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Abstract

The dynamic properties of straight shape memory alloy (SMA)-actuator wires are characterised by the rate of heating and cooling procedure:
Based on an analysis of energy fluxes into and out of the actuator, a numerical model that simulates the time response of SMA-wires i
presented. Cause variables that have an impact on the actuator behaviour (actuator geometry, provided load, arbitrary time variant heatir
current, environmental conditions) can easily be implemented in the model. Taking these changing boundary conditions into consideration
the model enables a simple design layout for technical solutions with straight SMA-wires.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The dynamic behaviour of the transducer material is
of great interest for actuator applications. Therefore, the
Though a generally accepted definition or standardisa- simulation of the SMA-actuator time response is highly
tion of the term ‘actuator’ is still missing, the following reasonable as it facilitates and supports the design layout
specification is widely respected: actuators are always aprocess. Though analytic models for the characterisation
series circuit of an energy provider and an energy trans- of the SMA’s time response exist already (€[2]), these
ducer. An actuator is called ‘new actuator’ when its func- methods are strongly simplified in order to enable their
tion is essentially based on physical characteristics of new solvability. Furthermore, these models do not allow the con-
transducer materials (e.g. shape memory alloys, SMASs) sideration of variable heating currents and variable loads
[1]. In order to use SMAs as a switching transducer ma- (e.g. bias springs).
terial, the actuator has to be activated either by external
heating devices or by electric current using the ohmic re-
sistance (e.g. of SMA-wires). For the realisation of cyclic 2. Thermodynamics and energy balance
movements, external resetting forces (constant load, bias
spring) have to be applied to the SMA-actuator during  The activation of SMAs is solely specified by the velocity
cooling (extrinsic two-way-effect). For various reasons this of cooling and heating the material. Many factors determine
option is preferred for design and industrial applications the dynamic behaviour of SMA-actuators: the chemical al-
based on SMAs. The results of the research presented infoy composition, the actuator geometry, the transformation
this paper are all based on the use of binary nickel tita- temperatures (TTM¢, Ms, As, A¢), the position and width
nium (NiTi) as SM-alloy and on the use of the extrinsic of the hysteresis, the electrical heating current (dad its
two-way-effect. cyclel(t), the mechanical load as well as the environmental
conditions. Especially with time variable current profiles
and variable load conditions, these parameters cannot or
nly in I nsider implifying algebrai
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Fig. 1. Energy balance of the SMA-wire—actuator system.

balanced. This balance is prepared for a straight SMA-wire
in Fig. 1

The only energy source during the heating phase is an
external electric current that heats the wire by the use of its
ohmic resistancé?,;. Regarding the heat transmission for

the cooling process of the actuator, three effects are distin-

guished in thermodynamics: convection, thermal radiation
and thermal conductidi3]. The heat transmission caused by

free air convection is about 90% and by heat radiation about

10% of the total emission. The low influence of heat conduc-
tion due to the clamping of the wire can be neglected. Com-
parable to the consideration of the emitted heat flow, the re-
quired mechanical energy resulting from the returning device

and external loads as well as the integral latent heat for trans-

formation from martensite to austenite have to be quantified.
The required latent heat for transformation is proportional
to the derivation of the volumetric martensite fraction
Its value for the applied wires was specified by a differ-
ential scanning calorimetry (DSC)-measurement to about
24,000 J/kg. According to the first law of thermodynamics,
the caloric state equation for the actuator inner energy re-
sults in the following relations for heating and cooling.
Heating:

CppVWT + aFw(Tw — Too) + emoradFw (Tw™ — Teo™)

= I(t)Rel
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Cooling:
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wherec, is the specific heat capacityyy the actuator sur-
face,| the heating currenfRe the ohmic resistanced, the
ambient temperaturdyy the wire temperaturd/yy the actu-
ator volume Winechthe mechanical energgyH the integral
latent heat for transformation,the convective heat-transfer
coefficient,e, the emission ratigy the actuator densitgaqg
the Stephan—Bolzman constafithe volumetric martensite
fraction.

These non-linear first order differential equations cannot
be solved with analytic methods, which means that the so-
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Fig. 2. Convective heat-transfer coefficient= f(Tw, dw).

lution term of Tyy cannot be defined in form of an equation.
Thus, the solution curve will be calculated numerically by
using an approximation procedure. Besides the solvability
of the problem, the main advantages of using a numerical
method is the possibility of implementing time variable pa-
rameters that depend on the mixture between martensite and
austenite and thus have an impact on the phase transfor-
mation. Thereby the quality of the generated model can be
enhanced. These parameters are as follows:

Convective heat-transfer coefficiamt The heat-transfer
coefficienta is the characteristic parameter for convective
heat-transfer and visualisable as a 3D surface plot depending
on the wire-temperaturéy and diametedyy (Fig. 2). The
numerical model is based on a polynomial approximation
of o for each examined wire-diameter.

Influence of stress on the transformation temperatures
The TT depend on the current mechanical stress inside
the wire. According to the modified Clausius—Clapeyron
equation the TT are in linear proportion to the actuator
mechanical stress condition. Using bias springs the actua-
tor stress condition is not constant, so the phase transfor-
mation martensite—austenite is not only thermal but also
stress-induced. For this reasbh, Mg, As and As have to
be computed iteratively in the numerical model using the
current mechanical stress in the actuator wire.

Thermal expansiosmerm: Besides the contraction of the
actuator in consequence of the shape memory effect, an
opposite thermal expansion of the actuator has to be con-
sidered. The different coefficients of thermal expansion of
martensite and austenitgy(, 8a) have to be taken into ac-
count.

etherm = (Tw — Too)(§Bm + (1 — &) BA)

Elastic elongationeselasi The conventional elastic elon-
gation gejast Of the wire actuator depends, apart from the
actuator geometry and of course the stress, basically on
the actuator structure. The different Young’s moduli of
martensite and austenite and the phase mixture during
transformation have to be considerddl.
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Ohmic resistance & The wire’s ohmic resistance cor- in MATLAB/SIMULINK ®. This fact ensures a necessary

responds to the ratio of martensitev() and austeniteda) universality of the model. The complete SMA-actuator sys-
during phase transformation and to the current actuator ge-tem is built in the shape of a block diagram that consists
ometry. of data sources and sinks, algebraic functions, logic opera-
Iw tions and customised subsystems. Important inputs for the
Rel = W(EPM + @1 =8&pa) SIMULINK ®-model (e.g. length and diameter of the actua-

tor wire, constant of the opposed bias spring(s), environmen-
Geometry When contracting, a variation of the SMA-  tal conditions) are separately combined in a MATLAB-script
wire's geometry (length, diameter, surface) is induced. Pro- for easy specificationFig. 3 shows a small extract of the
vided that the actuators volume is constant, these values areSIMULINK ®-block diagram for the heating phase.
determined in real-time during simulation and linked to the By using virtual switches (left) the heating current can be
calculation of other process parameters (e.g. the ohmic re-defined (constant value, sine wave, ramp, arbitrary sequence,
sistance). etc.). The energy sinks (convection, radiation, latent heat for
For the analytic description of the SMA’s characteristics transformation, mechanical energy) are defined in subsys-
during phase transformation an interconnection with a hys- tems and added to the model. In the loop shown, the wire
teresis model that has to be specified by the input of the ac-temperature, the mechanical stress, the transformation tem-
tuator attributes is necess&B]. For this purpose a simple  peratures depending on the stress and the martensite fraction
hysteresis model from Liang and Rogf8kthat segmentally  are calculated.
defines the characteristic hysteresis curve of a SMA with A comparable block diagram which can be specified
trigonometric functions in the different temperature ranges, by the input of the initial values for the start tempera-
is implemented into the numerical model. ture Tw-start and the start martensite fractiérstart was
generated for the cooling phase.

3. Numerical model
4. Results
The computer aided implementation of the differ-
ential equations and the relevant process parameters Depending on the defined boundary conditions and the
in order to simulate the time response of a straight heating current, the stress depending transformation tem-
SMA-actuator wire during phase transformation is realised peraturesNls, Mg, As, As) and the wire temperatuiBy are
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Fig. 3. MATLAB/SIMULINK-model: heating phase.
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tmet o 2 4 6 8 10 12 14 16 18 rent is reduced, the wire temperature decreases also but
tsl o the martensite fraction is constant &g is still above the
08| o = martensite-start-temperatutdd). When increasing the cur-
°"'[;°]"“ oe 03 rent, Ty increases until austenite-finisi¢) and beyond.
g-g During cooling ¢ = 0) the wire temperature reachif
12'0 .4 and the transformation to martensite begins. When reaching
martensite-finishNl;), & is again equal to 1, as the actuator
100 A is in fully martensite phase.
80 7 / Depending on the martensite fractigithe current stroke
T"[“O;C}T 60 A of the actuatonAlyy is calculated. First simulation results of
5 M the actuator time response, when heated with variable (ramp
40 W and steps) and constant electric currents, were validated ex-
20 Tw perimentally. An experimental setup for analysing the time
M M&A A, M&A L — response of straight SMA-actuator wires has been developed
1?0 ‘ ¥ for this purposekKig. 5).
.08 The SMA-wire (6) is clamped between a force transducer
m;:;’,f:e 8’5 (7) on the one side and a linear motion slide (3) that is con-
EH g2 5=const: il Xf;':‘ﬂsftt:;zte nected with the bias spring (1) and a displacement trans-
0.0 ‘ ) ducer (5) on the other side. The programmable power source

enables the generation of a totally arbitrary heating current
that is switched over to the actuator with a relay.

In order to validate the SIMULINR-model a straight
calculated. Using the hysteresis model the current marten-SMA-wire is analysed experimentally and compared numer-
site fraction& during phase transformation is computed. ically. For simulation and experiment, the applied load, the
Some simulation results for a variable run of the heating heating current profile and the boundary conditions were of

Fig. 4. Simulation results for heating and cooling.

current and a following cooling phase can be seefign 4 course the same.
The initial material properties of the used binary NiTi-alloy The following figures confirm the physically good imple-
in a state free of stress ar#fs = 28°C; Mg = 345°C; mentation of the actuator properties and its behaviour in the

As = 715°C; As = 76°C; actuator length: 800mm;  SIMULINK ®-model Fig. 6).
@-actuator: 0.254 mm. The spring constant of the used bias It is obvious that the computed stroke—time curves match

spring isc = 327 N/m. the measured curves well. Differences between the measured
As soon as the wire temperature equals the austenite-startand the simulated process can only be detected at the begin-
temperature As), the phase transformation starts,de- ning of the transformation. These differences may occur as

creases as the material begins to change its phase ta result of simplified simulation boundary conditions (e.g.
austenite and the actuator contradtg( 4). As a conse- constant surrounding temperature in the near actuator prox-
guence, the mechanical stress inside the wire increases duémity; homogeneous state of stress in the actuator though
to the fact that the bias spring is stretched. Therefore, thethe polycrystalline structure of the wire leads to scaling
transformation temperatures increase too. When the cur-effects).
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Fig. 5. Experimental set-up.
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Fig. 6. Simulation vs. experiment: results.
5. Conclusion is characterised by its simple possibility to be specified

with the relevant SMA characteristics and it is therefore
Based on an energy balance of the actuator systemsuited for the design layout of technical solutions with
and under consideration of important cause variables thatSMA-actuator wires. It allows to consider different envi-
have an impact on the martensite—austenite transforma-ronmental conditions, variable heating currents as well as
tion, a numerical model for simulating the activation be- different time variable loads. The qualitatively good im-
haviour of SMA-actuator wires was presented. The model plementation of the system properties was experimentally
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proven. In the future it has to be examined how the model [2] P.L. Potapov, E.P. da Silva, ACTUATOR 2000, 7th International Con-
can be extended and adapted to other SMA-actuator de- ference on New Actuators, Bremen, Germany, 2000, pp. 156-162.

. . . . e~ [3] VDI (The Association of Engineers, Germany), VDI-Waermeatlas,
signs (e.g. beams, thin films, etc.) with various modifica Berechnungsblaetter fir den Waermeuebergang, Springer, 1997.

tions. [4] G. Kehl, Gestaltung von Formgedaechtnis-Aktorsystemen fiir sen-
sorgefuehrte Inspektionsgeraete, Dissertation Universitaet Stuttgart,
1999.

[5] L. LU, E. Aernoudt, P. Wollants, van J. Humbeeck, L. Delaey, Simula-
tion of Transformation Hysteresis, Zeitschrift fir Metallkunde, Band
81, Heft 9, 1990, pp. 613-622.
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