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ABSTrACT

A shape memory alloy (SMA) bimorph actuator is a composite structure composed of flexible polyimide 
substrate and SMA thin film deposited  using thermal evaporation technique. In this work, the substrate thickness in 
the range of 25 - 75 mm was selected for the development of CuAlNiMn SMA bimorph actuator. An investigation 
on the control behavior of copper based SMA bimorph towards the development of  micro positioning system has 
been performed. The actuation behavior of the SMA bimorph was studied using electrical actuation. Subsequently, 
a proportional integral derivative (PID) controller was designed to control the bimorph actuator with proper tuning 
of gain parameters. The displacement of the bimorph actuator was controlled through dedicated experimental setup 
consisted of laser displacement sensor, data acquisition system and LabVIEW software. The CuAlNiMn SMA bimorph 
actuator resulted in a satisfying control performance which can be extended to MEMS applications. A preliminary 
prototype of the SMA bimorph actuator based micro positioning system has been developed.
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1. InTroDuCTIon
Smart materials have been used widely in the development 

of micro devices for better performance. Piezoelectric, 
shape memory alloy (SMA) and ionic polymer composites 
(IPMC) are the smart materials which have garnered interest 
in the development of micro actuators1-8. Among these smart 
materials, SMA possesses highest energy density and benefits 
the development of high performance micro actuators9-14. SMA 
can recover large strain and suitable for the development of 
micro devices like micro pump, micro wrapper/micro grippers, 
micro cantilever, micro thermostat array and micro mirror15-22. 
SMA thin film has potential applications as sensors/actuators 
in the fields of biomedical, MEMS, automobile, military and 
aerospace23. SMA thin film is considered as a core technology 
for actuation of MEMS devices, where large force and stroke 
are essential in conditions of low duty cycles or intermittent 
operation and in extreme environment such as radioactive, 
space, biological and corrosive conditions24. However, the 
hysteresis, response speed and precise motion control are the 
potential problems associated with SMA thin film towards the 
development of micro devices.

Usually, the SMA will be deposited as a thin film on 
rigid substrate and peeled off after deposition to enable the 
development of devices25-29. Subsequently, shape training of 
the SMA thin film is required before deployment. However, 
the free standing SMA thin films are unable to produce large 

actuation force. To eliminate the tedious training and to 
increase the force produced, the SMA thin film was deposited 
over the flexible substrates. Ishida30-33, et al. have developed 
a SMA NiTi bimorph and investigated its suitability as micro 
flapper. Kotnur34-35, et al. have studied the influence of various 
parameters on NiTi SMA bimorph. Copper based shape memory 
alloys exhibits a low hysteresis along with interesting electrical 
and thermal properties. Our research group has developed 
different types of NiTi and Cu based SMA bimorph actuators 
using thermal and electron beam evaporation technique36-41.  
Detailed investigations on the influence of substrate temperature 
on the materials properties and performance of actuators have 
been reported. Furthermore, the actuation behaviour of the 
developed copper based SMA bimorph has been evaluated 
towards its suitability as micro flappers in aerial robots. The 
attractive actuation behaviour coupled with better life cycle 
characteristics has enabled the copper based bimorph as the 
viable candidate for micro mechatronics and micro robotics 
applications. It was found that the addition of Mn to CuAlNi 
thin film has significantly increased the life cycles of the SMA 
bimorph. Because of the higher life cycles, it can be used 
as an efficient MEMS actuator with larger load capacity for 
developing low cost and efficient micro devices. Bimorph is a 
composite structure with films grown over the passive flexible 
substrate. The bimorph provides two way shape memory effect 
without any additional bias mechanism. 

To utilise these copper-based SMA bimorph in real time, it 
is essential to have a precise control of the motion. Researchers 
have developed various linear and non-linear control techniques 
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for controlling SMA spring and wire based systems42. PID 
controller is the widely used method to control the position of 
the SMA actuators43-44. To the best of author’s knowledge, there 
is no work reported on the control of SMA thin film bimorph 
actuator. Controlling the motion of SMA bimorph actuator 
paves way for the development of SMA based micro devices. 
In this paper, the CuAlNiMn SMA bimorph actuator has been 
developed and an attempt has been made to control the motion 
with proper gain tuning. A proportional integral derivative 
(PID) controller has been designed and implemented to control 
the displacement of the bimorph actuator. The actuation 
characteristics of SMA bimorph actuator with respect to 
displacement, input voltage and load have been investigated. 
A preliminary prototype of the SMA bimorph actuator based 
micro positioning system has been developed.

2. MeThoDology
2.1 Development of SMA Bimorph Actuator

CuAlNiMn thin film of thickness 2 mm was deposited on 
kapton polyimide (flexible substrate) using thermal evaporation 
technique. The kapton polyimide substrate was cleaned and 
baked before deposition. The polyimide was prestrained and 
placed in the substrate holder. The source material CuAlNiMn 
pellet of weight 1 g was placed in the tungsten crucible and 
evaporated to form the thin film over the polymide substrate. 
During deposition, the vacuum pressure of 5×10-5 mbar was 
maintained in the chamber. Thin films were fabricated on 
different substrate thicknesses viz. 25 mm, 50 mm and 75mm. 
Figure 1 shows the developed SMA bimorph actuator with 
different substrate thickness. The SMA film thickness was kept 
constant throughout the work and the substrate thickness has 
been varied.

Table 1. Composition of CuAlniMn Bimorph

element Composition (at. %)
Cu 66.90
Al 25.85
Ni 3.2
Mn 4.01

2.2 experimental Setup for Actuation and Motion 
Control
The schematic of the experimental setup is shown in  

fig. 3. A laser displacement sensor (LDS) was used to measure 
the tip displacement of the bimorph and interfaced with 
LabVIEW software through a data acquisition (DAQ) Agilent 
34970A system. 

Figure 2. DSC plot of CuAlniMn.

Figure 3. experimental setup: (a) Schematic image and (b) 
Actual image.

Figure 1. Developed bimorph with different substrate thickness.     

Energy dispersive spectroscopy was used to analyze 
the composition of the thin film. The phase transformation 
temperature was identified using differential scanning 
calorimetry (DSC). The phase transformation temperature 
of CuAlNiMn bimorph after deposition was found to be 
austenite start (As) = 221 °C and austenite finish (Af) = 235 °C 
as shown in Fig. 2. There was no evidence of martensite 
transformation during cooling cycle for the samples. The 
absence of transformation peak might be due to the effect of 
the polyimide substrate, which might affect the cooling rate. 
The atomic composition of CuAlNiMn SMA bimorph is given 
in Table 1.

Temperature (oC)
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The SMA can be actuated using different actuation 
methods such as hot water actuation, electrical actuation45. 
In this work, the bimorph was actuated through electrical 
actuation (Joule heating) and the input to the bimorph was fed 
using rIgOL programmable power supply with an Arduino 
based relay circuit. The resolution of DAQ and LDS are  
12.5 ns and 2.5 mm, respectively.

2.3 Controller Design
Proportional integral derivative is a method based on the 

control loop feedback. PID controller can be understood as a 
controller that takes the present, the past, and the future of the 
error into consideration. The PID control equation is given as

0
( )

t

p i d
deu t K e K edt K
dt

= ∗ + ∗ + ∗∫                               (1)

where u(t) = displacement, e = error, Kp = proportional 
gain, Ki = Integral gain, Kd = derivative gain. Error e = Dd 
- Da (Dd = desired displacement (set point) and Da = actual 
displacement). The schematic block diagram of the PID  
controller design used for the SMA bimorph is shown in  
fig. 4. The PID controller was designed in LabVIEW 
platform. The desired set point is given through the front panel 
of the LabVIEW. The actual displacement of the bimorph 
was measured using LDS. The difference between desired 
displacement and actual displacement is the displacement error 
e which will be further fed into the PID control equation.

The final displacement correction u(t) is fed into the SMA 
bimorph through programmable power supply and Arduino 
with relay circuit. The controller gain is adjusted and tuned 
accordingly to minimize the error to zero. The PID control 
module in LabVIEW was fed with preliminary study data 
of bimorph actuation. The voltage fed into the bimorph is 
controlled through programmable power supply. The voltage 
with stipulated time is the control signal fed to the SMA 
bimorph. The LabVIEW acts as main controller and Arduino 
acts as slave controller. The Arduino was interfaced with 
LabVIEW through Interface for Arduino (LIfA). 

 figure 5 shows the maximum displacement of bimorph with 
respect to varying voltage and different substrate thickness. 
The voltage was applied until the SMA bimorph moves from 
initial position to the maximum position (i.e. until it stops 
moving)and the corresponding displacement was considered 
as maximum displacement.

It can be clearly observed that the bimorph with substrate 
thickness 75 mm shows higher displacement than the others. 
During deposition, the material vapour will transfer some 
thermal energy to the substrate. Due to this, the thinnest substrate  
(25 mm) swirls more after deposition (Fig. 1). Because of the 
lower stiffness of 25 mm and 50 mm substrate, it was unable to 
counteract the compressive thermal stress induced by SMA film 
on substrate upon deposition. The radius of curvature is higher 
for bimorph with lesser substrate thickness. When the substrate 
thickness increases, the bimorph stiffness get increased and it 
can easily counterpart the thermal compressive stress induced 
by SMA thin film. This could be the reason for the higher 
displacement with respect to increased substrate thickness. 

Hence, the SMA bimorph actuator having 75 mm substrate 
thickness was utilized for further investigations. The 
actuation characteristics with respect to displacement and 
voltage have been performed. The bimorph displacement 
was measured for 2 V and 3 V and plotted in fig. 6.  
It can be observed that a maximum of 9 mm was achieved 
at 3 V. 

As a part of thermo-mechanical analysis through Joule 
heating, displacement under different loads has been carried 
out. The SMA bimorph was considered as a cantilever beam. 
One end of the bimorph is fixed in the bimorph holder and 
load has been attached to the other end. The load has been 
varied as 30 mg, 45 mg and 60 mg for the investigation. 
figure 7 shows the maximum displacement with varying 

loads. It is evident that the bimorph can be actuated with load 
and extended for MEMS application. 

3.2 Control of the Bimorph 
An initial test has been performed to find the input range 

Figure 5. Voltage vs displacement curve with different substrate 
thickness.

Figure 4. Block diagram of PID control of SMA bimorph actuator.

3. reSulTS AnD DISCuSSIon
3.1 Actuation Capability of SMA Bimorph Actuator 

SMA bimorph actuator with varying substrate thickness 
(75 mm, 50 mm and 25 mm) have been used for the analysis.  
The sample size considered for the experiment was 2 cm × 3 cm. 
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at which the displacement of bimorph occurs. The bimorph 
started actuating between an input range of 0-3 V. The operating 
range has been given to the PID module output in the LabVIEW 
environment. Initially the PID controller gain parameters are 
tuned based on trial and error method. A set point displacement 
control has been done to find out the critical gain. The bimorph 
control has been performed to know the critical gain values region 
where the system is stable. The gain value Kp increased until the 
displacement reached the set point, Ki increased to decrease the 
precision error and Kd was increased to reduce the overshoot. 
In trial and error based method different gain values generated 
quasi-semi stability of displacement to reach desired set point 
position. It has been observed that the gain Kp = 9.5 produce less 
oscillation and achieved stable displacement compared to other 
gain values. The proportional gain value has been varied from 0 
to 9.8. The integral gain value has been varied from 2.5-3.2. The 
derivative gain value has been varied from 2.7-3.3. For integral 
gain, above these ranges the system showed more oscillation. For 
derivative gain, above these ranges the system could not reach 
the set point. Integral absolute error (IAE) has been calculated 
for different gain values and tabulated as shown in Table 2. 

Table 2. Cumulative error for various proportional gain
Proportional gain IAe (m)

9 0.08298
9.5 0.01497
9.75 0.0823
9.74 0.09476
9.76 0.0847
9.78 0.07864
9.82 0.07678
9.85 0.08713
9.8 0.07469

The set point 0.5 mm is again tested with the gain values 
and plotted in Fig. 8. Here the error comparing to set point 
was more and has more peaks. The controller needs to be 
tuned more precisely to reach the desired set point with less 
fluctuation, minimum error and stability.

Based on the critical gain values the controller was 
designed using standard Zeigler Nichol’s (Z-N) method46. In 
Z-N method, increasing the Kp value from 0 to a critical value 
Kcr = 9.8 exhibited sustained oscillations. The corresponding 
critical period value Pcr = 4 have been determined  
experimentally. Based on the Kcr and Pcr values, the proportional 
gain Kp, integral gain Ki and derivative gain Kd have been 
found using Z-N tuning rule. As per Zeigler-Nichol’s rule, it 
was performed by setting the integral and derivative gains to 
zero. Then the proportional gain was increased from zero until 
it reaches the ultimate gain or critical gain, at which the output 
of the control loop has stable and consistent oscillations.

The bimorph stability for the standard Z-N method critical 
gains is shown in Fig. 9. It can be observed that the system is 
stable with minimal error. The tuned value of PID controller 
parameters is Kp=5.88, Ti=2, Td=0.5. Based on the obtained 
result using tuned Z-N parameters, it shows that the SMA 
bimorph motion can be controlled. The error with respect to 
desired set point is less for CuAlNiMn bimorph and evidences 
the better control characteristics of CuAlNiMn bimorph. To 
ensure the same behavior, the bimorph control has been tested 
for different set points from 0.6 mm to 1 mm at an interval of 

Figure 6. Time vs. displacement curve for 2 V and 3 V.

Figure 7. Maximum displacement with different loads.

Figure 8. Displacement Stability for gain Kp = 9.5 (set point of 
0.5 mm).
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0.1 mm. Figures 10 (a-e) shows the time vs. displacement graph 
for various desired set point of 0.6 mm to 1 mm. From the 
results, it was observed that the position of bimorph actuator 
accurately changes with respect to the desired set point with 
minimal error and stability. Especially with the tuned Z-N 
parameters, the oscillations were reduced and the bimorph 
becomes stable with minimum error. The standard deviation, 
a 95% confidence interval is 0.793 + 0.020 (range between 
0.793 to 0.813). To achieve precise control with zero error and 
stability, intelligent control techniques like fuzzy and neural 
network based control can be adopted in future.

4. ProPoSeD APPlICATIon
A preliminary prototype of SMA bimorph actuator based 

micro positioning system has been developed for MEMS 

applications. The developed micro positioning prototype can 
be used for manipulating smaller objects with high precision. 
The developed SMA bimorph actuator based micro positioning 
system is shown in Fig. 11. 

It consists of three SMA bimorph links arranged in a parallel 
manipulator configuration with one end of each bimorph fixed 
to the base. The other end of bimorph is attached to the top 
plate which undergoes micro positioning. By actuating three 
bimorph links simultaneously, the top plate moved in vertical 
direction along z axis. During the initial study, it has generated 
a displacement of 5 mm vertically. The displacement has been 
measured using LDS and the experimental setup as shown in 
Fig. 12. 

By actuating any two links, a twisting orientation can be 
achieved. Detailed investigations on micro positioning and 
control of the proposed SMA bimorph based micro positioning 
system are under progress. 

Figure 10. Time vs. Displacement for desired set point of (a) 0.6 mm, (b) 0.7 mm, (c) 0.8 mm, (d) 0.9 mm, and (e) 1 mm.

Figure 9. Time vs. Displacement for set point of 0.5 mm using 
standard parameter Z-n method.

Figure 11. Preliminary prototype of the proposed SMA bimorph 
actuator based micro positioning system for MeMS 
applications. (a) Link 1, (b) Link 2 (c) Link 3, and 
(d) Top plate.

(a) (b) (c)

(d) (e)
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5. ConCluSIonS
CuAlNiMn SMA thin film was successfully fabricated 

on flexible substrate with different thickness using thermal 
evaporation technique. The SMA bimorph with 75 mm substrate 
thickness showed a better performance compared to bimorph 
with lesser substrate thickness. The actuation characteristics 
with respect to varying load of 30 mg, 45 mg and 60 mg has 
been performed and it was evident that the SMA bimorph 
actuator can be actuated with load. PID controller has been 
implemented successfully to control the SMA bimorph. The 
controller gains have been tuned with Zeigler Nichol’s method. 
The results confirmed that the SMA bimorph can be controlled 
and extended for dedicated MEMS applications. The study will 
be helpful to control the individual bimorph in the proposed 
bimorph based micro positioning system.
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