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Abstract
In recent years, as advance of the technology, the research of the materials whose
properties autonomously change depending on the surrounding environment is carried
out flourishingly. These are called intelligent materials or smart materials. Development
of the machine system using such materials attracts much attention. One of the
materials which has large advances most in the intelligent material is shape memory
alloys (SMAs). At the present passing more than half a century after it was discovered,
the development of the actuator using the SMAs is carried out flourishingly and the
practical use advances as intelligent metal materials in various fields, such as
automotive, aerospace, robotics and biomedical, using the high mechanical
characteristics, i.e., the stability of the shape memory effect or ductility, the strength,
corrosion-resistant. Especially, the actuators using SMAs attract much attention in
characteristics that output stress at the time of the shape recovery is very large and that
drive sound is very quiet. One of the demerits of SMAs is that the maximum output
strain is limited to approximately 5 %. Therefore, in this study the development of
unprecedented new actuators was carried out by changing the shape and the structure
of the SMA.

(1) The most of the actuator of SMA put to practical use are linear actuators until now.
Therefore, the torque actuator of the new mechanism using SMA was developed, and
the output characteristics of the torque actuator was clarified.

(2) Knitting actuators were produced using only Ti-Ni SMA wires with maximum output
strain of only 5%, and we succeeded in getting the output strain of more than 100%.
In addition, the mechanical characteristic and the difference in output properties by
how to knit were clarified.

(3) A disk spring type actuator was produced using Ti-Ni shape-memory alloy, and static
mechanical properties were clarified. In addition, the finite element analysis of the
produced disk spring type actuators was carried out, and the validity was confirmed
by the comparison with the experimental results and analysis results.

The disadvantage of Ti-N1 SMA is that cost is very high. On the other hand, if Fe-based

SMA is produced in mass quantities, the cost can be reduced to about 1/10 to 1/20 times

of that of Ti-Ni SMA. However, it has been until now that the shape memory effect has

can be activated only once. Because recovery properties improved by recent studies, we
considered that the expression of the shape-memory effect may be possible repeatedly.

Based on the assumption, I performed a repetitive shape recovery experiment of the Fe-

based SMA, and confirmed possibilities of repetitive actuator by limiting the pre-strain

less than 1%.
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Table 1.1 Intelligent material under development [11]
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Fig. 1.1 Atom model of the permanent strain by the slipping
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Fig. 1.2 Atom model of the shape memory effect by the martensite transformation
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Table 1.2 Various kinds of shape-memory alloys [15]

251 Z(°C)
~15

Ag-Cd 44-49Cd B2-2H
46.5-50Cd B2-2H ~15
Cu-Zn 38.5-41.57n B2-9R ~10
rhom.M9R
Cu-Zn-X X B2(D05)-9R ~10
(si,sn,Al,Ga) M9R(18R)
Cu-Al-Ni 28-29Al.3-4 5Ni D03-2H,18R ~35
Cu-Sn ~~155n D03-2H,18R —
Cu-Au-Zn 22-28Au, L2,,18R e 4
A45-477n
36-33Al B2-3R 10
49-51Ni B2-monoclinic 20100
B2-rhom 1—~2
18-23Tl feefct ~4q
4-5Cd feo-fet 3
5-35Cu fcc—fct —
~25Pt L1,-#5 8l K
bct
~30Pd fee-fet A
Fe-Ni-Co-Ti 33Ni,10C0,4Ti fce-bcet A
(EE%)
Fe-Ni-C 31Ni,0.4C fcc-bet .y
(EE%)
~~30Mn,~5Si fcc-hep ~
(EE%)
Fe-Cr-Ni-Mn-Si-Co ~~10Cr,<10Ni, fcc-hep N
<15Mn<7Si<15Co

(EE%)
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Fig. 2.1 Non-memory Ti-Ni shape-memory alloy wire WDL4-12 producted made in
Actment Co., Ltd [18]
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Fig. 2.2 Load - extension curve of the shape-memory alloy (Low temperature)
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Fig. 2.4 Outline of the drive of the bidirectional actuator
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Fig. 2.5 Basic structure of the torque actuator
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Fig. 2.6 Drive principle of the torque actuator



2.4 V=TT Faxz—X|ZLDTPHEER
2.4.1 EBREMW

NVIT I F ax—ROFRHIZHTZ>T, MVIT 7 F ax—ZOEREI OB (nfisAH) %
HETH2DIZ2 AT 7 F 2—2OEMOREEIT,
2.4.2 EBRFIE

L=100mm @ Ti-Ni SMA U A ¥IZ 5% EA25%AESER S L100mm (LT, VA ¥ &
HARE 1=100m® Ti-Ni BEHEEG ST A YA —F 27—V —7 (MEOHIZZADU A
YEZELMAEMNEAS 3 ROQUTHEET S/3—) ZHWTHEFET 5, #iELcU A Y
DMz A — 8777027 ) v TEHICEET D, X 2.7 IZRE OB 27~
ZOREED S | FERFRIE A S E TEM K74 Y T 150 CITIE%, ARy b —F
THI 10 CETWHEIT D, ZOTA 7LV IEL, FRETCORRTEESEV A TORES
L Z&H3 %,
2.4.3 FEBRFER

I E IR e S RGBS S0 2 FEM K7 A Y CMEA L 72BEC L=103mm %7~ L
oo WITIRFEIBEE ST E AR Yy 87— 7 THH LRI L=104mm %7~ L7z,
D%, MEAVE GBI Z D K U2 WIRE DT U AT ERROMEEZEY IR UBE L

77
“Autograph

[ Superelasticalloy

| |
]

] Circular sleeve

L SMA

Fig. 2.7 Schematic drawing showing the experimental setup
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Fig. 2.8 Photograph of the torque actuator
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Fig. 2.9 Experimental setup
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Fig. 2.10 Photograph of the torque actuator at low temperature
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Table 3.1 Specifications of the existing rotary actuator[19]

Length 43.5mm

Width 50mm

Height 80mm
Output angle 90°
OQutput torque 0.118N+*m
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Fig. 3.1 Drive principle of the produced torque actuator
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Fig. 3.2 The outline block diagram of the linear actuator
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Table 3.2 Condition of Shape memory treatment

Diameter Heat treatment Heat tl.ﬂeatment Cooling method
temperature time

1.2mm 560°C 407y Water cooling

2.1lmm 550°C 404y Water cooling

Table 3.3 Condition of Superelastic treatment

Diameter Heat treatment Heat tllﬂeatment Cooling method
temperature time
1.2mm 410°C 405y Water cooling
2.1mm 300°C 40%y Water cooling
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Fig. 3.4 Stress-strain curve of 1.2mm SMA wire at low temperature
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Fig. 3.5 Stress-strain curve of 1.2mm SMA wire at high temperature
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Fig. 3.6  Stress-strain curve of 1.2mm superelastic alloy wire
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Fig. 3.7 Stress-strain curve of 2.1mm SMA wire at low temperature
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Fig. 3.8  Stress-strain curve of 2.1mm SMA wire at high temperature
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Fig. 3.9 Stress-strain curve of 2.1mm superelastic alloy wire
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ORI AE & ZDOREDIENEALREA ¢ X3 TITRAL TR LIADE(LEAp %
Kb 5,

Ay, — 360DN -

InEA32IRAL, MIOECEAM ZKRD %,

AEd4 s A 34
~ 64DN 180 “¥¢ G4
Tuy PEIETOINLDOEEZRLADEDZLITEY., ¢, EMERDD,

i
Pai = Z A g (3.5)
k=0




i
Mi == Z AMk
k=0

(3.6)

IhEDL EICOTHD A% 5 E TORREEASENR LV X0 UilA vy i

AFECTEYE L 72T 0 IXRDNT A —F &K 3.4 1TRT,

Table 3.4 Coil parameters

d(Wire diameter) 1.2mm 2.1mm
D(Coil diameter) 16mm 32mm
N(Effective number) 3 3
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Fig. 3.11 Output torque and output angle of the actuator made of 1.2mm SMA wire
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Fig. 3.12  Output torque and output angle of the actuator made of 2.1mm SMA wire
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Table 3.5 Theoretical values of output angle and output torque

Wire diameter, d 1.2mm 2.1mm
Maximum output angle 115° 337°
Maximum output torque 74.INmm 237Nmm
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Fig. 3.13 SMA torque actuator made of 1.2 mm SMA wire

Fig. 3.14 SMA torque actuator made of 2.1 mm SMA wire



Table 3.6

Dimensions of the SMA torque actuators

Wire diameter, d Vertical length Horizontal length Height
1.2mm 35mm 35mm 70mm
2.1mm 60mm 60mm 100mm

Fig. 3.15 Dimensions notation of the SMA torque actuators
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Fig. 3.16 Diagram of the experimental device
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Table 3.7 Experimental results and theoretical values of output torque

Theoretical value 74.1Nmm 237Nmm
69.0Nmm 238.8Nmm
70.2Nmm 244 8Nmm
70.8Nmm 239.4ANmm
72.0Nmm 243 . 6Nmm
71.3Nmm 237.6Nmm
69.6Nmm 234.0Nmm
70.9Nmm 243 .0Nmm

Average 70.5Nmm 240.2Nmm

Table 3.8 Experimental results and theoretical values of output angle

Theoretical value 115° 337°
50° 180°
45° 180°
40° 185°
45° 175°

Average 45° 180°

FLBEfFOR—2 ) —7 7 F 22— (RAG1-90) & D)) & K& ST 2 ERekik %
#* 3917,

Table 3.9 Performance comparison with the existing actuator and the SMA torque actuators

d=1.2mm d=2.1mm RAG1-90
Vertical length 35mm 60mm 43.5mm
Horizontal length 35mm 60mm 50mm
Height 70mm 100mm 80mm
Output torque 70.54Nmm 240.17Nmm 118Nmm
Output angle 45° 180° 90°
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Fig. 4.1 The stockinet stitch.
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Fig. 4.2 The garter stitch.
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Fig. 4.3 The unit cell in the stitches.

b —MHR A YT AFRATIBNT, BALKE A D4 T O —FITHTOF OB D )2
DFANEE AL TND, DFEY ., AU T AffHEAT knit /L— 7O K LIZ K YRS
Do —IENTEMMEEE RO L & D —F — AL, knit L—T7 & purl L— T DARHD
MR LICX ViR S b, ABFFETlL. wale RO BN EFDE % m, course J7[f D HL
ks T D¥% n LEFT D,
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Fie. 4.4 The kit;[ing snecimen with 0.15 mm wire.
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ENNE®E  Deformation of the specimen
and the shape recovery due to

heating
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Fig. 4.5 Deformation of the Garter stitch specimen and the shape recovery due to
heating. The TiNi wire with diameter of 0.15_mm are shape memorized in a shape

of line and knitted as shown in Figure -3.
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Elongation due the shape change 5

LOAD

Elongation of SMA wire

itself
elongation

Fig. 4.6 Mechanism of the Shape recovery of the knitting specimen made by a TiNi
wire with diameter of 0.15_ mm. The wire was shape memorized in a shape of line.
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Fig. 4.7. Stress-strain curve of the TiNi SMA wire used for specimens. The
wire returns to original shape by heating
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Table 4.1 Dimension of the actuator specimens.

d N N D, Lo Leo G W,
(mm) ¢ w (mm) | (mm) (mm) (mm) (mm)
Stockinet
o 0.3 6 15 30 30 94 2.0 15.7
knitting
Garter
o 0.3 6 15 31 27 97 1.8 16.2
knitting




ZITdIIRE . Dok Lwol 30T O MR E AR & S R CE 2hE S) 2 F L Fh
FLTWD, T course i S ColIFESHEERE Lwo 2 2 O D wale 2t Nw TEI -7 DT

N

(a) Stockinet loop knitting (b) Garter loop knitting

Fig. 4.8 Pictures and schematic drawings of the actuators
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Fig. 4.9 Schematic drawing showing the experimental setup.



FEEE OWINS X 2R, EITER AR 50N O — FE/L LC1205-K050 TEHIT 5,
IR IAE S AT EREERLR 7 A 5 CV-200M & CV-3500 % FHWVTEHAI L . KV-5000 & KV-COM
ARWCT — X 238k d 5,

4.3.3 EBRHER
SIHRRBRIC L VSO NTEREZ2EIS N O T AR L2 003K 4.10 &% 4.11 TH
Do

2 1.0

w

o A
5 08

[]

14 /"‘//
/
/
/
/
/

g
0> /] /
/
/ /
0.0 , i 1
O ___20 __ 40 60 80 100 130 140 160
| |
é'_____'_____'_____'_____'_____'_____'___ _____ J
Strain (%)

Fig. 4.10 The true stress-strain curve of stockinet loop knitting specimen
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Fig. 4.11 The true stress-strain curve of garter loop knitting specimen
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Fig. 4.12 The mechanism of the huge elongation due to the loop shape change by slipping
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Fig. 4.13  Output performance of the actuator specimens
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Fig. 5.1 Comparison between disc spring and compression coil spring[24]
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D: Diameter outside, d:Diameterinside, t:Platethickness, h: Effective height, ¢
8 : Deflection
Fig. 5.2 Dimensions of disc spring
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Table 5.1 .Sign and meaning

Sign Meaning Unit
D Diameter of outside mm
d Diameter of inside mm
h Plate thickness mm
H Effective height mm
E Elastic modulus N/mm?
v Poisson’s ratio
P Load N
0 Deflection mm

o Stress at 1 N/mm?

Or Stress at I N/mm?

Om Stress at I N/mm?

Ow Stress at IV N/mm?
C Distance from axis of symmetry mm

when circumference is unchangeable
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Fig. 5.3 Deformation mode
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Fig. 5.4 Difference in load properties by the deflection ratio



FRR % [A) 73 2 E VAR I X BT T2 DA BEIN T 2RO D L Wb 28I 03] Z 5,

Fro, KSSITRT LI, aAviTRsFERECILTRbERY - G bE 2225
LR OMERNEEEZDZENTE D, FREF UM ICERD Z & &2 L O,
[TRoEREDEHEL n ICIEHI LFE CREE 2T 7256 Th b Ih Flohs <k
5, — )i, iRz E T SICHERADES Z L 2B PO, (ZROERE T I
Bl LTz n f5IZKRE < 72 5[23]

= T2 series
3 Ve~
—
Single 2 parallel
Deflection

Fig. 5.5  Characterization of Series and Parallel
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Fig. 5.6 Stress-strain curve of the material

5.3.2 Ti-Ni SMA [ILiE 40 ik

BIE X, FPHRE CHRERNCIRIE L, JE S 0.6mm O SMA Ptk E R—FYR~DU A ¥
i & L :E‘z}a%%m@/fki@%ﬁﬁb\f:j’vxbuI(D- 30mm, d: 15mm, h: 1.4mm, t: 0.6mm)% L
Too D, ARAFFEEICTHEE OILIZA(Type A D: 31.5mm, d: 16.3mm, h: 0.9mm, t: 1.2mm
Z ETF 1 K7 >, TypeB D:30mm, d: 15mm, h: 1.5mm, t: 0.5mm % £ 2 ¥£9°2)C SMA [l
Xz LT DAL AL N CEE L ERROIRGLIEAEE (BULEREE 460°C CRUVLELRE
f—REH, ZDOHAM) ZhEL7c, & LROGTELZM 57177, #iE L7 SMA MLiXian

~ &

Fixed the shape with Finished SMA d1sk
a normal disk spring spring

After presswork
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Table. 5.2 Dimensions of the SMA disk springs

Type A Type B
Diameter of outside : D 30mm 30mm
Diameter of inside : d 15mm 15mm
Effective height : h 0.76mm 0.99mm
Thickness : t 0.60mm 0.60mm
h/t 1.27 1.65
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Table. 5.3 Stress of apparent yield point and 4% strain point

Apparent yeild stress
(DLow temperature 1% 97MPa
(2High temperature 0.70% 300MPa
Stress of 4% strain
(3Low temperature 4% 141MPa
(DHigh temperature 4% 513MPa

SMA [MLITRADHER T A —%
(A D:30mm d:15mm H:0.762mm h:0.6mm H/h=1.27)
(ftEEB D :30mm d: 15mm H:0.992mm h:0.6mm H/h=1.65)
2 52 IR T MUEROMERIZD DI ST D 5.3~5.6 IZMAT 2 & MRk s 05
Table. 5.4  Deflection of spparent yield point and 4% point

Apparent yield deflection of type A

Low temperature 1.533mm
High temperature 0.640mm

Apparent yield deflection of type B
Low temperature 0.834mm
High temperature 0.374mm

Deflection of 4% strain of type A
Low temperature 1.829mm
High temperature 1.652mm

Deflection of 4% strain of type B

Low temperature 2.085mm
High temperature 1.089mm
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Fig. 5.12 Load-displacement curve of the SMA disk springs
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Fig. 5.13 Output characteristics of the SMA disk springs
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Fig. 6.8 Change of the shape recovery strain
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Fig. 6.9 The outline block diagram of the linear actuator

A /
- i
§ // / i%Output load F
/ :
_ :
® 1
& & S ——
@? eé& 8 Output i
Q:\ ,@@Q % displacement & Al /
X/ 9 I‘
S {
A : -
5@ /E
, !
Displacement i

Ideal displacement A

Fig. 6.10 Load-displacement diagram to use for the calculation of the theoretical value
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Table 6.1 Specifications of each spring

Wire diameter d 1.5[mm]
Number of turns N 30
Coil diameter D 39[mm]
) Natural length Ls 220[mm]
SMA spring
Spring coefficient
of high temperature Kh 0.0273[N/mm]
Spring coefficient
of low temperature Kl 0.0215[N/mm]
Natural length Lb 250[mm]
Bias spring
Spring coefficient Kb 0.0196[N/mm]
Length of structure L 180[mm]
Theoretical displacement & 7.97[mm]
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Fig. 6.11 The picture of the Fe-based SMA actuator
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Table 6.2 Result of the operating experiment

Cycles Displacement (mm)
2 8
3 8
4 8.5
5 8
6 8
7 7.5
8 7
9 7
10 7
11 7.5

Average 7.65

6.4.2 E
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Table 6.3 Comparison between experimental value and theoretical value

Displacement

Experimental value 7.65 [mml]
Theoretical value 7.97 [mm]
Discrepancy 4.0%
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