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Active Deformation Mirror with Variable Thickness
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Abstract In order to simplify the actuation scheme of on-orbit high resolution imaging of space camera, a dual
actuation structure of active deformation mirror based on the form of variable thickness is proposed. First,
according to the theory of elasticity, the theoretical relationship between the wavefront aberration representation
method and the variable thickness of the deformed mirror is established, and the thickness distribution required by
various aberration modes can be solved. Then, the effect of aberration compensation is quantitatively evaluated
through structural modeling, finite element analysis, surface fitting calculation and optical performance evaluation.
Finally, the structure scheme and the driving scheme of the variable thickness deformation mirror optical machine
are designed. Two actuators are used to realize the correction of spherical aberration and astigmatism. The
deformation experiment results show that the dual-actuated deformation mirror can produce better spherical
aberration and astigmatism, avoid the impression effect, and effectively compensate its own machining error and
wavefront error of optical system.
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aberration compensation

OCIS codes 220.1080; 220.1000; 230.4040

] . FRGN ARG, KOS EDE:
H TR S 5y A2 AP B PR R ) S, 5 BUH R P RE
BEE E NS R RO TSRSm0 R, AT, A AR BILE R T W sh 4 i 52 22 U A9 5

WF B 2021-04-29; 1&EIHER. 2021-06-10; KA HHA. 2021-06-22
BEE&WE.: RS ARYEUISE T aIHm H (2018-]-1)
BIE1EE . "wangxin@mail. sitp. ac. cn

2422001-1



41 3% 224 H1/2021 £ 12 B/RSFR

R S T i AR (EUAS IE 2 [A) R BE i | 1Y 35k
ZE VBRI AT R ZE M RE A IR . EahtsR
T 3t 220 B 85 0 0K 0 el 5 T AR — o YA >
RAMEE TR A AR A w08 U RS IE BOR A G
MOIEF A A G R A,

H T B b3k TR ) A AL s e T S 1Y
A B R T 25 AHAL ) 8BRS T
BB Bl e Bl 45 1 B R A 32 3l R 4
fE s as B HEAT DL R GERR3 ST AR R ME T L AR
RYE 1. Laslandes 25 78 2% i) B e 55 4
i Ab AR & 1428 90 mm LA HA 24 MEBhER 1948
TEBERME F 5T A (AR TE /s T 25 [ AR L |
SRR AT BRI RUST s 2 A 45 oF Hh e A8 TR 5% A 2
VRS RHEA T HE— 20 40 B, B 1 M B A5 25 4 b
RETT s OB AR S T T —&h 9 M sh R ol
BRI 0 FH T 25 [ AHAIL » RE 05 A 250K 1 25 6] AH
L BRI 25 . [ BR b AR SR RE AR TE45  i
& Laboratoire d” Astrophysique de Marseille (LAM)
ST T4 Y, Lemaitre™ 45 45 #0E J) 2 42 Hh T #i48
JERE TP B AR, T # N T VLT (Very
Large Telescope) f78 i1 %45 % i1 ; Hugot % H]
FHFPERIS BT T W AR R E 8B 5 A R0 A
TAGHIORN B £E 4545 25 5 Laslandes 251 7E 3t Al
LT X B A AR 22 AR W R AR
Z RN GAL S ) 7B T IR S 8 B IR X Ik
W5 2 1AM RE

7 JEE B B AR TR A T LR T e D B £ Bh e ok
PAFBAFWIR2ZEAMERCR . DX T BRI 2 A M
2o B0 [ AR AL O T Y 35k 22 SR A SCR
FHPIAIE 25 288 58 [ B 3 H0CP P 22 T8 =X 3 o 3 1
FIERR R AMEAR 22 19 T 3 A2 I 455 5 8 o0 A, et
TR 542 3y 2 B DEHL— IRk 05 B o
BT ke B 400 HE A5 28 A2 0O s Bt A T 1 AR Dy
50 mm Y72 J5E B AR I B S 302k L A5 B T ALY
Bk 2% SRR AL, S T BRI AR XU Bl - BUR
227 BRMEE IR A SE T 74 V5 B AR T A ) 3 A
FRMEDL RS SCHEHOR
2 FhI AR S R e A

P HTE B &AL RGP TR 25, ASCRH
BTN PTER 2 A5 TR D) 2 e T LK i
ARG IR E A

T I 1T R RS ) — P 3R 2 UAT P DU K iy
TETT IR Rk AN

W:W()+W2 +W,1+W6+'"W,9 (D

KW, F/mH w=a,.,..n'p" cos md JEA ) £ 1
KA AHEE Hbh o IFREGLom Flon 535 0]
IEREL H L Hn=i m<mn,p HRHE I IH 1R
=0 AR IE —fb A, 0 X R 8 T L s W
Shy B0 LR T B S AR AR W, W, R W 43l
R I = R 25 R 2 .
= M5 25 DUR IR IURIE T R R
1

1 ,
Wiy :§SIp4 Jr?SH n0° cos 0+

Suyotcos 20+ (Sy+ Sy’ +

%SV 7’ pcos 0 (2)
XS = BRI 2 RS | ~Sy IR
Bk2E E 2 ARG A .l (2) AT =Bk
22 5 MBI — A6 2B AR 0 DU E F OB RS
AR Bk
F AR Bl A Zh g R K S B If A — 2 B
70 5 T T AR5 M ) R AL IR T R A D T
1825 . =B ER2E VT iE ) e A T AR TE Sy VO B AR K T
RAME , RISP- T T A8 5 R A 5
2 =A,r', (3
KAy N=BEREREGA L =—S /8 N
iz,
oA JRE 3 3 2l 78 B Sl o) o T88 5  15 J5E R
OB RECN ¢ () o ARIGF R S22 HE )R
JE SARHRPERI C R N
' (r) =120 —v>) D) /E, 4
D G WIS E DA g I v g BHA
FALE .
P B AT AL A ER 8 0 R 5 W RS R AR
KRN
I’z 1 dz

1 =z
M,=D() {ﬁrz—’_u(rarJrrZ 8(92)} =
4(3+U)D(7")A4(}7"2
Iz 1 9=z 1 9z
M,=D(r) [Uaﬁ+r9;f+;f2 992} =
41 430D G)HA 7

1 92 1 %%
M, =M,=0—v)DG) [:rz 20 r arﬁe}

(5
P M, MR B M, A Y)E ZR M,, fl M,
3 AR ) AT 1] AFHLE

2422001-2



41 3% 224 H1/2021 £ 12 B/RSFR

TEFBRRZSS AR AR AYER T RN %
NS AR AR RN an & 1 s, o« g )
Bl oo NI A Q. R Q. 43301 S A 1) RID 1) A B
ARk

IM

dJ .
Jerdﬁdr —+ E(er)dﬁdr — M, dodr — 90r dddr =0

B ’

IM, J
[Qtrd@err 7 d@dr—Mndﬁdr—a*(rMn)dﬁdr =0
r
(6)
el 15
M, 1 M,
r 37_ 77<Mr_Ml_ (78 >_
d
_4(3+U) %A“ﬂj _32D(T)A4070
r
1 a]\41 E?Mn _
NERTCARIE
"
Y+ 07@1 M
O%d%,? M+ e a6 ar
o1+ 2o ap|

J
% ML )ar

do

J
M + W(TMﬂ)dT do

B 1 PARIRZS TR AR R AR LA R ) EE
Fig. 1 Diagram of internal bending moment, torque and

stress of plate under equilibrium state
e IN TN E SRRy R A SR UE XL
TENGAA M, (o) =0, L TEG R OS5
TED G0 N R AE F 1ok = AR 28, v ) F =
na’q (q RN ) AR I L A
na’q +210rQ, =0, €))
@O DA Hrfra g FIA, A
WHGD GO W s Jr i n &om

D) = T—p T, (@

_a
16A,,(1—u) ¥
Z—Etrh:p:r/ao 93(4)3(:%

e, L, ]é
t(r)_{iéiAmE ( o)

3q<1u2>]i [4 S ﬁ}
[716A40E 71—11(‘0 e (10)

3q(1—uz)]fl*
PN = Hrp =52
< t(r) toTv/\ [ [: 16A4OE 9EE1H3

AIRAHEE A A2 R T SIH— 2B o IR A
4 sy |
T:[m(p —p )} o 1D
B AT RHERE 1060 FR A4 Bl v=0. 33 A,
FHAD R E AR E % 5 hoe it ) i 560 T R

JEA AR —Ab AR R L WA 2 FR
18
16
14
12
10

S N s O ®©

0 0.2 0.4 0.6 0.8 1.0
P

Bl 2 JEEA S H— R RICR
Fig. 2 Relationship between thickness distribution and

normalized radius

3 WS R AR R AR AR AL

55 2 1A ISR BB ROR A I A AR A 1] JEL R
O3 AT S A RIT T SO A A TS
PPAR 7125« A SR HDGHL— R A A7 B 5 125 2k 52 BUAR
R 52 S 005 B3 B SRR ZEAMERCR G PPAS . &
SEHENT SRR, R A IR TR AL AT 43 HT
P BN F IR 00 T B8 T 1) s RS AR s BEXF LA A
B B A B AT Zernike Z I X HLG LASK
PRI 5 B 5 A2 3RS G2 R GEAR
LML IERCR
3.1 REMRUBE

M QD ATHR G = B ek 2ZZ YR B A Tl F
Mor=0 NERERHTT K, ZERATFTE, ] r=
1 mm AR N HIIR IR . ek 4 Jm 40 S S itk
i B, % E « =50 mm,v=0. 33, E=6.9X%
10" MPa, izt MSC. Patran /4 Fll Nastran #f4
HEAT A BRICHT BT, °T LAARAS S5 e 70 AR X1 19 52 )
FUFTRBHIEAE . 50 RO B AR KA FRoT R o 45
RANE 3 fras, 25 3 92 B i ot g Y a] Ak
P SRR B AH B ] g B4, 70 B T3 2t n 4%
71 [ E O USRS B ). e 22 B B b
DX 38 A o 4 o0 7R % XSt F =5 N 9277,

2422001-3



%415 F 24 H1/2021 £ 12 B/XFFIR

Bl 4 B A e T =

B 3 IR E A BRocRl 5>
Fig. 3 Finite element division of deformable mirror

Displacement /mm
0.18

0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02

4 AT 27 A
Fig. 4 Face shape cloud view of deformable mirror
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deformable mirror with 5 N load applied to edge
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Table 1 Aberration comparison between deformable mirror
with constant thickness and deformable mirror with

variable thickness under the same applied force

Coefficient of Coefficient of

Seidel deformable mirror deformable mirror
with variable

aberration with constant

thickness /mm thickness /mm

Piston(A,) 0. 1976327 0. 0000421
Tilt(A ) 0. 0540813 0. 0000008
Focus(A ) 13. 7429771 —34. 7315700
Astigmatism(A ;) 0. 0000112 0. 0000001
Coma(Aj) 0. 0012857 0. 0000009
Spherical(A ;) —9. 4068757 —424. 8320600

WA SR B A 0 AN A R AR B T AL %
A IEEMER] . EHE 57 A XA A I Sl 45 4
INEATE A 9 Fras . B XA A XIHR
e 4 AT R O T G AR B - T Ak T
SERENE RO (i fe s a4 AR AT L RIS
30 7 DX 0 AR R R 1Y A BT Y B
WA M AR AL T AAS 2, 2247 BRIT /0 A 5 456 1 14
A = Ak 10 FioR .

Ko SREEESTEEE FmERy 57 A DXl
Fig. 9 57 region positions loaded on deformable mirror

with constant thickness

I 10 AIAS 0 T 2 3l g4 A 26 5 R
AR, HOB S e W] —2F DA NI HBEE
e AR R HEOR, 2250 SN BA &2, ] DA sl g i RS 7
K EFAET AR A, BMELES) 88385 501 78
B A IH ok 5 17 g B R8O A S B v B EfD
ROV DT 055 T Y T 2 5 A i Y 2 ) A —
SE B 22 » FAA AWkt A 3 & 19 HES 05 308
e 1 HE Ay FORFEARSE I . A2 5L 3 e AR
H1 TR UGt 7 i 77 =X B 100 DX B A 2 A 1 it

2422001-5



%415 F 24 H1/2021 £ 12 B/XFFIR

Displacement /mm

1.16
1.14
112
1.10
1.08
1.06
1.04
1.02
1.00

Bl 10 57 19 si sl AR SR IR AR TR B i 8% 2 4]

Fig. 10 Displacement cloud image of deformable mirror

with constant thickness produced by movement of 57 nodes

1w R T AA S8 S I 4 R R A S
NI 25 5 ) B RRAE i 2

4 AL

FEHETH AR B SRR I, Z545 25 I8 m T A
P B4 T SEERE , 7E 1~20 mm 248 22 8] R FH 28 5
JEB AR X R 30 G DX SR A SR R B0
WIS TE B AR IR 11 () 7R . FESIR R [ 35
Lt A SY i Gk A Ja R A BRI L AR T IE AL L
A 04 S et 73 Ji R A ARATHER T 2

Rk BB R AR A 11 (b) B T
S A R Ry — A SRR 2 A WP 2R 3 o [
FREFEBMR RS L 25 P M 52 2 1] ) B Ta] B
I ) e e — 2 R/ [R) EL 5 1 A BB g o 3K
PR A O — A B A5 0 B A R S AR R
BIPR L 25 B 032 05 AR B 452 B
[E AT 577

(b)

K11 WA R TR . (OB (b) BEfkZhHYy
Fig. 11 Structure of deformable mirror with variable

thickness. (a) Deformable mirror; (b) overall structure
A BPRERA 1060 §14 4 3L v =0, 33
I E=6.9X10" MPa; 3§ 5} 5 3 #4544 % FAA A
1Cr13 &4, HEA I R MR, 7T LARIIEAE A8
Vi Wia sy 2PN s el S B 722t U N | e D

BT 12 Fros , B AR ZEF WA 12 (b) firs » H:
e A Bk 22 SRR 143 50 F A2 hE RSk 1 Anigie
MK 2 3R 3, RSP A A R B S5 1 BE HE .

12 B TR IR BRI F . () ZBIEEE ; (b) B AR LY
Fig. 12 Actual machined deformable mirror test piece.

(a) Deformable mirror; (b) overall structure

4.1 EEBELE

AR ZZ 1 O AR T8 45 T A T ZYGO T
WACERE , ZYGO T¥WALRY I A =632. 8 nm,
BANPE 13 fis, AT IEXT ZYGO T3, Ha]
TR Uk 55 G0 A BRI AR (R,
IEEE T 5 WS 4ER 7 6 ] DU TR 4
AT MG L gad A B AT AR A5 i A58

, . . —

ZYGO interferometer

deformable mirror

PR

b,
K13 AR SL g i
Fig. 13 Experimental optical path of deformable mirror

I R v Al B TR JRORG I A A B s
PR AR ARECS ER2E A 14 () PR, B TAETE
B By ] DUAMEBR 22 5 80 i SE A TR B i i T2
SR B ARVFB AR TAR AR R 22, 5Bk 22 SR
JE BN TR IR AN 14 (b)) BiR .

Bk 2% T o R I Sk 1A ok AR L)
IR %, MR Sk AR T 400 4 02 e A8 AN [7) o2
% s PRyBEmA AL AN &l 15 B X B Zernike Z
i P ER 22 S A 2 i A8 4 s HYSCR ANIET 16 Firi

Hi & 15 )0, B SR RE Ik 1 500 R A B2
I B A A AR R 5 P 7 A R BR 22 S T T AMEE A
SRR 6 Bk 22, A B BR 2 000 5 1 ALY X O AR
(RMS) 1 0. 1432 BEARZE 0. 0934, Z J5 L 117 A5 )
Bk2z I (PV)H RMS {E Ik 22 K /h— [Fl & fof

2422001-6



%415 F 24 H1/2021 £ 12 B/XFFIR

P14 AR AEA RIS R RTINS . () FAAERR2E SR (b) KRB AR k22 PR AL

Fig. 14 Initial surfaces of deformable mirror under different conditions. (a) Spherical aberration and astigmatism are existed;

(b) defocus, spherical aberration, and astigmatism are removed
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Fig. 15 Mirror surface of helical micrometer head relative to initial position at different displacement s.
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Table 2 Parameters of off-axis dual reflection optical system

Surface Radius /mm Conic Type Aperture /mm Off-axis /mm
1 —480 —1 Mirror 60 96
2 —380 —1 Mirror 10 16
3 — — Deformable mirror 10 —
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Fig. 20 Spherical aberration wave surface change diagram compensated by deformable mirror.
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M 20 AT LLE B, 20 R BrAME fE . o fE R
S T 1 25 B W RN, R G AR 25 RMS {H
FMERT 0. 1064 WK/ B AMEJS 0. 0574, PV {H H
0. 888 FFEARZ 0. 7184, RGP 1R 25 RMS FEIL T
46. 2% ,PVEIEMK T 19. 1%, Zernike ZTAR A1 1Y
Zy BRZETH 0. 204 FEARZE 0. 008, JLF- 58 = #h 2,
Ul BT AR JE BT 3 B AR TR 55 o] AT ROME L2 R G
—BERZE LI IR T AR R A Sh AR I HLAT #b
PEERZEMRE ST, R A L = Bl AR TR A A 8 A PR
23 AL R MEBR 2 AL T S0 S 1% .

5 4k 1w

AT XA BREETIRZEAF T 25 R AL E PSR B
KT 1R AR T8 AT A IR BR 22 S AR Y
Jrg& . WSy s B R AR 22 Rk T7 i K
ST T =B BR 22 A AL T 45 5 E A R B
IR, AT 8 22 A BE A WA 25 M e 55 O g 128
TEBEICHL T 73153+ 2R TR B im0 LA S 3 3
S50t N F AT 1) 7 1 A5 3 BR 22 U i T A 0 T 0L
R*=0. 9991, 15 H i iy if1 24 A9 4 5 3L UE R* =

0. 943, 9K Bl J& (1 A8 T8 5 7™ A B 4 1 3R 2 5 45 i
R, HERk2E SR ECE ) St e e, X
Bk 2 FMGH, B2 2R FH WG A0 3h #48 [) Be) 7= A= B T Bk
22 SR 7 5 3% T LU/ Shas B, B Sk )
MERE . A TE T AE G2 R G T BR 22 M IE S
B SRRSOk AG I A5 FE 45 1 780 1 R LA Bl 2
RGERMGERIERE S . Zad KM R RGEW T
PR RMS AR T 46. 2%, P RTiR 21 PV {H
BRI T 19. 1%, SCBL T ERZ A sowb b, S5 R %
B, M2 TR 22 I 1) 2R G0 0 i I e T A A Syl
AR JEL R = s AR I e vy T 2 AR AR AL AL T T
7 DA R S B S

2 £ X W

[1] Xu W, Piao Y J. Analysis of new generation high-
performance small satellite technology based on the
Pleiades[J]. Chinese Optics, 2013, 6(1): 9-19.
#eHi, AhKZS. M Pleiades HIFTH — 1t PERE/N T A
FARKRELT]. HEDEY, 2013, 6(1): 9-19.

[2] Wilson R N. Active optics and the new technology
telescope (NTT): the key to improved optical quality

2422001-9



(3]

[4]

(5]

(6]

(7]

(8]

ARIL L
at lower cost in large astronomical telescopes []].
Contemporary Physics, 1991, 32(3): 157-172.
Tyson R K. Principles of adaptive optics [ M].
Boston: CRC Press, 2015.
Ke X Z, Wang X Y. Experimental study on the
correction of wavefront distortion for vortex beam
[J]. Acta Optica Sinica, 2018, 38(3): 0328018.
HIEREL, FEHER. WHEGH AT E 2t sE )] .
YR, 2018, 38(3): 0328018.
Yang Z F, Li W L, Peng T R, et al. Performance of
closed-loop correction with hysteresis compensation
for unimorph deformable mirror [J]. Acta Optica
Sinica, 2019, 39(5): 0522001.
Wik, 230k, wRA, . HARRAMEI AL
H ST R I R IE R RE [T] . 2= %4k, 2019, 39
(5): 0522001.
Laslandes M, Hugot E, Ferrari M, et al. Mirror
actively deformed and regulated for applications in
space: design and performance [ J ]. Optical
Engineering, 2013, 52(9): 091803.
Yuan J, Sha W, Ren ] Y. Structure design of a
deformable mirror used on space camera [J]. Acta
Photonica Sinica, 2016, 45(1): 0122001.

R, E, R, S AN AR R S T
[J]. Y6724, 2016, 45(1): 0122001.
Chen X D. Testing of a 9-points deformable mirror
and its application in space camera system[]J]. Acta
Optica Sinica, 2013, 33(10):1023001.

(9]

[10]

[11]

[12]

[13]

2422001-10

5 41 % 5 24 H3/2021 £F 12 A/RF2E
Wb s . 9 mUESh AR T B P eI ol B AE 2 TRl AR AL )
RMHWFFE L] . 6224, 2013, 33(10): 1023001.
Lemaitre G R. Introduction to optics and elasticity
[M]// Lemaitre G R. Astronomical optics and
elasticity  theory.
library. Heidelberg: Springer, 2009: 1-136.
Hugot E, Ferrari M, Lemaitre G R, et al. Active

Astronomy and astrophysics

optics theory: compensation of aberration using the
single actuator principle [J]. Proceedings of SPIE,
2008, 7018: 701841.

Laslandes M, Hugot E, Ferrari M. Active optics:
deformable mirrors with a minimum number of
actuators [ EB/OL]. (2012-09-12) [ 2021-04-28 .
https://arxiv. org/abs/1209. 2685.

Cao F, Wang ] H, Zhang S Q, et al. Compensation
capacity of low order aberration using single actuator
deformable mirror [J]. Journal of Applied Optics,
2015, 36(2): 310-313.

HOF, Ede, sktitsR, S5 ORI IE IR
BEEAMERE T RIBEFE T . RIS, 2015, 36(2):
310-313.

Liu L H, Long Y, Cao F, et al. Simulation and
calculation of low order aberration corrected by four-
arm edge-driven deformable mirror [ J]. Chinese
Journal of Lasers, 2015, 42(10): 1012001.

XIZERE, Jens, WIF, GF. 4GRS AR Y B AL IE
R g 2R p5 TR L] . hEREOE, 2015, 42(10):
1012001.



