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Abstract

A two-axis gimbal-type X-band antenna is widely used to transmit bulk image data from high-resolution
observation satellites. However, undesirable microvibrations induced by driving the antenna should be
attenuated, because they are a main cause of image-quality degradation of the observation satellite. In this
study, a pseudoelastic memory alloy (SMA) gear was proposed to attenuate the microvibrations by driving the
antenna in an azimuth angle. In addition, the proposed gear can overcome the limitations of the conventional
titanium blade gear, which is not still enough and is vulnerable to plastic deformations under excessive
torque. To investigate the basic characteristics of the proposed SMA mesh washer gear, a static load test was
performed on the thickness of the SMA mesh washer and the rotation of the gear. Moreover, The
microvibration measurement test demonstrated that the SMA mesh washer gear proposed in this study is
effective for microvibration attenuation.
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Fig. 1 Configuration of a Two-axis
Gimbal-type X-band Antenna [(a):
Side View, (b): Front View]
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Fig. 2 Titanium Blade Gear Configuration before
and after Induced Over-driving Torque [(a):
Before, (b): After]
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Table 1 Characteristic Values of SMA[9]
Characteristic Value
Martensite Finish Temperature (]\4f) -21T
Martensite Start Temperature (M) -12TC
Austenite Start Temperature (A,) -5C
Austenite Finish Temperature (Af) 15T
, Martensite 75GPa
Young's Modulus Austenite 80GPa
Specific Heat 0.46kJ/(kg-K)
Thermal Conductivity 10W/(m*K)
Tensile Strength 1300MPa
Elongation at Break 45%
Coefficient of Thermal Expansion 10.4um/K
Density 6.45g/cm®
Poisson’s Ratio (p) 0.33
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Fig. 4 Configuration of SMA Mesh Washer Gear
[(a): Explode View, (b):Assembly View]

2.4 SHdrer o

Figure 5% SMA 4] ¢4 e] 7|54 dobs 9
g FAWNE Jaks AlY TS e, AES 9
3] INSTRON A&ZA]¥7] (MTS, Material Testing

35 Al



50 B e iy
System) 810 ¢ Al@ AulE ARESHGITH 719 0 . . . .
AATAE &8 A SMA ¥4 ehMe] 28 5A4E
Tds] H'EH AR EEE LoHYolE T8 2 500
ERT xS 25CAA 9 siglon, 4wl S7h
of We sk 3k % Ak W Fa Ssich Z 1000 [

Figure 6% SMA w+ ¢pqe] SN 4519 =

- ©
7t meE W9-dts =S yehith 27 459 5 500 [
9l R7F Al SMA gfofoje] =i Ql wigel] o) o
ojo] Atele] ko]l AAM, 22 dhFolm WMol 2000 | Loza o | ]
0a mm

WA shARE FRlo] o= Ak AR Fol= g Load (1.mm)
o] spojojef] gHo] HEate] F7HAR MHE 9l -2500 . . . : ‘
o @ @Fol aFas, W 4% Wk 3 % R

Displacement (mm)

Fig. 6 Displacement-Load Relation of SMA Mesh

s wpe 3ol e A3 AP SMA shelols)
s 9 ohaw Qls) fuEn, U W] #4% Washer
olUA Aibsee] $4% etk £§ 25mme) ] _
e _ 2.5 &HWe HolE AlY
T gEFHSelE Eeta 28 SR 2] ¥ oF oln] -stel Zplierel oo o
o} 3] A= ) 3= A3 X
Aoz Boshe oF 2 9l tH[10] ok Mol st FAE Jols Ao R Sk wf

£ SVA "4 9AMe] 71EEAS delsiglon, B HoA

= SMA "4 9A 7]‘3194 Y Adals AlFPozHE

[ES Szt Sllel e 7RSS Tl Fig, 78 SVA

Test W41 s Slols] A A A TS e,

' = <vlep] 98 28 RE (AZMEBAC-1IS100, Ina

Oriental Motor Co.), o &4 ¢33 B3 AlM (TR-5K,

TESTA), A A¥e g7t 54& 98 <=y
(1651.10000ZCU100L.2, Lika Electronic) T-45o] 9]

i 2 Al WA F A9 S B 9

| HEe] AEHES 4831k

ol

Fig. 5 SMA Mesh Washer Static Load Test
Configuration[10] Fig. 7 Rotational Characteristic Test Set-up for
SMA Mesh Wash Gear

37191 NS E83te]l SMA Wi oA 71o] AIF Al



2BIRE 5y A Eue] mAaTAEE As 2 F19s viEl oA 71ole) Z1EEA B4 51
o W3t BU Wl 20 54E PH] e
o] AP AHEE 25T FAA F3 v =3 [ | —— SMA Mesh Washer Gear (Case 1)
[ | —— SMA Mesh Washer Gear (Case 2)
0.1deg/sece] &&= +1° ~ £11° 37} HLjellA A7l [

W R o AE
& SAEHE S

Figres 8 (Sh (D 4719 A8 PHO=ZRE SMA
W4 S Zleje] 410, 42°0) AT WA K

el g5 - ARS 27 e, Ue A
2204 SVA 4 9E el Qi AzE SMA o)

ofojo] W7} of 2uf WG 7]ojo] AHalw AlF Ae}
v skt o, 2 s=Eol A Al SMA Hl4 44 e] 2
T 6.5g/cm’olH (5], <F 219 SMA ™%
SE HugPdor HdAste]l Zzte] SMA Hlel oME
Case 1, Case 22 YEMIIH, Fig. 8 (a)+ +1°9] 337}
17 Al 23719] 7 71019 YehdH, ol
S|lz=HE A 7lsS Bolal itk slxHgAlz=0] Ui ¥
A2 SMA HF eFA 71ofe] e ait BA4S vERH,
AR U WA & Apol7h gleol whet 7] SMA
ofojojo] "L Ipoli= oUAAAE B & JES vAA
Bos o Ark wg A9 7)E7|E FH Case 29
/3 20.6Nm/rad, Case 19 742 17.7Nm/rado=
Case 27} Bk zfolo] &l %2 e 7Hs & =+
Atk Fig. 8 ()& £2° 317k QI7F A] 7 7]0je] dws
e, £1°¢] ZAifel FUsHA SlxHEA S AsS K
olaL glrh TEFF 7] F TlojE £2° 7€) s ztel| ¢
3 E B Y] QbollA el Adagle] v 54

of wet Eeje] Pyow B o

= -
ALE ZhE

ME=E

= }HC—‘:—

-

— SMA Mesh Washer Gear (Case 1) ]
—— S5MA Mesh Washer Gear (Case 2) 1

0.6 |

Torque (Nm)

0.5 1

Angle (degree)
(a)

Torque (Nm)

Angle (degree)

(b)
Fig. 8 Comparison of Hard and Soft SMA Mesh
Washer Gear Rotational Characteristics [(a):
£1°, (b): £2°]

Figures 9 (@< (b)& 719t SU3 Algd1Age
3][ZE £1°, £2° QU] wpE ZAE-EF AEE SMA
< A 7ol ElElg EEol= 7]oje] AXE Hla
a3l Fig. 9 ()9 +1° 3147 17} Al HEHe Ee
ol 7lojE A¥E AsE Hola Jom, o= <l
7te 3 e Agete EFWS oA el B
ol 7oz} el EA S uEeRdIth
Fig. 9 (9] £2°9] 347 <17 Al HElg &dol=
71ole AR olF H4de] 777 e A
@ AsE Holw, Ate]Zo] FA el wat 7|4l
-8 A . ol HEhr Edol=
71018 Axg ~HE 2y
g Aol E7FsEe ovlgtt sHA
oA 7]oj = £1°,
AatsAldolA o

et 917}
]

SFA| Rt

o)

rir

oo g

ol
S

+2°

€
oQ

S
g
®
-
=
E

o2
R
=

L2 L
2
>

4ol

2
0%

QoA 7] 7lol= 2%

A8k

o .
o B o & o

H

ezl
o dok e
P

o,

o oo



SMA Mesh Washer Gear

o2 B e iy
2 Stk @m Y] g9el AY A F A7 £
— SMA Mesh Washer Gear ?_]7]' }\]6;5]% /\a]/‘]a’&] a= ﬂ{ﬂl}' /‘];: _’;8(3 —_;“OHE
1.5 Titanium Blade Gear ~
5 SMA Wl 9p4 Flojel B4 Wl e s
T o},
T 05 Figure 11 (a), (b SMA vwl5] bH 7o) +11°
= F _ _
5 ol 7HA Bz QI7F A Fo] 7lo] S dEhiM, Fig.
: F
A 11 (AT SMA W3l 9p4 Floje H=d 842 9l
S -
=08 b Sl olmg Wo] v errh
-1 ; 3 T T T T
A5 ;
z 2f ]
Q20 ey ey
-1 -0.5 0 0.5 1 1L 1
Angle (degree) 0 ]
2 of ]
-]
3
T ol ]
4 [ T T T T T T T ] |2 :
t | —— sma Mesh Washer Gear "] 2+ .
N Titanium Blade Gear .
: : ol __
E : ] -3 L I L L L 1
= i ] 45 40 5 0 5 10 15
Y i ] Angle (degree)
A !
e ; 1
‘ ] Fig. 10 Rotational Characteristic Test Results for
" 1
2

05 0 05
Angle (degree)

1 15

Fig. 9 Titanium and SMA Mesh Washer Gear
Rotational Characteristics [(a): £1°, (b): +2°]

Figure 102 SMA W 9} 7]ofo
+11°7b4] 3] HZs QI7F Al Zw-EA
otk 719 Aee Aed slzH A~
w3117 St whet 49 71&7)7h
o= HH 3Pl HA =)
+11° 3zl uwE A
2.8Nme| £ Z-& A
dom Agide] glo] &

Hu 75s 9 s9&

+5°, &7°,

HES

pad
oL
-

=]. O
EInss

ol 7

-

@

(b)

Fig. 11 SMA Mesh Washer Gear Configuration
before and after Rotational Characteristic
Test [(a): Before, (b): After]



2RIEE T A QhEde] malEA e A% 28 BT vl oM Tloje] TIREAd ¥4 53
g, 7] AdelA Agd Tleled] HdEE & QPElF 8= (Yoke) Holl 7%l 710 d3zte] 2
a7l fell mEE Axe) 71er|E Alteigith A¥ RBAE ky Ky /(K +k, )2 =E3HH G4z 7o) &
@ wefelA el ElebE Edlol= 7lo] A Fo] 3|4 ZAS UL, =¥ 0 7]019] 3

110Nm/rade]™ SMA w5l ¢}M 7]o] 34742 17F
3| ztei) W] Wil AAST EA 1.57Nme} -
AbsHAl Q71 £5° AREFE 10.7Nm/radS =&
skolct. webA SMA Hl4 ob 7]olE oF 108 W&
3|7l 7191t HsEd Ase] R o=
Z1jneh AujHos 43 o oSt 57 |
e A (DS H83ke] Fig. 99 W 3| aEgrx
=4 gol B 7 Adow FH 5 shalth wgh
Akl goldS 918l olux] HFEF o] 7] xste] v

F 549 A4 39S AFgew 7 esiaillL

_ AE()

= 1
216k, W

Cq(0)

o7l A, AE= 3|z=HE Al 23] Wi ol o,
6= SMA ] A 7]oje] Q17F 3]z o n|gh}
Figure 12% SMA =4 €44 Z]ofell QI7he]& +1° ~
T11° 337l M2 57 A4 2 57F HEEs UE
e, 17tEE 3] Hdzte] St E S A T
7b g gkol #hAskar vk
o] ol 7IQlgk A=A, 43
2] d SMA H|+] ¢foloj7} AFnkgke] st
o= Bt @l HeoFelr] wiolth
Figure 129] A¥E Ed|Z SMA w4
@ eV BT Agdd wE mAd

=
stetalr] g8l 2 (5 A4 se] ADES

FHos FHg

rl

o}

1+(2¢n)*
(1=~ +(2¢n)?

Transmissibility = \/ )

of 7oA, = SMA vl 814 Flole] 1% Zh4ulE 1}
B, 4 bl 29Ae] 13 neAES D e

AATE A WAk AT W w/w, B e

o} ¢ty Z2AY] 35T w, 2 VE/J Z5EH =
ZHH, J= HEHYel ez dell gig ddRYE
0.012kgm*E YERNIL, k= SMA w4 9k 7)o 2

A3k,

Figure 132 719 & #&3dto] SMA Hl+ 2™
Z1ofell £1°, £5°, £11°¢] 337} I7F 2] we A
AES Uehdth Aol wEw Qrey el A
83 8 =Nl sjdsls £5°9 ol& d3lshs
+11°9] 37 A7k A] el =HAle] 14 3d 3
77} 4.6Hz9F 4.2Hz= <relg ZyAe] 13}

gon, o=

95

Lo e o

2

4 9t} deEE 50HzolA 1= SMA W4 <
A 71ofo] £5° 7 A7F Al AEEe] 0.09= oF 11
v Aol sbeshd, £11° A7F Al 5 FaigolA

0.07= °F 1499 zl5dd 5ol FRA At

‘ls O T T T T T 0'8
= | —o— Rotational Direction (Keq) |
©
2= | —OC— Rotational Direction (Jeq) |
E 161 Jo7 m
< E
g =

14 8
!. 4 0.6 g
o =
@ [w)
c &
= 12 + g
= los 3
7] S,
£ a
8 10 L -
g Jo4 F
3
L 8-

1 1 1 L 1 0_3

0 I 2 I 4 | 6 I 8
Angle (degree)
Fig. 12 Values of Equivalent Stiffness and Damping
of SMA Gear



54 e i ki

T T UL
—{+—Angle: #11° | -
—7—Angle: £5°
—C—Angle: £1°
1 ¢
== [
=
]
7]
2
£
g
£ 0.1
e
[ —
0.01

1 I 10 I 100
Frequency (Hz)

Fig. 13 Transmissibility Curves According to
Rotational Angle of SMA Mesh Washer
Gear

2.6 7IE5THAIE

2 ATeA Al 25 A X-wisE QrEvRs AR
oA e Arrs flE BElTREe] REEHoR Sy
th SMA w5l e} Zlo7h Al 8FEIE A3lshs oF
2.8Nmell sl 7322 PdolfiE WEsitiele 7] 71ojd)
Bt A2 08 283l uhet )27} A Eo] A3kl
2 Rz B A, 7]ole] sYde] Brlsate
PrANE Al ik wEbA Erh Ao R 2k
Al Fatele W dEake] tigk el HEZF desith

H HoMe A AtolEel tigk SMA HlAl 9k 7]o19
dstdd 9 d2aE HE st 7EARS st
Ak 71 AR Al AIREelA Qb TPF (Tracking
Rarameter File) Z2310][12] w2 StelLte] wk9jz) 34
&g Rl 3%sec, QI7F A% £2° e (25°0) =1
slollA] Fslion, gk o4 Elelr Edlol= 7o
o] Aze} mwalHtl Fig. 14+ 257 FEHd| wWE
SMA w5 &bM 71oj¢} Bleks Edlol= 7]ofo] Zdx]e] ¥
ke yeRdth of7]ellA 71eje] AERIE <lejo] FvE
AEE T8 & Aw-E ARERE 71718 EEshe
Aoz ESTh Al ZoolE 7]0je] 43 vzl
A& & ql7lell oF 500 F719] F2 (PR S48t
Algo] Xeggel wet Ak 1HAS ST A S8E
FEsieith kA Blelr Edlol= 7]olo] A5 SF Ho) 4

3 AlE AYEHE 7} A% £2° H9jelA s o
ool ZAIgtel] wet 843 AlelZllA Fig. 159} 3] d]=o]
oJ3h vjcto] WhEh= ubA SMA w4 9 7]oje] 9 A
719] QI7F 74w miSjellA] 'R lell EAIStel wet 2% AL
o2/ Ak glo] o] fAlEE s ERl rksst
ok Egk AlE Sol® Fig. 167 7o) SMA HiH 9Ae] &
ol AL vk wiEbd 7] TEFEAE AR E
SMA ¥l ¢}A71017h Elekr Bdlol= 7]o] Kt} 3374
o] °oF 5uff wtowm Q7kE AT} AT E EelaL
SMA s <44 Z]oj7} By Eelol= 7]ojrr} vl
s)RTEl sl GARE o] RARES YSSIsivh

i..

[

120""I""I""I""I
i. ® SMA Mesh Washer Gear

L ® Titanium Blade Gear
100 L \ -

Fracture at 843 Cycles

s
=)
T
L

Rotational Stiffness (Nm/rad)
[=2]
(=]

20 F ® © o © o [ ] ® -
0 PR G VI I SRRV T IR S TR S (N SRR SO |
0 5000  1x10° 1.5x10° 2x10*
Cycle
Fig. 14 Comparison of Rotational Stiffness w.r.t

Accelerated Life Test between SMA Mesh
Washer and Titanium Blade Gear

(a) (b)
Fig. 15 Titanium Gear for Accelerated Life Test
[(a): Before, (b): After]



<t
py

o

Ry

w5 <A 7]oje] 7]
=5 1602714
Hko)7F wikgkol] T3l Alglo|ma

3827HA 7Rk
oM ot}
o] Waterfall 4

A,

;

In-plane W32l xFol| 3k WaterfallZ 1|4
B3I Fig. 18& 71 F1lolM <]

FFE

-0
dee %

El
T’:
@Og
ekl

)

et
F7lolo} SMA w1 b 71012 H87 A4S xFol
A
A% o7 HRES
&2
5

2

l:lo]

L

N

ARtel) W Fi 8 714w
A% 9 <k} ZAA3e] P2
178

HE 5ol uf

=

(a)
Fig. 16 SMA Mesh Washer
Life Test [(a): Bef

2.7 SMA Hj# =M 7

H=E=
(==

RS
Ag 73S vERTE X-= QU 31d
HA3le7] 93] 50cm=<50cme]

o e W g b

o)

A
— T
L= e b e E B 2 i
ohE|Lle] WR9IZF WiFo B FES AlRlER= AlH oA
How Whlleh= xH
qu._rg,]_ 57(—1 ﬂﬂ-ﬂ /\Eﬂ =2 z
ol o3 yehdth SMA =4 9 7o 2§ Al Ak 2
710 A8 Al B} SHEuke] 7R gRte] K 9w
A7 Az Hglem, 53] hEvke] FEgRIR=2l 110Hz
~ 130Hz 3l diejolA s eletidiol ofF 3uf A7+
lgk 4= Slrk o= SMA w5l b4 7]ofe] A 3)x%
el 71918k ey =" Ale] 13k fxlE57F 5.8Hz
Aoz Yehhs Aotk
& FIoA 9] Waterfall 292 5
Lol <t 7*7101% A8 Al QHEve] 12t 3] afFl
Qrelve] 2 FREER] 110Hz ~
HeLte] Sdeg/sec -5l 2% 3dTE F
. 14 3
T8

(b)
Gear for Accelerated
ore, (b): After]
SHAH Ms

.?_

oﬂog o]

|oje] o|&=
Figure 19% &%
=21 ‘o

A A Aeksk SMA w5 £ 710

= O}Eﬂ‘JrA u]/\X]E A s =A
% slghdite] gt 1%
ol x] o
o
=0

44
Z153] o]F x| ol T=9A4
St

E= 55HzoH,
130Hz e, <t

2 IFFER 55Hz oA e] Qe $Ade] T
F4e] Asls opr|git

Figure 172
94 Z-LQ_Q]] u;}_‘ X-
Ags <
| HbEls P RHES
AA el 20kge] FAS] AATE ARGEIITE 719 #|A]
ol erelv ZAE FAete] 2¥ (Rubber) AlEo] &
2 9loloj& 3%l W+ Free-Free A& 331300,
X-i= <Lkl WAZlE S-S XA Fad 7GR
ANE E3) Sw Q1 222Hz ol A
- Ll A 1__01\\__
e AAle] FrRE Fieet
ORKE F5HE 9
SMA =5 ebA 7]o] A8 A] 12} ALfiZlEFE 5.8Hz
] 7]E 7)ol A& Al 124 317 af35F o] 55Hz
94 9,]3 E‘jr ok 11. ZHHA ;(]Ex1 7} }\-]‘gg Eo]rjr r,\:g]_
QFeUe] IR Fu 9]l 110Hz ~ 130Hz <
Al 370 Ag Al @R B of Tu) A7ES 9
7Fssltt. g 5.8Hz tholAe] 12} 3|F+= Sdeg/sec?]
S 93k 747 FuE 222Hz7) 5.8Hz thele
3] 7kl Al71A] s, 327193 Hol
ol Apd ero}
S
o] 93

Micro-jitter
Measurement System

RHEL TEE
TH5E FES
U WENO R Waterfall AolA ieoll AHE A
Fig. 129] A¥Z5E F550ch
Table 2= SMA W] 94 7]o] A& A] <telv; T
?7]‘01] r,Hs]- a3
TR AaES Yehh 7Rl dix

ek ekt kT 5
How QEhe] HATE WAl xFol e glwelel 4

Stepper Actuated X-
band Antenna
Fig. 17 Micro-jitter Measurement Test Set-up
gato] I ATrolA AIRKEE SMA |
A 5 B9 slglon, 4l
ek Alde] duk 7)o
z} u}
d .-
g8l 284 neE

/2) [OR=S
S48 A Qe 2

A719] AFFAS o] 8
A oA Flole] HaKE
H)mal7) $1g )
g soleh. n2x1E

o

418

ol el Sdeg/sece] 5
TeYstlomn, 5deg/secA =

=
=



93 a2 68.9%01H, 5 TRIM e xFe] A
g2 SL1%eIth B3R 7] 71014 Tﬂﬂ T3l 257
P 7R TSI w2 T3 A 25U
A AaEE Hola glen, o= & ﬁoﬂﬁ AkgE SMA
w5 9bA 7]oi7} B RNt ofut & kel oisiA
T A Tl wE Isdd s Fuot beds o
ehdch. meEb] X-wie= qkeuell SMA w5l 94 7]o] A
& Al 7R B S BE el A1e] HE A

urh AEAA 5ol $EES AT 5 ok

oo

Fx (N)

Y

sency (H2)

100
50 Freq

Fig. 18 Waterfall Plots of Micro Vibration Test at
Acceleration Section [(a): Conventional
Gear, (b): SMA Mesh Washer Gear]

300

200
(viz)

150
Frequency
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Table 2 Disturbance Reduction Ratio Between the
Conventional Gear and SMA Mesh Washer

Gear
Peak Reduction STD
Phase | Axis (%) Dev1at1.0n
Mean | Max Reduction
(%)
X 63.7 68.9 68.7
Accel. |y 54.1 67.1 62.9
z 64.4 56.7 67.5
X 65.5 51.1 63.8
Const. |y 71.4 64.9 74.7
z 46.7 65.5 48.8
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