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ABSTRACT 
 

     Shape Memory Alloys (SMAs) have been implemented as actuators in a wide range of 
applications spanning fields such as robotics, aeronautics, automotive and medicine. However, 
controlling SMA actuators is no simple task as they are highly nonlinear due to the inherent 
hysteresis. 
     In particular, the thermal nature of the SMA phase transformation means that the 
surrounding ambient conditions, such as temperature and air flow, have a direct effect on the 
time needed for the SMA wire to actuate. For example, if the surrounding temperature is high, 
the wire will contract in a shorter period of time at fixed current, compared to when the 
surrounding temperature is low. In some applications, such as automotive, this is a very 
important factor to consider as one key objective in such applications is attaining consistent 
actuation times across a broad range of ambient conditions. 
    Thus, the focus of this work is devising a method to actuate an SMA wire in a more 
consistent time regardless of the ambient conditions and stresses applied to the SMA wire. One 
way to achieve this is to preheat the SMA wire prior to actuation, a technique referred to as 
“priming”. We introduce an adaptive priming method, based on resistance feedback, which 
shows improved consistency in SMA actuation in lab tests under varying air-flow conditions. 
 
Keywords: Shape Memory Alloys, Priming, Probing, PI control. 
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INTRODUCTION 
      
     Shape memory alloys (SMAs) are a group of metallic materials that demonstrate the ability 
to return back to a previously defined shape or size if subjected to the appropriate thermal 
procedure. In particular, the contraction of an SMA wire under load is governed by its internal 
temperature and this temperature can be controlled by regulating current flow through the wire. 
Primarily because of convective heat losses, larger currents are required for a given contraction 
under conditions of lower ambient temperature or higher convective medium flow.  However, 
if too much current is applied, the wire will overheat and be damaged or destroyed.  
Manufacturers generally specify a recommended "safe current" that can theoretically be applied 
indefinitely to the wire without the risk of overheating, but this specification is given at room 
temperature and under specific convection conditions; it will not actuate the wire in a 
consistent time over a range of environmental conditions.  The stress applied to a wire also 
affects the required actuation power, since it alters the transformation temperatures of the 
material. 
     The goal of this work is to design and implement a controller that will actuate an SMA wire 
in a consistent time regardless of wire heat loss due to ambient air flow conditions when a fixed 
load is applied.  This is achieved by making use of the following observation: during heating, 
an SMA’s resistance increases to a maximum value or cusp prior to contraction, then decreases 
to a lower austenite resistance value. For example, as shown in Fig. 1, the resistance (R) is 
above 1.5Ω with 0.1A running through the wire but first increases to 1.6Ω then, decreases to 
under 1.4Ω when the current is ramped up to 1A and the wire is actuated (90s to 100s). 
Therefore, if a controller can be developed that pre-heats the SMA so that its resistance is at its 
maximum value prior to actuation, then it is possible to actuate the wire in a consistent time 
period regardless of the ambient air flow conditions without the danger of overheating it. We 
call this process “priming”. 
     Since we anticipate applications where actuator priming is desirable even if actuation is 
eventually cancelled (e.g., in a safety application where a vehicle is prepared for an impact 
which then does not occur), the proposed current control strategy will be divided into two parts: 
a priming controller and an actuation controller.  The goal of the priming controller is to heat 
the SMA so that R is at (or close to) the cusp.  Here, we are using the cusp as a proxy for the 
austenite start temperature (As) which will be our consistent state before actuation.  For the 
actuation controller, the goal is to apply a current that will drive R down to its lowest point in a 
consistent time period.  Similarly, we are using the lowest R value as a proxy for the austenite 
finish temperature (Af) which will aid with the control of our actuation current. 
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Fig. 1: Current and Resistance VS Time for SMA wire 

 
 
 

LITERATURE REVIEW 
 

     According to Ikuta [1], SMA feedback control can be classified into two categories: 
feedback with external variables (e.g. force, displacement) or with internal variables (e.g. 
temperature, resistance). External feedback methods require the use of sensors that increase 
system size and cost. Moreover, since there is no measure of wire temperature, overheating can 
occur. Similarly, using an internal variable such as temperature would require the use of a 
sensor increasing system size and cost. Moreover, accurately measuring the temperature of a 
thin wire is difficult as highlighted by Kuribayashi [2].  Fortunately, the relationship between R 
and temperature is only slightly hysteretic so that R can be measured to reasonably predict the 
temperature of an SMA wire [1].  Furthermore, R is easily computed in real-time without the 
need for sensors and this approach has been adopted by several researchers [3], [4].  
     In the literature, there are a number of researchers who have implemented what we call 
“priming” and “actuation” strategies. For example, Allston et al. [3] implemented control 
strategies that incorporate priming. They used R as a proxy for temperature in an SMA fuel 
injector where R was monitored to keep the SMA wire at the martensite start temperature (Ms) 
prior to actuation. In [5], Seldon et al. used actuator priming in the position control of an SMA 
wire.  They divided the wire into segments and treated each segment as an independent 
actuator.  Each segment was held at either Ms or at As, depending on the segment's last action. 
As such, if the wire was to be contracted, a segment at As would be heated and if the wire was 
to be expanded, a segment at Ms would be cooled.  This method took advantage of the strain-
temperature hysteresis allowing for faster actuator response time. However, the individual 
segment control and the use of a thermocouple to measure wire temperature add significant 
complexity to the system. 
     With regard to actuation strategies, Teh et al. [4] implemented an actuation controller that 
switched from a high current to a safe current depending on the value of R during actuation 
although environmental conditions were held constant. The actuation control strategy presented 
in this paper will build on the approach in [4] to account for variable ambient conditions.  
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EXPERIMENTAL SETUP 
 

     The major components of this experiment include a Xantrex XPD 33-16 programmable 
power supply, a Newport 443 Series linear stage, a 250μm diameter 90oC Flexinol wire from 
Dynalloy, a Quanser MultiQ3 data acquisition board, a Data General 6070 Force Actuator, an 
EG&G Current amplifier for the force actuator (model CO502-001), a Honeywell Sensotec 
Force Cell (model AL311 101b), a Ball Bearing Optical Shaft Encoder from US Digital (model 
H5-1024-I-S), a Jamicon 12V 0.15A rotary DC mini-fan, and a PC loaded with 
MATLAB/Simulink.  
 

 
Fig. 2: Top view of experimental setup [6] 

 
     As shown in Fig. 2, one end of the SMA wire is fastened to the XYZ stage while the other 
end is fastened to a clamp that is connected to the force cell and the encoder. The Xantrex 
power supply, the force actuator (through the current amplifier), the force cell, the encoder and 
the mini-fan are all interfaced to the MQ3 card. 
     Experiments with a sampling frequency of 100Hz are built in MATLAB/Simulink and 
compiled for the Real-Time Windows Target using Real-Time Workshop. They are then 
executed on the hardware via the MultiQ3 (MQ3) interface board. The force cell has an 
independent closed-loop force controller that applies forces on the SMA wire using feedback 
from the Honeywell Sensotec force sensor. The austenite length of the SMA wire is hand 
measured with a micrometer while it is heated under zero-load. The encoder count is then 
divided by this length to yield strain. The Xantrex power supply is configured to operate in 
voltage-control mode and is controlled remotely via an analog output channel on the MQ3 
card. The power supply outputs a current that heats the SMA wire. This current is measured via 
a built-in current monitor signal from the power supply, using an analog input channel on the 
MQ3 card. Voltage across the SMA wire is also measured independently using a separate 
analog input channel on the MQ3. All these signals are then fed back to the Simulink model for 
analysis. Resistance is calculated in software by dividing the voltage and current 
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measurements. The mini-fan is placed directly in front of the SMA wire and is used to provide 
varying convection coefficients. It is controlled programmatically from Simulink through an 
analog output channel on MQ3. A large fan is also used to provide stronger air flow. It is 
controlled manually. 
 
Noise Filtering 

 
     Fig. 3 shows the measured current and calculated resistance using a 2Ω Dale power resistor 
as a test load.  Power supply noise of relatively constant amplitude degrades the signal-to-noise 
ratio (SNR) for lower currents, resulting in unacceptable noise on the calculated resistance. 
This is made evident in Fig. 3 where the R readings are noisiest at 0.1A.  
 

 
Fig 3: Current and Resistance VS Time for 2-Ohm Power Resistor 

 
     After experimenting with several filtering techniques, we implemented an exponential 
weighted moving average (EWMA) as it gave us the best trade-off between noise rejection and 
delay introduced to the signal. The EMWA is governed by Equation (1) [7]: 
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TEST PROCEDURE 

 
     Since the current required to actuate an SMA wire is dependent on ambient conditions, we 
cannot simply apply a fixed current every time and expect the wire to actuate.  As such, a 
method is required to determine an appropriate current profile which will actuate the wire 
without danger of overheating.  Given that our only feedback variable is R, we examined the 
behaviour of R during actuation.  As shown in Fig. 1, R increases until it reaches a cusp and 
starts decreasing as the wire actuates.  Note that the wire's contraction is minimal up to the 
cusp.  Thus, we hypothesize that if we slowly ramp current through the wire and monitor R, we 
will be able to find the value of current that causes actuation in the present ambient conditions 
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without causing too much contraction.  Essentially, we are "probing" the wire to determine a 
current that will later be used to determine the priming and actuation currents. 
 
The Probing Current 

 
     The probing current is a slow ramping current that is used to determine the current that 
causes wire actuation in the present environmental conditions. We call this current the 
maintenance current (I_mtn).  I_mtn serves the same purpose as the safe current used by Teh et 
al. [4], i.e. the actuation controller will switch to I_mtn after R has dropped below the actuation 
threshold.  Hence, I_mtn maintains actuation without risk of overheating the wire. 
     An example of the probing current is shown in Fig. 4 where I_mtn is found to be slightly 
under 0.8A at approximately 68s.  Notice that the probing current does cause some decrease in 
strain but does not cause the wire to fully actuate, which occurs during the actuation period at 
90s.  Notice also that the sharp drop in resistance following the cusp seen in Fig. 1 is again 
seen here around 93s and does accompany the transformation and wire contraction. 
 

 
Fig. 4: Probing Current Example 

 
Sample Experimental Trial 

 
     For the experiments, all the trials used the same timing sequence, force profile, initialization 
procedure, and ending procedure.  An example of an experimental trial is shown in Fig. 5.  The 
sections labelled 1 to 6 in Fig. 5 are the initialization, probing, cooling, priming, actuation, and 
ending periods respectively.  The cooling, priming, and actuation periods are repeated two 
more times to give three full actuation cycles per trial run. 
 
Ambient Wind Conditions 

 
     Ambient air currents affect the wire heating by increasing the coefficient of convective 
cooling. Thus, for each of the priming strategies, we ran experimental trials under four different 
wind conditions: Fans Off; Mini-Fan at 50% Duty Cycle (MF50), Mini-Fan at 100% Duty 
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Cycle (MF100), and Large Fan at Highest Setting (LFHS).  The wind speeds were measured 
with a Kestrel 1000 held-hand anemometer and were as follows: MF50 → 0.4 – 0.5m/s; 
MF100 →1.1 – 1.2m/s; LFHS→ 3.7 – 3.8m/s. 
 

 
Fig. 5: Sample Experimental Trial 

 
     If a fan was used during a trial run, the fan was turned on after the encoder was zeroed in the 
initialization period and turned off after the force starts decreasing in the ending period. 
     

PRIMING AND ACTUATION STRATEGIES 
 

     The experiments ran used 6 different priming strategies, which were labelled 50%*I_mtn, 
Minus 0.4A, dR/dt 1, Absolute R 1, dR/dt 2, and Absolute R 2.  Since the cusp in resistance is 
identified with the value of I_mtn, the priming strategies are based on this current.  We label 
the current during the priming period as I_prime.  The first two strategies are purely heuristic, 
based on observations from experiments under different wind conditions.  The other four build 
upon the first two by including PI servo controllers. 
     The idea of the servo controller is to servo around the cusp using either R or dR/dt 
measurements as feedback.  Thus, as R drops below the cusp, the servo controller increases the 
value of I_prime to bring it back up.  However, R decreases below the cusp in two situations: 
when the wire cools naturally without actuating, and when the wire actuates.  In the latter case, 
increasing I_prime will not bring R back to the cusp.  Consequently, this paradox of not 
knowing the reason behind the decrease in R forced us to use servo controllers that erred on the 
conservative side to guard against spurious actuation.  In future work, controllers will include 
some heuristic decision making to accommodate this. 
     For comparison, experiments using the recommended safe current (Safe Current), and the 
actuation strategy with no priming (No Priming) were also carried out. 
 
Safe Current 
     The manufacturer-recommended safe current for the SMA wire is 1A [8].  As such, with the 
experiments using Safe Current, the actuation periods consisted of running I_act=1A through 
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the wire for 10s.  While there is not any real priming in this test, during the priming period 
I_prime=0.1A to provide a low-level current for resistance measurement. 

 No Priming 
     These experiments were run to serve as a benchmark to illustrate the effects of priming.  
During the priming period, I_prime=0.1A. 

 50%*I_mtn 
     The 50%*I_mtn strategy (I_prime=0.5I_mtn) came about after noticing that at room 
temperature with the fans off, I_mtn was approximately 0.8A. Under the same conditions, if the 
current was stepped up periodically by 0.1A rather than ramped, the wire would start to actuate 
slowly at 0.5A.  Hence, we thought a priming strategy that used a constant current equivalent to 
50% of I_mtn would help prime the wire without the risk of spurious actuation. 

 Minus 0.4A 
     Although the 50%*I_mtn strategy worked well with the fans off, the priming results seemed 
a little conservative when the fans were on.  Hence, an absolute difference was examined 
where I_prime=I_mtn-0.4.  The 0.4A offset was derived empirically and the results of this 
heuristic were very good in our wind conditions. 
 
dR/dt 1 
     We augmented the 50%*I_mtn strategy with the implementation of a PI controller to servo 
around the cusp where the theoretical value of dR/dt is 0.  Unfortunately, dR/dt can also equal 0 
at any R value as long as the current is constant and not high enough to cause actuation.  To 
overcome this problem, the current was first ramped until the resistance reached the cusp, and 
the servo controller was activated afterwards. 
     The ramp stops at the first occurrence of dR/dt<=0, after the current has reached 0.8I_mtn.  
This latter condition is introduced to avoid detection of negative gradients in the noise at low 
currents.  Once the cusp is reached, the servo controller is initiated, with input e = –dR/dt and 
the output is I_prime=[Kp*e + Ki*∫edt]. 
     As a safety precaution against overheating and to prevent spurious actuation, the upper limit 
of I_prime is set at I_mtn.  The lower limit of I_prime is set to 50% of I_mtn since previous 
experiments showed that 50% of I_mtn was a relatively conservative lower bound. Through 
experimentation, the values of Kp and Ki values that gave best performance were found to be 15 
and 80 respectively.   
 
Absolute R 1 
     Since it is difficult to servo on an inherently noisy signal and since the R readings were 
relatively clean during high currents, it seemed logical to attempt to servo on an absolute R 
value.  From previous experiments, we found that 1.585Ω was a good value to servo upon 
without causing spurious actuation.  Thus, e=1.585-R and I_prime=[Kp*e + Ki*∫edt].  With this 
setup, the Kp and Ki were both set to 10 and similar to dR/dt 1, the upper and lower limits of 
I_prime were set to I_mtn and 50% of I_mtn respectively.   
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dR/dt 2 
     In this strategy, the lower limit for I_prime during servoing was set to I_mtn-0.4, since this 
had shown in the Minus 0.4A trials to be a better lower bound for priming.  With the exception 
of this change, dR/dt 2 is the same as dR/dt 1. 
 
Absolute R 2 
     For completeness, the Absolute R technique was also combined with the Minus 0.4A lower 
bound for I_prime which gave rise to the Absolute R 2 strategy. 
 
Actuation Strategy 
     All the tests used the same actuation strategy.  Through experimentation, the current was set 
to I_act=1.25I_mtn during the actuation period.  However, once the wire has actuated, the 
current is lowered to I_mtn. 
     To determine a point where the wire would be considered as actuated, R was again 
examined.  For our wire, we found that 1.38Ω was a consistent threshold that was lower than 
the low-current R (when the wire is cold) but higher than the austenite R (see Fig. 1).  As a 
result, our actuation strategy was to apply 125% of I_mtn until R was less than 1.38Ω and then 
switch to I_mtn to maintain the actuation. 

 
EXPERIMENTAL RESULTS 

 
 Several experiments were conducted to test the effectiveness of the different priming 

strategies. To compare the obtained results, two measures were defined: Time-to-Cusp (TTC) 
and Absolute Strain Time (AST). TTC is defined as the time from the start of the actuation 
period (if priming is used, then the wire is primed at this point) to the cusp. The shorter the 
TTC the more effective the priming strategy is (i.e., the closer the priming phase brought the 
wire to the cusp). AST is defined as the time needed to contract the SMA wire to 1% strain 
from the start of the actuation period. The goal is to obtain a consistent AST under all wind 
conditions. One should note that this measure favours the priming strategy that causes more 
pre-actuation contraction. 

 The TTC and AST are both functions of the average I_prime (noted by I_p in Fig. 6) and 
I_act (noted by I_act in Fig. 7).  With TTC, a higher I_prime will generally mean R would be 
closer to the cusp prior to actuation and a higher I_act would generally mean that R will rise 
faster to the cusp after actuation. Since AST includes the TTC, it depends on both I_prime and 
I_act.  Furthermore, a higher I_act would mean that the wire would contract faster leading to a 
faster AST. 

 Comparing the TTC across all wind conditions in Fig. 6, one can see that the Absolute R 
strategies are able to keep their TTC consistently faster than the others.  This of course does not 
include the Fans Off case where the servo controller does not have much of an effect on the 
priming.  Also, adding the tighter lower limit for I_prime on dR/dt 1 to form dR/dt 2 also 
seemed to improve the TTC as the wind speeds increase. 

 Comparing the AST across all wind conditions in Fig. 7, one can see that the Absolute R 
strategies performed consistently well given the values of I_act.  The exception is the AST for 
Absolute R 2 in MF50 but its I_act was noticeably lower.  Another trend that should be noted is 
that the ASTs decreased as the wind speed increased.  This seems to suggest that the actuation 
strategy of using 125%*I_mtn for I_act is a little high.  Hence, a lower percentage should 
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probably be used to try to keep the AST consistent across all wind speeds.  Otherwise, if this 
trend continues, the AST will be even faster as the wind speeds further increase which suggests 
that the I_act may be too high, which will risk overheating the wire.  However, a lower 
percentage would mean a lower AST across all wind conditions which may or may not be 
acceptable for a given application.  If the lower AST in not acceptable, then another actuation 
strategy will be needed since the present strategy cannot produce a faster yet consistent AST 
across all wind speeds without risking overheating the wire. 
 
 
 
 

Comparison of Time-to-Cusp Across All Wind Conditions
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Fig. 6: Comparison of Time-to-Cusp Across All Wind Conditions  
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Comparison of Absolute Strain Time Across All Wind Conditions
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Fig. 7: Comparison of Absolute Strain Time Across All Wind Conditions 
 

 
 

CONCLUSIONS AND FUTURE WORK 
 

 From comparing the results of No Priming with those of the priming strategies, we 
conclude that priming does help the wire actuation. In addition, from examining the different 
approaches, we conclude that Absolute R 2 was the best priming strategy of the ones tested.  Its 
tighter lower limit on I_prime helped improve over Absolute R 1 and its inherently cleaner R 
signal and simpler control scheme allowed it to outperform the dR/dt strategies. 

 With regards to the actuation strategy, we conclude that using 125%*I_mtn for I_act may 
be too high to produce consistent ASTs across the wind conditions.  This was evident as the 
ASTs got faster as the wind speeds increased.  This is a direct result of higher wind speeds 
resulting in higher measured I_mtn during probing, and higher resulting actuation currents. 

 In this work, we used varying wind speeds as a proxy for varying ambient temperatures. 
However, we anticipate that if we rerun these same experiments under different ambient 
temperatures, the effect of priming will be greater. We are currently developing the setup to 
allow measurements in environmentally-controlled conditions across a broader range of 
temperatures (approximately -20oC to 40oC). 

 With an analog current driver being used in these experiments, it was found that the 
resistance measurements were quite noisy at low current values (c.f. Fig. 5). Our current setup 
will use a PWM-based current driver. SMA voltage and current are sampled during the ON-
cycle of the PWM signal ensuring a high SNR. 
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