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Abstract –This paper investigates and realizes the self-sensing 
capability of shape memory alloy (SMA) actuators. SMA 
exhibits large stroke, high energy density, and requires low 
driving voltage. To make SMA more applicable to small scale 
robotic manipulations, its motion control using accurate 
self-sensing is necessary. The presented technique builds a 
self-sensing model by measuring the SMA electrical resistance. 
Effects of pretension force on strain and force self-sensing are 
investigated. The model is polyfitted to replace sensor 
electronics for strain or force feedback. A pretensioner is 
specifically designed to provide sufficient pretension force 
without affecting the subject to be actuated. The advantages 
gained from using polyfitted self-sensing models are 
demonstrated through several step response control 
experiments. With the merits shown, we expect this technique 
can be utilized for SMA actuators in meso to micro scale 
applications.  

Index Terms – Shape memory alloy, self-sensing actuators, 
flexural manipulator, hysteresis model. 

I. INTRODUCTION 

o meet the demanding applications of miniature robotic 
manipulations, many unconventional actuators have been 

developed. They include thermal [1–2], pneumatic [3], ionic 
polymer metal composite [4], piezoelectric [5], magnetic [6], 
and shape memory alloy (SMA) [7–8] actuators. These 
actuators are characterized by their energy density, specific 
power, and ease of fabrication. Key to the successful 
implementation of these actuators is how easy it is to sense 
the actuator outputs so their motion can be precisely 
controlled. Considering compactness and cost, it is beneficial 
and sometimes necessary to reduce the number of additional 
sensing devices required for actuators.  

Depending on the actuation principles, various approaches 
have been used to reduce or even eliminate the need of 
sensors. One approach is to install embedded sensors [1–2] 
without increasing the dimension of actuators. Another 
approach is to seek a predictive model so that output variables 
of an actuator can be solely determined by its input variables. 
This approach works well for voice coil actuators [9]. The 
third approach is self-sensing, which takes advantage of the 
inherent electrical variables of the actuator to infer its 
mechanical variables. The use of self-sensing completely 
removes the complexity and cost introduced by additional 
sensors. Examples include piezoelectric [10], polymer [11], 
and electromagnetic actuators [12]. To obtain accurate 
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sensing, there must exist deterministic relations between the 
measured variable and controlled variable of the actuator. 

SMA actuators have very high energy density, silent 
operation, and are miniaturizable. Compared with other 
actuators, their self-sensing capability has not yet been 
successfully explored. When being heated, SMA changes its 
shape through metallographic transformation. For slender 
wire type SMA with proper initial tension, the shape change 
results in a significant reduced wire length of approximately 
5% strain. The length variation also results in (electrical) 
resistance variation. However, the mathematical modeling of 
SMA resistance to strain has not been seen in the literature, as 
compared to the models of temperature to strain [13–15]. 
Nevertheless, the use of resistance as sensor to realize 
self-sensing capabilities has been studied by several authors 
[16–18]. The remaining challenge of resistance-based SMA 
self-sensing is the accuracy of the predictive hysteresis model, 
along with its robustness to external disturbance.  

This paper aims to investigate and realize the self-sensing 
capability of SMA wire actuators using their measurable 
electrical resistance. In Sec. II, the feasibility of force and 
strain self-sensing are compared. Effects of wire diameter and 
pretension force on hysteresis gaps are investigated. In Sec. 
III, the hysteresis gap between heating and cooling is 
conveniently modeled by using polynomials. Illustrative 
self-sensing step control experiments are conducted. For 
practical applications, a robotic flexural finger is 
demonstrated in Sec. IV that utilizes displacement 
self-sensing for manipulation control. 

II. FORCE AND DISPLACEMENT HYSTERESIS CURVES 

2.1 Experiment setup  

Fig. 1 shows the experiment setup where a load cell (Futek 
LSB 200) is connected on the two ends of a V-shaped SMA 
wire. The force at the load cell is the sum of the two ends and 
is denoted as the total force FT. It includes the pretension 
force Fp and contraction force F. The wire connects to a 
helical bias spring with spring constant 588.60 N/m. A linear 
variable differential transformer (LVDT) measures the wire 
strain and spring displacement. The spring provides the wire 
with a tension force. The linear stage adjusts the pretension 
force in the wire given by the spring. A circuit has been set up 
in Fig. 2 to measure the wire resistance. When being actuated, 
the resistance of SMA wire is computed as 

  ( )SMA SMA RR V V R   (1)

To ensure that the voltage heating SMA wire is desirable, we 
use a buffer amplifier circuit to amplify the input signal. The 
actual voltage across the SMA wire VSMA and the external 
resistor VR are measured using a data acquisition card (NI 
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DAQ PCI-6229). For an overall V-shaped length of 14 cm, 
three different wire diameters are studied. Their 
corresponding properties are listed in Table 1. 

Fig. 1 Diagram of experiment setup 

Fig. 2 Buffer amplifier circuit 
 

Table 1 Properties of SMA wires [19] 
Wire diameter d (μm) 100 125 200 

Linear resistance (/m) 126 75 29 
Maximal allowable force (N) 4.601 7.220 18.247 
Nominal force (N) 0.275 0.422 1.079 

Using a sine wave voltage input with 1/90 Hz and 
amplitude 3.2 V, the strain to voltage (S-V) relation is shown 
in Fig. 3(a). This is very similar to the strain to temperature 
curve since voltage change is very slow. When the SMA wire 
is heated above an activation temperature, it transforms from 
martensite to austenite phase, resulting in a strain change. 
When cooled, it transforms back to its martensite phase and 
recovers its original length due to the spring force. As can be 
seen, the S-V relation exhibits a significant hysteresis gap. 
Regardless of the approach to model the hysteresis, the 
difference between heating and cooling paths adversely 
affects precision control of SMA. Smaller voltage amplitudes 
(2.9 V and 2.75 V) result in two smaller hysteresis loops 
inside the major loop. Fig. 3(b) further shows the strain to 
resistance (S-R) relation of the same experiment in Fig. 3(a). 
Unlike strain to temperature or strain to voltage curves that 
exhibit a large gap between heating and cooling paths, the gap 
of S-R hysteresis curves is much smaller. Hence we use the 
electric resistance of SMA wire as the feedback signal to 
realize SMA self-sensing capabilities. 

In Fig. 3(b), the strain is proportional to resistance from A 
to B, and inversely proportional from B to C. Segment AB 
only slightly changes the strain and can be ignored. Therefore 
the hysteresis analysis focuses on Segment BC, which is 
roughly 85% of the entire strain. Segment BC can be utilized 
to obtain the strain signal from resistance. The same 
experiment can be conducted for contraction forces. 

2.2 Effect of pretension force on the hysteresis gaps 

Reducing the hysteresis gap is a major subject for accurate 
self-sensing. The force and strain of SMA wire can both be 
measured from the experiment setup in Sec. 2.1. To find out 
the effect of pretension force on the gap of strain curve and 
force curve of different SMA wires, we define the strain gap  
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Fig. 3(a) Hysteresis loop of strain to voltage 
(b) Hysteresis loop of strain to electric resistance 

and force gap as follows.   

  1
max1

strain gap / 100%
k

hi cik i
S S S


   ; 

1
max1

force gap / 100%
k

hi cik i
F F F


  

(2)

At the same resistance, the values Shi and Sci are the strain on 
the heating path and cooling path, respectively. When divided 
by the maximal strain Smax and maximal contraction force 
Fmax, the strain and force gaps measure the normalized 
average difference between the heating and cooling paths. 
The smaller the gap, the smaller the discrepancy between 
heating and cooling paths is. Thus it is a better candidate as a 
self-sensing model. By using the definitions in Eq. (2), Fig. 4 
shows the S-R curve of d = 125 μm for different pretension 
forces. Starting at Fp = 1.70 N, the strain gap reduces from 
8.196% to 2.702% at Fp = 4.67 N. The strain gap of the largest 
pretension force is almost zero.  
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Fig. 4 Strain to resistance with different Fp’s (d = 125 μm) 

9 9.5 10 10.5 11
0

0.5

1

1.5

Resistance ( )

C
on

tr
ac

ti
on

 f
or

ce
 (

N
)

 

1.70 N
3.22 N
4.67 N

Fig. 5 Force to resistance with different Fp’s (d = 125 μm) 
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Fig. 5 shows the F-R curve for different pretension forces. 
Although the force gap reduces similarly for larger pretension 
forces, the value of the force gap is still significant. At Fp = 
3.22 N, the force gap is the smallest 3.639%. Note that as the 
pretension force increases, the heating path gradually moves 
closer to the cooling path and then moves away. 

The same experiment has been performed for d = 100 μm 
and d = 200 μm. Fig. 6(a) shows the strain gap of the three 
different wires at different pretention forces. For clear 
comparison, we define force ratio as the pretension force Fp 
divided by the maximal allowable force (indicted in Table 1) 
of a SMA wire. It is seen that the strain gap is smaller for 
smaller wire diameters. Comparing Figs. 6(a) and 6(b), the 
S-R curves can be tuned to exhibit the smallest gap and thus 
are better candidates for self-sensing when compared with the 
F-R curves. 

2.3 Effect of changing stiffness on hysteresis curves  

The above studies were performed by using springs of a 
constant stiffness. In practice, the spring may age or its spring 
constant may change due to environmental effects. In other 
words, SMA actuators may have to interact with spring loads 
of different stiffness. Fig. 7 shows a 100 μm wire with Fp = 
1.70 N that experiences three substantially different 
stiffnesses. The difference among the three S-R curves is 
minimal. The corresponding three F-R curves are shown in 
Fig. 8, which obviously deviates from one another. 

Summarizing the findings in Sec. 2.2 and 2.3, the S-R 
curves are better alternatives for self-sensing. Especially for 
smaller wire diameters and larger pretension forces, the gaps 
between heating and cooling paths are smaller. 
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Fig. 7 S-R curves for different stiffnesses (Fp=1.70N; d =100 μm)
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Fig. 8 F-R curves for different stiffnesses (Fp=1.70 N; d = 100 μm)

III. SELF-SENSING CONTROL USING POLYNOMIAL MODELS 

From Sec. II, we know that strain self-sensing is a better 
option compared to force self-sensing. To convert electric 
resistance into strain in the feedback control system, we need 
to establish an S-R model to provide strain information by 
sensing the SMA resistance. Sophisticated hysteresis models 

(e.g., Refs. [20-21]) have been widely found in the literature. 
However, since the heating and cooling paths are so close to 
each other, a polynomial model is sufficient to describe the 
S-R relation. In Fig. 3(b), the strain curve from B to C is 
divided into the heating and cooling paths. A normalized 
resistance λ is introduced. 

 min max min( ) ( )R R R R    (3)
where Rmax and Rmin are the maximal and minimal resistances 
from B to C. The approximate functions for the heating and 
cooling paths are denoted as: 

  ( ); ( )h h c cS g S g    (4)
We use the MATLAB® “polyfit” function to obtain the 
parameters of the polynomial model. To provide sufficient 
accuracy, we choose sixth order polynomials in our analysis. 

Fig. 9 shows the sixth order polynomial fits together with 
the experimental S-R curve. In the curve we have Rmin = 
15.1526 Ω and Rmax = 17.4945 Ω. Explicit forms of the 
polynomials are given inside Fig. 9. The strain gap of this 
curve is 1.2172%. Since the heating and cooling paths are 
very close to each other, a simple yet practical means to 
reconstruct the S-R relation is to average the two curves. Thus 
the required R of a desired S is given as follows and the 
average curve is plotted in Fig. 9.  

  ( ) [ ( ) ( )] 2a h cS g g g       (5)
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Fig. 9 Polynomials and actual curves (Fp = 1.9 N; d = 100 μm)

Using the polynomial model to obtain the feedback signal, 
we implement a PID controller to further control the strain. 
To adapt to the highly nonlinear SMA actuator, the gains of 
the PID controllers are auto-tuned by fuzzy logic rules. The 
fuzzy rules determine the appropriate values of KP, KI and KD. 
The fuzzy ratios KP’, KI’ and KD’ are determined by a fuzzy 
method. The ranges of KP, KI and KD are defined as [KP min KP 

max], [KI min KI max] and [KD min KD max]. The relationships of PID 
parameters and fuzzy ratios are expressed as 

  

max min min

max min min

max min min

( )

( )

( )

P P P P P

I I I I I

D D D D D

K K K K K

K K K K K

K K K K K

   

   

   

 (6)

Fig. 10 shows the fuzzy PID control diagram. The 
parameters of PID controller are based on the values of error e 
and change in error e’, and are tuned between KP = 0.01~0.11, 
KI = 0.02~0.06 and KD = 0.0005~0.001. The input voltage is 
determined by the error, change in error and fuzzy-tuned PID 
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gains. When the value of actual strain changes, the change of 
SMA resistance will be measured and converted to strain.  

Fig. 11 shows the results of step response experiment 
where the increment of each step is 0.3% strain in six seconds. 
As can be seen, the resistance converted strain and actual 
strain (measured by LVDT) are very close to each other. For 
each desired strain, the value of the required electric 
resistance is converted from Eq. (5). The corresponding strain 
of heating (Sh) and cooling (Sc) are then calculated from Eq. 
(4). These values are detailed in Table 3. To study the 
difference between the desired strain and actual strain, we 
define the mean absolute error of each step response as 

  1
1

100 %n
i i des desMAE S S S

n     (7)

where Sdes is the desired strain at each step; Si is the actual 
strain measured sequentially after one second of each step (till 
the end of each step). The last two rows of Table 2 indicate 
the detailed value of MAE. The maximal MAE is 2.619% at 
Sdes = 1.5% (return). For other desired strains, the MAE is less 
than 2%. The small measuring error proves the effectiveness 
of self-sensing. Fig. 12 further shows the trace of strain to 
resistance relation during the step control experiment in Fig. 
11. The points are recorded every 0.05 seconds. 

Since the hysteresis curve depends on the pretension force 
and the diameter/length of the wire, a different polynomial 
model needs to be constructed for a specific wire. The effort 
to construct the model is minimal; the reasons being that only 
one hysteresis curve analysis is required and the polynomials 
can be efficiently integrated into the control system. 

Fig. 10 Fuzzy PID control block diagram 
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Fig. 11 Step response (Fp = 1.9 N; d = 100 μm)  

Table 2 Numerical results of Fig. 11 
Desired S (%) 1.5 1.8 2.1 2.4 2.7 3 
Required R 16.737 16.497 16.274 16.055 15.825 15.577
Sh = gh (λ) 1.506 1.819 2.112 2.398 2.697 3.034

Sc = gc (λ) 1.493 1.781 2.088 2.402 2.703 2.966
MAE-rise (%) 1.032 1.020 1.071 0.741 1.000 1.640
MAE-return (%) 2.619 2.000 0.238 0.476 1.250  
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Fig. 12 Trace of S-R relation during the step response control

IV. APPLICATION TO FLEXURAL ROBOTIC FINGERS 

SMA wires are often applied to actuate flexure 
mechanisms [22–24]. However, the required pretension force 
of SMA would cause an initial deformation of flexure 
mechanisms. A pretensioner is presented to apply the 
pretension force without initially deforming a flexural 
mechanism. We illustrate here using a flexural robotic finger. 
Displacement self-sensing control experiments are conducted 
for demonstration. 

4.1 Flexural finger and its pretensioner 

SMA is an ideal actuator for flexural finger manipulators. 
Both distributed and concentrated actuation schemes can be 
employed, as shown in Fig. 13(a). Distributed actuation 
provides larger range to length ratio when compared with 
concentrated actuation. Based on the distributed actuation 
concept, Figs. 13(b–c) show the finger schematics [25]. The 
finger consists of a flexible beam, four straight columns, and 
an extension plate. The overall length of the finger is 10 mm 
and the length of the extension plate is 5 mm. The middle of 
each column has two holes to guide a V-shaped tendon. When 
the tendon is pulled by a SMA wire through its contraction, 
the finger deflects. Fig. 13(b) shows the original and 
deflected finger shapes. The tendon wire provides different 
direction of reaction forces at the columns of the finger. This 
resembles the actuation of many biological manipulators. The 
shape of finger segment is designed to curve inward to add 
the bending angle of the finger. The columns are also 
designed with isolators to prevent the tendon from contacting 
external objects and to provide larger contact surface. Fig. 
13(d) shows two fingers gripping a foam.  

 

 
Fig. 13 (a) Concentrated and distributed actuation schemes 

(b) Original and deflected finger (c) CAD model of the finger 
(d) Two fingers gripping a foam 
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For practical finger manipulation, we choose the 
displacement of the finger endpoint as the quantity to be 
self-sensed. The previous studies show that a significant 
pretension force is required for accurate self-sensing, 
regardless of the quantities to be measured. When the tendon 
is directly actuated by SMA, the pretension force would result 
in an obvious initial deflection on the finger. This reduces the 
deflection capability of the flexure. Although the finger can 
be made more rigid to resist deflection, this would 
compromise the flexural motion.  

To overcome this problem, Fig. 14 shows a design concept 
where an additional pretensioner joins the SMA wire and the 
tendon at a connector. The pretensioner is a serpentine flexure 
with dimension 24.6×27.6×10 mm. When in action, the SMA 
wire pulls the pretensioner with force (includes the two sides 
of a V-shaped wire) denoted as FT. It is the sum of the 
pretention force Fp and SMA contraction force F.  

T pF F F   

where p p pF k x   and ( )p f cF k k x    
(8)

The values kp and kf are the stiffnesses of the pretensioner and 
finger along the wire direction. To avoid finger initial 
deflection, the connector first displaces ∆xp to produce a 
pretension force Fp for the SMA wire. The finger tendon then 
attaches to the connector. When the wire contracts a distance 
∆xc, its contraction force F acts on both the pretensioner and 
finger at the connector.  

With the pretensioner, the pretension force of the SMA 
wire can be adjusted without initially deflecting the finger. 
Observing Eq. (8), the pretensioner stiffness must be large 
enough to provide sufficient pretension force. Meanwhile, it 
has to be smaller than the finger stiffness so that the majority 
of SMA contraction force goes to activate the finger. For the 
finger with kf = 1084.4 N/m, the pretensioner stiffness is 
designed to be 386.2 N/m. The stiffnesses are obtained by 
using finite element simulation. They can be easily adjusted 
by changing the in-plane thickness of the flexure. 

f ck x

( )p p ck x x  

Fig. 14 Schematic of the pretensioner and finger 

4.2 Effect of pretension force on finger displacement 

With the aid of a pretensioner, an experiment is set up in 
Fig. 15 to study the self-sensing control of finger deflection. 
The pretensioner sits on Linear Stage 1 that can adjust the 
pretension force Fp. The finger sits on Linear Stage 2, which 
can set the finger tendon force to zero regardless of the 
pretension force. A load cell measures the pretension and 
contraction forces of the SMA wire and a laser displacement 
sensor (LK-081) measures the displacement of the finger’s 
endpoint. The length of the V-shaped SMA wire is 7 cm.  

Fig. 15 Schematic of pretensioner set up 

According to the results in Sec. II, larger pretension force 
can move the heating and cooling paths closer. We perform 
the same experiment again for the finger. The input sine wave 
voltage has 1/90 Hz. The displacement to resistance (D-R) 
curves for different pretension forces are shown in Fig. 16. It 
is observed that heating and cooling paths are closer with 
increasing pretension force of SMA wire, although not 
obvious as compared to those in Fig. 4.  

For precise self-sensing control, the heating and cooling 
paths must be as close as possible. To study the closeness of 
heating and cooling paths of different pretension forces on a 
normal basis, we define the displacement gap for the endpoint 
of the finger, similar to those in Eq. (2).  

  1
max1

displacement gap / 100%
k

hi cik i
D D D


   (9)

The relations between pretension force and 
displacement/force gaps are shown in Fig. 17. The larger the 
pretension force, the smaller the displacement gap is. When 
Fp is at 0.71 N, the displacement gap is the smallest. If the 
pretension force is too large, the heating and cooling curves 
have no intersection and move away from each other. We 
choose Fp = 0.71 N for the self-sensing control in the 
following section. 
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4.3 Self-sensing finger Displacement control 

By using the same polynomial model and fuzzy-tuned PID 
controller in Sec. III, Fig. 18 shows the results of step control 
experiment and the increment of each step is 0.5 mm with six 
seconds. The pretension force and displacement gap of the 
polynomial model are Fp = 0.71 N and 2.271%. The 
intentionally selected Fp moves the heating and cooling paths 
closer. Table 5 shows the detailed results of the experiment. 
The maximal MAE is 5.368% at Ddes = 2.5 mm (return). The 
MAE’s at larger desired displacements are smaller than 2%. 
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Fig. 18 Finger endpoint step response  
(Fp = 0.71 N; d = 100 μm) 

Table 3 Numerical results of Fig. 18 

Desired D (mm) 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
MAE - rise (%) 3.583 0.545 0.702 0.822 0.599 0.807 0.432 0.995
MAE - return (%) 5.368 3.599 1.450 0.432 0.910 1.958 1.697  

V. CONCLUSIONS 

This paper has investigated and realized the self-sensing 
capabilities of SMA wire actuators. By measuring the 
resistance of SMA, the strain to resistance curves have been 
shown to be a better candidate for constructing self-sensing 
models, since they exhibit smaller hysteresis gaps than force 
to resistance curves. The hysteresis gap can be further 
reduced by pretensioning the SMA wire. Control experiments 
with a bias spring have indicated that the mean absolute error 
of using polyfitted self-sensing model is less than 2%. 

A SMA actuated flexural finger is illustrated to 
demonstrate the self-sensing technique. In order not to 
initially deflect the finger, a pretensioner is inserted between 
the SMA wire and finger tendon. The finger tip displacement 
to SMA resistance model has been built for self-sensing 
control. After proper pretensioning, the finger deflection can 
be controlled with step response error less than 5%. Our 
future studies include the robustness of the self-sensing 
model to external disturbances so that the presented technique 
can be successfully applied to various SMA actuators. 
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