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ABSTRACT 

 

     This paper presents a study on the correlation between electrical resistance (R) and strain 
output () of Shape Memory Alloy (SMA) actuator. Characterization of the change in 
electrical resistance with respect to the strain output was performed for a selected Ni-Ti SMA 
material. The results indicate that such correlation, in general, is non-linear and hysteretic. 
Linear approximation can only be applied to a limited strain output range on the heating 
phase. The non-linearity of correlation on cooling path may be related to the complicated and 
two steps phase transformation involved. The influences of loading stress on R- correlations 
are specifically studied and the results show that the extent of non-linearity and hysteresis in 
the R- correlation is dependant on the loading stress applied to Ni-Ti SMA actuators. 
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1. INTRODUCTION 

 
     The SMA actuator possesses the highest power density of all types of actuators, and yet 
operates on a simple principle. Because of such unique characteristic, it has been under study 
in recent years for a variety of applications in the areas ranging from medical to industry and 
to space [1]. Typical examples are: the prototype of robot system using SMA, developed by 
Penney et al [2], and the studies to use the SMA for low frequency vibration control of 
flexible structures [3,4], aircraft wing shape control [5], and micro-system precision control 
[6]. A more recent work by Peng et al [7] deals with the use of SMAs for the active control 
of the flatness of membrane SAR antennas in potential variable space temperature 
environment. One of key requirements for those potential applications, however, is to 
achieve the precision control for SMA actuators with minimum system requirement, 
particularly in the case of space applications. A common approach over the last decade has 
been to incorporate various thermomechanical models [8-12] into the control algorithms. A 
main drawback is that the model parameters must be determined experimentally and control 
scheme tends to be very complex, which make the position control rather impractical. On 
other hand, feedback control using the position sensor, although demonstrated reasonably 
good precision and stability [13, 14], requires extra hardware and thus has a system penalty. 
Realization of SMA precision control without a position sensor is more desirable. One 
possible approach is to use the internal electrical resistance of SMA as feedback signal, as 
initially investigated by Raparelli et al [15] and Ma et al [16]. However, it appeared that, 



because of hyeteresis and non-linear characteristics, simple approximation of the correlation 
between electrical resistance (R) and strain output () has so far resulted in fairly large error 
in control precision [15, 16]. More detailed study of such correlation is probably needed to 
provide data for better precision position control of SMA actuator. Of particularly is that 
such correlation or data needs to take into account of the influence of loading stress. This 
paper aims to conduct a detailed study in order to provide an insight to those questions. 
 

2. EXPERIMENT DESIGN AND PROCEDURE 

 

2.1 SMA material  

     A commercially available Ni-Ti SMA wire (Flexinol) of diameter of 0.15 mm, is selected 
for this tudy. Its properties are listed in table 1. All samples used have length of 
approximately 150 mm with a phase transformation (Af) temperature of ~90 ºC, which is 
determined experimentally by using the Differential Scanning Calorimetric (DSC) 
instrument. DSC is also used for characterization of phase transformation of Ni-Ti SMA wire 
during both heating and cooling processes. 

     Fig.1 shows the testing fixture for the SMA multi-actuation experiment, which includes a 
mechanical fixture, linear variation differential transducer (LVDT), data acquisition device, a 
PC, digital/analog converter and power amplifier. A reference resistor is introduced into the 
circuit of power supply to measure the internal electrical resistance of SMA. Characterization 
and control of SMA wire were conducted at both constant and bias loading conditions. 
 

Table 1-Technical parameters of 0.15 mm diameter Flexinol wire 
Electrical resistance (Ohms/in) 1.3 
Maximum pull force (N) 3.3  
Recommended current input (mA) 400 
Contract time (s) 1.0 
Off time (s) 1.2 
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Fig.1 The illustration of the test fixture for the SMA multi-cycle actuation experiment 
 
 
 

EXPERIMENT RESULTS 
 
 
3.1 Differential Scanning Calorimetric (DSC) analysis of selected Ni-Ti SMA 
 
Phase transformation is the fundamental mechanism for the actuation of SMA actuator. It is 
understood to be one of main reasons contributing to the change in electrical resistance of 
SMA actuator upon its actuation normally through thermal cycle [19]. Understanding of the 
phase transformation involved in SMA is thus of importance in understanding of potential 
correlation between the change in electrical resistance and its strain output. Fig.2 shows the 
DSC analysis of SMA actuator material chosen for this study. It can be seen that during the 
heating, the phase transformation is a simple one-step process from Martensite to Austenite. 
However, during the cooling, the phase transformation process is more complicated that it 
involves two steps, firstly from Austenite to R-phase and then from R- phase to Martensite, 
as indicated in Fig.2. Different phase transformation mechanisms involved in heating and 
cooling may subsequently influence the correlation between the electrical resistance and 
strain output of SMA actuator.  
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Fig.2 DSC analysis of Ni-Ti SMA actuator material selected for this study. 
 
 
 
3.2 Establishment of R- Correlation of SMA Actuator 

 

     As mentioned in the introduction, for SMA actuator position control with internal 
electrical resistance feedback, detailed correlation between strain output (R) and electrical 
resistance () (so-called R- correlation) needs to be established. To serve this purpose, 
experiments were conducted to specifically characterize the changes in electrical resistance 
of SMA with respect to the change in its strain output during a typical multi-cycle actuation 
under constant load of 2.3 N (equivalent loading stress of 131 MPa), as shown in Fig.3(a). A 
pulsed power supply of electrical current was used to heat the SMA for duration of 1.5 
seconds followed by a cooling period of 6 seconds to complete a full cycle of actuation and 
reset. It can be seen clearly in Fig.3(b) that the R- correlation are reasonably repeatable for a 
number of cycles. However, it is significantly hysteretic and non-linear. Linear 
approximation may only be applied to the heating path in the range where the strain output is 
greater than 0.6 mm. A close to linear R- correlation during the heating path is probably due 
to relatively simple and one step phase transformation (from Marteniste to Austenite). 
Whereas significant non-linearity of R- correlation on the cooling path is probably due to 
the complicated phase transformation involving two steps from Austenite to R-phase and 
then from R-phase to Martensite. From this point of view, to reducing the non-linearity of R-
 correlation, one possible way is potentially looking at the SMA material of relatively 
simple phase transformation. 
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Fig.3 Characterization of correlation between electrical resistance and strain output of SMA 
(sample A) during multi-cycle actuation under loading stress of 131 MPa; (a) Profile of strain 
output of SMA over the time; (b) R- correlation.  
 

In a normal situation of position control, however, the SMA actuation may not go through 
full cycle (unconstraint cycle) each time. To understand the R- correlation in this case, test 
of SMA with different amplitudes of actuation was conducted.  Fig.4 shows the profile of 
strain output over the time and the corresponding R- correlation. Data analysis indicates that 
three linear approximations may be used to describe the whole S-R correlation involving 
different sub-cycles: 

R145.366.28      (1) 

(b)



R638.454.41      (2) 

R443.111.17      (3) 

Here,  and R are respectively the strain output and the internal electrical resistance of SMA 
actuator. The data analysis also indicated that the R- correlation during the transfer from 
heating path to cooling path or from cooling path to heating path, can also be approximated, 
as expressed by Eq.(3).  
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Fig.4 shows (a) the profile of strain output over the time, and (b) R- correlation during a 
multi-cycle actuation involving different sub-cycles 

 
 
3.2 Factors influencing the R- Correlation of SMA Actuator 
 
It is known that thermal cycle induced phase transformation gives rise to the change in 
electrical resistance of Ni-Ti SMA alloy [19]. However, because current testing condition 



involves both thermal cycling and mechanical loading, it is not clear if the mechanical 
mechanical loading is a significant factor in influencing correlation between electrical 
resistance and strain output of SMA. As the first step, experiment was conducted on the 
change in electrical resistance of SMA with respect to the change in strain of SMA under 
mechanical loading without thermal cycling as one may argue that elongation of SMA wire 
may also change the electrical resistance. Fig.5 shows the change of electrical resistance of 
SMA wire actuator with respect to the change in its strain output under purely mechanical 
loading condition (approximately 220 MPa) at the room temperature, at which the SMA is 
expected to be in a stable Martensite phase. Under such loading condition, change in 
mechanical strain of SMA up to 0.8% does not give rise to evident change in electrical 
resistance. This experiment demonstrates that mechanical loading, thus the mechanical 
elongation, alone would not cause evident change in electrical resistance of SMA.  Change in 
electrical resistance during the multi-cycle actuation is thus mainly due to the phase 
transformation of Ni-Ti material. However, the question that remains is if loading stress 
influence R- Correlation of SMA Actuator when it is involved in thermal cycling of SMA 
actuator since it is well known that loading stress is a significant factor in influencing the 
phase transformation of SMA [1]. 

 

0

2

4

6

8

0 2 4 6 8 10

Time (s)

C
ha

ng
e

s 
in

 e
le

ct
ri

ca
l r

es
is

ta
nc

e 
(O

hm
s)

 
an

d
 s

tr
ai

n
 o

ut
pu

t (
%

)

Electrical Resistance (Ohms)

Strain output (%)

 

Fig.5 Change in electrical resistance of Ni-Ti SMA with respect to the change in its strain 
output under pure mechanical loading condition  

 

To answer this question, further experiment is conducted to characterize the R- Correlation 
of SMA Actuator under different loading stress involving multi-cycle actuation. Fig.6 shows 
the R- correlations of same SMA actuator under the constant load of 0.5 N (equivalent 
loading stress of 28 MPa). It can be seen that when the loading stress is reduced from 130 



MPa to 28 MPa, the hysteresis in the R- correlation is significantly increased and, 
comparatively, the non-linearity is also increased (see Figure 2 for comparison).  Further 
experiment is certainly needed to understand the mechanism how the loading stress is 
influencing the R- Correlation of SMA Actuator. 
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Fig.6 shows the R- correlations of same SMA actuator under the constant load of 0.5 N. 

 

4. CONCLUSIONS 

 
     In this study, experiment is conducted to examine the correlation between the change in 
electrical resistance (R) of SMA and its strain output (). The results indicate that mechanical 
stress caused elongation alone would not cause evident change in electrical resistance of 
SMA. Phase transformation is the primary reason for the change in electrical resistance. 
Detailed experiments demonstrated that R- correlation, in general, is non-linear and 
hysteretic. Linear approximation can only applied to the R- correlation of SMA upon the 
heating path. Whereas significant non-linearity of R- correlation on the cooling path is 
probably due to the complicated and two steps phase transformations involved. The influence 
of loading stress on R- correlation is furthermore studied. The results show that the extent of 
non-linearity and hysteresis in R- correlation increases with the reduction of the loading 
stress.  
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