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ABSTRACT

A study was conducted to establish allowable limits for carbon fiber reinforced plastic (CFRP)
spacers and improve analysis reliability by incorporating variable factors. First, stress-strain relation-
ships were established for unidirectional lamina and for lamina in arbitrary directions. Classical
laminated theory (CLT), a general CFRP analysis model, assumes thin laminated plates with constant
in-plane strain across thickness, suitable for unidirectional laminates but inadequate for different
direction laminates due to neglect of lateral shear deformation. Therefore, to account for lateral
shear deformation effects, the first-order shear deformation theory (FSDT) was applied, addressing
bending or twisting of laminates due to normal stress in the x-direction. Design limits were then
set for torsional shear strength, buckling strength, and critical speed to establish standards for CFRP
spacer products. Analytical verification of these design limits was performed to ensure compliance
with established standards.
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Model Maximum stress Tsai-Wu
failure criterion failure criterion
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Fig. 6 Maximum torque measurement

Table 3 Static analysis verification

Torque Measured Estimated Relative
[Nm] angle [°] angle [°] errors [%]
68 20 20.4 2.0
863 25 26.3 5.2
1397 30 30.6 2.1
2035 35 35.9 1.1
2835 40 39.9 0.2
3742 45 43.2 4.0
4939 50 49.0 2.0

U, Magnitude

+1.426e-01
+1.189e-01

+0. DDDe+00

Fig.7 1st bending mode shape

U, Magnitude
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15:5808%0

Fig. 8 1st breathing mode shape
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Fig.9 2nd breathing mode shape
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+1.170e-01
+8.772e-02
+5.848e-02
+2.924e-02
+0.000e+00

Fig. 10 3rd breathing mode shape
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Fig. 11

Modal test

Table 4 Modal analysis verification

Measurements Analysis Relative errors

[Hz] [Hz] [%]
1-Mode 136.5 135.5 0.71
2-Mode 156.6 162.1 3.50
3-Mode 190.4 190.9 0.28
4-Mode 266.1 256.4 3.64
5-Mode 3329 3122 6.22
6-Mode 377.6 348.0 7.81
7-Mode 444.8 448.9 0.91

EPE-2 FE] F9U O =2 breathing mode shapeS U}
EFIt}. Breathing mode shape< 42} ilf X5 B=
oA 176.76 Hz9} 63} 25 2= 210.36 Hz T3
oA Zdo]x o] FFFEFH EReH: WO E mode
shape S 7HIT}

Fig. 113} Zo] )X A3 A5S 98 = g~

Aastar A Aol QAE AbEITh Age
T4 205 788k Aol 3 =

%

Qb gl 17

SEE AAsto] free-free 7 lZ’tZiOH Al Z8Y3iaL o]
= A ke ¢
=
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Table 40l Uehd 24 Y, REHAE A o=
52, 621 REoll M wAEtglom 2t 6.22 %, 7.81
%] QARES JERAAIRE U A 1, 23, 34, 44,
7A BEOA BT 0.28 % ~3.64 % 70 29
Rtk wekA breathing torsional &
A S A7} o A e a1glA T
W49l bending RECAE 48] e 224E B
7] WZel AdES Fote] A A=ds &
& & AT

-
nE EE

ro 32 S (i

4.4 B

r F

o] 1= CFRP A|%o] AAQTAHSS ntEs=
Z3he SaaTsh SN Ay FEe A

2 o3} il
HARAAE Jhdsly] 91k AFE SISt

3]de] ofal o] HdYE= CFRP 230X 9 H]
£ A=, F245E, dAEE U A=
ARE S8 duE P ARA S oS
Zte P AR sEEe] SE-BYE dAN S 7
7} AYEa, AR o2 wgow H5d AA
& A3 ABD-#E 9] o4 A FH(B-
Py s AHEste] A 89S Fdste MR
S Ayskeleh 2elar gukEQl CLT REaEs 34
O HES N g glonE E3iAle PHd Wy
S FAE  glod dd MdS 188k FSDTE
A-gsto] At stolof gk ARl AdolA =
Z°] 4000 mm, ¥J7 260 mm, C”ﬂ 6 mmo| ™, Al
AT FAE 0.5 mm, 432 (£10)5/(90),% X
gatelon FHEAE %EEH HEY A9AE, 1
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