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Abstract: This paper focuses on the ultra-low thermal deformation requirements of the main support structure of
the gravitational wave detection telescope. It proposes a method to reduce the thermal deformation of the truss
support structure by designing CFRP (carbon fiber reinforced polymer) layers to modify the material's thermal
expansion coefficient. Additionally, to meet the alignment performance requirements of the telescope, a segmented
design scheme for the structure is presented. The paper begins by analyzing the advantages of CFRP, existing
methods of thermal dissipation, and the research progress both domestically and internationally. It determines the
three-segment telescope design using CFRP as the support material and establishes design criteria. Next,
mathematical models for "material-thermal deformation" and "truss structure-thermal deformation" are developed.
Optimization is conducted for material layering and structural design, resulting in an optimized solution.
Furthermore, CFRP materials are applied to the support structure, and a segmented main support structure design
scheme is proposed to reduce the difficulty of structural processing and alignment. The overall structure is
analyzed. The analysis results demonstrate that, in terms of mechanical performance, the overall structure's natural
frequency and maximum gravity-unloading deformation meet the requirements of the main support structure. In
terms of thermal deformation, the optimized design based on CFRP layering exhibits a thermal deformation that is
27.15% of the conventional layering scheme, 6.42% of the Invar material support rod scheme, 11.50% of the SiC
support rod scheme, and 3.21% of the titanium alloy support rod scheme. This indicates that the optimized design
can significantly reduce the structural thermal deformation.

Keywords: thermal dissipation design; CFRP layup design; coefficient of thermal expansion
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1) Main load-bearing plate; 2) Three main support rods;
3) Sub-mirror support adjustment backplate
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Table 2 Alternative CFRP layup methods

5 HJ2 =X ax—crrp/(1077 /K) a@y-crrp/(1077 /K)
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2 [+45/90/0/ —45/0/45/0/90/0]; 3.555 18.90
3 [+45/60/0/ —45/90/45/0/ - 60/0] 5518 14.99
4 [37.08/ —59.45/31.38/ —57.01/ — 16.64/16.64/57.01/ —31.38/59.45/ — 37.08], 1.205 20.87
5 [32.61/ —53.67/37.04/ - 56.86/ — 32.65/32.65/56.86/ — 37.04/53.67/ - 32.61]; 0.826 20.28
6 [-30.49/ —51.63/36.10/ — 60.38/ — 30.44/30.44/60.38/ — 36.10/51.63/30.49] 0.069 21.69
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Fig. 6 Finite element simulation of thermal expansion of CFRP material — taking laying method 6 as an example
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PIRECRR I TR B T AP EZ I TR E S %

3.2 MEGEM-AEMEBRIESHEMRL

Xt BT B SR AR B L RIIE: 1) RS
SRBER, FEANZRIR; 2) SN, R T HIZK
T B THT 2 [1) AN 2 77 A AR A R X o, 6 % T 2K 2885
3) REB I — s By, b B B A R
KA

AR AT AT DT A4 R e SR A Y
BRI 4.

FPHT 3 WL — R, b AR B
XHHIBEAz o ROAy, LR GE A E AT .
TR AL 55z F R BT 4 E e R SRR U
5 4 TR RASAEAL 55 N, B Rt e
A RORIEE , SO AERIRE | D07 AR
PSE R IR AR 56 5 R il g% ] LUIA I BEAEUIR

* 4 BRAEHNEFIEEMIRITER

Table 4 Design requirements for main support structure of telescope prototype

EisyanugE| LN LS PHERBER
1450 FE it 1A 14 < 7.5 kg(fL324R)
2 AR EiEeReas freq, >80 Hz
Az <10 pm
S FEE AA;%I’;Z: 31(? ;gld
4 KRR JEYINIREE AL = 10 K dzpi2 < 10 pm,dyppz <5 pm

5. HVISTERE MR (i FR)

6. TEREE(H L)

S ar < 10 uK/ VHz
(10 mHz ~ 0.1 Hz)

Sar <50 pK/ VHz
(10 mHz ~ 0.1 Hz)

S Ay, < 1.0 pm/ VHz
%R, < 1x1077/ K
S Alya < 0.4 pm/ VHz
xR, < 1x1078/ K
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AU MBS, LIRS T Z B, LA
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L3 =AM 1) FRNEE S 2) £%

B/7 ZIIFEMBERELFE

Fig. 7 Main support structure model and coordinate system
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e 8. 9.

PiEEE R 5.

D LSRR .

1) HiBREA Ty LA R 5 e A AE o 4 —K,
RIEF X “S5H S5-I BCARIMER , T2
PSS R BOC R (15). R (16) AR

2) SR BTG 5 BEE RER AAE XT IR 25 HE 2 5 ) S
5.13%, y 71K 9.68% JRHAET BRISHRAY 5740 ps
RUSE R — AR AT, I SE AR R MR R 255
ATPINBA DT I I S, R R &
225 (ALERZE ARVHEFN, BEISRIA R VE 251
AV TR ES %

PL#S m[ElME CFRP #f)2 075K | R =#FEEdt, #4f
BHSE5R L 2 ABIS B ERFh . Binfife
PRECAESHITE 2.y PIATT 10 B FAVETE dz F1 dy, 1 W)

B8 FhEAMA () HRHETHA (F); BAE (5)

Fig. 8 Solid model (left); truss structure model (middle); theoretical model (right)
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B9 SRy ALE R oMy RATAF A 45 R—A ) 8 dz 7 @ Y 4 4

Fig. 9 Solid simulation and truss simulation result — example of thermal deformation in the dz direction
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Table 5 Comparison and verification among the three models
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Fig. 10 Optimization results for structural thermal deformations
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Fig. 11 First mode: oscillation along the Y direction, 122.61 Hz
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= 5.93475E+05 Freq = 122.61  (cycles/time)
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Fig. 12 Second mode: oscillation along the X direction, 128.47 Hz

BRAEZSAL, RPHTH S A Ry P B8Rk 1 e JBE 77 1wl
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Table 6 Gravity unloading deformation analysis

27 1) Btk SIHTas R
Azpi-pm2 < 10 pm Azpr1-p2 = 0.38 pm

W ZJ7 10 H1%, Aypi-pm2 < 10 um Aypi-pm = —2.66 um
ATy _ppp <30 prad ATy _yp = —0.16 prad
Azpri—p2 < 10 pm Azpri-p2 = —2.57 pm

1T Y7 1) 128 Aypi—m2 < 10 um Ayyi-m2 = =547 um
ATy <30 prad ATy _pn = —2.31 prad
Azpr1—p2 < 10 pm Azpyri—p2 = 0.02 pm

VX R Aypi-m2 <10 um Aypi-m2 = —0.04 pm

Ale—MZ <10 um

ATy _ppp <30 prad ATy _yn = 0.03 prad

Ale—MZ =591 um
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Fig. 13 Element analysis of thermal deformation of truss support
structure — example with layer 1
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Fig. 14 Taking 50 uK temperature noise as an example
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Fig. 15 The relative thermal deformation in the M1-M2 separation
direction is 12 pm/VHz
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Table 7 Comparison results of structural thermal deformation between different materials

2 R FaEMELE £ @10 mHz ~ 0.1 Hz/(pm/ VHz) KSR 2 8 IK
CFRPZHF-HiZ4-T LG E % 12.0 331x1077
CFRP3ZFF-fi )2 14 1 [F] M4 2 44.2 12.19x 1077

SICAT 104.3 28.77x 1077
Invar-423Z4F 186.8 51.52x 1077
BRE G T 373.6 103.05x 1077
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Design technology of the truss support structure
of the ultra-low thermal deformation
gravitational wave detection telescope

Li Bohong', Luo Jian', Qiu Minyan', Chen Wenduo?, Zhao Hongchao™

U, Magnitude
+6.158e-03

+0.000e+00

Element analysis of thermal deformation of truss support structure

Overview: At the current stage, gravitational wave telescopes have stringent requirements for thermal deformation
stability. Due to limitations in manufacturing processes and material properties, it is necessary to optimize the CFRP
material and structural configuration to achieve the desired design. Based on the current progress in gravitational wave
telescope design and the level of manufacturing processes, combined with a comparative analysis with advanced space-
based telescopes domestically and 1nternat10nally, it is deemed reasonable to set the thermal deformation design target
for the support structure at a<1.0x10”" /K. This paper primarily focuses on the followmg research aspects: 1) In order to
reduce the overall thermal deformation of the structure to below 1x107 /K, it is necessary to ensure that the thermal
expansion coefficient of the truss material meets this requirement. Therefore, the CFRP material layering scheme is
optimized to reduce its longitudinal thermal expansion coefficient to below 1x107 /K, which is then used for the axial
direction of the truss rods. 2) Provide a structural optimization scheme to observe whether the structure can meet the
requirements of AT=10 K conditions for the relative rigid-body displacement between the primary and secondary
mirrors, ensuring dz < 10 pm and dy < 5 pm. Additionally, check if weight, modal properties, gravitational unloading,
and other aspects meet the standards. 3) Building upon this, discuss whether the use of CFRP material meeting the
1x107 /K level can satisfy the structural stability requirements after being incorporated into the structure as truss
material. 4) Compare the advantages and design potential of CFRP with conventional telescope truss materials.
Therefore, the paper first analyzes the advantages of CFRP, existing methods of thermal dissipation, and research
progress both domestically and internationally. It establishes a design scheme for a three-rod telescope with CFRP as the
support material and proposes design criteria. Mathematical models are then developed to describe the relationship
between material properties and thermal deformation as well as truss structure thermal deformation. Optimization is
performed on material layering and structural design, and an optimized solution is provided. Finally, CFRP material is
applied to the support structure, a segmented main support structure design is presented to reduce manufacturing and
alignment difficulties, and an overall structural analysis is conducted. The analysis results demonstrate that, in terms of
mechanical performance, the truss structure has a weight of 6.7 kg and a fundamental frequency of 122.61 Hz. In terms
of thermal deformation, the optimized design based on CFRP layering exhibits a thermal deformation that is 27.15% of
the conventional layering scheme, 6.42% of the Invar material support rod scheme, 11.50% of the SiC support rod
scheme, and 3.21% of the titanium alloy support rod scheme. This indicates that the optimized design can significantly
reduce the structural thermal deformation.
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