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Abstract 

Shape Memory Alloys are extensive applied in Medical Robotics nowadays as active ele- 
ments. They could be used as actuators, which are abie to perform accurate movements 
in minimal invasive surgery (MIS). In MIS the precision of the incisions has to be guar- 
anteed. 

The need of precision leads to try to find a reliable approach that describes the behav- 
ior of SMA. Departing from the knowledge of the characteristics of SMA, a survey of 
Models available is performed. This models describe the response of the SX/IA under 
different conditions. 

Finally the goal is to determine the most important features in the model and compare 
the simulations with the result of the experiments performed in the SMA. 
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Chapter 1 

Introduction 

1.1 Description of Smart Memory Alloys (SMA) 

Smart Memory Alloys (SMA) are metallic alloys, which exhibits the Shape Memory Ef- 
fect (SME) when they are deformed. SMA can recover their permanent strength Figure 
1.1 when they are heated above a certain temperature while a Martensitic phase change 
is occurring. 
The stress - temperature curve is shown in Figure 1.1. The parent Austenitic material is 
cooled and it is transformed from Austenite to twinned Martensite (1 to 2). W e n  the 
sbess is increasing, the SMA wire experiments a phase Change into detwinned marten- 
site (2 to 3). From 3 to 4, the temperature is raised and then the phase transformation 
is between detwinned Martensite to Austenite, arriving to the initial structure config- 
uration. This phenomenon is called one-way shape memory effect, because the shape 
recovery is achieved only during heating. 

Figure 1.1: Thennomechanical loading path demonstrating the shape memory effect 



1.1.1 Properties of SMA wires 

The pseudoelasticity behavior of SMA wire is associated with the recovery of the trans- 
formation strain upon unloadmg and encompasses both super-elastic and rubber-like 
behavior. 

Super-elastic behavior is observed during loading and unloadmg above the austenitic 
Star transformation temperature, A,,, and it is associated with stress-induced marten- 
site and reversal to austenitic upon unloadmg. When the loading and unloading of 
the SMA wire occurs above A,,, partial transformation strain recovery takes place and 
when loading and unloading occurs above the Austenitic Final transformation ternper- 
ature, Aof, Arll recovery happens. The rubber-like behavior occxs if the material is 
in the Martensite state and detwinning and twinning of the Martensite variants occur 
upon 1oadm.g and unloading respectively, by reversible movement of the twin bound- 
aries. 

Hysteresis is present due to phase changes in the material; this phenomenon is given by 
the difference between Stress Martensite final transformation s ~ f  and Stress Austenitic 
start transformation s ~ ,  and between Stress Martensite start transformation s ~ ,  and 
Stress Austenitic final transformation s ~ f -  This can be seen in the load~ng/unloadmg 
stress-strain diagram, see Figure 1.2. 

Figure 1.2: Super-elastic behavior of the shape memory alloys 

Cooling the SMA wire with a constant applied stress from Austenitic to Martensite 
state, there is a phase transformation characterized by a martensite start temperature 
M,, and a martensite finish temperature M, f ,  which are functions of the applied stress. 
The transformation strain is greater than the thermal strain correspondmg to the same 
temperature difference required by the phase transformation. 



1.2 Problem definition 

Sh2v ?6;exery Pdoys ISMA) .YP ~videly wed mw days, espedfiy ih a passive way in 
Medical Applications. The improvement of control for active use of SMA actuators im- 
plies the use of well define models. These models are going to be utilized in the design 
of the czliitr01Iers. So fir, cWere~t types e f ~ ~ e d e l s  deesc3kg the behavio~ of the SMA 
wire has been used, some of the parameters used in these models are not well defined 
yet, it is what brings us to the purpose of acquiring greater knowledge of the parameters 
involved in the models. In this research, attention will be paid to chose a model that 
describes the SMA wire behavior and try to defined the most needed features on it. 

As described in the previous section, the working principle of SMA is based on the 
shape memory effect, where the SMA wire is heated to make it going back to its initial 
shape. A common way of raising the temperature of the SMA wire is applying current 
through it. Thus the model to be used has to be able to depict the relation between the 
current and temperature. 

There exist several methods to estimate model parameters based on measurements. In 
this research s p e d  attention will be the Least Square Estimators (LSE). It is possible 
to conclude that knowing the parameters of the SMA wire and their relations we have 
defined a model which would allow to go further in research of controlling SMA wires 
actively. 

1.3 Project survey 

Now we have defined the problem, the selection of the model describing the SMA wire 
behavior is the first issue. After looking for available models in the literature, the model 
selected is the one used by frank en[^] in his research. The features to define in the 
model are the parameters (c and T) which are temperature dependent Amving the 
need to perform temperature measurements. 

The measurement of the temperature directly in the wire is the main initiative, it will 
be done in two different ways. First of all under controlled conditions, and later on in 
normal operation of the SMA wire. The first experiment (under controlled conditions) 
is aimed to find the temperature resistace relation. Knowkg the relationship between 
temperature and resistance, in a further stage we think it is possible to use it to control 
actively the SMA wire, because of the direct relation between current - resistance and 
temperature. The second experiment (normal operation) is used to find the parameters 
c and T. Measuring the applied current and the resultant temperature increments and 
using LSE it is possible to determine the best fitted values for the unknown parameters. 



Chapter 2 

Model of the system 

As a result of seeking for possible model representations of the SMA wire behavior, two 
main proposals are raised. The first model uses ideas from statistical thermodynamics 
and describes the evolution of two martensite fractions. The second model describes 
the thermo-mechanical behavior of a SMA wire based in the general engineering equa- 
tions for stress and stress. 

2.1 Model of Achenbach and Muller 

The basic idea depicted in this model[2] is to assume that the phase transition is a 
thermally activated process, which is visualized as changes in the energy stored in the 
SMA structure. 

Figure 2.1: Layer structure of a SMA and the Shape Memory Effect 



These changes in the energy see Figure 2.1 are calculated like the variation in the shear 
length A, which is obtained from the elongation (D). The sum of the length changes of 
L&? -h&~&&l l l  ayers is: 

N: is the number of lattice layers XA, X+, X- denote the volume fractions of the corre- 
sponding phases, and the bracketed quantities are the expectation values of the length 
changes in the phases. They are calculated from statistical thermodynamics, e.g.: 

8 Is the wire temperature, k is Boltzmann's constant and 4(A, P) is the potential energy 
seen by a layer. It depends on the layer shear length A and is given by a triple-well 
function with each well corresponding to one of the three phases, see Figure 2.2. In 
the presence of an external load P, this function has to be superposed by the work done 
by the load, which in the one-dimensional case is simply -PA. For the determination 

Figure 2.2: Three phases of a lattice particle and corresponding potential energy 

of the phase fractions the model assumes the shear lengths of the layers to fluctuate 
about their equilibrium values in the potential wells. Occasionally, the layers are able to 
overcome the barriers between the wells, and this gives rise to time rates of change for 
the phase fractions X+ and X- according to: 

The quantities pap are the transition probabilities from phase a to phase ,B, which also 
can be calculated from statistical thermodynamics, e.g: 



A is the interfadal energy coefficient responsible for the alloy's hysteretic behavior and 
m is the m s s  of the layer. 
This model includes also the possibility of electric heating equation(z.s), which is m- 
ad for the SMA wire application as actuator. This extension makes it necessary to 
consider the balance of energy, which reads: 

It is readily interpreted as follows, the temperature in the wire changes due to: 

Heat exchange with the environment at temperature Ten, (t)  
The Joule heating jQ produced by the electric current and the latent heats due to the 

transitions 
e The third and fourth term H+- represent the leading parts of the latent heat, and the 
last terms the part due to creation and annihilation of interfaces between austenitic and 
martensite layers 

c is the specific heat and a the thermal conductivity coeffiaent. 

The above equations together with appropriate initial conditions and prescribed func- 
tion j(t), it can be solved for the resulting change D(t) equation(2.1). 

Concluduzg this model allows to speclfy at each instant the location of the transforma- 
tion phase of the SMA wire while is heated by a current. Nevertheless, a disadvantage 
is the little knowledge about the statistical relations needed to define tke probabilities 
used in the model. Due to this fact a simpler approach is chosen, in the next section. 

2.2 Model of van der Wijst 

The model of Wijst[3] describes the therrno-mechanical behavior of a SMA wire, using 
the Stress-Strain engineering and the Heat Balance equations. 

The stress and strain are related to the wire length 0) and the temional force (f), both 
quantities can be measured to calculate stress and strain with the following equations: 



Where l,, and A,, are the initial length the cross-sectional area of the wire, respec- 
tively. 
E;riooa-hhg i&& L%~ easiest -*-q- to h2zt ! q j  t\e $l$dZ -*-kZ is aPI;$fkg 2 c ; i ~ e ~ t  ;tTG 
the heat balance, it is possible to arrive to the model describing the behavior of the SMA 
wire while working. ..." ine heat balance is a result of the stored, lost, eondptetecl generated power. The 
power generated is: 

Pgenerated = I2 * R 
rre f R=- (2-7) 

Aref * 1 

Where, I is the applied electric current, R the total electric resistance of the wire, r,d 
the specific electric resistance and .t and A the length and cross sectional of the wire 
respectively. 
The power lost due to convection is: 

Where, h is the heat transfer coefficient depending on the environmental circumstances, 
8 the surface temperature of the wire and Ten, the temperatwe of the environment, d ,  
the circumference and t the length of the wire. 
The stored power is: 

Pstored = pc~19 (2-9) 

Where p is the density and c is the specific heat capacity of the wire, the conducted 
power and 8. 

Finally, the heat balance results in: 

PcA r re l  ~0 + (8 - Ten,) = c12 with T = -C = - 
hd, Ahd, 

In previous works the thermal parameters c and T are treated as constant, but actually 
they are dependent of temperature and the crystal structure of the wire. Therefore, the 
aim is to try to find a way to estimate these parameters when the SMA wire is acting 
under diverse conditions. 

This is the model selected to work with due to its reliability and it means the possi- 
bility to study the behavior of the SMA wire while is excited with a current, by simply 
measuring the temperature. 



Chapter 3 

Design of Experiments 

Departing from the knowledge of the model, the course is to design an experimental set 
up and a procedure that allows to determine the most important features used in the 
model describing the SMA wire. To explore the response of the SMA wire two options 
are shown in the table below. 

Figure 3.1: Controlled chamber 

From these options, the controlled chamber Figure 3.1 is chosen to perform the tem- 
perature - resistance measurements. The controlled chamber will be used under some 
changes, they are going to be clarified later on. 

In order to determine the temperature of the SMA caused by the applied current The 
definition of a relation among them is needed. Remindmg the Ohm's Law, it is known 
&at the current flow in a sonductor depends on the resistance of it. That is why, it is 
aim to measure the resistance of the wire and see how it is changing. 



I Controlled chamber I Strain-Stress- Temperature 

controlled applied current. 
Cooling with liquid COz. 
Constant load is placed. 
Temperature measurement: 
Using a Thermocouple touching 
the SMA wire 

controlled applied current. 
Constant load is placed. 

Temperature measurement: 
Thermocouple principium, using 
the wire as conductor, and reading 

Strain measurement: 
the drop voltage directly on it. 
Strain measurement: 

Length relation. 
Stress measurement: Length 
relation and applied force. 

Length relation. 
Stress measurement: Length 
relation and applied force. 

Advantages: 
Controlled environmental conditions. 

Disadvantages: 

I 

See Figure 3.1. I See Fig.3.2 

Advantages: 
The temperature measurement is 
direct in the SMA wire 
Disadvantages: 

The temperature measurement 
is not direct in the SMA wire. 

Table 3.1: Alternative Set Up 

Uncontrolled environmental conditions. 

3.1 Measuring internal Resistance of the SMA wire 

The resistance of the SMA wire will mainly depend on the phase fractions of martensite 
and austenitic present in the SMA wire. Thus, every phase has a different resistance. 
Therefore, knowing that the transition between phases is a thermally activated process, 
the purpose is to find the temperature and resistance relation. 

In order to find the relation between the temperature and the resistance in a SMA wire, 
the SMA wire is heated uniformly at a pre-defined temperature in a range of 100"- 30". 
This is performed in an oven which allows the control oftemperatme. At the same time 
another device measures the resistance of the SMA wire. 

The resistance has been measured using a four-wire configuration; This configuration 
comprises Figure 3.3 : two of those wires are connected to the SMA, one is conduct- 
ing a small amount of current (1mA) and the other one carries the resultant voltage 
difference generated in the SMA wire from the heating at a constant temperature. 



Temperatqe measurement wires 

/ ' SMA wire 
Applied current 

Figure 3.2: Strain-Stress-Temperature 

Figure 3.3: Four wire configuration 

With the measured values of current and voltage, the resistance is calculated using the 
Ohm's law for steady state conditions: 

V: Voltage (mV) I: Current (mA) 

3.1.1 Description of the test 

The test consists of the application of a current through the SMA wire while the voltage 
drop across it is measured. In order to get h e  resistance value, a DMM 196 sensor is 
used connecting its terminals as shown in Figure 3.3. 

Previously, the DMM 196 must be calibrated. To that end, two known resistors of 67 
ohm and 2.4 ohm are used Afier that, the DMM 196 terminals are connected to the 
SMA wire in the oven. 



The SMA wire lies on a polymer base frame in order to avoid contact with other metals 
present in the oven. 

The temperature control inside the oven has an accuracy of the f 2" Celsius. To get a 
constant temperature of 100" in the SMA wire it was necessary to wait around 10 min- 
utes. After that the setpoint temperature is decreased in steps of iOO.  

The applied current through the SMA wire is 1m.A and the expected voltage drop is 
around 500mV. 

Two different ranges of temperature measurement are used: Between 100" and 50" and 
between 50" and 30". When the temperature reading inside the oven becomes stable, 
the resistance value is read from the DMM 196 sensor. Figure 3.4 shows some data 
values acquired in this way. 

03s I 
10 60 70 80 90 lC4 730 

~ m F . ( u r a l ~ g r a r C ~ I I I ,  

Figure 3.4: Resistance Measurements under controlled temperature 

Equation (3.2) gives a relation between temperature and resistance by using Least Squares: 

This equation describes a liner relationship between the temperature and resistance. 
This can be noticed under controlled conditions. The response under uncontrolled 
conditions will be analyzed later. 

3.2 Temperature measurements on the SMA wire 

The most common method of measuring temperature uses a thermocouple [4]. It con- 
sist of a junction of two dissimilar metals, which returns a voltage output proportional 



0 . d  
30 35 40 45 50 

Temperature [Degras CBbus] 

0.4 

Figure 3.5: Resistance Measurements under controlled temperature 

to the difference in temperature between the hot junction and the lead wires (cold junc- 
tion). The selection of the appropriate thermocouple depends on the temperatwe range 
expected in the measurements, the necessary insulation and the size of the SMA wire 
(or object to be measured). It is important to ensure a good contact between the hot 
junction and the SMA wire, for temperature measurement. 

0 nn' 

3.2.1 First experiment 

m 

The thermocouple KI is placed in contact with the SMA wire to measure the temper- 
ature of the SMA wire while the current is increased. Due to the low precision of the 
thermocouple, every time the temperature changes the reading goes to zero and start 
rising again (See Figure 3.6). It supposes a delay in the measurement and inaccuracy. 
It could be caused by the excess of mass in the hot junction which causes reduction of 
heat transfer through the SMA wire and the thermocouple. 

0 Measured Data - Fit Data 

The measurements are performed under different conditions in order to appreciate the 
alteration of the resistance, when applying Merent trajectories for the applied m e n t  
and/or when the current magnitude changes, see Table 3.2. 

Regardrng what it was studied before, measuring the resistance under controlled con- 
ditions, the resistance rises while the temperature increases. Whereas, under uncon- 
trolled conditions the resistance keeps constant no matter the changes in the tempera- 
ture. 

'Straight thermocouple 



Figure 3.6: Temperature measurements on the SMA wire 

It could be due to the fact that the SMA wire is reacting to the environment changes 
or probably to the thermocouple inaccuracy. That is why-it is intended to perform new 
measurements to get a better relation between temperature and resistance. 

,Table 3.2: Resistance measurements 

3.2.2 Second experiment 

Resistance (G)  
1.8 

To obtain a better contact between the therrnocouple and the SMA wire a smaller size 
of thermocouple K is chosen. To ensure good contact, the thermocouple is welded in 
the SMA wire by means of a laser shot avoiding additions of mass in the hot junction. 
It is important to notice that the circuit supplying the current to the SMA wire has to be 
floating, to guarantee a current flow just through the SMA wire. This is accomplished 
by using a high resistance circuit for the thermocouple sensor (some kR). 
The measurements and simulations are going to be shown in the next chapter. 

Input 
Ra*mp 

Input 
Step 

Resistance (a) 
1.8 



Chapter 4 

Simulations and Measurements 

The heat balance equation is used to simulate the output response of the the SMA wire. 
The model is implemented in Matlab Simulink as depicted here. 

Figure 4.1: SMA model 

Current source: Input current, step trajectorie 

K: Constant to adjust the model and measurement data, because the measurements 
where performed with the current not with the current squared 

r and c: Parameters to determine 



Using .the data obtained from the model, the parameters c and T are calculated applying 
the least square estimation method. Later on these parameters would be obtained from 

r ie~xe ize i i t s  ~f te=perzi~xe md arrmt. 

As it was mentioned before, trying to find the relation between temperature and resis- 
tance is h e  goal. Tne heat balance model formally establishes ~iich i-elation. However, 
some parameters are not well defined in the model (c and r). Thus, in order to define 
these variables Parameter Estimation[7] techniques are used. 

4. I Least square estimator 

The least square estimator consist of finding the best-fit value of an unlanown. The best- 
fit value is the value that has the minimal sum of the deviations squared (least square 
error) from a given set of data. 

The implementation of the least square estimator is as follows. The model equation is: 

NOW denote the model output 0-Ten, as 2 = (O-Tenu)model = H i  where H = (-0 12) 
is the vector of measurement input data and 2 the parameter to estimate. Denote z = 

(0 - as the measured output, then the estimation error is[7]: 

e = z - 2  

e = z - H i  

J = eT e = ( z  - H i l T  ( z  - H 2 )  

= Z ~ Z - - Z ~ H ~ - ~ ~ ~ H ~ Z + ~ ~ H ~ H ~  

T o  minimize the error : 

The resulting least squares estimate is  : 

2 = (HT  H)-' HT zT 

Subsequently, the measurement values for temperature and current are f3led in the 
matrices H and z; it is possible to find the estimated values for the parameters c and 
r ,  they are shown in the next section. The implementation in Matlab is shown in the 
appendix (Least-Square Matlab implementation). 



4.2 Measurement results 

With the obtained measixernents of Ci~ryent and Temperatwe md usiq &e least 
square estimator, the parameters c and T were estimated. The obtained values are 
compiled in the Table. 4.1. 

Figure 4.2: Temperature with a step input 

& - I I Stev i n ~ u t  1 1 6.1981 1 50.5173 1 

L - L  

Step input 2 
S t e ~  b u t  3 

Table 4.1: Estimated parameters c aad T 

2.6700 
3.9479 

2 

Step input 2 
Step input 3 
Average value 

The estimation of the parameters is done in three intervals (see Figure 4.2), in order to 
see the variation of the parameters in different range of temperatwe md with different 
measurement data. 

81.9804 
109.3072 

Thus comparing the result values for c and T at interval I of both measurement sets, 
the difference is not relevant. However, comparing the parameters for different range 
of temperature (interval 1 vs. interval 2), the difference is more considerable. It could 
be of interest for future work to find out the reason of this difference. 

4.6338 
4.0265 

4.5967 

80.6604 
107.3465 

80.0889 



Loolung at the Figure 4.2, the response of the temperature in reality is slower than in 
the simulation. It shows that the model could have a lack in the description of the phase 
baysfemLat;,On apkg ki *Le SMA VI"je. NeVep&ieleSS, eie =f &Le is ypJeg 
obtained 

Findy the d u e s  for c a d  T zre used in the model, zre the res-dt of z imqkii  the 
estimated parameters, for T is 4.5967 0A-2 and for c is 80.0889 s. 



Chapter 5 

Conclusions and 
Recommendations 

In order to enlarge the knowledge of Shape Memory Alloys (SMA) this research found: 
well defined models, describing the behavior of SMA and the knowledge acquisition of 
the parameters present in the models. 

The models available in the literature showed different chances to describe the behavior 
of the SMA. Two models were mainly studied. The first one, which uses statistical ther- 
modynamics and the second one which uses energy balance. Coming to the conclusion 
that the second one called The Heat Balance equation, describes well the SMA behavior. 

It is known that SMA are thermally actively alloys and learning that w e n t  is the eas- 
iest way to increase the temperature in a controlled way. Thus, the relation between 
current and temperature becomes slgTllficant. That is why a &st approach used is to 
find this relation. Coming to the conclusion that there is a substantial difference in the 
behavior of the SMA while acting under controlled and uncontrolled conditions. Due 
to the mentioned differences, it is decided to use the Heat balance equation to describe 
the behavior of the SMA. 

Once the model is available, the estimation of the unknown parameters takes place. 
Thus, performing temperature and w e n t  measurements, and wing the Least Square 
Estimators (LSE) structure, the parameters c and T were determined. 

An important achievement through this research is: the possibility to perform temper- 
ature measurements, directly in the SMA. These temperature measurements showed, 
the complexity and fast response of the alloy to simple changes in the applied current. 
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Appendices 

clear all; 
close all; 
% First load the measurement data of Temperature and 
% Current in the workspace: 
load Volt-Temp.m; 
% Initial conditions : 
T-inf = 25; % Temperature of the environment 

% (Degrees Celsius) 
R=.27; % Resistor used in parallel with the SMA wie to be able 

% to measure the voltage using the NI-DAQ 
T=ch2 ; % T = Temperature measurements 
V=ch4 ; % V = Voltage measurements 
I=V/R ; % Calculation of the current 

% LSQ 

a=size (TI ; 
T-r=(T(l:a-1)) ; % Adjusting matrix dimensions, for coupling with the 
I-r=(I(l :a-1)) ; % derivative of the temperature calculation (dT) 
dT=dif f (T) ; % Calculating the temperature derivative 
y=CT,r-T-inf*ones(a-1,1)]'; % Measurement model 
u=C-dT 1-rl ; 
d=uJ*y' ; 
g=inv (u ' *u) ; 
theta-est=p*u' *y2 % Estimated parameters c and Tau 

Transpose of a Matrix: 


