4 0,=9.9952 E-4
R 2 NEFWE (Rpa=10, ¢=0.02, k=0.5) RI{EEzh3TEE
Tab.2 Comparison of rigid body motion of the optical surface (R,,,,=10, c=0.02, k=0.5)
Calculation of rigid body motion
No. Deformation error Test value
Proposed method Traditional method
T,=1.0000 E-1 T,=1.0000 E-1 T,=1.0000 E-1
T,=1.0000 E-1 T,=1.0000 E-1 7,=1.0000 E-1
1 Case I (Rigid body motion) 7,=1.0000 E-1 T,=1.0000 E-1 T.=8.5600 E-2
6,=0.0000 6,=1.5220 E-10 6,=5.4967 E-10
6,=0.0000 6,=—1.8239 E-11 0,=1.4384 E-5
6,=0.0000 6.=1.1900 E-10 0,=—8.5772 E-11
T,=1.0000 E-3 T7,=9.9999 E-4 T,=9.9995 E-4
Ty=1.0000 E-3 7y=9.9999 E-4 7,=9.9999 E-4
2 Case II (Rigid body motion) T.=1.0000 E-3 7,=9.9999 E-4 T.=8.5637 E-4
6,=0.0000 0,=9.4591 E-11 0,=3.1314 E-9
6,=0.0000 6y=-1.9287 E-11 6,=1.3656 E-7
6,=0.0000 0,=—4.8523 E-11 6=-9.2801 E-11
T,=1.0000 E-3 T,=1.0000 E-3 T,=9.9733 E-4
7,=1.0000 E-3 7,=1.0000 E-3 7,=1.0113 E-3
3 Case 111 (Rigid body motion) T.=1.0000 E-3 T.=1.0000 E-3 T,=3.0511E-4
6,=1.0000 E-3 0,=9.9999 E-4 6,=1. 0325 E-3
6,=1.0000 E-3 6,=1.0000 E-3 6,=1.0087 E-3
0.=1.0000 E-3 0.=1.0000 E-3 6,=9.9951 E-4
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Tab.3 Comparison of rigid body motion of the optical surface (R,,,,=100, c=0.002, k=0.5)
Calculation of rigid body motion
No. Deformation error Test value

Proposed method Traditional method

T,=1.0000 E-1 T,=1.0000 E-1 T,=1.0000 E-1

Ty=1.0000 E-1 Ty=1.0000 E-1 Ty=1.0000 E-1

| Case I (Rigid body motion) 7,=1.0000 E-1 T.=1.0000 E-1 T,=8.5600 E-2
6,=0.0000 6,=—7.8975 E-12 6,=—4.1705 E-10

6,=0.0000 6,=1.1882 E-11 0,=—1.4335 E-6

6,=0.0000 6,=4.5312 E-12 6,=2.0338 E-10

T,=1.0000 E-3 T,=1.0000 E-3 7,=9.9995 E-4

T,=1.0000 E-3 7,=1.0000 E-3 7,=9.9999 E-4

5 Case II (Rigid body motion) 7.=1.0000 E-3 T.=9.9999 E-4 T.=8.5636 E-4
6,=0.0000 6,=—3.3836 E-11 6,=3.3035 E-10

6,=0.0000 6y=—-1.5327 E-12 6,=1.0407 E-8
6,=0.0000 6,=—1.5605 E-11 6,=—3.1869 E-10

T,=1.0000 E-3 T7,=9.9987 E-4 T,=1.0000 E-3

T,=1.0000 E-3 7,=1.0000 E-3 T,=1.0525 E-3

3 Case I (Rigid body motion) T.=1.0000 E-3 7.=9.9973 E-4 T.=-5.8487 E-3

0,=1.0000 E-3 6,=1.0000 E-3 0,=1. 0144 E-3

6y=1.0000 E-3 6y=9.9999 E-4 6y=9.9060 E-4

0.=1.0000 E-3 6,=9.9999 E-4 6:=9.9950 E-4

TN o TE=AMEIE , B4R T vk R At b 1 5 L WA
& i, MRS 77 R A0 T, 60,5 HI A ) I 22
AR R, TEIHAESE =GB, T, WK i (E 5
MERAE R 22 TR K, 0, O B KW 2= . 1E5 T
R I 2 T A AR ) VT4 TSR AR T A IR T, Y
A7 AE WA TS 2 BG4 1 A2 38 KA, HOe 24 1m0 i &
TETH 25 77 A K B 22, R BORIR iz 3 = 1 T 53R
2R, W3R 13 PR 5 =B IB R . itk
Hb, AL 587 3R R RIARZ B 6 3 1007 7 oK gk Wil A iz
i, YRR 3 R, e = AR AR R 2
JIT 4 7 1 R RS 7 B SR A BB B DG 2R T, AN
BTG 2 A AR ) 3k 1 YT 2R, I i Wil A2 B
568 7 FER AR WA 2 Bl i, THEORS B e HL SOk
FARK/NLF A RHE . 7 S o i 02, Frde ik
FIE 258 77 15 19 B 6 I K PF Matlab A9 $00F T B[R]
JLF-AHS
TEB UGG, ST A WAz 3, HA i
PEASIE o 2 T SR A8 JE 3 R 2 Fringe Zernike
Z oA SR DT (A 6 BT ), HERE R
ZK, = k,R*cos2¢ (22)

A kg N ZK, T RELG R AR AR ¢ o FI AR A

1 F G AR P AR /N, I B ky BN
0.001, 1 RIG2% 1 Rk A8 T8 1 e KAE A 0.001, 315345
RANFR 1R, AHES T 0 1 Y SR AR T A, P FR
R B NI AGZ s B ERAR /N BLILF- AR, 7T LLA A
2T TC NS 2, BT 8 05 12 RV 58 7 L AR v 1 1)
KAz 5.

FEER A IE v, 62 1 7] B A7 A W A2 3h A
ARSI, Wl AE 2 A0 i ik A8 I R (B #B 152 0.001, 4N
1 FR, BRI AR e T 1 T RS i AR L
iz g i, 550 )7 ok g 0 T, 5 RE A 50K 1
7,0, 058 —E M RZ .

S T ik — 25 B E BT 4R 7 B R, BEAILAE AR
150 MIERAEAR, FERNIAFEAS T, KIAIZ S 754
SYAE 0~0.01 Z B BEALA: B, HGE TR 22 A Hr e AR T
i RS B TSRS B . B IR 22
Fe b i M R B R 7 iR 22 (RMSE), HXT
J iR 2 (RRMSE). fic K46 XF 1% 2% (MAE) FAI X fie
RYaxTRZE (RMAE)™, A2 3 k=000 F

R=1-2 (23)
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1.0

X
[¥l 6 Fringe Zernike Z2TxCAYEE U (LA ky=1 Hrf5i])

Fig.6 The fourth term of Fringe Zernike polynomial (Taking k,=1 as an example)
e \/lZ(T o1 T 5 4 28 MR R X 349 7 R A 22 S e T 2 T
m VT T 2 R 950 0 FARORS JBE , A X A5 A 24 o458 2 I 2 1 e
o 2 TR TS 2 R ) J5) RS L e SR ANk 4 B
RRMSE = —- |~ > (L~1) (25) R, BTN G IR A PR R W R R
! B, AN RIS 340 B a0 5 A R B T 1, AR
MAE = max(|I; - I}]) (26)  FrERREEEBILN, EARA B MR 7.7869
" S o E-6. 15457782 B GE R 248 b (8 0 5 ety HG
std o B2 R HEAR, T, 6, 6,956 1 2 KOM 6/, 1) i

A SR AR 5 0k SR A (L, T 030 A 2 B AT AR XS 2 75 AR % 22 FRH N B R 2 X DR 22 R,
std 3 IRAE AUARIEZE s m I AREAS A R TR T TR TT i ST R AR AR E

R4 BFINRESTER—PRTEZSERE T ET

Tab.4 Statistical error analysis for comparison between the proposed method and the traditional method

Statistical indicators Method Ty Ty T, 0y Oy 0,
. Proposed method 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
K Traditional method 0.9998 0.9998 09118 0.9683 0.9658 1.0000
Proposed method 2.0356 E-6 2.1224 E-6 1.9619 E-6 3.2531 E-6 2.4301 E-6 2.5259 E-6
RRMSE
Traditional method 0.0148 0.0127 0.2959 0.1775 0.1842 0.0064
Proposed method 3.0167 E-6 3.1373 E-6 2.082 E-6 7.7869 E-6 6.2185 E-6 54196 E-6
A Traditional method 0.0453 0.0341 0.4880 0.4503 0.4255 0.0164
22 HIMERSH 18 F R PR i B < S S, R HT R OGS |
221 RUREZH A s W BRI 3l . Xl L Y Bl Z e (0 i

NIlA A2 Bl 5 B G2 T 48 TF 5 ¥k 2 5 WG 27 T B, W HIE B AL = [AXs AYs AZs A0y Aby AG,]",
AR AR 25 TG i Y S R R, R TR 7 vk, WA JIT 7 vk BRI AAE S A
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My = R;RyRxTxy,

T4t Jr i v B W 1A a2 2l SR fife o R <R S 1™,

T oA GETT 1 v B W AR 2 Bl 5 FESR A 5 R IR

BT RRZE R, HIZOT R e B $ 07 1 P A 58

w7, DR B TR 5 15 R BOL A B IE T %, X U
7 BT RRS E

KGR 22 0 i F8 AR T A WA iz 3 & 19T

R2E, BOHTREALA AL 150 SRR A, 5N A A

(28)

R4S B 7S4S 4r R AE 0~0.01 ZRIBEHLAE L. 4¢
TERINER 5 iR o B Jr ik Al 5t 75 e sk i 7 ik
AR AT RS BE AR 5, B TE R G PARSE T 1, H
58 J7 RESR AR TT 1 AR X BT R ZE 0K, HLam i
RTS8 8 T7 RERIFIE RS TR R 22 . LA, 78
P Sy AR TSNS B ARG e K % 1R 2207 1T, BT e 7
VR /INT ARG T RESR R T30k, B il B4R D5 WA e T 5
RRE | 45 RAE VA D5 AR T2 5e 05 h iz sy
FsR M TT i

x5 mitRESEG—RGEHEEHFRESEU AR

Tab.5 Statistical error analysis for comparison between complete and simplified equations of rigid body motion

Statistical index Method Ty Ty T, 0 oy 0,
@ Complete equation 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Simplified equation 0.9999 0.9999 1.0000 1.0000 1.0000 1.0000
Complete equation 1.9457 E-6 1.9696 E-6 1.91146 E-6 3.1742 E-6 2.3667 E-6 2.9295 E-6
RRMSE Simplified equation 0.0121 0.0114 1.6050 E-5 0.0024 0.0024 0.0053
Complete equation 31019 E-6 3.1034 E-6 2.7365 E-6 8.1965 E-6 7.8133 E-6 6.6832 E-6
RVAE Simplified equation 0.0328 0.0301 6.0652 E-5 0.0064 0.0066 0.0149

222 RFBEMASIET

LG Tk SR ES SR a3 4 iR, AL g vk
(TR A IE 5 1 50Ch BUST I E AR A BT, Ha s
WS Frm. & 4XRM 150 MR SR 51
150 AWK FE AR, (8 i 4 7 7k 1 iR 22 H8 b (LT
FHAE, B T T D 2 T A R B B i AR e
M, IR IR 4 55 5 g4 3T o He
PRI B IE T vk . AR 4 R S T, R AR
REREDTTH, 28 5 et REU LTRSS T 1, Mk 4 b
T.. O, O 5 Tk 2R BRI X B /IN, 3% 5 v i A G 3
D R ZE WA /N T 2 4 T (E; [RIRE, 78 )5 F0R
T, %% 5 A MR R 48 XHR 22 8/ TF 36 4 dh X Y
TR bR E, BT 7 B A5 470 (A 1 1 TH RO B2 1] R O T 1)
223 kRF@IH ESA

D 1T A5 R 5 1A BR G B e il 43 5 R
SR E, HEGA B A FROTRIR A £ LA
PERR O 32 o DABRIE B 0 A 51, 2% 538 B ) o o S
IS TR A% B30 3, A% 58 05 PR S bR i) I s ) 53

T2, Koy s A el 7 s o o T REARE B 5
P, 1 R B R R R SO 2 45 & UL E, B
Fringe Zernike Z2 A N ], W) 2 /0T34 74 A5 1.

R T AR B B XA R S, Y s
WA 97, 261, 521, 1093 Jz 2191, W& 7 ik . K
3z 3l A 43 1 19 D3 {8 43 513 0.001, 0.002,
0.003. 0.001, 0.002, 0.003, 3 A5 J& M 3 bR %5 3k N
Fringe Zernike 2350 2 H (1 i T UK PRI C: 55 37 T00pRI 4K,
H AR ks, BEH 0.001, FikzUN:

ZK37 =
k37 (924R"-2 7T72R"+3 150R®—1 680R°+420R*—42R*+1)
(29)

FHALA 5% 22 RMS 5 548 2 RMS 19 LU (E RAE
A RCR, HRBA N

HRZE L = |Z4 - KC*|,/|Z4]l, (30)

e ¢ Ry e T B AR 1) 2 I AU A R B
i3 11 Zall, 2o 1 2 J6 5L

HAELE RN 6 iR, Z s i 5 in 224

XFEER, HAhRIAIZ By 53 ek A AR T 2R B0 15 254

RN, T2 22 LR AR /N, (LR 2 15 AR 3 K, Z 1)
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Fig.7 Radial distribution of nodes on the optical surface. (a) 97 nodes; (b) 261 nodes; (c) 521 nodes; (d) 2 191 nodes

Bl TSR I R BOR BT, (BTSSR A

9 1% 22 2 o e Y AR R AT R B A0 0 A B

KRR W R AT SIVERE T SRR, MO RRADRE R MR, W A 80E 2 H i B 5 A A
%‘%%’%&iﬂ‘]w,mﬂiﬁ F AL 4 ST /S, T 2 TR EDLA IR Z TR B WA FROCK 1
RO EAT <SR L R R BT R T FHE, A1 RO T EHE DU I E BN TR, JERBON
ﬁﬂﬁkﬂﬁ%lﬁ*ﬁmﬂﬁﬂﬁll %6 Y Z i WS ST/, A A 48 o (5 EORGE
Ko AFETAERHISHEATHERRETES

Tab.6 Results for the case of radial distribution of nodes on the optical surface

Number of nodes T, Ty T, O, oy 0, k37 Surface error ratio
97 1.0007E-3  1.9997E-3 3.3057E-3  9.9999E-4 1.9969E-3 3.0000E-3 1.0000 E-3 3.7642 E-7
261 1.0002E-3  1.9998E-3 3.1775E-3  9.9999E-4 2.0049E-3 3.0000E-3 1.0000 E-3 7.9573 E-7
521 1.0002E-3  1.9998E-3 3.1774E-3  9.9999E-4 2.0026E-3 3.0000E-3 1.0000 E-3 3.9583 E-7
1093 1.0001 E-3  1.9999E-3 3.1334E-3  9.9999E-4 2.0032E-3 3.0000E-3 1.0000 E-3 7.6929 E-7
2191 1.0001 E-3  1.9999E-3 3.1141E-3  9.9999E-4 2.0026E-3 3.0000E-3 1.0000 E-3 8.6559 E-7

R R A BRJCHE A Altair Hypermesh #3717 {1

W5 U RITH SR, Wkl 8 Frs, 15 S B0EN
BERE 6 FELE, 43510 97, 258, 520, 1092 &% 2193,

W A3z sl A5 AR T B I U AR 3 AN o T REE R
QA 7 FoR, 5 RS AR Y R0 A 1 DL R 20 B 4518 A
UL, (HEEIR TR 22, Feol e Z 1) sl i A
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Fig.8 Approximately uniform distribution of nodes on the optical surface. (a) 97 nodes; (b) 258 nodes; (c) 520 nodes; (d) 2 193 nodes

R AFENTREUASSHEATHERREHELSR

Tab.7 Results for the case of approximately uniform distribution of nodes on the optical surface

Number of nodes Ty Ty T, 0 0Oy 0, k37 Surface error ratio
97 1.0005E-3 1.9997E-3 32749E-9 9.9999E-4 2.0000E-3 3.0000E-3 1.0000E-3 1.9526 E-8
258 1.0004E-3  1.9998E-3 3.1834E-3 9.9944E-4 2.0000E-3 3.0000E-3 1.0000 E-3 1.3288 E-7
520 1.0003 E-3 1.9998E-3  3.1303E-3 9.9916E-4 2.0000E-3 3.0000E-3 1.0000E-3 2.0133 E-7
1092 1.0001 E-3  1.9999E-3 3.0751E-3 99877E-4 2.0006E-3 3.0000E-3 1.0000 E-3 32122 E-7
2193 1.0000E-3  1.9999E-3 3.0476E-3 9.9937E-4 1.9999E-3 3.0000E-3 1.0000 E-3 2.1161 E-7

1R 22 FORR SR S A T B/, AT S A A 145
PEREAR TS R AR 2

Fringe Zernike 22 W2 b (9 [ =900 (5 45 . X Bl R0
Y il i i) SRS it iy oy AR R, O T ROR
N B ZRRDOG TR, 5 4 TR 37 ik
I3 PR AR, FRAR kyiesy #RIE N 0.001, WA 12 3 Y I 3
EORFFAAE . 7E1 RUE IS 213 A BT, Wik Iz 3l
gy ORI 22 MR AR R i RORIR 2 S
TR R WA 9 firzs o I 9(a) AT, T

B Ry 52 2%, WA S Bl i TR 22 #R AR K,
A BN 97 I, R RIRZE(EA 153.55%, (HILFEE
T RVECH BB R AW/ s e 5] 9(b) mI AL, SRR
B Z I R B RZEARAR /N, BREE T S EH 1Y
AR M, e RIRZE(E N 1.4%.

FESLPRIEHL TR, %G Fringe Zernike 20
ARG 15 T (4 Bk R &), HEA 562 AT B Y
P S K PR R Fringe Zernike 22 51 X
(55 4 RS 15 T, AL kyhys #REH 0.001, WA
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Fig.9 Relationship between estimation errors and number of nodes. (a) Rigid body motion; (b) Elastic deformation coefficient
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Fig.10 Approximately uniform distribution of nodes on the optical surface with X: (a) [-0.1, 0.1]; (b) [-0.3, 0.3]; (¢) [-0.5, 0.5]; (d) [-0.7, 0.7]
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Fig.11 Relationship between estimation errors and the surface range coefficient. (a) Rigid body motion; (b) Elastic deformation
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Fig.12 An optical system with two mirrors. (a) Optical design; (b) Mechanical structure; (c) Finite element model
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Fig.13 Finite element and displacement of optical surfaces. (a) Finite element-primary mirror; (b) Displacement-primary mirror; (c) Finite element-

secondary mirror; (d) Displacement-secondary mirror
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Fig.14 Elastic deformation and fitting residual. (a) Primary mirror deformation; (b) Deformation fitting residual of primary mirror; (c) Secondary mirror

deformation; (d) Deformation fitting residual of secondary mirror
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