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Abstract

The main goal of this paper is to propose some ar&lal or pseudo-
analytical tools facilitating the study and modeg¢imf SMA helical
spring-based actuators. Particular attention isdpao R-phase SMA
helical spring-based actuatorse( springs made in NiTi and concerned
by Rphase transformation phenomena). First, simpl ifirealdel s (e.,based
on beamtheory framework) oR-phase SMA helical springs taking into
account detwinning and assisted two-way memory effare proposed
and validated. Then, these models are used to dmireg the thermo-
mechanical behavior of a linear bias-spring actuatAn actuator is
built and used to validatethe proposed models.

Keywords —NiTi, R-phase Transformation, SMA linear bias-spring

actuator, simplified model.



1. Introduction

Shape Memory Alloys§MAg are one of the smart material families with
a great potential for applications in some moderatige structures,
mainly as electrical or thermal actuators, ¢B8]. Indeed, they have
several characteristics that make them attractiver factuation
applications: compact size, high power/weight ratibigh fatigue
resistance to cyclic motion, and spark-free, cleamd noiseless
operation [9]. The interested reader can refer to the following
references providing recent reviews focused on aattars triggered by
shape memory alloyd0-12].

SMA based actuators generally work on Two-Way MemoEffect
(TWME) and more precisely on Stress-Assisted Two-Way Mey Effect
(SATWME. TWME is due to the spontaneous shape recoverduied during
the low temperature martensitic phase and high teamapgure austenitic
phase transformations. This unique and remar kahlecftional TWME is
obtained typically after a special thermo-mecharigaocess called
training [13]. When the shape memory material undergoes a thérma
cycling at constant stress in place of the trainprgocedure, it induces
stress-assisted two-way memory effect in which mansitic
transformation(or Rphase transformationi} assisted by the external
stress, e.g[l4]. Figure 1 illustrates the SATWME schematicallwhere

R?,AS,F{) and Af are the four characteristic transformation

temperatures under zero stress of the alldle thermo-mechanical
loading is constituted by the two different stagEly. 1). The first stage
(i.,e, pathAB, Fig. 1)consists in applying a load at a constant temparraet

(e, at low temperatureToSR?) during which the reorientation process

of thermal-induced martensiteM’, (or thermal-inducedR-phase,R")
takes place. Then, the thermal-induced martensMm&, (or thermal-

inducedRphase R") is partially or totally replaced by stress-indute
martensite, M (or stress—induced?—phase,Ra). After that, a thermal

cyclingunder a constant stress levey, (i.e, pathBCD, Fig. 1)is applied
during the second stage during which a macroscopgbase

transformation strain occursthe reverse phase transformatioie.(



M? - Aor R A)and the forward phase transformatide.(A— M%or A

—»RU) take place during the heating phase.,(betweenEF, Fig.1) and the
cooling phase i, between GH, Fig.1l), respectively. The typical

hysteretic transformation behavior of Shape MemoAM oys can be
observedinthe temperature-strain plane of Fig. 1.

The magnitude of SATWME depends heavily on the stgédevel and on
the microstructural changes such as dislocationsgrientation of
martensite variants and internal strd%4].

Thus, the large recoverable strain development acedug during

SATWME is the basic principle in the operating oMASbased actuators.
Therefore, generally, linear actuators using shammory materials
have a device to amplify the displacement eitherratgh the use of
long straight wiregq15-17]or through the use of helical springkl, 18-

20].
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Fig. 1. Schematic representation of the stress-assisted-wag memory
effect.
Description of the thermo-mechanical loading in theemperature-Stress
plane [, 7).

Response of the material inthe Temperature-Str@in)andthe Strain-



Stressy, ) planes.

Linear SMA helical spring-based actuators are meoanpact than SMA
wire-based actuators. They generally create higldeflection and
they have better fatigue performances. SMA-based uadors work
under a constant or varying force to perform mecltah work. The
actuator therefore generates force and motion upgoeating or
cooling. The simplest mode of operation is to woakainst a constant
external force. As illustrated in Figure 2, a dewdight is suspended
froman SMAspring at low temperature. When theiapris heated above
a certaintemperature,itslength changes.If tbmperaturereturnsto
its initial value,the spring recoversits initidength.In the majority of
applications, the dead-weight is replaced by a ksgsing (.e, a classic
elastic spring)[11l]. Consequently, the shape memory actuators work
under varying forces and are activated by heat extdes with the

environment or by Joule effect.

e el

i

Fig. 2. Operating a simple SMAactuator consisting of anASMlical
spring
and a dead-weight.
Nevertheless, although a great number of patentd pnototypes have
been issued for Shape Memory Alloy (SMA) applicansg few of them are
commercially successful. This Iimited commer cialcswess is due, on the
one hand,tothe complex and particular thermo-nerical behavior of

SMAs (.e, strongly non-linear) and on the other hand, tolack of



simple tools to aid the designers and developer sSMA applications.
Therefore, the main goal of this paper is to propes®me analytical or
pseudo-analytical tools facilitating the study amideling of linear
SMA helical spring-based actuators. Aparticulartantion is paid t oR-
phase SMA helical spring-based actuatot.s,(springs made in NiTi and
concerned by theR-phase transformation phenomena). Indeed, in the
majority of NiTi alloys, another phase, called tRghase, can occur in
the material [21-23] The R-phase appears before martensite from
austenite during cooling. The recoverable strain eduo this
intermediate phase transformation is Iimiteicke.(0.25% to 0.75%) when
compared with that of the martensite straire, 6% to 10%, [13, 23])A
small hysteresis and a great stability of the thermechanical

behavior Rphases austenite) make this phase transformation

interesting in the case of cyclic loading. Thiswhy many commercial
NiTi alloys for spring manufacturing have been déwped to presenR-
phase transformation.

A large number of (thermo-)mechanical models of SMAIlical springs
have been proposed in the literature with the varsiodegrees of
sophistication. These (thermo-)mechanical model s d& classified into
two large families. The first is based on the usfetthe finite element
method[24-32]. The second is based on beamtheory and can bsidened
as a simplified approacikB3-42] In both cases, no model of SMA spring
takesinto account the specificitiesrelated to fighase.

The structure of this paper is as follows: first afl, simplified models
adapted forR-phase NiTi based helical springs are proposed. flinst is
dedicated to the description of the reorientaticropess of theR-phase
in a helical spring. The second concerns the degdon of the thermo-
mechanical behavior of a stress-assisted two-wawmaorey effect spring.
These simplified models are based on beam theorgnfiework in which
well-adapted kinetics of phase transformations ap@sidered. The two
proposed models are validated using some experimémesponses of NiTi
springs. Then, a thermo-mechanical model of a Ilinehias-force
actuator based on a serial association of an elabeiical spring with

an Rphase SMA helical spring is proposed. A demonstorlts realized



and usedto validate the proposed model of biasefmactuator.

2. A simplified mechanical model for a pseudo-plastic SMA helical spring

2.1. Hypothesis

It is assumed that the material constituting alletbonsidered springs
iIs homogeneous and isotropic. The thermo-mechanmatels proposed in
the following have been developed according to thelical spring
theory framework[43-44]. All helical springs, considered in this study,
have a constant wire diameter,, and a constant mean diameter of
spring,D, with R=%D, the radius of springLgis the initial spring length
and gis the spring tilt angle (Fig.3). Any external &d,F, is applied
along the spring axis. So, the external load ane thmensions of the
helical spring imply that,locally,the spring wirig subjected to a pure
shear loadind43-44]

Fig. 3. Definition of the geometric parameters of the lielaelical

spring.

Let x be the radial distance between the center of threwlar cross-
section,O, and a pointM of the cross-section (Fig.4). The local shear

strain, M), is expressed as:

y(M)=6x with 0<x<r 1)

wherefisthe unitary torsion angle.



Fig. 4. Shear strain distribution in the wire cross-sectmithe helical

spring.

The spring deflectionf,can be expressed as:

f=L-L,=2/mfR’ )
wherelLis the spring length subjected to a loadiR@ndnis the number
of coils. The principle of static equilibrium of meents applied to a
helical spring section givesthe relationshipbeewma he external load,
F,and thetorqueVl, subjected by the cross-section:

M, =F—=] 7(M)xds (4)

At this stage, all the necessary elements to deypetletwinning and
stress-assisted two-way memory helical spring thermechanical
simpl ified models are available.

2.2. Mechanical behavior of an R-phase pseudo-pl&A

R-phase pseudo-plasticity, also call &phase detwinning, concerns the
isothermal mechanical behavior of thermal—induclé—thase,RT. Under
mechanical loading, the reorientation processRtakes place, giving
rise to stress-induced R-phask), and to a macroscopic strain. After
unloading, a residual strain.€, permanent strain) remains which can
disappear after a heating; it is the memory effe€he pseudo-plastic
behavior is not directly used in the SMA actuatorsyt it is very
important inthe actuator pre-straining stage,(@assembly step). That is

why a simplified model of mechanical behavior of &phase pseudo-



plastic SMA helical spring taking into account tipeculiarities of the
mechanical behavior of thermal-induced@®phase, R, is proposed
hereafter.

Figure 5 shows the schematic detwinning behavior tdfe thermal-

inducedR—phaseRT, under a pure shear loading,

.
>

RT —» R“

1 1+

Shear stress, T

Y

e~ ), ————— =), =]

~—— Shear total strain, y —=
Fig.5.Schematic detwinning behavior of the thermal-indddephase

under pure shear loading.
Let . represent the yield reorientation shear stresaslthuntil r<r,

the mechanical behavior is purely elastic:
T:GR[V:GR l:ye (5)

where G, is the shear modulus of the thermal-induckRghase,yand j,

arethetotal andthe elastic shear strain, respeadty.

Once r>r,the reorientation process of thermal-inducieghase takes

place,giving rise to a reorientation straip, defined by:

r
V=VetV =—*W (6)
Ge
Considering the schematic detwinning behavior ofetthermal-induced
R-phase (Fig.5), a linear "pseudo-hardening" is wased to take into
account the evolution of the reorientation yieldress with the

reorientation strain:

_ _r (r-1) _BG, T
= + = 4+ = + C 7
o e )
Ye 14



where f is a material parameter an@ﬂGR) represents the pseudo-

hardening modulus under pure shear loading.
Consequently,the constitutive equations of the megical behavior of
the thermal-inducedR-phase, under monotonic pure shear loading, can

be summarized as follows:

r=Gy ). =Gy for r<r,
(8)
T:L+LGRy for 7>1,
1+8 1+

2.3.Mechanical behavior of a pseudo-plastic SMA helggaing

The constitutive material model, given by Eqn. @xn be introduced in
the mechanical behavior of th®phase pseudo-plastic SMA helical
spring. Figures 6a-c show shear strain and shearss distributions in
the spring cross-section.

-a - -b - -C -

\y 14

Fig. 6. Shear strain and stress distributions in the wiregs-section of

the helical spring:

-a -shear strain distributiony(x)=9EX)
-b -shear stress distribution foTr(r)STC (i.e,elastic case)

-c -shear stress distribution foTr(r)>TC (i.e, pseudo-plastic

case)

Thus,therelation between the torque subjectedlIbg cross-sectionv,

-10 -



and the unitary torsion anglej is given bythe equilibrium moment
equation of the wire cross-section of the helicatiag:

M, = F%: Lr(x)D<E2nxdxz ZITI(;GRHX3dX if F< TCgr

5 . G0 , 9
M, =F2 = [ r(x)x2mxd=27] "G o5 dx+r 2| Tt PCeOX gy i p T

2 Js 0 o1+ D

In the last relation; is the radius where the shear stress reaches the

yield reorientation shear stress,:

T
r.=G x=r)=G,[# = r=—2= 10
c le/( c) R c c GRW ( )

Finally, the torque subjected by the cross-sectidky,is given by the
following relation:

r4 3

M, =F2 =G 0" if F<le/T

2 2 D

D rto2m yei N S o r, mrd (1)
M, =F = =G 8-t + =1, (r*-r))+2m G g — -+ | if F>=

2 2 3 1+ 4 3 12 D

Finally, by considering Eqns. (2), (10) and (11peocan find the relation
between the external loa#,and the spring deflectiorf,

s (12)

D

3 2\3 4
TN L W L
Equation (12) represents an analytical expressidntbe mechanical
behavior of anR-phase pseudo-plastic SMA helical spring. This tygpe
model (e, analytical model)gives,in a simple way,thelinénce of the
six geometric and material parameterige., (D, d, n, Gg and £ on the

mechanical response of the spring. Figure 7 shows evolution of the
external loadF,as a function of the helical spring deflectidn,

-11 -



3 2 3 0 v 4
FoTT d 1 l—l IIﬂT(Q . p Gpd" .
6D \1+p 4\ dG,f

1+B8nD*"

L \H/J

_8F, D’n Spring deflection, f
f[» - 4
G,d

/

External load, F

Fig. 7.Mechanical behavior of aR-phase pseudo plastic SMAhelical
spring.
External loadF,versus spring deflectiof,

(Values of the six parameterb:=6,3mmd= 0,75 mmn= 24 G,= 20 000 MPa 7, = 26,6 MPa
andf=0,01)

2.4 Identification of the simplified pseudo-plastid& helical spring model

This section is devoted to the description and thealization of
mechanical tests on an SMA helical spring. The expental results
were used to identify the simplified mechanical neddpresented in the
previous section.

An experimental apparatus, comprising an electrohemical testing
machine with a thermal chamber of up to 300°C, weamployed to
investigate the thermomechanical behavior of SMAibal springs. The
set uphad a 50N load cell and a very sensitivepddcement sensoi.€,

5um resolution). An SMA NiTiite., Nickel Titanium) helical spring with a
diameter D, of 6.3 mm, a wire diameter of 0.75mm and 24 aetcoils was
used. The characteristic transformation temperatuotour NiTialloy

were determined using DSC analysis. The four trearshation

temperaturesR,R°, A’ andA’ are given in Table 1. Our SMA NiTi helical

spring was in anR-phase state at room temperature. Finally, the SMA

-12 -



spring was directly connected to the machine's jgkig. 8).

Then, a simple tensile test under displacement coht at room
temperatureif, 22°C), in quasi-static conditions,was performeéd.ure 9
shows the deflection/force response curve of thelidal spring.
Between points A and B, the spring behavior was #lia and between
points B and CR-phase detwinning took place. The comparison betwee
experimental results and the simplified mechanicabddel proposed is
also shown in Fig.9. The three material paramet&gsi:andfS(Eqn. (12)),
have been identifiedoy minimization, in a least-squares sense, of the
distance between model response and experimentalad&able 2 gives
the numerical values of the six parameters of thmpkified R-phase
pseudo-plastic SMA helical spring model proposed.

R-phase finish R-phase start Austenite start  Austenite finish

0 0 0 0
temperatureR temperatureR temperaturef\ temperaturef

35°C 45 °C 39 °C 515°C

Tab.1. The characteristic transformation temperatures loé NiTi
spring.

D (mm) d (mm) n G (MPa) 1. (MPa) B

6.3 0.75 24 20000 27 3.2

Tab.2. The six identified parameters of the simplifiedepsio-pl astic SMA
spring model .

-13 -



Fig. 8. Experimental set upfor detwinning tensile test tdre NiTi SMA
helical spring.

2 T ] ‘
- NiTi SMA helical spring
@ T =22°C C
1,5+ _
z
~ 1
3% 1= N
8 -
S
=
0,5+
experimental results
v — :  numerical result
O - M |

0 5 0 15 20
Deflection, / (mm)

Fig. 9. Deflection/force response curves of the NiTi SMAlloal spring at

roomtemperature.
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3. A simplified thermo-mechanical model for a stress-assisted two-way SMA helical
spring

3.1. Hypothesis

In this section, a simplified model of the therm@ohanical behavior of
a stress-assisted two-waRphase SMA spring taking into account the
peculiarities of the SATWME oR-phase is proposed.

Thus, the main goal is to propose a thermo-mechahimodel able to
describe the behavior of aRphase SMA spring subjected to a thermal
loading under constant load (Fig.2). As previouslmentioned,
particular attention is paid to the SATWME of tiRephase and to cyclic
thermal loadings.

The hypothesis and the notations used in this sectare the same as
those considered in the previous sectiae,@§ 2).

3.2. Thermo-mechanical behavior of a stress-assisteeltayp SMA

Classically, there are two different ways to obtaihe SATWME. The

first, as explained in the introduction (Fig.1ls irealized by first

applying an isothermal mechanical loading in theetmal-inducedR-

phase stateR", until a stress level higher than reorientatiorelyd

stress (path AB, Fig. 1). This applied stress ismtained at a constant and
then a thermal cycling is performed (path BCD, HFy.During this

thermal cycle, the stress-induceBR-phase,R’% transforms into the

austenite phase. The second solution is obtainedfibgt applying an
isothermal mechanical loading in the austenite phasate > A?) (path

A'B', Fig. 10). This applied stress is maintainet @a constant and then a
thermal cycling is performed (path B'C'B', Fig.1@uring this ther mal
cycle,the austenite phasetransformsinto the ssrieducedr-phaseR’.

In both cases, a recoverable strain up to 0.75% bangenerated, and
that is directly used in the functioning of thRphase Shape Memory
Alloy helical spring based actuators.

Before proposing a thermo-mechanical model desargbihe behavior of
a stress-assisted two-w&Rphase SMA spring, constitutive equations for
assisted two-way memory effect are proposed.

In a small perturbation framework, the following e&r strain

-15 -



decomposition is assumed:

— d
y=y 4y +y (13)
where )£ is the elastic shear strain related to the shearess,r

represented by the following equation:

T
=_ 14
v = (14)
whereGis the shear modulus of the material given by:
G=G,(1-2)+Ggz (15)
whereGaandGrare the shear modulus of the austenite andRipbase,
respectively,anaisthe volume fraction of the stress-induclkghase.

Vr is the shear strain due to the phase transformatbhebhween the

austenite and stress-induceB-phase and Vd is the shear strain
associated to a special deformation mechanism od Riphase calledr-
phase continuous distortionf21-22] According to the experimental
results of Sittner and his colleagug®l-22], the Rphase continuous

distortion shear strain can be written as:

y=-alfT-T, )z (16)
whereTis the temperature anada material parameter. Eqn. (16) can be
justified by two experimental observations. Firshere is no continuous
distortion withoutR-phaseile, z=0). Second, when there is no austenite,
the continuous distortion strain is a linear decsea function of the

temperature rise(T-T,).

-16 -
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AS

Fig. 10. Schematic representation of the stress-assisted-tway memory
effect.
Description of the thermo-mechanical loading in theemperature-Stress
plane T, ).
Response of the material inthe Temperature-Str@in)andthe Strain-

Stressy, ) planes.

A linear relation between the transformation stramd the volume
fraction of stress-induceB-phase has been experimentally validated by
Taillard et al.[45]:

V=i (17)

. . . . .
where/l' is the maximumtransformation shear strain of rhaterial .

Egns. (13), (14), (15), (16) and (17) give:

r

r= G,(1-2)+Ggz

+(u -alfT-T, )z (18)

Thus, the last stepis to define the transformatilonetics describing

the evolution of the volume fraction of stress-indad R-phasez during

-17 -



the thermo-mechanical loading. We assume that theess level, 7,

(Fig. 10), is smaller than the yield stress of thestenite i(e, onset
transformation stress) and high enough to induce ximal
transformation strain during the thermal loadinge, path B'C'B,
Fig. 10). In these conditions,the volume fractiohthe stress-induce®&-

phase depends only onthe temperatulb®n the sign of the temperature

variation,sign(T), onthe stress levell,and on two memory variables,

andw, defined in the following. The variablegs,andw will enable the
internal hysteresisloopsto be managed simply.

The envelope of the response of the material, dexdotasz, can be
modeled by means of two branches. The first coroesijs to the heating
phase andthe secondtothe cooling phase:

(T, 7)+1 if T>0

AULE . (19)
w(T,r) if T<0

wherey, andy, aretwo shape functions defined as bas:

@ (T,7)= —%[1+sign( T-A( r)) X (1—exp(—C|T - A( r)|))}

(20)
1,
%(ﬁﬂZEPGQWT—RU»XGQH*CF—RUMH
with:
M)—¥;M+AB
o (21)
Nﬂ_&za+aa

In Equations (18) and (195 and A are two material parameters aAgOd

A?, F{) and R? are the characteristic temperatures of the phase

transformation at zero stressFid.10. The evolution of the
transformation temperatures according to the sheasaress level is

given by Egn. (19). This enables the hysteresispdo move to a higher

-18 -



temperature when the shear stress level increaf®srnal loops,

confined inthe envelopr,are described by the following equations:
z=wiiy (T,7)+w

T>0, 1 w=0 (22)

z=(1-V) U (T.7)+v

T<0, W:m (23)

v=0

wherevandware initialized between 0 and 1. For examplewif1 and
T>0, initially, then z is on the increasing temperature branch of
envelopez_ (Eqn.@2).Inthe same way,iw=0andT<0,initially,thenzis
on the decreasing temperature branch of the envelep (Eqn. @3).
Moreover, it is important to note that the expressiof the two shape
functions,l/ll(T,T) and ¢/2(T,T), depend on the material behavioire(the

hysteresis shape).

An example of the evolution of the volume fractioof the stress-
inducedR-phase as a function of temperature at constantessris given
in Figure 11.

-19 -
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Fig. 11. Exampl e of evolution of the volume fraction of tseress-

inducedR-phasez,
during a thermal loading "A-B-C-D-A"at constantrsss.

3.3. Thermo-mechanical behavior of a stress-assisteeviayp SMA spring

This kinetics of phase transformation, proposed oesly, is now
integrated in a thermo-mechanical model describtrihg behavior of a
stress-assisted two-wafR-phase SMA helical springi.¢, the relation
between deflection,temperature and external force)

Set r_andz, the shear stress and the volume fractionRgthase on the

skin of the wire cross-section of the helical spgimespectively. Eqn. (1)
gives the shear strain at the skin of the wire cs-ssction of the spring,

Vs

d
=0— 24
Y. =67 (24)

Using Eqgns. (2), (18) and (24) at the skin of th&@evcross-section of the
spring, gives:

_7'mD2 T, . )
- d Ga(l-zs)+Gst+(” 2T T (25)

where r_,constant during transformation,is given by:

-20 -



_8FD

s 26
poore (26)
Using the two last equations,one obtains:
F mmD?
f= + " —a(T-T,)) 27
Ka(l—ZS)+KRZS d (/’I ( ref)) ZS ( )
4 4
where Ka:G""d3 nd KR=GRd3 are the helical spring stiffness in the
8nD 8nD

austenitic andR-phase state, respectively. In Eqn. (2Z),the volume
fraction of theRphase at the skin of the wire cross-section of the

helical spring, depends on the temperatufeand the shear stress,

and is given by the equations of phase transformatkinetics, Eqns (19)
(22) and (23). Thus, Eqn. (27) gives the evolutiohthe deflection of a
stress-assisted two-waRphase SMA helical spring under a constant

external load and during a thermal loading.

-21 -



3.4.1dentification and validation of the simplified esis-assisted two-way SMA helical spring

model

This section is devoted to the description and rigation of a series of
Stress-Assisted Two-Way tests on Biphase SMA helical spring. The SMA
springs used in this part arethe same asthosd us82.4.

The first SATW tests had two stages: first, an init isothermal

mechanical loading was applied at high temperat(ireg T =55°C >A?). In

this stage, the helical spring was in an austentgiate and remained
elastic. Then, a cooling/heating cycle was appld ween 55°C and 26°C
with a cooling and heating rate of £1°C/min. Fivefférent levels of
external force were considerede( 0.7, 1, 1.3, 1.5 and 1.7 N). The tests at
0.7and 1.3 Nwere used to identify the simplifistress-assisted two-way
R-phase SMA helical spring model presented in theyipus section and
the otherswereusedinthe validation stage of ph@eposed model.
Figure 12 shows the evolution of th&phase SMA helical spring
deflection,f, versus temperaturd, for two SATW tests performed at 0.7
and 1.3N, respectivelyThe SATW test, performed at 0.7 N, consists in a
cooling between 54°C to 26°C, while the test perfried at 1.3N is a
thermal cycle between 55°C and 26°C (Fig. 12).

The seven material parameters of the proposed tloemmchanical

model of stress-assisted two-waRphase SMA springie., G, i, a C,
pbzé(pgmg), RO:%(&%R?) and A) were identified using the two

experimental results given in Fig.12. Table 3 giviethe set of numerical
values of the parameters of the simplified ther meeianical model of
stress-assisted two-wayRphase SMA spring. Figure 13 shows the
comparison between experimental and numerical résulor the SATW
tests performed at 1.0, 1.3, 1.5 and 1.7 N, respedty. One can observe a
good agreement between the numerical results ampeimental data.
Finally, another type of SATW test was carried ounder complex
temperature historyi.e, the thermal loading includes an internal
cycle)at a constant external force of 1.2 N. Figuld shows the thermal
loading. Figure 15 shows the comparison between eekpental and

numerical results. Again, there is a good agreemdmtween the
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numerical results and experimental data.

E R-phase distortion effect
o~ : F

s'\\'
Y F=13N
v/

Deflection, /' (mm)

0! L : i

25 30 35 40 45 50 55 60

Temperature, 7 (°C)
Fig. 12. Evolution of deflection versus temperature for twioress-

assisted two-way tests on &Rphase SMA helical spring.
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Fig. 13. Stress-assisted two-way tests at different constafforts:

comparison between experimental and numerical résul

r

G, G, a
(MPa) (MPa) (%) (°ch
20000 36500 0.43 5.77 x 10°

C Ao Ro A
(°Ch (°C) (°C) (°C.MPa™)

0.87 59.5 38 3.25 x 107

Tab.3. The identified parameters of the simplified stresssisted two-

way R-phase SMA spring model .
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Fig. 14. Description of the complex thermal loading with Brtnal cycle.
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Fig. 15. Comparison between experimental and numerical testdor the

complex thermal loading with internal cycle.
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4. A simplified thermo-mechanical model for linear bias-spring actuators

4.1. Hypothesis

This last section concerns the modeling of the timermechanical
behavior of linear bias-spring actuators. Lineama$ispring actuators
are an important category of SMA-based actuatornseylare typically
used in contexts that require multiple cyclic opéfens or actuations.
Since SMAlinear actuators canonly contract in aheection, a biasing
force is necessary toreturnthe SMAto its neutmpalkition. The biasing
force is classically generated by a preload sprif.g, bias-elastic
spring). Figure 16 shows the typical architecturfeaolinear bias-spring
actuator associating an SMA spring with a bias-dliasspring in a

differential arrangement.

SMA spring Bias-elastic spring

Fig. 16. Typical SMAlinear bias-elastic spring actuatorsdgn.

In the following, a simplified thermo-mechanical oel for linear bias-
spring actuators is proposed in a quasi-static feawmrk (.e,the inertia
effects are ignored). Particular attention is pam linear bias-spring
actuators based on the use of a stress-assistedwaw R-phase SMA
helical spring. Thus, the proposed model is based tdhie use of the
simpl ified model developed and described in theyipas sections.

4.2. Thermo-mechanical behavior of linear bias-etaspring actuators

Figure 17 shows the two stages that have to be amred in the
modeling of the thermo-mechanical behavior of anASMnear bias-
elastic spring actuator. The first, call gdestrain stageor mounting stageis

performed at low temperatured.g, a temperature lower than thkR
phase finish temperatureR?). At this stage, th&phase SMA spring is in a

thermal-inducedr-phase state and is mechanically loaded to connect
with the bias-elastic spring. After this step, thhobile part of the
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actuator,initially located in positioA moves to positiorB (Fig. 17). The
R-phase SMA spring is thus subjected to a detwinnlimg@ding. Therefore,
to model this first stage,the detwinning modeloposed in 8 2,is used.
The second stage concerns the actuation of the BMAar bias-elastic
spring actuator (Fig.17). ThB-phase SMA spring is alternately heated
and cooled. During the first heating, the mobilerpamoves from
position B to position C, depending on the temperature level and
preloading (Fig. 17). Then, during the next thermaycles, the mobile
part evolves between the two positio@sandD (Fig. 17). To model this
second stage, the simplified thermo-mechanical moder a stress-

assisted two-way-phase SMA helical spring, proposed in 83,is used.

SMA spring Mobile part Bias-elastic spring

| NS |
o 200000l L oo N )

A

> Prestrain stage

> Actuating stage

D

Fig. 17.Schematic representation of the two stages in theration
of an SMAlinear bias-elastic spring actuator.

In the following, a mechanical modeling of the twsdages described
above is proposed. The prestrain phase is firstcgssed followed by the
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actuating stage.

During the prestrain stage,it isassumed that tdrece generated by the
bias-elastic spring is not sufficient to induce theartensite
transformation in the SMAspring.Only the reoriettion process of the

R-phase is taken into account. The four quantitiefB%,(i.e., the initial
deflection of the elastic spring)f,BSMA (.e, the initial deflection of the
SMA spring),FBe (.e,the force exerted by the elastic spring on thebihe

part) and FBSMA (.e, the force exerted by the SMA spring on the mobile

part), define the state of the SMA actuator in ipasn B. They can be

determined using the four following equations:

Mechanical behavior of elastic spring: R =K f;
(28)

Mechanical behavior of SMAspring (Eq. (12)):

3
B S A T I

6D (1+8)|" 4ldG,fS™) | 1+B8nD?
I . . e _ [ SMA
Equilibriumstatic equation: F;=F (30)
Mounting equation: fe+ M =41, (31)

where K® is the stiffness of the elastic spring. The resbioin of this
four equation systemallows usto findthe valuddbe four quantities

fe, £ F and R Figure 18 gives the graphical solution of the

previous systemof equations.
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Fig. 18. Graphical determination of the initial positioB)(
of the SMAlinear bias-elastic spring actuator.

Now that the initial state of the SMA spring actuatis known, the
procedure to determine the evolution of the actuatduring an
actuation stage will be described in the followinBhis procedure is
based on the model describing the thermo-mechanibahavior of a
stress-assisted two-waR-phase SMA helical spring proposed in Section
83 (Eqns (22), (23) and (27)). Knowing the tempeuaé, T, and its rate T, it
isnecessaryto proceed using thethree followihgps:
Step 1: select the hysteresis loop branch according to tbmperature
variation sign (Fig. 11)

if T>0, zS(T,f):wDﬂI[T,%Ke(ALO—f)}W (32)
. _ 8D
if T<o0, zS(T,f)-(1—v)u//2(T,ﬁKe(ALo—f)j+v (33)

Step 2. solve Newton’s law equation in quasi-static condns, using a
numerical procedure, enabling the determination dhe

deflectionf
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K, 4L, - f)
K, {1~z (T, f)) + K 2 (T, f)

D? ¢
+’":j fu -afT-T,)) (T, )-f=0  (34)

Step 3: update the memory variableg,andw, using thef calculated in

Step?2
W=0
0 V:zS(T,f)—l/lz(T,ig)aEIKeEQALO—f)j o5
)
we z(T,f)
if T<0, 1+(//1(T,2(?3[Ke E@ALO—f)J (36)
V=0

Let usintroducetherelative displacement of thebie party, defined
by the following equation:

y=f,—f (37)
where f and f, are the current deflection and the deflection at

position D) of the SMA spring, respectivel yf is given by the resolution
of the following equation:

Ke EQALO - fD) + 7mn D2
K, [f1-2z(Tp, fp)) +Ke & (T, f5)  d

(ﬂn -a(T, —T,ef)).zs(TD, fy)- f, =0 (38)

whereTpisthe temperature at the positioD)@nd ZS(TD,fD) is given by:

8D
ZS(TD, fD) = ‘l/l(TD,% (K, EQALO - fD)]+1 (39)
This set of equations permits the description ofetther mo-mechanical
behavior of an SMA linear bias-elastic spring actoa taking into
account theinternal loopphenomena.

4.3. Experimental validation of the simplified threr-mechanical model for the SMA linear
bias-elastic spring actuator

The previous thermo-mechanical model for the SMAdar bias-elastic
spring actuator was confronted with experimentalsukts. To achieve
this,an SMAlinear bias-elastic spring actuatorsmbeveloped (Fig. 19).
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/ .
»
k,—thermocouple

mobili part \

—

elastic steel spring

[— \ NiTi SMA spring j_

A

X

Fig. 19. Topview of the SMA linear bias-elastic spring aator

developed.

The actuator developed was composed of two tractdipnings mounted
in series. The first (on theeft in Fig.19) was an elastic steel spring of
stiffnessKe=0.09 N/mm. The second spring (on thight in Fig. 19) was amRR-
phase NiTi spring with the same geometric and maaércharacteristics
asthose used in Sections 24 and 3.4.
To ensure temperature homogeneity, heating and aoploadings were
performed using the same thermal chamber as befolme.position of the
mobile part,y, was measured by a laser sensor with a resolutadn
about 50um. The SMA spring temperature was measured usink§-tay pe
thermocouple (Fig.19). Two cooling and heating tgs, between 60°C and
25°C, were performed with two different prestraialues (e, 4Lo =40 mm
and 4L, =50 mm). Figure 20 shows the comparisons betwergpeeimental
and numerical results.It can be observed that nbhenerical forecasts
were good and that the proposed model was able tedgt the
actuator behavior with good accuracy.

-a - -b -
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Relative displacement, y (mm)
Relative displacement, y (mm)

AL =40 mm AL =50 mm

: experimental results
- - numerical result

: experimental results
- - numerical result

20 30 40 50 60 70 20 30 40 50 60 70

Temperature, 7 (°C) Temperature, T'(°C)

Fig. 20. Comparison between experimental and numerical ftesu
concerningthe thermo-mechanical behavior of an Skear bias-
elastic spring actuator:

-a - Prestrainvaluely=40 mm,

-b- Prestrain valuedly=50 mm.

5. Conclusion

This contribution analysesthe quasi-static therm@echanical behavior
of SMA helical spring-based actuators. In a primastep, analytical or
pseudo-analytical tools have been proposed to déschboth pseudo-
plastic and stress assisted two-way memory effeehadviors of SMA
helical springs. Particular attention has been pdwm Rphase SMA
helical spring-based actuatorse( springs made in NiTi and concerned
by Rphase transformation phenomenon). The proposedglsfirmd model s
(i.,e., based on beam theory framework) have been validatuedng
experimental results obtained as a part of this woln a second step, a
thermo-mechanical constitutive model for linear &igpring actuators
has been proposed. An SMA linear bias-elastic sgractuator has been
developed and used to study the relevance of theppsed model.
Numerical simulations are in good agreement withpeximental data.
All the models proposed in this work can be used ftothe design of

linear-actuators usingphase SMA helical springs.
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Schematic representation of the two stages in the operation

of an SMA linear bias-elastic spring actuator.





