
 

Investigations on Contact and Non-Contact Based 

Actuation Studies of Shape Memory Alloy (SMA) 

Structures and their Life Cycle Behavior 
 

 

Ph.D. Thesis 
 

 

 

 

By 

TAMESHWER NATH 
 

 

 

 

 

 

 
 

 

 

 

 

DISCIPLINE OF MECHANICAL ENGINEERING  

INDIAN INSTITUTE OF TECHNOLOGY INDORE 
OCTOBER 2018 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © 2018 by Tameshwer Nath 

Email: tameshwer.nath@gmail.com  

All rights reserved. No part of this thesis may be reproduced or transmitted, in any form or by any means, 

electronic or mechanical, including photocopying, microfilming, and recording, or by any information 

storage or retrieval system, without the prior written permission of the author. 



 

Investigations on Contact and Non-Contact Based 

Actuation Studies of Shape Memory Alloy (SMA) 

Structures and their Life Cycle Behavior 

 
 

A THESIS 

 

Submitted in partial fulfillment of the  

requirements for the award of the degree 

of 

DOCTOR OF PHILOSOPHY 
 

 

By 

 

TAMESHWER NATH 
 

 

 

 
 

 

 

 

DISCIPLINE OF MECHANICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY INDORE 
OCTOBER 2018 





 
 

iii 
 

PREAMBLE 

In this work different actuation media (contact and non-contact) and its impact on 

NiTi shape memory alloy (SMA), also called smart material, is presented. The 

functional properties of a Nitinol (NiTi) component can be augmented by 

changing the energy source. Thermo-mechanical behavior and morphological 

analysis have been analyzed. Such approaches are comprehensively investigated 

for various environments, with the actuation medium (Contact: Electrical and Hot 

water whereas non-contact: Pulsed laser and continuous fiber laser), as the 

temperature reaches 50-80ᵒC, SMA gets fully compressed for the first few cycles 

followed by a loss in actuation. The actuation loss is then studied with different 

characterization methods such as Thermo Gravimetric Analysis (TGA), Scanning 

Electron Microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDAX). 

These studies are required to explain the thermal effect, deterioration, and 

composition of the impinged surface. Consequently, the present thesis focuses on 

application point of view and addressed in this thesis for Micro-Electro-

Mechanical System (MEMS) devices which are Tripod (for Joule Heating), Heat 

Engine (for Hot water actuation), Array of Micro-valve (for Pulsed laser 

actuation) and directional control valve (for continuous fiber laser actuation). 

1) Life cycle behavior is also investigated for all cases. 

2) Precise displacement is measured, and Morphological analysis has been done 

to verify the outcomes. 

There is limited published work in the thermomechanical fatigue of SMA, and 

there is no comprehensive review of this field. A detailed literature review 

presented in this thesis confirmed the need for significant advancement of the 

technology. The proposed methodology significantly improves the responsiveness 

of the complex integrated operations and actuation methodology for decision-

making. It is concluded that the proposed approach of actuation will serve as the 

backbone of any next-generation manufacturing sectors. 
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Chapter 1         

       Introduction 

In this introductory chapter, the background of shape memory alloys, motivation, and 

methodologies of the current research are presented to highlight the importance. The 

summary of the chapter is presented to provide a brief overview. 

Manufacturing, over the years, has evolved through three revolutions brought out 

by the impact of mechanization, electricity, and information technology [1]. The 

next change in manufacturing has its roots in intelligence. There has been a 

continuing trend in technology towards ever-smaller scales for mechanical, 

optical as well as electro-mechanical devices. Actuators, which are the driving 

mechanism and usually the moving part of these devices, must, therefore, undergo 

similar miniaturization in design and construction. These actuators are mainly 

electrical, hydraulic, pneumatic, etc. Some factors, such as power consumption, 

work density; costs and space constraints gain increased importance in the 

selection of suitable technologies. However, conventional actuators, including 

electric motors, pneumatic and hydraulic actuators, suffer a large reduction in 

power that they can deliver as they are scaled down in size and weight. These 

constraints have led to the emergence and development of novel actuator 

technologies such as piezoelectric actuators, electrostatics, magnetostrictive 

materials and shape memory alloys (SMAs). 

SMAs are generally considered a type of ‘smart’ materials due to 

actuation functions, temperature sensing, electrical or structural functions and so 

enable compact and multifunctional features. SMAs are easily adapted to 

miniaturization in design with their noise free, smooth and lifelike motions 

eliminating the need for power transmission elements [2]. These include micro-

robotics, surgical devices, and micro-electromechanical (MEMS) applications. As 

SMA manufacturing techniques improve and design objectives become more 

severe, they will find increasing use in almost all engineering domains. Among all 

the presently known actuation principles, SMA show one of the highest work 
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densities at 10
7
 Jm

−3
, which is a factor of 25 times higher than the work density of 

electric motors [3]. Currently, there are very few actuator technologies that can 

match the energy densities of SMA.  

This chapter will provide a brief description of SMA, followed by their 

benefits and drawbacks regarding actuator applications. The motivations and need 

for this research behind in this thesis will be established. Moreover, the thesis 

work will try to underline the opportunities and the room for new ideas to enlarge 

the range of SMA applications. Finally, this chapter will conclude with a 

summary.  

 

1.1 Shape Memory Alloys: 

The SMA can memorize and recover its original shape after it has been deformed 

by heating over its transformation temperature. This unique effect of returning to 

an original geometry after a large inelastic deformation (near 10%) is known as 

the Shape Memory Effect (SME). 

In 1932, the Swedish physicist Arne Olander discovered an interesting 

phenomenon when working with an alloy of gold (Au) and cadmium (Cd). In 

1961, a group of U. S. Naval Ordnance Laboratory researchers led by William 

Beuhler made a significant discovery in the field of SME and SMA [4-5]. The 

SME had been found as early as 1932,  and until 1971 it was believed to be 

common to all alloys that undergo thermoelastic martensitic transformations [6]. 

SMA exhibit a similar coupled effect between temperature and mechanical 

deformation.  
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The properties of NiTi, Cu-Zn-Al and Cu-Al-Ni alloys are reasonably 

different, as tabulated in Table 1.2, due to their different microstructure. The NiTi 

alloys have much higher strength, more considerable recoverable strain, high 

power to weight ratio, excellent corrosion resistance (comparable to series 300 

stainless steel), less expensive, easier to work with high biocompatibility and 

most importantly higher reliability than Cu-Zn-Al. They are the standard choice 

for use in space and several other engineering applications [7]. 

S.N

o 

Alloy Composition Transformation 

temperature (As) °C 

Hysteresis 

(°C) 

1. Ag-Cd 44-49% Cd -190 to 50 15 

2. Au-Cd 46.5-50%Cd 30 to 100 15 

3. Cu-Al-Ni 14-14.5 weight % Al 

and 3-4.5 weight 

% Ni 

-140 to 100  

35 

4. Cu-Sn 15 at% Sn -120 to 30  

 

10 

5. Cu-Zn 38.5-41.5 wt.% Zn -180 to -10 

6. Cu-Zn-X 

(X = Si, 

Sn, Al) 

Small weight % X -180 to 200 

7. Ni-Al 36-38 weight % Al -180 to 100 10 

8. NiTi 46.2-51 % Ti -50 to  110 30 

9. NiTi-X 

(X =Pd or 

Pt) 

50 at % Ni+X -200 to 700 

100 

10. NiTi-Cu 15 at % Cu -150 to 100 50 

11. NiTi-Nb 15 at % Nb -200 to 50 125 

12. NiTi-Au 50 at % Ni+Au 20 to 610 

13. Ti-Pd-X 

(X = Cr or 

Fe) 

50 at % Pd+X 0 to 600 

 

50 

14. Mn-Cu 5-35 at % Cu -250 to 180 

15. Fe-Mn-Si 32wt%Mn, 6wt%Si -200 to 150 25 

16. Fe-Pd 30 at % Pd 50 100 

17. Fe-Pt 25 at % Pt -130 4 

Table.1.1: Shape Memory Material (SMM)[4] 
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1.2 Shape Memory Effect and Super-elasticity: 

SMAs can easily change their shape from one form to the other when 

initiated either by stress or warmth. These are called ‘temperature induced phase 

transformation’ and ‘stress-induced phase transformation,’ due to a change in 

temperature or stress respectively. On application of stress, these materials can 

deform plastically. When these materials are subjected to appropriate thermal or 

stress conditions, they will return back to their memorized shape. They can 

sustain a large amount of strain without any stable deformation [11]. The strains 

can be recovered upon either by changing the temperature or the load. A 

reversible, solid-state phase transformation, known as ‘martensitic 

transformation,’ is the main driving force behind SMAs. 

 

The super-elasticity (SE), while dependent upon the same physical processes, 

is demonstrated by the alloy’s ability to recover a very high deformation without 

the application of heat. The difference between the two processes is dependent 

upon the surrounding temperature and applied stress. Both SE and the SME may 

be exhibited by the same material yet under different conditions. 

Properties NiTi Cu-Zn-Al Cu-Al-Ni 

Melting temperature (℃) 1300 950-1020 1000-1050 

Transformation range (℃) -200～110 <120 <200 

Hysteresis (℃) 30-50  15-25 15-20 

Recovery Strain (%) 8.5% 4 4 

Recovery stress 500 Mpa 200Mpa 150 Mpa 

Number of cycles 10
5
 10

2
 10

2
 

Corrosion resistance Excellent Problematic Better 

Machinability Poor Fair Fair 

Table1.2: Comparison of properties of NiTi,Cu-Zn-Al and Cu-Al-Ni [8-9] 
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The SME is favored over super-elasticity for actuator applications since it 

is desirable to actively control the strain recovery. The change that occurs within 

the SMA crystalline structure during the SME is not thermodynamically 

reversible. In other words, there is energy dissipation due to internal friction and 

the creation of structural defects.  As a result, a temperature hysteresis occurs. 

[11] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

If the material is deformed at a high temperature, on the other hand, large 

deformations can be recovered by simply removing the applied load (mechanical 

recovery), known as SE. 

SME is of two types:  

1.2.1 One-way shape memory effect (OWSME): At low temperature, an SMA 

material can be plastically deformed. This deformation involves the movement of 

highly mobile boundaries (twin boundaries, martensite/martensite interfaces). 

Upon heating, SMA material reaches the Austenite phase with the initial 

orientation, and so the specimen reverts to its original shape. While cooling, no 

additional shape change takes place; this effect is called “OWSME”. The one-way 

Fig 1.1: Different phase of SMA’s [10] 
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effect can be repeatedly induced by deforming SMA in the martensitic state. 

Initially, in an SMA material displaying one-way SME, there is no movement on 

heating. The shape change starts at Austenite start temperature (As) and get 

completed in a small temperature range (e.g., 10 to 30 K). As the temperature of 

NiTi SMAs can be significantly tuned by suitable selection of the chemical 

composition of the alloy and dopants [12]. 

 

1.2.2 Two-way shape memory effect (TWSME): SMAs with a TWSME, 

"remember" both a high-temperature shape (austenite) and a low-temperature 

shape (martensite). Though TWSMAs can switch from their low-temperature 

shape to their high-temperature shape; their recoverable strain is usually about 

half of their corresponding one-way SMAs. To produce a two-way effect, it is 

necessary to induce a special mechanical/thermal treatment in an SMA. One 

method to produce a two-way effect is based on a severe deformation in the 

martensitic state. In addition to this, there are still some other methods to produce 

a TWSME. They are (1) SME training, (2) stress-induced martensite training, (3) 

combined training, (4) forces of inactive surface layers, etc. [13] 

During heating, the specimen will move towards its original shape, and the 

high-temperature shape gets formed. On cooling again, the pre-existing 

martensite plates will accommodate the stress field of the induced dislocation 

structure and preferred martensite variants forms, which give rise to the 

formation of low-temperature shape. Thus, by temperature cycling, one gets the 

two-way effect. This method of the production of the two-way effect can be used 

for training in the NiTi alloys since it displays high ductility. 

Researchers began to propose SMA devices to perform dynamic tasks; thus, 

they began to play the role of actuators [14-15]. Many alloys displaying the SME 

have been found (see Table.1), and considerable effort is still being made to 

discover new materials. Of these alloys, however, only two alloy systems
1
, Cu-

Zn-Al and NiTi, and their combinations with minute quantities of other elements 

are present of commercial importance. Other alloys are not suitable for industrial 
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manufacturing either because the constituent elements are too expensive or 

because they cannot be used unless they are in the form of single crystals [14]. 

1. Fe based alloys are only used as fasteners and in some other, very simple 

applications, due to their low price. 

 

1.3  Shape Memory Alloy Actuators: 

The use of SMA for actuation represents a technological opportunity for 

development of innovative thermostatic and electro-mechanical actuators. SMA’s 

can be used in the actuator applications, depending on whether their SME is either 

one-way or two ways. Although two-way SMA can act in both directions, the 

associated transformation strain is generally half of that of one-way SMA. An 

alternate approach is to put two one-way SMA actuators, one against the other, to 

generate two-way mechanical performance as well. It can be achieved by heating 

one SMA actuator to get forward motion and another SMA actuator in the reverse 

direction. The advantage of the one-way actuator is higher motion and higher 

force than that of the two-way actuator [17]. At the same time, the two-way 

actuator is simpler, compact and contains less number of elements. The SMA 

actuators function in three modes as mentioned below (section 1.2). 

 

1.4  Various forms of SMA: 

a) Sheet: Generally, bulk SMAs exhibit large strokes and high actuation forces, 

and at the same time, they suffer from the poor response. However, thin film 

SMAs provide a larger energy density, higher frequency response and longer life 

time at the microscopic level. NiTi sheets are the most appropriate material for 

micro-actuation mechanisms because of their extensive energy density, 

displacement, work output per unit volume and improved frequency response. At 

this level, smaller mass and a larger surface to volume ratio enable a significant 

increase in the heat transfer and low power requirements. Hence, large stresses 

and strains can be realized. SMA springs are  preferred over sheet due to some 

particular application [16].  
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b)  Spring: Strokes of spring can be increased at the expense of recovery force 

via heat treatment to form compressed springs in their heat-activated, austenitic 

state. For that required parameters include wire diameter, spring diameter, 

transition temperature, number of active turns, bias force and direct current 

magnitude [17-18]. 

c) Wires: Regarding fatigue performance, SMA wires were reported to be better 

than SMA springs, where the recovery force and strain of SMA springs decreased 

by 30% after 1000 cycles and by 60% after 10,000 cycles [19]. NiTi wire can be 

changed into the required shape, i.e. spring (helical, torsion), bar, etc. Two NiTi 

alloy is difficult to join, i.e. weld, both to itself and other materials. Laser welding 

NiTi to itself is a relatively routine process. More recently, strong joints between 

NiTi wires and stainless steel wires have been made using nickel filler. 

d) Rods: It is also an excellent form of NiTi alloy. NiTi Belleville washers with 

rod show good potential to form the basis for a Nitinol damping device [20] All 

these advantages make these NiTi SMA (sheet, spring, wire, rod) a very 

promising actuator material for micro-device applications such as micro-valves, 

micro-grippers, micro-mixer, micro-mirror, micro-pumps, micro-cage, micro-

robotic, micro-sensors, micro-switch, micro-petitioners and such other 

applications [21]. 

 

1.5 Applications based on shape memory properties: 

The nature of shape memory recovery and transformation has been selectively 

explored for commercial applications. The categorizations fall into the following 

broad groupings:  

There are four commonly used types of applications 

a) Free Recovery: These are applications based on the ability of the material to 

deform in its martensitic state and recover its original shape when heated to 

temperatures above the transformation temperature thereby recovering the 

deformation strain. These applications employ thermoelasticity, and notable 
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applications are in space antenna, eyeglass frames (special eyeglasses which 

recover deformation in hot water), blood clot filter, self-expanding stents, and 

atrial septal defect occlusion device used for sealing the hole in heart walls [30] 

b) Constrained Recovery: This application employs thermo elastic property, but 

unlike the free recovery, this application is based on partial recovery. The extent 

of recovery of the shape memory element is not complete but rather restricted to a 

particular configuration/dimension, which leads to the build-up of stresses. The 

stress generated is the key property of interest in the use of these materials. This 

means when the deformed martensite is heated to austenite the recovery to the 

pre-deformed shape is halted after a certain percentage recovery and full recovery 

is not obtained. The predetermined dimension to be attained in a particular 

application is specified, and the shape memory element is forced to halt its 

recovery to meet the desired specification. This is used in fastener and couplings 

(tubes and pipes) for aerospace, marine and orthopedic applications [2]. 

 

c) Actuators: This application is based on the thermo elastic property of shape 

memory alloy. The material acts as a functional element or component of a larger 

system. The shape memory element senses a situation and acts in accordance to it 

depending on the system requirement. The SMA element undergoes activation 

and deactivation of mechanical work in addition to its thermo elastic property 

when in use. A fire alarm is an example where this can be applied; the activation 

of the austenite phase would bring about the turning off electrical systems and 

subsequent fire control measures. Fire safety valves, deep fat fryer, temperature 

fuses are other relevant applications [3]. 

 

d) Super-elasticity:  Super-elasticity is the shape memory property that has been 

most explored for commercial use. Its application is guided by the ability of 

SMAs to sustain large elastic strains at specific temperatures during use. The 

storage of a large amount of energy when stress is applied accompanied by 

constant unloading of this stress is the basis for applications employing this 
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property [5]. This is seen in eyeglass frames, brassieres underwires, medical 

tools cellular phone antenna, and orthodontic corrections. 

1.6 Application based on the effects of SMA: 

1.6.1 Using shape memory effect:  The type of applications may be 

summarised as follows: 

a) Coupling: Couplings are the first most successful applications of SMAs, 

which were developed by Raychem Corp. To hydraulic systems of F-14 Jet 

Fighters. Electric connectors for IC developed by the same company belong to the 

same category (Fig 1.2). 

 

 

 

 

 

 

 

 

b) Smart materials: In the previous example, used SMA was as an actuator as 

well as a sensor.  Thus it is also called smart (intelligent) material. The possession 

of the dual function leads to the miniaturization of actuators, and thin films are 

expected from this point of view, Another type of smart materials are composites 

of NiTi SMAs with polymer or metal matrix [22]. The NiTi wires embedded in 

polymers may be used for vibration control of space vehicles since the elastic 

constants can be changed widely by changing the temperature in the 

transformation temperature range The NiTi wires embedded in Al matrix may be 

used to strengthen Al matrix by the same mechanism of pre-stressed concrete 

[23]. 

Fig 1.2: The new mixing valve using SMA and biasing coil springs [32] 
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1.6.2 Using Pseudo-elasticity: Super-elasticity, which is a non-linear pseudo-

elasticity as much as 7-8%, was also successfully applied in various fields such as 

orthodontic, brassieres for women, antennas for cellular phones. Since the super-

elastic wire is quite flexible and is not subject to damage. One most important 

application is to guidewires for catheters in medical use. A catheter, which is a 

tube made of plastics, is a standard tool for diagnosing the circulatory system by 

injecting a contrast medium into vessels or for medical treatment by dilating a 

lumen of the blood vessel at the site of the obstruction [24].To introduce the 

catheter in a required place of the vessel in the brain, heart, lever, etc., a guide 

wire is necessary (Fig. 1.3). 
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Various shapes are required by an application such as 

a) Sheets: The stress generated by SMA, when the shape recovery is constrained 

during heating from to, is exploited for fracture treatment by using orthopedic 

staples [25] or plates. Fig 1.4 shows its application in Micro-gripper and micro 

pump. Application of NiTi sheets are given below:  

 

  

Fig 1.3: Application of Pseudo-elasticity: a) Antenna, for cellular 

phone, b) Catheter wire used in the brain, c) Appearance of the 

guide wire, d) Glasses [25] 
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Fig.1.4: SMA sheet Applications: a) Micro gripper [26], b)Micro-Pump [27], c) Peristaltic 

pump [28] 

 

b) Springs: Most of the proposed actuator designs are based on an SMA spring 

as the active element, where large macroscopic displacements can be generated 

out of a relatively small microscopic strain. Example: a) Tip Articulation 

mechanism, b) Fibre optic articulator, c) Latch Mechanism,  d) Tube type tip 

articulator, e) Joint Mechanism, f) SMA actuator unit, g) Micro-gripper, h) 

Biomedical applications (Fig 1.5) [26-28]. 

(a) (b) 

(c) 

(d) 



14 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 



15 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(d) 

(e) 

(f) 

(g) 

(h) 

Fig.1.5: SMA spring Applications: a) Tip Articulation mechanism, b) Fibre 

optic articulator, c) Latch Mechanism, d) Tube type tip articulator, e) Joint 

Mechanism, f) SMA actuator unit, g) Micro-gripper, h) Biomedical 

applications [5] 
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c) Wires: NiTi wires, which are in the austenitic phase at the temperature of the 

buccal cavity, have been successfully used for years in fixed orthodontic 

treatment with multibrackets. NiTi alloys in the neurosurgical field [26] are used 

for producing three types of devices: (1) coils, (2) stents and (3) micro-

guidewires. Applications of SMA wires are given below (Fig. 1.6) 
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d)  Rods:  NiTi rods are also inserted in devices for correcting scoliosis [30-31]. 

One of the applications of SMA helical springs is a seismic retrofit of buildings 

(Fig 1.7) [32]. 

 

 

 

Fig 1.6: SMA wire applications a) Micro-gripper [26] b) Neurosurgical 

stents c) Orthodontic distracters [25], d) Endodontic file [5] 
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1.7 Actuation and Thermomechanical Behavior: 

Meaning of actuation is to put into motion by required energy. Some methods 

have been proposed to reduce the parameters which will help to actuate SMA 

Fig 1.7: SMA rod applications a) bend condition b) maximum bend 

condition c) straight condition[30-31], d) in building a structure 

with exposed-type column base with SMA anchorage [32] 
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such as deactivation time, including forced convection [33], and lagging the SMA 

with a conductive material in order to manipulate the heat transfer rate.  

Based on previous literature, actuation methodologies can be categorised into 

two types: contact and non-contact. Consequently, SMA actuation is typically 

asymmetric, with a relatively fast actuation time and a slow de-actuation time. 

Actuation will lead to thermo-mechanical behavior because of heating and 

cooling.  

1.8 The Need for Thermomechanical Behavior and Life cycle 

analysis: 

Investigation of thermo-mechanical responses are required for the SMA 

structures, which are subjected to mechanical and thermal cyclic loading. This 

thermo-mechanical response will lead to investigate its life cycle also. As 

demanded by the functional architecture, the various environment is required to 

actuate SMA viz. contact and non-contact.  

 

The thermo-mechanical response is due to the elongation of SMA. SMA 

actuators typically undergo thermally activated transformation cycles during 

operation. In most applications, such actuators are employed to overcome a bias 

force, which could be constant or variable during the course of actuation. Under 

such conditions, it becomes necessary to understand the thermomechanical 

transformation fatigue behavior under different applied stress condition. If the 

thermo-mechanical behavior is estimated in the iterated manner, then it will give 

life cycle of SMA element.  

 

1.9 Motivation: 

Thermo-mechanical behavior in SMA occurs when it is stressed under 

mechanical cyclic loading. During that process, energy transfer may occur as heat 

accompanying the deformation. Thermo-mechanical behavior concerning the 
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coupling of thermal and mechanical effects is evolved. On deformation at low-

stress levels, the elastic strain is dominant.  

Plenty of applications equipped with SMAs are available but limited work 

has been reported for the measurement of its thermo-mechanical behavior, and no 

work is addressed for actuation study under different environment. Thermo-

mechanical behavior will lead to its life cycle also. After multiple cycles, it will 

fail and would not perform its function correctly. Therefore it is required to know 

the life cycle for predicting its useful life. Above work motivated us to do the 

thermo-mechanical behavior and life cycle testing of NiTi alloy under different 

actuation medium. The motivation increased to probe into the development of 

application in order to improve the quality of the micro-devices. 

1.10  Research Gaps: 

Shape memory alloys are used in various fields because of the unique properties 

they possess. Literature review shows some gaps over which work is done here. 

Listed below are some of the common challenges faced by most of the 

researchers. 

a) There are no detail reports on contact based actuation including the electrical 

and hot water based actuation 

b) There are very limited reports on non-contact based actuation, particularly 

laser-based actuation which are of high demand 

c) Lack of thermomechanical behavior and life cycle analysis of shape memory 

alloy structures at different actuation conditions are not well explored. 

d) There is no detailed analysis on morphologies of contact and non-contact 

based actuation. 

 

 

 

 



21 
 

 Chapter 2                                                          

Literature Review on Thermo-mechanical and 

Actuation Studies of Shape Memory Alloys 

To distinctly highlight the contribution of this work and its position in the available 

work, a systematic review of the literature with emphasis on thermo-mechanical set 

up for all cases, and their application in MEMS is carried out. Further, the present 

status of actuation strategies utilized for SMA is discussed in detail. In the end, 

findings from the literature review and narrow research objectives, approach, and 

outline of the thesis is presented. 

2.1 Introduction: 

In this chapter, background information, as well as the state-of-the-art of NiTi 

SMA research, is presented. This section elaborates the findings from 

literature reviews of SMA and the effect of the composition by varying its 

constituent for materials point of view. Section 2.2 provides an overview of 

past work on SMA’s regarding experimental setups design related various 

methods of actuation for development of test bed. The literature review places 

more emphasis on research of NiTi SMA Actuators for finding out its thermo-

mechanical behavior, rather than the non-actuator applications. The 

dominance of actuators in the multidisciplinary applications made them an 

inevitable ingredient of notable innovations. However, the technological 

progress eventually thrusts the demand of an actuator that is entirely devoted 

to work specific application. 

2.1.1 Overview of NiTi: Since SME was observed in the early 1950s, the 

engineering importance of SMAs has not been well recognized till the 

equiatomic NiTi alloys (Nitinol), in 1963 as reported earlier [34]. “Nitinol” 

derives its name from its chemical components and its finders: Ni (Nickel) + 

Ti (Titanium) + NOL (Naval Ordinance Lab). During the last three decades, 

binary NiTi alloys are being intensively investigated to cater functional 

applications. Recently, NiTi based SMAs are the most commercial SMAs 

because of their unique shape-memory performance, ease of processing, 

pseudo-elasticity and have the required mechanical properties [34]. The 
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unique characteristics of SMA actuators such as one-way shape memory, two-

way shape memory, and pseudo elasticity make them suitable for specific 

applications. The response of SMA actuator depends upon (1) applied bias 

force, (2) type of sensor used for feedback, (3) way the heat is applied and 

removed, and (4) parameters used for obtaining the feedback, i.e., strain, 

resistance, temperature or the actuation force [21-22]. Also, the alloy exhibits 

excellent corrosion resistance and is also bio-compatible in nature. The NiTi, 

inter-metallic compound is extraordinary because it has moderate solubility 

range for the excess of nickel or titanium, as well as with other metallic 

elements. This solubility allows, alloying possibility with many other 

elements, to modify both the mechanical and phase transformation properties. 

These materials have exhibited some exciting application potentials in micro-

electro-mechanical systems (MEMS), medical implants, intelligent materials, 

and structural systems, either in the monolithic form or with combination of 

other materials. More detailed information about NiTi SMA basic properties is 

available. A NiTi (nickel-titanium) wire actuator with a diameter of 1 mm, 

which is a typical SMA actuator, can produce large forces sufficient to lift a 

mass of 15 kg. NiTi wire can apply a force of 10.6 N. If the wire is 10 cm long 

it would weigh 11.4 mg and could contract 0.8 cm. Thus, the actuator can lift 

an object 94,000 times its own weight nearly 1 cm [5].  Particular SMA is 

chosen in this thesis is Nitinol, due to its commercial availability and unique 

features. In the present work, it is used in various forms, i.e. sheet, spring, 

wire, rod, etc.  

The SMA transformation can be explained based on thermodynamic 

testing since it is driven either by the stress or the temperature. The heat 

interaction between the SMA sample and the surroundings, at a specific 

temperature, decides the shifting of phase. Differential Scanning Calorimetry 

(DSC) evaluates the phase transformation temperature. A thermodynamic 

analysis provides an insight into SMA’s unique features such as hysteresis, 

super-elasticity, one-way effect, two-way effect, etc [35]. Gases can be 

generally liquefied by a suitable application of pressure or stress. 

Similarly, a phase transition from the parent phase to martensite can be 

induced by the application of a stress. The thermodynamic analysis explains 

thermal and mechanical effects on the SME. Thermodynamics is an excellent 
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tool to perform calculations on the thermal implications of the stress-induced 

phase transition. It also explains the reversibility of the phase transition in 

certain SMAs and highlights energy contributions that control the hysteresis 

phenomenon [36]. 

Gibbs theory of thermodynamic stability helps to explain the phase 

transition, when an alloy system is considered to be under equilibrium 

condition. Gibbs theory is suitable only for equilibrium condition. A 

martenstic transformation can be considered to be a succession of several 

equilibrium states [37]. The martenstic transformation is a solid state 

transformation. The thermodynamic analysis based on internal variables 

(latent heat of the phase transformation, enthalpy and entropy) can be applied 

for a single crystal of SMA. The classical Clausius-Clayperon equation can be 

derived as it relates to stress and temperature. The analysis can be conducted 

for a single crystal of SMA because it facilitates the investigation of the SMA 

specimen as a thermodynamic system with only one component. 

The complete martensitic transformation cycle of SMA is 

characterized by the following temperatures: a) Austenite Start (As) b) 

Austenite Finish (Af), c) Martensite Start (Ms), d) Martensite Finish ( Mf). As 

shown in Fig2.1 the heating process of NiTi, evolves into austenite when the 

temperature reaches (As) and completes the transformation process when it 

reaches Af. While the cooling process, martensite at (Ms) and finishes at Mf. 

The difference between the transition temperatures is called hysteresis.  

 

 

 

 

 

 

 

 

 

 Fig 2.1: Shear modulus vs. temperature considering the chemical 

and non-chemical contributions [38] 
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This property is important and requires careful consideration during 

SMA material selection for targeted technical applications; e.g., a small 

hysteresis is required for fast actuation applications (such as MEMSs and 

robotics),larger hysteresis is required to retain the predefined shape within a 

large temperature range (such as in deployable structures and pipe joining) 

[38]. These characteristic temperatures are in the order of Mf< Ms< As<Af. 

The mentioned above relation is temperature induced stress. 

Martensitic transformations can also be stress induced it occurs at 

constant temperature, moderately above the austenite finish temperature 

leading to superelasticity to form stress-induced transformation. Temperature-

induced transformations involve the deformation at low-temperature phase 

(martensite phase).  

2.1.2 Mechanism behind NiTi SMA: Behind the shape memory effect, two 

important mechanisms play an important role in that which are: Slip and 

twinning. It results in affecting their pseudo-elasticity and shape memory 

performance. 

a) Dislocation slip: A similar stress vs. temperature correlation is 

experimentally observed [39] for determination of dislocation slip stress in 

austenite SMAs (Fig 2.2).The critical stress for martensitic transformation 

increases with temperature above Afand the critical stress for dislocation slip 

of austenite decreases with temperature. 

 

 

 

 

 

 

 

 

 

 
Fig 2.2 Schematic of critical stress vs. temperature for SMAs. [39] 
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 The critical stress represents the stress-induced martensitic transformation 

below temperature Md (red straight line) and the dislocation slip of the 

austenite phase above Md (blue straight line). Af is the austenite finish 

temperature, and the Md is the temperature above which the martensite cannot 

form under deformation [40] 

When these two values cross at the deformation temperature Md, the 

stress-induced martensitic transformation is no longer possible, but only the 

dislocation slip of austenite (Fig 2.3). The critical austenite slip stress at Md is 

considered as the experimental data for austenite slip [41]. 

 

 

 

 

 

 

 

 

Temperature above austenite finish temperature Af, the material is fully 

austenitic. After elastic deformation of the austenite, a stress-induced 

martensitic transformation occurs. When the critical stress, σslip, for martensite 

yield is reached, slip of oriented martensite is observed. Upon unloading, the 

martensitic single crystal undergoes elastic deformation followed by pseudo-

elastic behavior and reverse martensite to austenite transformation occurs.  

b) Twinning: Twinning in SMAs is of paramount importance, which exists in 

two main characteristics of SMAs. A schematic of the SME is shown in Fig 

2.4. In the first case, when the alloy in the austenitic state is cooled below the 

martensite finish temperature with no external stress, the internally twinned 

martensite is formed. If the twinned martensite is subsequently deformed, the 

Fig 2.3 Schematic of determination of dislocation slip stress in martensite 

SMA’s [41] 
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twin variants that are oriented favourably to the external stress grow in 

expense of others. The growth of the twin is a process of advancement of twin 

interfaces and requires overcoming an energy barrier called the 'unstable twin 

fault energy'. Upon further deformation, the internally twinned 

martensitedetwins completely into a single martensite crystal. After unloading, 

the twinning-induced deformation remains. If the material is heated over the 

austenite finish temperature, then martensite to austenite transformation occurs 

and the material reverts back to austenite. Hence, the heating and cooling 

changes can make the material behave as an actuator, which is called 'shape 

memory effect (SME) [42-44].  

 

 

 

 

 

 

 

Therefore, the phenomenon of twinning or de-twinning either during 

shape memory or during pseudo-elasticity relies on the atomic movements in 

the martensitic crystal. It influences the recoverability, the transformation 

stress levels, hence both the SME/PE response. For shape memory, the 

martensite is deformed first and then heated to the austenitic phase for full 

recovery. Martensite undergoes twinning during deformation at relatively low 

stress levels. If slip occurs during martensite deformation, this would curtail 

full recoverability. On the other hand, during pseudo-elasticity, austenite 

transformation to martensite takes place upon loading [45]. If slip resistance is 

low, then austenite and martensite domains can deform plastically inhibiting 

full recoverability upon unloading. Despite the significant important of 

twinning in SMAs, there has been no attempt to develop models to predict 

Fig 2.4 Schematic of SME in SMAs [43] 
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their twinning mechanism. Thus, a fundamental understanding of twin 

nucleation is essential to capture the mechanical response of SMAs. 

2.1.3 Equiatomic NiTi: Thermo-mechanical cycling was carried out to study 

the change of functional properties of the material in using condition (shape 

memory fatigue or functional fatigue). Near equiatomic NiTi alloys are the 

most promising SMA in terms of practical applicability. In this alloys, shape 

memory effect and super-elasticity are due to thermo-elastic martensitic 

transformation from parent austenite phase with B2 structure to the monoclinic 

(M) or rhombohedral (R) martensitic phase transformation. [46]. Phase 

diagrams are very important in studying different alloy systems, composition 

and temperature dependent phases, and control of the microstructure [47]. 

Physical properties of materials are strongly correlated with compositions and 

phases. Equiatomic NiTi (50 atomic% Ni, 50 atomic% Ti) SMA is an ordered 

intermetallic compound [48]. Fig 2.3 shows the determination of dislocation 

slip stress in martensite SMAs. At the temperature above austenite finish 

temperature Af, the material is fully austenitic. After elastic deformation of the 

austenite, a stress-induced martensitic transformation occurs. When the critical 

stress, 𝜎𝑠𝑙𝑖𝑝 , for martensite yield is reached, slip of oriented martensite is 

observed. Upon unloading, the martensitic single crystal undergoes elastic 

deformation followed by Pseudo-elastic behavior and reverse martensite to 

austenite transformation occurs. 

Table 2.1 Different phases of equiatomic NiTi SMA, crystal system, lattice parameters, 

and interaxial angles [49] 

 

NiTi Crystal System Lattice Parameters Interaxial 

angles 

Austenite B2, ordered BCC a = b = c 𝛼=𝛽=𝛾 

Martensite (M) Monoclinic 𝑎≠b ≠c 𝛼= 𝛾≠ 𝛽 

Martensite (R) Rhombohedra a = b = c 𝛼=𝛽=𝛾≠ 90o 
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Partial phase diagram of NiTi system is given in Fig 2.5 [50]. B2 phase 

region is known to be very narrow at temperature below 923 K. It is generally 

accepted that B2 phase region is only between 50and 50.5 atomic% nickel. If 

nickel content is higher than 50.5 atomic%, then the alloy will decompose 

during cooling below 973 K to Ti-Ni and TiNi3. Ti3Ni4 and Ti2Ni3 are 

intermediate phases formed during transformation. The central part of Fig 2.4 

where NiTi transforms to monoclinic B19’ martensitic phase is important. For 

the titanium rich side, equilibrium phase is Ti2Ni and TiNi. Table 2.1 shows 

different phases of equiatomic NiTi SMA, crystal system, lattice parameters, 

and inter axial angles [49]. If NiTi alloy is constrained to shape change upon 

phase transformation, then 700 MPa stresses can be generated, which are too 

much as compared to shape memory polymers where the amount of stress is 

much smaller. Due to the possibility of large recoverable strain of about 8% 

without force generation and 700 MPa stress without recoverable strain, there 

is a high possibility to use NiTi SMA for the design of components with 

different strain outputs and different amounts of external work output [50]. 

Fig 2.5: Partial phase diagram of NiTi from 45% nickel to 59% [50] 
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Fig 2.6 Wire Tension experimental setup University of Michigan, Department of 

Aerospace Engineering, (2008) [77] 

 

2.2 Thermomechanical behavior and Life cycle of SMA: 

SMAs can undergo a large number of repeated thermal mechanical actuation 

cycles [51-58]. Existing work on fatigue of SMAs predominantly focuses on 

high cycle, and low cycle fatigue performed using cyclic mechanical loading 

either to constant stress [59-60] or a constant strain amplitude [61-63]. Under 

mechanical cycling to a constant strain amplitude of 10–11% (inducing 

complete transformation), NiTi has shown a fatigue life of 10
3
–10

4
 cycles 

under electric actuation. As the constant strain amplitude is decreased from 

10%, the fatigue life of the SMA increases and for strain amplitudes less than 

1%, the fatigue life exceeds 10
7
 cycles [64-66]. Other parameters influencing 

the fatigue behavior of SMAs have found to be: stress amplitude [66-68], 

complete or partial transformation [70], alloy composition [71-72], heat 

treatment [73-74], the environment of testing [75] and surface finish of 

specimens [76]. Experimental setups for all actuation mediums have been 

reviewed: 

2.2.1 Joule Heating or Electrical Actuation: The thermo-electric behavior of 

SMA sheet/spring/wire were presented. When the Sheet/spring/wire was 

electrically heated above its transformation temperature by the current, a large 

mechanical force is exerted due to transformation in its phases.  
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Few research groups have developed test rig for specific applications. 

Fig 2.6 shows the SMA wire tension experimental setup to investigate the 

thermo-mechanical behavior of the conditioned SMA wire [77]. The SMA 

wire was clamped to a 100 N load cell. The heating cycle was obtained using 

an electrical resistive heating and natural convection was used for cooling to 

generate thermo-mechanical cycle. The thermo-mechanical behavior was 

imaged using a low power laser. The major limitations of this setup are 1) 

restricted to wire 2) variable load cannot applied. 

Fig 2.7 shows setup to investigate the thermo-mechanical cycle on 

SMA wire, the thermo-mechanical cycling has been performed through the 

transformation range under a constant or fluctuation load [78].  

 

 

 

 

 

 

 

 

 

The cycles were performed by resistive heating and forced cooling. 

The Displacement of the wire during thermo mechanical cycle was monitored 

using non-contact laser device which has a resolution of 10µm.  The recovery 

strain (RS) and the remnant deformation (RD) were recorded continuously 

throughout the experiment. However monitoring the true strain is limited with 

laser displacement sensor. 

Fig 2.8 shows the set up developed to investigate the fatigue in SMA wired. 

The wire is attached to a rigid clamp [79]. The lower end of the SMA wire is 

Fig  2.7. Thermo-mechanical cycling setup, Material Science Division, 

National Aerospace Lab, Bangalore (2009) [78] 
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constrained which is heated through an electrical resistance and the fan 

maintains a constant air flow across the wire. The equipment has compatibility 

to apply constant stress, constant strain, constant stress with limited maximum 

strain and linear stress-strain cycle. However, the system is limited to measure 

the engineering strain, and there is no provision to acquire the data for every 

cycle. In the previous setup, forced convection was applied through cooling 

fan. 

 

 

 

 

 

 

 

 

 

In the setup shown in Fig 2.9, the forced convection is adopted by 

passing a chilled fluid, thus inducing a martensite transformation in the system 

and the wire is actuated through electrical biasing [80].  

 

 

 

 

 

 

 

Fig 2.8: Experimental setup for fatigue life cycle analysis of the SMA wire [79] 

 

Fig 2.9: Fatigue cycle simulator for SMA wire using liquid 

cooling Smart Lab [80] 
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In the given set up an experimental-numerical approach is used to 

study the thermo-mechanical behavior of NiTi wire for defining what 

parameters are the most important in actuator designing [80- 81]. Tests were 

carried out heating, by an electrical current, a wire having a diameter of 150 

mm, under constant stresses of 200 MPa. Data concerning strain, applied 

current and voltage are acquired during the tests by PC while wire temperature 

is recorded by thermographic system. Experimental tests were carried out 

heating the wire by electrical power and current, voltage, strain and wire 

temperature were acquired simultaneously [81].   

 

 

To evaluate the cycling behavior of SMA wires in a range of 20-200 μm in 

diameter, as well as the fatigue resistance of the material and its functional 

characteristics, a self-assembly system was designed and realized (Fig 2.10 a). 

The wire was vertically arranged and was constrained to the system structure 

through an upper clamp and to induce constant stress into the material, an 

axial weight was coupled to a lower vertical sliding block, directly hanged by 

the NiTi wire (Fig 2.10 b) [81]. 

Fig 2.11 shows a basic setup to investigate the thermo-mechanical 

behavior of the SMA spring. The actuation is performed by electrical resistive 

heating, followed by natural cooling cycles in a fully automatic manner [82]. 

Fig. 2.10: a) Self-Assembled Cycling Machine b) Wire clamping system [81] 

(a) (b) 
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The system consists of a relay circuit actuated by a Transistor-transistor logic 

(TTL) signal coming from a function generator. A metallic base with a 

ceramic guide fixed inside has been adopted for the characterization of the 

cyclic experiments of the spring. However the major limitation in this setup is 

the lack of online monitoring and the experiments are performed for the 

complete elongation of the springs and cannot be opted for small 

displacement.  

 

 

 

 

 

 

 

 

 

 

Furthermore, the work reported on SMA reliability or life estimation in 

scarce. The work done by previous researcher group show the degradation of 

the SMA material properties with thermo-mechanical cycling and found to be 

unstable. In each of the work during cycling strain or/and stress responses 

were measured and it was observed that with the number of cycles SMA 

behavior was unstable. During initial cycles, the rate of increase in the plastic 

deformation was found to be very high in comparison of at higher cycles.  

The all reported work does not define any cause and effect relationship 

to represent the spring failure. The rate of increase or decrease in the strain or 

stress value is the effect produced because of various causes such as voltage, 

the external load applied and stiffness. The reported work just showed how the 

effect behaves with the life of the spring. However, for the same effect the 

Fig 2.11. Thermo-mechanical Characterization of SMA spring Mechanical 

Engineering Department, University of Rome, Italy (2010) [82] 
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different life of the SMA material can be obtained, and consequently, it 

depends on the causes of the spring failure. Also, [82] defined the relationship 

between the strain and the life of the spring by plotting all the failure data on a 

log plot.  The relationship was totally deterministic, but real life data always 

associated with some uncertainty and have some probabilistic distribution 

because for same strain or stress value SMAs can have a different life.  

One another attempt made by [83-84] to calculate the life of the SMA 

wire. Resistivity based mathematically model is developed to calculate the 

remaining useful life of the SMA wire. Reduction in the life of the wire is 

observed with increase in the difference between the minimum and maximum 

resistivity after attaining the austenite transformation. However the developed 

mathematically model depends only on a single parameter, i.e., resistivity. 

However, there are always some additional parameters on which the health of 

the component is dependent, i.e., operating and environmental conditions.  As 

a component operating in the harsher environment will fail early in 

comparison of component operating in the milder environment. Therefore 

additional parameters should be included in the model to get the accurate life 

prediction. Most of the test rigs are limited to investigate the behavior of the 

SMA wire; very fewer reports on SMA springs are available. For precise 

measurement of displacement, the interferometer is also investigated. On the 

usage of Michelson’s interferometer with continuous monitoring of true strain 

for every cycle can be monitored, which is discussed in chapter 3.  

2.2.2 Hot Fluid Actuation: The application of SMAs in a hot water supply 

system is described in this section. A faucet with a water temperature regulator 

is one of the most important applications of SMA. The combination of an 

SMA spring that expands or contracts automatically by water temperature and 

a bias spring operated by a water temperature control knob manually can 

achieve a comfortable water temperature by the precise adjustment of the hot 

and cold water mixture. Other applications such as bathtub adaptors for adding 

water and for holding water temperature are also described. 

a) Shower faucet with water temperature regulator: A water temperature 

regulator for a shower faucet is one of the most well-known applications of 

SMAs. Fig 2.12 (a) shows an example of a regulator containing an SMA 
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spring and the schematic illustration is shown in Fig. 2.12 (b). The regulator is 

composed of the following elements: (1) hot water and cold water inlets, (2) a 

shape memory spring and a bias spring which is made of stainless steel, (3) a 

flow control regulator valve for hot water and cold water and (4) a knob for 

temperature adjustment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When the outlet water temperature is higher than the set temperature, the 

SMA spring expands due to the reverse transformation so that the inlet valve 

for hot water closes and the inlet valve for cold water opens. As a result, the 

temperature of the mixed water decreases. On the other hand, when the outlet 

Fig. 2.12: Shower faucet with water a) Regulator containing an SMA 

spring, b) Schematic diagram of regulator [85] 

(a) 

(b) 
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water temperature is lower than the set temperature, the SMA spring shrinks to 

open the valve for hot water and to close the valve for cold water, resulting in 

an increase in the outlet water temperature. The middle of the R-phase 

transformation temperature and the reverse transformation temperature of the 

SMA spring is about 40 °C and then the spring moves to control water flow in 

proportion to the difference between the set temperature and the outlet water 

temperature. The SMA spring and bias spring are set out so that they work in 

opposition other than in the regulator. If the temperature becomes 50 °C, the 

balancing position shifts to point B. The bias force increases and then force is 

applied to the flow control valve to move exact distance, resulting in the 

decrease of the mixed water temperature. When the set temperature is changed 

to 50 °C, the bias spring is compressed and also the bias force increases, 

resulting in the stroke moving to particular displacement which corresponds to 

the amount of adjustment of the knob. As a result, the balancing position 

moves to required distance [85]. 

b) Gas flow shielding device: There is a potential for gas leakage due to 

melting of the gas meter when fire occurs because the gas meter and joining 

parts are made of die-cast aluminum. This concern for gas leakage has led to 

the development of a gas flow shielding device operated by a thermal sensor 

that uses a SMA to cut the gas flow. 

 

 

Fig 2.13: Gas flow shielding device with a SMA disk [85] 
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As shown in Fig.2.13, a thin circular SMA disk, which is bent at room 

temperature, is set in the gas flow path. If fire occurs, the atmosphere 

temperature rises above 70–80 °C and the SMA disk becomes flat. There is a 

ring under the valve to fix the SMA disk in the gas flow path. A rod axis is 

installed at the upper side of the bent SMA disk as shown in Fig 2.14 in order 

to smooth the flow of gas during ordinary use. [85] 

 

 

 

c) Bathtub adaptors: SMA springs are also equipped in hot water safety 

valves for shower faucets and a bathtub adaptor for maintaining water 

temperature. The hot water safety valve for the shower faucet for preventing 

scalding is set at the connecting part to the boiler as shown in Fig 2.15 (a). Fig 

2.15 (b) illustrates the operating mechanism of the thermal protection valve by 

the combination of the SMA and biased spring. 

Fig 2.14: Operating principle of gas flow shielding device [85] 
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Fig 2.15 a) Boiler with SMA hot water safety valve b) Operating principle of hot water 

safety valves in bath [85] 

 

 

When hot water flows through a SMA spring, the SMA spring expands 

to close the valve because the recovery force overcomes the bias spring force. 

The SMA springs are also applied to bathtub adaptors for adding hot water 

safely. Two hot water safety valves are set in the outlet of the bath as shown in 

Figs. 2.16 (a) and (b). The reverse transformation of the SMA spring is about 

70 °C so that the SMA springs contract to close the valves when the hot water 

is higher than 70 °C. Both SMA valves cut hot water when the bathtub is not 

filled enough. On the other hand, only the upper spring operates if thebath is 

filled with hot water because the lower valve is cooled by water in the bath. 

This means hot water can be added safely in the bathtub. Another example is 

the cut-off valve for circulation of hot waterin the tub. The valve is set in the 

outlet of the boiler and prevents the circulation of hot water in order to hold 

water temperature in the bath as shown in Figs. 2.17 and 2.18 [85].  

 

(a) (b) 
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All applications which are mentioned above are of hot water-actuated, 

but there is no any experimental set up to describe SMAs reliability, so one 

novel set up is designed for evaluating SMAs reliability, and its application is 

also fabricated, which is discussed in chapter 4. 

 

 

 

 

 

 

 

 

Fig 2.16 a) Hot water safety valves in outlet of bath, b) Operating principle of hot water 

safety valves in bath [85] 

(a) (b) 
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Authors Studied a wet SMA actuator consists of SMA wire enveloped in 

fluid that is contained within a compliant tube [86-87]. This compliance allows 

for the actuator to expand and contract with minimal spring resistance. 

 

 

 

 

 

 

Fig. 2.17: Bath Tub Adaptors [85] 

Fig. 2.18: Wet SMA actuator design [86] 
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The fluid inlet of the actuator is connected to a terminal that is supplied 

with hot or cold fluids, and the outlet is connected to a terminal that dumps the 

used fluid into a lower pressure reservoir (Fig 2.18). Entire wet SMA actuator 

arrays have been used to control hand and finger movement and could be used to 

control other high degree-of-freedom mechanisms as well.  

 

 

 

 

 

 

 

 

 

 

The initial prototype contains a 4x4 array of 16 actuators controlled by ten 

solenoid valves, where 25% of the actuators can be activated at any one time (Fig 

2.19). Since only a subset of the actuators can be activated at any time, various 

methods of scheduling the resources (i.e., valves) are investigated [88], as well 

as various ways to define the error or difference between the desired and 

actual states of the array. 

 

2.2.3 Laser Assisted Actuation: The super-elasticity and shape memory 

properties of NiTi alloy make it a potential material for new biomedical 

applications. Laser surface treatment is used to improve the corrosion 

resistance of NiTi SMA Plates. Potentio-dynamic tests in physiological 

Hank’s solution show that the laser treatment performed in air improved all 

corrosion parameters [89]. The surface is homogenized, and a Scanning 

Electron Microscopy SEM observation indicates a decrease of corrosion pit 

size and numbers. First, Castleman and Motzkin [90] widely studied Nitinol 

biocompatibility and found that titanium could be considered as a 

physiologically stable material, while nickel is involved in the allergic process 

and toxicity if present in high amount. The mechanical properties of NiTi 

Fig. 2.19: Wet SMA actuator array [87] 
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SMA components are sensitive to thermal influence during laser machining. 

Thermal effects, associated with the use of a laser beam as a source of heat 

during laser machining, are one of the most important and studied aspects, 

because they are strongly able to affect the quality of the obtained result. 

These effects can be amplified when temperature sensitive materials, such as 

SMAs, are processed using laser technology [91]. Several authors proposed an 

optimization of the cut edge quality regarding kerf geometry, spatter, HAZ 

extent, and roughness using Nd: YAG laser [91]. This laser is significantly 

appreciated because of its obvious advantages, such as high beam quality, 

good focus-ability, high productivity, and reliability. Laser machining is the 

most exploited fabrication process used to shaped micro SMA elements [92-

97]. Nd: YAG lasers are widely used in micromachining, including the 

manufacturing of vascular stents [98]. Yung et al. [96] described the Nd: YAG 

laser cutting of thin NiTi sheets (thickness: 350 μm) for MEMS applications. 

Unfortunately, this technology produces some surface defects (oxides and 

melted materials) that compromise the final functional properties of the SMA 

active element. There are many methods to weld, machine and cut the NiTi. 

Fibre laser cutting is emerging as a competitive process with higher beam 

quality, reliability and process efficiency. To evaluate the cutting quality 

between pulsed Nd: YAG lasers and fibre lasers, comparative experiments 

were conducted by Ahmed et al. [97] and Meng et al. [99]. In previous work, 

fibre laser is used for Machining of SMA, but for getting thermo-mechanical 

behavior, no set up is available. For this, Pulsed Nd—YAG laser interaction 

on NiTi is discussed in chapter 5 and continuous Fibre laser interaction on 

NiTi is elaborated in chapter 6. 

The phase transition is associated with heat emission (or absorption 

during a reverse loading). Since the phase transformation is induced either by 

temperature or stress, so the local temperature will change accordingly [100]. 

NiTi is preferred for thermo-mechanical treatment due to its high sensitiveness 

to variations [101]. For the thermo-mechanical cyclic deformation of NiTi 

SMAs, many experimental observations and constitutive models were 

performed and constructed in the last decades, respectively, as reviewed by 

Kang et al., [102] and Lagoudas et al., [103] and more recently in Refs. [104-

111]. The state-of-art of thermo-mechanical cyclic deformation of NiTi SMAs 
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can be referred to the reviewed papers mentioned above and the referred 

literature there. 

Thermo-mechanical behavior and life cycle analysis of SMA is 

required to know the fatigue limit of the used form of shape sheet, spring, wire 

or rod. Various applications of SMA are summarised in the upcoming section. 

2.3  Research Objectives and Approach: 

SMA actuators have generally been considered to be slow, inaccurate and 

difficult to control continuously. The approach that will be adopted for 

conducting this research will include performing a literature search to provide 

a summary control technique that has been suggested for SMA’s especially 

NiTi. The primary objective of this study is to provide various mediums of 

actuation of SMA and investigate control methods that are more effective than 

those currently available. 

Specifically, intentions are on: 

1. Design and development of experimental set up for electrically actuated 

SMA sheet/spring and implementation of control strategies with its practical 

application with its characterization. Different Interferometer technique is also 

implemented for precise positioning of SMA’s. 

2. Design and development of experimental set up for hot water actuated 

SMA spring with its practical application with its characterization. 

Comparative analysis is also done for Hot water actuation as well as Joule 

heating. 

3. Development of experimental set up for laser (continuous fibre) assisted 

actuation of SMA spring with its practical application with its 

characterization. 

4. Development of test bed for pulsed laser assisted actuation and its 

comparison with the previous one. 

This research will include studying control techniques that lend 

themselves to open as well as closed-loop control of SMA’s. Included chapters 

are focussed on the design and development of micro-systems. 

Actuation methodologies which are used in this thesis are given as a block 

diagram in Fig 2.20: 

 



44 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4 Outline of the Thesis:  

This dissertation is organized in the following manner: 

 Chapter 1 concludes with the outlines of the intended contributions of this 

study.  

 Reviews for thermo-mechanical behavior and life cycle analysis with 

applications are summarised in chapter 2. 

 In chapter 3, actuation study of SMA through Joule heating is investigated, 

and the application has been developed. 

 Hot water actuation of SMA has been explored with its relevant application. 

 Non-contact actuation studies have been performed to explore the SMA 

actuation in chapter 5 (Pulsed laser actuation of SMA) and 6 (continuous 

laser based SMA actuation). 

 Chapter 7 gives the conclusion of the current research work and the scope of 

future work. 

Thermomechanical 

Behavior 

Theoretical 

Investigation 

Life cycle  

Analysis 

Laser Assisted 

Actuation 

Actuation Methodologies 

Contact Type Non-contact Type 

Electrical Actuation 

Hot water Actuation 
Pulsed Laser 

Actuation 

Continuous fibre 

Laser Actuation 

Fig. 2.20: Flow chart of actuation approach 
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Chapter 3 

Electrical Actuation of SMA spring 

This chapter discusses the development and comprehensive investigations of the 

thermo-mechanical behavior of electrically actuated shape memory alloy (SMA) 

spring. Control strategies, i.e., on-off controller, PID controller is implemented for 

precise control of displacement which is verified through Talbot interferometry and 

compared with laser displacement sensor measurement. Micro-device such as 

Stewart platform is developed and analyzed. Further, characterization analysis is 

performed to investigate the material properties in detail. Further, Theoretical and 

heat transfer analysis is performed to correlate the results. 

3.1  Introduction: 

There have been several discussions over the past few decades as to whether 

SMAs can respond rapidly. As discussed in the literature review from chapter 

2, researchers have chosen NiTi in various forms due to its unique properties 

such as shape memory effect, super-elasticity, high damping capacity, high 

kinetic output, noise-less operation largest actuation force among actuators 

[112-113].In this chapter, a novel experimental set up has been fabricated for 

life cycle estimation of SMA through electrical actuation.  

The hysteresis response of NiTi is highly dependent on the applied 

load and temperature. Life cycle estimation of SMA can be done by using 

heating and cooling, in which Joule heating plays an important role to actuate 

SMA, for cooling natural convection and radiation is the best option. SMA 

material is actuated via Joule heating and proposed for a different application 

which is discussed below. Parameters which have varied during 

experimentation are voltage, load, and displacement.  

3.1.1. Past studies on developed directional control valve: In the past, a 

novel directional control valve (DCV) using SMA springs was used to reduce 

the draw [121]. In this DCV, SMA spring is used to reduce the drawbacks 

present in other designs with lever-spring operated DCV automation where the 

frequency of operation is limited. 
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For its development, it was required to know the stiffness of NiTi 

SMA. Therefore the stiffness of NiTi spring is measured initially. 

 Procedure to measure Stiffness: Displacement of the spring was measured 

using digital venire caliper by varying the load applied in the steps of 0.5N 

each starting from 1.0 N to 3.5 N which was limited by the capacity of the 

spring. 

It was observed that the plot between force vs. extension was not linear 

for the entire range of forces utilized. Since the properties of SMA vary in 

high degrees as compared to any steel alloy, this non-linearity was highly 

expected, Further, when the curve was broken into linear segments, equation 

for the each of them found to have some constant term as shown in Fig 3.1, 

which is the unique property of all tension springs known as “prestressing”. 
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Parameters Value 

Coil Diameter (D) 3.5 mm 

Wire diameter (d) 1.5 mm 

Number of Turns (n) 20 

Length of spring (l) n*d = 30 mm (compressed) 

Fig. 3.1: Force applied vs extension of the SMA tension spring 

 

Table 3.1: SMA Spring specification 
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Therefore from these results, the spring constant (spring stiffness) values for 

different loads were obtained along with the pre-stress values which are 

mentioned in Table 3.2. 

 

 

 

3.1.2 Fabrication of DCV: SMA spring stiffness of 344.43 N/m was used to 

fabricate directional control valve. DCV which was designed through Pro-

Engineer software according to given dimensions in Fig 3.2. 

Force Range (N) Spring stiffness (N/m) Pre-stress value (N) 

1.0-1.5 129.53 0.6749 

1.5-2.0 49.95 1.1818 

2.0-2.5 25.13 1.5884 

2.5-3.0 69.34 0 

3.0-3.5 70.79 0 

Side view Front view 

Top view Isometric view (Modelling using Ansys) 

Fig. 3.2: Design of DCV a) side view, b) front view, c) Top view, d) Isometric view 

Table 3.2: Results from the testing of the SMA tension spring 
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To check its thermomechanical behavior an experimental set up was 

fabricated. Identical set up was utilized for the life cycle of SMA spring. Fig 

3.3 depicts the working model of DCV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

According to the literature [5], comparative analysis is given, and 

spring was preferred than the other shapes 5 which are mentioned in Table 3.3.  

 

 

 

 

Property wire sheet Tension spring 

Actuation (Relative 

displacement) 

Very Small Moderate Adjustable 

Restoring force 

required 

Low Very High Very Low 

Implementation in 

the design 

Easy Difficult Easy 

Table 3.3: comparison analysis of different shapes of NiTi SMA 

 

Fig. 3.3: Developed directional control valve (DCV) a) working model, b) Top view 

 

(a) 

(b) 
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3.2 Experimental setup for the Thermo-mechanical behavior of 

the SMA spring: 

 

A test bench has been developed for investigating the thermo mechanical 

behavior through Joule heating. The life cycle analysis requires actuation 

through heating and cooling of the SMA actuator over some cycles until the 

failure was observed. It was further verified through characterization 

techniques. The spring has undergone thermomechanical fatigue, and it was 

observed that the springs failed to return to its original shape with an increase 

in cycles due to inelastic deformation.  

 

 

 

 

 

 

 

 

 

SMA fatigue behavior is generally characterized in three different ways [98].  

First, fatigue by fracture due to stress or strain cycling at a constant 

temperature. S, change in physical, mechanical and memory properties due to 

pure thermal cycling through the transformation region.  Third, change in 

physical, mechanical, and memory properties are due to a combination of 

thermal cycling through the transformation region with constant stress or 

strain loading. 

 

Fig 3.4 (a): Line Diagram for SMA actuation for Joule Heating 
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In most of the mechanical applications, the third kind of fatigue 

behavior is common, and the same is considered here.  For that, an 

experimental set up was designed and developed to carry out the data from the 

starting point to till failure. Fig 3.4 (a)  and 3.4 (b) represents the schematic 

overview and photographs of the experimental setup. Components used in 

developed set up are: 

i) SMA spring: Due to the spring action, one-way trained SMA springs are 

widely used as micro-actuators. Therefore, this setup incorporated spring as an 

SMA component. Specification of SMA springs is given below:  

Table 3.4: Specification of SMA spring 

wire dia. 

(mm) 

Mean 

diameter of 

the coil 

(mm) 

No. of turns 
Solid length 

(mm) 

Actuation 

Temperature 

(ºC) 

    0.77       5.69        18        13.86        70-80 

 

DSC analysis of SMA NiTi spring (Equiatomic) is shown in fig 3.5 

Fig 3.4 (b): Experimental Set up for Joule Heating 
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ii) Load:  External force was needed to keep the spring extended as the 

spring was trained to contract upon actuation. Different weights are used 

experimentation. 

iv) Programmable power supply (PPS): Thermomechanical cycles of the 

spring’s required specific power which was obtained using a PPS (Model: 

RIGOL: DP1308A).  

v) Laser Displacement Sensor (LDS): As the study involved micro-

actuation, LDS was chosen over other displacement measuring devices which 

gave the resolution of 2.5µm. (Panasonic HLG108-A-C5). Measurement and 

center distance for this LDS was 85 ±20 mm whereas beam diameter was 

0.75 × 1.25 mm. 

vi) Thermocouple: K-type thermocouple was used to record the temperature of 

the spring over the actuation cycles. K-type provided stable calibration in the 

actuation range (−200 °C to +1350 °C). 

vii) Data  Acquisition  System  (DAS):  Measurements provided by LDS were 

recorded using a DAS and were directly saved into a computer for further 

study (Agilent 34970A).The Keysight 34970A data acquisition/data logger 

switch consists of a three-slot mainframe with a built-in 6 1/2 digit digital 

multimeter. Each channel can be configured independently to measure one of 

Fig 3.5: DSC curve of virgin NiTi spring 
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11 different functions without the added cost or hassles of signal-conditioning 

accessories. 

 

3.2.1 Experimentation: The set up used an LDS,  K- type thermocouple; 

PPS; external weight applied to the spring with the help of a pulley and SMA 

spring. The NiTi SMA spring was procured to investigate the life 

characteristics of the spring. The specification of the spring used for the 

current case study is given in Table 3.4. It was one way trained and spring 

contracts upon actuation, i.e., application of voltage.  The external load has 

been applied to keep the spring in the extended position. The specific energy 

required for the phase transformation of the spring is supplied through PPS.  

PPS also helps in controlling the heating and cooling cycles of the springs. 

 

At the beginning of the experiment; weight is applied to the spring and 

keep the spring in extended position. After applying a voltage Vc to the spring 

through PPS; spring recover its original length against the gravity by lifting 

the weights. After recovery; voltage has been cut off and allows the spring to 

cool at room temperature. During cooling, the external weight applied to the 

spring force to spring back to the deformed shape.  Some iteration has been 

performed to calculate the time for heating and cooling of the SMA spring. 

The heating and cooling phase of the spring is named as actuation.  The 

combined actuation for one cycle is required for measuring the life cycle of 

spring. The reduction in elongation over the number of cycles is the 

representation of the failure. The elongation of the spring was measured with 

the help of the  LDS.  K- Type thermocouple was attached to measure the 

temperature during actuation and release of the spring.   

 

The designed experimental set up has the following advantages for life 

cycle analysis which is elaborated in section 3.5. 

a) The voltage can be supplied to the spring from 0 V to 6 V. So, accelerated 

life analysis can be made through supplying different voltages to the spring. 

b) The mechanical load applied to the spring can be varying from 0 N to 20 

N. By considering mechanical load as a stress factor for the spring failure an 

accelerated life analysis can be done. 
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c) Spring of different stiffness parameter can be used for the analysis.  

Consequently, the model can be developed by considering stiffness as a stress 

factor. 

d) Stimulus (i.e., voltage) and weight can be applied in steps for accelerated 

step for life cycle analysis. 

 

3.2.2 Actuation Analysis: Experiments were performed with the springs 

having similar mechanical properties using different voltage waveforms. 

During each experiment, the displacement and temperature data of the spring 

was recorded for every 200
th

 milli-seconds for the entire operating life of the 

spring. 

Thermo-mechanical behavior is investigated at three different weights 

i.e., 2.5 N, 3.5 N and 4.5 N and with three different voltage 2.0 V, 3.0 V and 

4.0 V. Its corresponding temperature is measured with K- type thermocouple 

which is in the range of 30
°
C - 60

°
C. At 2.5 N weights, displacement is 15.10 

mm with its temperature 54.49
O
C which increased up to 18.32 mm at 3.5 N 

with 58.69
°
C. Maximum displacement is achieved which is 21.25 mm at 4.5 N 

with 58.93
°
C. In order for getting constant displacement for each cycle, the 

value was optimized and tabulated below (Table: 3.5) 
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For the same cycle, the hysteresis curve is plotted for various 

mentioned weight, i.e. 2.5 N, 3.5 N and 4.5 N (Fig 3.7 a, b and c). 

 

Parameters Voltages 

Weights 2V 3V 4V 

2.5 N H-30 s C-70 s H-28 s C-69 s H-20 s C-63 s 

3.5 N H-32 s C-72 s H-24 s C-65 s H-18 s C-80 s 

4.5 N H-34 s C-74 s H-30 s C-58 s H-14 s C-82 s 

Displacement At 2.5 N 15.10 mm At 3.5 N 18.32 mm At 4.5 N 21.25mm 

 

 

 

 

 

 

 

 

 

 

Table 3.5: Heating (H) and cooling (C) at different voltages and weights 

 

Fig 3.6: Displacement vs Time at 2.0 V for different weight a) for 2.5 N, 3.5 N and 4.5 

N, b) Temperature vs time plot for 2.5 N, 3.5 N and 4.5 N, 
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Fig. 3.7: Hysteresis curve for actuation of SMA at 2.0 V and a) 2.5 N, 

 b) 3.5 N, and c) 4.5 N 
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Hysteresis curves for five cycles at different load (2.5 N, 3.5 N and 4.5 N) 

with 2.0 V is plotted in Fig 3.8. Since the spring was used in test bench so it 

can be in a reversed manner also. 

 

  

 

 

 

 

 

 

Fig. 3.8: Hysteresis curve for actuation of SMA at 2.0 V and a) 2.5 N, 

b) 3.5 N, and c) 4.5 N 
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  Similarly, the thermomechanical behavior of SMA 

(displacement vs. time) is plotted in Fig 3.9 when spring was loaded at 2.5 N, 

3.5 N and 4.5 N and applied with 3.0 V. For the same cycle temperature vs. 

time graph is plotted. Actuation behavior for the single cycle is plotted in Fig 

3.10.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.9 Displacement vs Time at 3.0 V for different weight a) for 2.5 N, 3.5 N 

and 4.5 N, b) Temperature vs time plot for 2.5 N, 3.5 N and 4.5 N 
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Hysteresis curves for five cycles are also shown below in Fig.3.15, at 3.0 V for 

the same loading condition. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.10: Hysteresis curve for actuation of SMA at 3.0 V a) 2.5 N, 

b) 3.5 N, c) 4.5 N  

(a) 

(b) 

(c) 
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Fig. 3.11: Hysteresis curve for five cycles at 3.0 V and a) 2.5 N, 

b) 3.5 N, and c) 4.5 N 

 

Fig 3.12: Displacement vs Time at 4.0 V for different weight a) for 2.5 N, 3.5 

N and 4.5 N, b) Temperature vs time plot for 2.5 N, 3.5 N and 4.5 N  
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When Spring was actuated with 4.0 V, and at the same loading 

condition, the range for displacement was 10-15 mm. The same process was 

repeated by five times whose thermomechanical behavior and hysteresis curve 

is graphed in Fig 3.14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.13 Hysteresis curve for actuation of SMA at 4.0 V a) 2.5 N, 

b) 3.5 N, c) 4.5 N  
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Fig. 3.14: Hysteresis curve for five cycles at 4.0 V and a) 2.5 N, 

 b) 3.5 N, and c) 4.5 N 
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In all hysteresis curves, it can be easily seen that they are intersecting each 

other at a particular point. In Fig 3.7 point of intersection is 12.74 mm due to 

its phase transition. While heating it was not visible but when cooling started 

at that time, austenite came to the martensite phase and crossed the curve, 

resulting intersection. The plot for displacement and Time, Temperature and 

time, and hysteresis curves are shown in Figs 3.7- 3.15. 

3.2.3 Heat Transfer Analysis: Knowing the heat transfer of the joule heated 

SMA spring places a vital role in determining its application. For that Heat 

balanced equation can be written as: 

𝑉2

𝑅
= 𝑄𝑐𝑜𝑛𝑑 + 𝑄𝑐𝑜𝑛𝑣. + 𝑄𝑟𝑎𝑑. + 𝑚𝐶

𝑑𝑇

𝑑𝑡
… … … … … … … . 𝐸𝑞 3.1 

Here m is the mass of the spring, 𝑉 is the potential difference applied, R is the 

electrical resistance of the spring, 𝐶  is the specific heat, 𝑇  is the surface 

temperature of the spring and t is the time as observed from the experiment. 

Pictorial representation is in Fig 3.15. 

Shu et al. [114] proved that for long wires, the temperature distribution is 

uniform along the length of wire and cross sections except for the two ends, so 

we neglect Qconduction. It seems valid to avoid this term since heat loss due to 

conduction  

 

 

 

 

 

 

 

 

 

Fig 3.15: Heat loss in cylindrical SMA wire 

 

Conduction Conduction 

Convection and radiation 

Convection and radiation 
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would be negligible in the alloy due to its metallic properties which added 

with small radius of the wire leads to small Biot’s number (Bi). Hence 

𝑄𝑟𝑎𝑑.can be neglected due to its less value. 

Heat transfer coefficient was calculated for heating in air, calculated by 

Hossein Talebi and Hossein Golestanian [115]: 

ℎ(𝑇) = −4.034 × 10−7𝑇4 + 0.0001654𝑇3 − 0.2586𝑇2 + 2.07𝑇 + 41.96 

      T (°C) and h (W.m
2 

. °C
-1 

)  

We can call that heat required for phase transformation as 

𝑄𝑝ℎ𝑎𝑠𝑒 𝑡𝑟𝑎𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛.  

To determine the value of 𝑄𝑝ℎ𝑎𝑠𝑒 𝑡𝑟𝑎𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 we need to discuss about ξ(𝑇) 

i.e. Martensite fraction relation. Liang ,and Rogers [116] proposed a model for 

ξ(𝑇).  

   𝑄𝑝ℎ𝑎𝑠𝑒 𝑡𝑟𝑎𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝑚∆𝐻
𝑑ξ(𝑇)

𝑑𝑡
… … … … … . 𝐸𝑞 3.2 

Here ∆𝐻 is change in energy associated with phase transformation. 
𝑑ξ(𝑇)

𝑑𝑡
 is the 

rate of conversion of martensite into austenite. 

So considering all these factors in account, the final equation becomes: 

𝑉2

𝑅
= ℎ(𝑇)𝐴(𝑇 − 𝑇𝑠𝑢𝑟𝑟) + 𝑚𝐶

𝑑𝑇

𝑑𝑡
+  𝑚∆𝐻

𝑑ξ(𝑇)

𝑑𝑡
… … … … … . . 𝐸𝑞 3.3 

V is the potential difference applied, R is the electrical resistance of the wire, h 

is the heat transfer coefficient, A surface area of the spring, T is the 

temperature of the spring, Tsurr – surrounding’s temperature, m is mass of the 

spring, S is the specific heat of the SMA. 

3.2.3.1 Simulation of Thermomechanical behavior on SMA using 

COMSOL: 

It is simulated using comsol software also, which is shown in Fig. 3.17. It was 

necessary to test the model for the thermo-mechanical behavior of SMA 

spring. The most critical component of the assembly was obviously the SMA 
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tension spring, and thus it was simulated for all the voltages. The load is only 

playing important role for extension of spring and temperature is responsible 

for actuation of the spring. The followings are the result of the simulation 

performed under a different voltage applied to simulate the electrical actuation 

effect in the Shape memory spring. The following analysis is the result in 

which spring is attached with clipper of the power supply and heat is 

transferred uniformly. Spring is actuated by 2.0 V when it was loaded with 2.5 

N then temperature profile was compared as per heat transfer analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.16 shows the comparison analysis of simulation. Since 

temperature is important parameter for heat transfer.Behavior of spring is 

continuously affected due to its voltage value.  

Table 3.6 shows the required properties for simulation: 

 

 

Fig 3.16: Comparison analysis for actuation of SMA spring for 2.0 V (with 

experimental and simulation) 
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Material Properties Values (Unit) 

Density 6450 (Kg/m
3
) 

Heat capacity at constant pressure 550 (J/Kg-K) 

Thermal conductivity (Austenite) 18 (W/m-k) 

Thermal conductivity (Martensite) 5 (W/m-k) 

Electrical conductivity 6e5 (S/m) 

Relative Permittivity 0.9 

Terminal Voltage 

Heat Transfer Coefficient 90-120 (W/m
2
.K) 

Ambient Temperature 25 (˚C) 

 

 

 

 

 

 

 

Table 3.6: Material properties for simulation 

(a) 
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Fig 3.17: Simulation of SMA spring under condition of different 

voltages a) 2.0 V,  ) 3.0 V, c) 4.0 V 

(c) 

(b) 
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Fig. 3.18: Basic principle of on-off controller 

 

Note: The boundary condition of this process is the same as the previous one, 

but the above was performed for various cycles. Since the potential difference 

between the two ends of the heating contact becomes zero at the center, the 

highest temperature is witnessed at that point itself. The red portion shows the 

most vulnerable section as both ends is attached with a clipper. When 2.0 

voltage is applied then one cycle completed in 30 s for that temperature was 

exceeding from 25 to 60 ºC, whereas for 3.0 V, one cycle is completed in 25 s 

for the temperature requirement of 25 to 75 ºC. For 4.0 V, one cycle is 

completed in 20 s for the temperature requirement of 25 to 80 ºC 

3.3 Control Strategy: In this experimental set up two types of controllers 

were used to control the displacement precisely i.e.on-off controller, and 

proportional-integral-derivative (PID) controllers.  

3.3.1. On-Off controller: On-Off control is the easiest form of feedback 

control. An on-off controller is simplest type of feedback control. An on-off 

controller simply drives the manipulated variable from fully closed to fully 

open depending on the position of the controlled variable relative to the set 

point. Although on-off is a very cheap form of control. It is rarely used in 

process control applications because of the oscillation it causes in the 

controlled and manipulated variables. In a connected process, these 

oscillations would be propagated right through the system. 
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On-off control is like operating a switch. This type of displacement controller 

will turn on the power supply (PS) when the process variable is below the set 

point (SP) and turn it off when the process variable (PV) is above the set point. 

These controllers normally include a delay, hysteresis and or a cycle time to 

reduce the cycling or "hunting" when the process variable is close to the set 

point (Fig 3.18). 

If it has too much power.On/off controller will struggle to provide 

exact displacement control because the heating element (SMA) will store and 

deliver too much heat before the displacement reached the "off" points shown 

in Fig 3.20. Since displacement is controlled, so it was stable at a particular 

position. Hence overshoot can be seen in the temperature profile. 

The difference between desired output and current output is actuating 

error signal (e) that depends on the sign of e for control signal i.e.  

U(t)    = U1e(t)<0 at on condition 

= U2e(t)>0 at off condition 

In the current scenario, to control the position of SMA spring U1 was set to 0V 

and U2 was varied as 2.0 V, 2.5V, and 3.0 V.  

Note:  It should be noted that, even though the spring is compressing, the 

scales have to be multiplied with a common factor to have a zero reference 

and a positive scale for better understanding. It was observed that, while the 

spring was compressed during actuation, the values change from negative to 

zero. After changing the values to positive scale, the reading indicates the 

control position at 10 mm, 15 mm and 20 mm which was observed as -10 mm, 

-5 mm and 0 mm.  

 

3.3.1.1. Implementation of the controller: In place of the simple power 

supply, the programmable power supply is used to control the SMA 

displacement according to requirement. Parameters are optimized for different 

displacement. The timing for actuation of SMA is optimized, as mentioned in 

Table 3.3, as it was required to know that how much elongation can be 

achieved at a particular voltage and weight. On displacement basis, SMA is 
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controlled. SMA displacement is controlled at 10 mm, 15 mm and 20 mm for 

2.0 V, 2.5 V and 3.0 V with the weight of 2.5 N, 3.5 N and 4.5 N. 

 

Fig 3.19 (a) and 3.19 (c) shows controlled position of spring at 10 mm 

and 15 mm for 2.5 N and its corresponding time versus temperature graph is 

represented in Fig 3.19 (b) and Fig 3.19 (d). The experiments were conducted 

with three different voltages of 2.0 V, 2.5 V and 3.0 V. Only two control 

positions were selected as the spring returned to its original position. It can be 

observed from Fig 3.19 (a) that, at 2.0 V a maximum displacement of 12 mm 

within 9 s was detected, and the spring attained its controlled limit within 28s. 

Further, it returned to the control position in 44 s. The precise control was 

achieved at a cycle time of 42 s. 
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At 3.0 V, maximum displacement was 10 mm and it took approximately 67s 

to reach the control position. In Fig 3.19 (c), spring is loaded with 2.5 N, and 

controlled at 15 mm, working under different voltages. All voltages are able to 

control the spring at 15 mm after 50 s from the beginning. The temperature 

profile for 10 mm control was varying from 45
°
C-60

°
C, and it increased 

Fig 3.19: Spring loaded with 2.5 N controlled at 10 mm, 15 mm a) Displacement 

vs. time curve for 2.0 V, 2.5 V and 3.0 V when controlled at 10 mm, 

b)Temperature vs. time curve for 2.0 V, 2.5 V and 3.0 V when controlled at 10 

mm, c) Displacement vs. time curve for 2.0 V, 2.5 V and 3.0 V when controlled at 

15 mm, d)Temperature vs. time curve for 2.0 V, 2.5 V and 3.0 V when controlled 

at 15 mm 
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drastically for 15 mm, where it reached 100
°
C but gradually reduced after the 

first cycle. It was evident that, at 2.5 N, 15 mm control was reliable with 

on/off controller. 

 At higher loads, one more control position was possible when the 

maximum elongation achieved. In Fig 3.20 (a) displacement versus time at 2.0 

V is shown, where the displacement increased drastically. It reached 14 mm 

and then gradually reduced to 10 mm whereas at application of 2.5 V, 

displacement was 14.5 mm and it was not stabilized properly at 10 mm. There 

were fluctuations in displacement and temperature as the voltage was 

increased to 3.0 V. At 3.0 V, maximum displacement was 25 mm then it 

returned to 9.5 mm.   
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 The temperature profile is shown in Fig. 3.20 (b). Precise control at 15  

mm is achieved at every voltages after 25 s, for that 60
°
C-70

°
C is required as 

depicted in Fig. 3.21 (d).  In Fig 3.20 (e) shows displacement versus time at a 

voltage of 2.0 V, 2.5 V, and 3.0 V. when spring is controlled at 20 mm with 

3.5 N loads, It was observed that displacement is not precisely controlled as 

observed in the previous study at 15 mm. Fig. 3.20 (f) shows that temperature 

is also fluctuating at that time. Therefore, 15 mm was precisely controlled for 

the 3.5 N loads with different voltages. Further increasing the load showed 

that the control was better as witnessed at 15 mm. However, the temperature 

of the spring fluctuated.  

The load was increased from 3.5 N to 4.5 N, and three control 

positions were selected. The time vs. displacement graphs is shown in Fig 3.21 

(a, c, e). Its corresponding temperature profile is plotted in Fig. 3.21 (b, d, and 

f). Since displacement depends on-increment or decrement of voltage 

fluctuation was observed as seen in Fig 3.21(a), when the control position was 

10 mm. The maximum displacement was 15 mm, 32 mm and 37 mm for 2.0 

V, 2.5 V, and 3.0 V respectively. In the Fig, 3.21, it can be seen that at 

controlling time for 10 mm distance of all the voltages were increasing, i.e. 20 

s, 80 s and 100 s. However, control is not proper due to fluctuations.  

 

Fig. 3.20: Spring loaded with 3.5 N controlled at 10 mm and 15 mm, and 20 mm for 

different voltages a) Displacement vs Time curve for controlled position at 10 mm b) 

Temperature vs Time curve for controlled position at 10 mm, c) Displacement vs 

Time curve for controlled position at 15 mm,  d)  Temperature vs Time curve for 

controlled position at 15 mm, e) Displacement vs Time curve for controlled position 

at 20 mm, f) Temperature vs Time curve for controlled position at 20 mm  
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When controlling position was 15 mm and 20 mm, as shown in Fig 

3.23 (c) Temperature for all these cases was varying between 40-50 
°
C due to 

difficulty in control.  

3.3.2 PID Controller: The equation used for control using PID controller is -  

 

𝑈 (𝑡) = 𝐾𝑝. 𝑒(𝑡) +  𝐾𝑖 (∫ 𝑒(𝑡)
𝑡

0

) + 𝐾𝑑.
𝑑(𝑒𝑡)

𝑑𝑡
… … … … … … … 𝐸𝑞 3.4 

 

In these equations, 𝐾𝑝is the proportional tuning constant, 𝐾𝑖  is the integral 

tuning constant, 𝐾𝑑 is the derivative tuning constant, Ti is the integral time, 

Tdis the derivative time and error 𝑒(𝑡)is the difference between the setpoint 

𝑟(𝑡)and the process variable 𝑐(𝑡)at time 𝑡. The process of determining the 

parameters for PID controller  𝐾𝑝 , 𝑇𝑖  and 𝑇𝑑  to achievehigh and consistent 

performance specifications is known as controller tuning. In the designof a 

PID controller, these controller parameters must be optimally selected in such 

a way that the closed loop system has to give desired response [102]. 

Moreover, the operation ofthe parameter determination must be performed as 

fast as possible for a given process. 

a 

Fig. 3.21: Spring loaded with 4.5 N controlled at 10 mm and 15 mm, and 20 mm for 

different voltages a) Displacement vs Time curve for controlled position at 10 mm b) 

Temperature vs Time curve for controlled position at 10 mm, c) Displacement vs 

Time curve for controlled position at 15 mm,  d)  Temperature vs Time curve for 

controlled position at 15 mm, e) Displacement vs Time curve for controlled position at 

20 mm, f) Temperature vs Time curve for controlled position at 20 mm  
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3.3.2.1 Mathematical Model: A first-order linear transfer function was chosen 

to model the SMA spring. A step input of 2.0 V was provided to the SMA 

spring for obtaining the transfer function where the response time and 

temperature was recorded. The analytical expression for this transfer function 

is: 

G(s) = K / (T1S +1)…………………Eq. 3.5 

Where K is process gain and T1 is time constant for process 

The transfer function of the given SMA spring system was 

incorporated in MATLAB using the system identification tool. It is to be noted 

that the transfer functions will change in a different physical setup, where 

different loads are used as the response behavior will vary. 

Hence the values of the constants, fitting the transfer function equation of the 

system are compiled in Table-3.7. 

 

 

 

 

 

 

3.3.3 Comparison of PID controller with the on-off controller: In this 

section, a comparative study was done for on/off the controller and PID 

controller when spring was loaded with different weights. The finest control 

achieved with on/off the controller and the corresponding voltage value was 

taken as input for the PID controller for comparison. Fig.3.22 (a, b, c) shows 

15 mm controlled position at different loads 2.5 N, 3.5 N, 4.5 N 

Weight(N) K T1 

2.5 10.059 1965.5 

3.5 10.609 1783.5 

4.5 11.16 1602 

Table-3.7: Values of Process gain (K) and Time constant (T) for different weights 



78 
 

 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When controlling distance was 15 mm with 2.5 N loading conditions as 

shown in Fig 3.22 (a) with on/off controller and PID controller, both 

implementation gives precise control, however at lower loads PID controller 

needed certain time to gain its control over the spring, which was not in the 

case with on/off controller. As the load was increased to 3.5 N, the time 

required increased as seen in Fig 3.22 (b) and it required approximately 32 s 

for PID controller to gain control. With a higher load of 4.5 N, the overshoot 

was less with PID controller, and it was much more suitable than on/off the as 

fluctuations were high and the cyclic behavior as observed Fig 3.22 (c).  

 

3.4 Life Cycle Analysis: 

In this study, experiments were performed at three different voltage 

waveforms of 2.0 V, 3.0 V, and 4.0 V and at an external load of 3.5 N. The 

spring was assumed to fail when the elongation reaches to 0.1 mm (i.e., 

critical elongation =0.1 mm). Ten spring’s run to failure experiment was 

performed at each voltage, i.e., 30 experiments.  

 

Fig 3.22: Comparison of spring for on/off (3 V) and PID controller when a) 

Displacement vs time curve when spring is loaded with 2.5 N b) Displacement 

vs Time curve for loaded with 3.5 N c) Displacement vs Time curve for loaded 

with 4.5 N  
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Fig 3.23: Plot showing reduction in elongation with number of cycles 
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From figs 3.23 of each experimental condition; it was observed that recovery 

stress or strain in spring is continuously changing with some cycles and this behavior 

gets stabilize only after some number of cycles. The time to failure obtained for each 

spring is shown in Table 3.8.  

3.4.1 Failure Diagnosis using Morphological analysis: The cause of the 

spring failure is degradation in mechanical properties; the same is investigated 

using Scanning Electron Microscopy (SEM) and Thermogravimetric Analysis 

(TGA). SEM is generally used to carry out the surface morphology of the 

object. TGA monitors the mass of a substance due to gas release or absorption 

as a function of temperature as the specimen subjected in a controlled 

atmosphere. 

Three different analyses have been carried out here: virgin spring (i.e., 

run for zero number of cycles), deformed spring (i.e., run for 100 number of 

cycles) and failed spring (i.e., run till failure). Fig 3.24 shows the obtained 

image using SEM for all three cases.  

 

From Fig 3.24 (a), uniform surface morphology throughout the length 

of the virgin spring is observed and with cycles of operation spring is lead to 

cross the elastic deformation (Fig 3.24 (b) and Fig 3.24 (c). It means with 

aging, the material is not able to retain residual strain in it and results in the 

generation of pores with some cycles. These pores are generally formed during 

the application of the stimulus. SMA is generally at higher temperature and 

oxygen is entrapped into it and which ultimately makes the material brittle and 

leads to failure of the spring. The same phenomenon has been investigated 

using TGA analysis. 

Spring ID 1 2 3 4 5 6 7 8 9 10 

TTF (for 

2.0 V) 

6560 7432 5824 7168 7564 5912 6100 3996 7808 7584 

TTF(for 

3.0 V) 

1839 2049 1422 2427 1503 1917 1761 1524 4488 2943 

TTF (for 

4.0 V) 

1398 1192 1860 1198 2956 3792 2000 3904 1174 1618 

Table 3.8 SMA springs fatigue lifetime data 
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So, from TGA and SEM it can be concluded that failed spring has the 

higher oxygen entrapment which results in retardation in actuation of the SMA 

spring.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mag =1KX (a-ii) 

Mag =69 X (a-i) 

Mag =69 X (b-i) 
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Fig. 3.24: SEM image of the surface of the SMA spring  

(a) Non-Treated spring (b) deformed spring (c) failed spring 

 

Mag =284 X (c-i) 

Mag =1KX (c-ii) 

Mag =1KX (b-ii) 
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The TGA plot (Fig 3.25) shows the percent mass as a function of 

sample temperature. During analysis, the samples are put inside the furnace in 

an inert atmosphere. All samples were heated to 300º C from room 

temperature with a heating rate of 10º C/ minute. From TGA plot, it can be 

seen that the failed spring loses the material concentration with the 

temperature which indicates the accelerated melting in comparison of Non-

Treated spring. Because in failed spring, oxygen gets entrapped inside the 

alloy, which ultimately leads to break the bond between Ni and Ti and 

material gets removed at high temperature during TGA from failed spring. 

 

Furthermore, Ti is responsible for the oxidation formation inside the 

alloy; because Ti has the great affinity to react with the oxygen as a 

comparison to Ni. Also, from the periodic table, as we go across a period, the 

nuclear charge will increase; whereas the energy level will stay the same in the 

same period. It means there is a stronger and stronger attraction for the 

electrons for the metal which is farther in the periodic table as compared to the 

nearest metal. Thus, it is more and more difficult to lose electrons and 

consequently the reactivity of the metal decreases as we go from left to right 

across the periodic table.  

 

 

As Ti has atomic number 22 and Ni has atomic number 28, it means 

based on the reason explained in above paragraph Ti is more reactive than Ni. 

Fig 3.25 : TGA results comparison between virgin and failed spring 
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Consequently, Ti has great affinity to react with the oxygen and generally 

forms TiO2 or TiO4.  

3.5 Verification of displacement using Talbot Interferometer: 

Various methods are available for the displacement measurement and life 

cycle analysis of the SMA spring based on inductance, resistance, load 

change, etc. Aguiar et al. [117] reported the displacement measurement using 

resistive displacement transducer. Costanza et al. [118] described a method in 

which a metallic base with a ceramic guide fixed inside has been adopted for 

the characterization and cyclic experiments of the springs. Ikuta et al. [119] 

developed a displacement control system for SMA spring actuators using 

resistance for estimating the displacement. The author described good 

position-control characteristics over a broad range of strain. After that, many 

researchers have used resistance feedback control in different applications. 

[120] 

 Interferometric techniques are accurate, precise and provide the highest 

sensitivity [121]. With the recent developments in the area of optoelectronic 

detection and storage, it is easy to process the data in real time. Interferometric 

techniques depend on measuring the phase change when the light passes 

through the specimen. This phase change is a function of the measurement 

variable. However, these techniques are sensitive to environmental 

perturbations too. To overcome this limitation, the use of shearing 

interferometers in measurements has been proposed. The shearing 

interferometers are common path interferometers, and hence the effects of 

environmental perturbations cancel out. 

 Talbot interferometer is one among several commonly used shearing 

interferometers. It uses diffraction grating as the shearing element. Talbot 

interferometry is stable, inexpensive and compact with a simple design. It is 

widely used in many engineering applications [122-126]. In these 

interferometers, the test and reference wavefronts are sheared and made to 

interfere with each other. The experimental arrangement is arranged such that 

when the spring is in the unloaded condition, the mirror attached to it is 

located at the at-focus position of the lens. As the spring is displaced because 

of the applied load, the position of the mirror relative to the lens varies. The 
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defocusing errors generated because of the displacement is analyzed using the 

double grating configuration. The orientation of the moiré fringe formed is 

proportional to the displacement 

3.5.1 Principle: Fig 3.26 shows the schematic of Talbot interferometry. 

When a grating with period ‘p’ is illuminated by a collimated coherent beam, 

the Fresnel diffraction pattern generate its self-image without a lens, at a 

distance,  

ZT =
mp2

λ
… … … … … … … … … … Eq 3.6 

Where‘m’ is an integer, ‘p’ is the pitch of gratings and ‘λ’ is the wavelength 

of light. 

 

 

 

 

 

The self-image is called Talbot image, and the distance between the grating 

and its self-image is called Talbot length. Previously, Prakash e. al. reported 

the collimation testing using double-grating shearing interferometry [127]. In 

the reference, authors reported the correlation between the defocusing of the 

lens and angle of orientation of moiré fringes, and report high accuracy (0.1%) 

in the determination of defocusing distance using the principle. The principle 

has been extended for the measurement of displacement drift of the SMA 

spring. The relationship between the defocusing distance (∆d) and the angle of 

orientation of fringes (∅) is given by, 

∆d =
2tan∅. tan (

θ
2) . d2

ZT
… … … … … … … … … Eq 3.7     

where, 

∅ is the angle of orientation of fringes, 

Fig 3.26: Basic principle of Talbot interferometer 
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θ is the angle between two gratings, 

L is the focal length of lens LD 

and ZTis the Talbot distance 

In this case, the defocusing distance relates to the displacement drift of the 

SMA spring. Fig. 3.26 shows the schematic of the experimental arrangement 

for determining the displacement of the SMA spring using Talbot 

interferometry. It is explained in detail in the next Section. 

3.5.2 Experimental Arrangement: The experiment for the life cycle 

analysis of SMA spring is performed in two stages. In the first stage, the five 

different SMA springs are electrically actuated for 1000, 2000, 3000, 4000 and 

5000 cycles with the actuation mechanism consisting of data acquisition 

system (Model: Agilent 34970A) and programmable power supply (PPS) 

(Model: Rigol DP 1308A). In the stage, the displacement drift of SMA spring 

is measured using Talbot interferometry. After going through the repeated 

cycles, there occurs deterioration in the SMA property, and the spring loses its 

ability to return back to its un-stretched condition fully on the application of 

the actuation potential. Because of this, there induces a drift in the 

displacement value measured. To measure displacement drift of the springs, 

Talbot interferometer has been used. The schematic of the experimental setup 

is shown in Fig 3.27. The light from 15 mW He-Ne laser having wavelength 

6328 nm is passed through the microscopic objective (MO) of 60X and the 

pinhole of size 5 µm to get uniform illumination. The light is then allowed to 

fall on collimating lens LC of 250 mm focal length. The collimated light is then 

passed through the 50-50 beam splitter (BS). 

The directly transmitted beam after passing through the focusing lens 

LD is incident onto the plane mirror, kept at the focal plane of the LD. One end 

of the SMA spring is fixed, and the other end is attached to a 1N load. From 

the spring a lightweight mirror is also attached. Initially, the mirror is so 

positioned that it is exactly at the ‘at-focus’ position when the spring is in un-

loaded condition. The back-reflected light from the M is reflected by the beam 

splitter BS and is incident on the set of two Ronchi gratings G1 and G2of 

period 2lines/mm placed at the Talbot distance. It forms the fringe pattern at 
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the charged coupled device (CCD) plane. CCD has 1392×1040 pixels with 

each pixel sized 4.65×4.65 mm
2
. 

After application of a load of 1.0 N on the pulley, the spring gets 

elongated, and the mirror moves to the in-focus position of the lens. On 

application of power supply of 2.0 V and 2.0 A the spring is actuated which 

results in the position corresponding to the un-stretched position of the spring. 

Initially before stretching original spring is used; the un-stretched position is 

set as ‘at focus’ position and this position is treated as a reference for other 

springs. The process is repeated for the springs actuated for 1000 to 5000 

cycles. But, on application of power supply, the spring does not return to its 

original un-stretched position due to the displacement drift, and hence the 

oriented fringes are obtained. Hence, the difference between the at-focus 

position and in-focus position of the mirror equals the displacement drift of the 

SMA spring.  

3.5.3 Result and discussion: The experiment was performed with five 

different springs to measure the displacement drift using Talbot 

interferometry. Initially, the original un-stretched spring is attached to the 

mirror, it is set at a ‘at-focus’ position of the defocusing lens and hence the 

horizontal fringes are obtained at CCD plane as shown in Fig. 3.28 (a). This 

setting is considered as a reference for further observations. In next step, the 

SMA spring actuated for 1000 cycle is used in place of original un-stretched 

SMA spring and loaded with 1.0 N load. On application of power supply, the 

spring gets actuated, but did not return to its reference position due to 

Fig 3.27: Experimental Arrangement for measurement of displacement drift 
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deterioration of SMA property and mirror moves towards ‘in-focus’ position 

of the lens LD, hence fringes oriented as shown in Fig 3.28 (b) are obtained. 

The procedure is repeated for four other SMA springs. Fig. 3.28 (c) shows the 

fringe pattern obtained when the SMA spring actuated for 5000 cycle is used.  

   

 

The angle of orientation of fringes is a function of displacement drift. 

It is observed from Fig. 3.28 (b) and 3.28 (c) that the inclination angle of 

fringes increases as the number of cycles increases. Fig 3.29 shows the plot of 

displacement drift with respect to number of cycles. It is observed that the 

displacement drift increases as the number of cycle increases. It also shows 

that the spring gets deteriorated after multiple uses which indicate the setting 

in fatigue inside the springs. As in any other measurement system, 

measurements are affected by errors. 

 

 

Sr. 

No. 

Number of cycles Angle orientation 

of fringes (Degree) 

Displacement drift 

(mm) 

1 1 0 0 

2 1000 17 0.875 

3 2000 24 1.275 

4 3000 27 1.459 

5 4000 31 1.720 

6 5000 

 33 1.859 

 

Table 3.9: Displacement drifts of SMA spring using Talbot interferometry 

after the completion of actuation cycles 

 

(a) (b) (c) 

Fig 3.28: Fringe pattern obtained when the mirror attached to the spring is kept at   

a) at focus, b) In focus (1000) cycles, c) In focus (5000) cycles position of the focusing 

lens 
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A brief discussion on the sources of errors looks pertinent. The errors 

are introduced due to finite imperfections/tolerances in mechanical 

components; aberration of lenses etc. There are errors due to source 

instabilities and detector nonlinearities also. The error in positioning and 

integrating mirror and gratings to the interferometer system is also there [128]. 

Distortions of the mirror can also degrade the fringe contrast in the 

interferometer and cause measurement errors. The mirror used has a local 

flatness of λ/10 yielding maximum error of 63 nm due to surface 

imperfections (manufacture’s specification). The mirror misalignment does 

affect the measurement accuracy. To check the mirror alignment due care has 

been taken by setting and matching the direction of light reflected from the 

mirror to the optic axis in the interferometry system. 

3.6  Developed Micro-Devices:  

Miniaturized mechanical and electro-mechanical elements come in the 

category of Micro-Electro-Mechanical Systems, or MEMS, (i.e., devices and 

structures) that are made using the techniques of micro-fabrication. The 

critical physical dimensions of MEMS devices can vary from well below 1.0 

µm on the lower end of the dimensional spectrum, all the way to several 

millimeters. Likewise, the types of MEMS devices can vary from relatively 

simple structures having no moving elements, to extremely complex 

electromechanical systems with multiple moving elements under the control of 

integrated microelectronics. Some microdevices are developed using sheet and 

spring whose fabrication and experimentation is described in detail: 

 

 

Fig.3.29: Displacement drift vs number of cycles 
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3.6.1 For Micromachining Applications: 

3.6.1.1 Stewart Platform:  The most novel mechanism used for flight 

simulators and position maintaining is Stewart platform or parallel 

manipulator. It is a classic example of a mechanical design that is used for 

positioning and orientating the platform concerning a fixed base. The main 

application is to fulfill the requirement of high load carrying and precise 

positioning capability. Most of them available are actuated with hydraulics 

and pneumatics whose drawback is the control of the position. The same 

platform can be used for the position control in other applications. Traditional 

actuators such as electric motors, hydraulic pump, and pneumatic necessitate 

the use of large and heavy supported and are usually very noisy. Electric 

motors are bulky, revolve at very high revolution in which reduction gear is 

required to produce needed torque [129]. In recent decades, the parallel 

mechanisms have become attractive because they exhibit advantages in the 

manufacturing accuracy and speed. This plays an important role in developing 

the micro-scale positioning platform. Researchers have investigated several 

positioning platforms based on a parallel mechanism and emphasized the 

advantages of a parallel mechanism in the precision positioning field [130]. 

Authors have designed and conducted experiment on the stiffness of a 

platform consisting of several flexure hinges [131]. Authors have reviewed a 

parallel manipulator platform based on the Stewart–platform [132]. Various 

arrangements for Stewart platform have been studied to understand the 

behavior of platform. In this work developed Stewart platform is explained 

and experimentation of SMA spring performance was carried out to find 

important data such as speed of contraction, the minimum and maximum 

weight that can be lifted and operating conditions. Fabrication and 

construction process of the platform using SMA spring actuators was based on 

analysis of the experimental results. In the upcoming sections design, 

fabrication, experimentation and control strategy is discussed in detail. 

The conventional Stewart platform developed through hydraulic actuators 

[133], pneumatic actuators [134] and servo motor [135]. The hydraulic 

actuators are large in size which can exert large force and fluid leakage is a 

major drawback. The maintenance cost of hydraulic system is higher. The 
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pneumatic actuators are faster and clean. It is limited with generating constant 

speed to control movement of bodies and has low accuracy. It is difficult to 

perform at slow speed. Servo motor technology provides great variety of 

advantages over other conventional actuators. It can provide better accuracy 

and repeatability. However the cost of this is high.  

SMA based Stewart platform reported so far is involve complicated design, 

and provide very limited displacement [136-138]. This limits the development 

of miniature Stewart platform. There are only few studies reported on the 

development and performance analysis of SMA based miniature Stewart 

platform. In this work, SMA spring based smart Stewart platform design is 

proposed which can replace the conventional actuators. The proposed design 

has simple mechanical structure and light weight when compared to 

conventional actuator based Stewart platform. The proposed design has three 

Degrees of freedom (DOFs), two of which enable the Stewart platform to 

rotate in x- and y-axis while the third DOF is responsible of moving the 

platform in z-axis. The construction of this device involves a platform, a base 

platform, and four limbs with identical dimensions. Each limb consists of a 

bias spring and an SMA actuator. The SMA actuator and bias spring placed 

coaxially to perform the 3 DOF motion. Developed Stewart Platform has been 

taken after Kinematic analysis (Fig.3.30), which is explained below: 

 

 

 

 

 

Fig.3.30: Model of Stewart Platform using Mass Spring System 

Assumption: The system is Undamped  

b =0,  The second order ODE is  

𝐹 = 𝑚𝑥̈ + 𝑏𝑥̇ + 𝑘𝑥 

Where, F = overall force, M = mass of the platform, 𝑥= displacement  

 

M 

Fixed 

𝑥𝑘 

SMA Spring 
Bias Spring 

F 
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𝐹𝑘 = (−𝑥𝑘 ∗ 𝐾𝑆𝑀𝐴) + (−𝑥𝑘 ∗ 𝐾𝐵𝑖𝑎𝑠) 

Where, 

𝐹𝑘=force exerted by the springs (Both SMA spring and Bias spring) 

𝐾𝑆𝑀𝐴, 𝐾𝐵𝑖𝑎𝑠=Spring constant 

 

𝐾𝑆𝑀𝐴 = 𝐾𝑠1 + 𝐾𝑠2 + 𝐾𝑠3 + 𝐾𝑠4 

𝐾𝐵𝑖𝑎𝑠 = 𝐾𝐵1 + 𝐾𝐵2 + 𝐾𝐵3 + 𝐾𝐵4 

𝑚𝑥̈ = ∑ 𝐹 = −𝐹𝐾 + 𝐹 

𝑚𝑥̈ = ((−𝑥𝑘 ∗ 𝐾𝑆𝑀𝐴) + (−𝑥𝑘 ∗ 𝐾𝐵𝑖𝑎𝑠)) + 𝐹 

 Kinematic Model: The proposed Stewart platform consists of 3 degress of Freedom 

(DOF). One translation in 𝑧 direction and two rotational 𝑥 in and 𝑦 directions. 

                            Fig.3.31 Kinematic model for the Translational movement 

Translation with respect to z axis  

𝒛 = 𝑳𝒔 − ∆𝑳 

Where, 𝑧=translational displacement with respect to z axis 

           𝐿𝑠= Length of the spring  

             ∆𝐿=Change in the length of the spring 

 
Fig. 3.32 Kinematic model for the rotational movement 

 

𝐿𝑃 
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Rotational with respect to in x and y axis  

𝜽𝒙 = 𝐬𝐢𝐧−𝟏(∆𝑳 𝑳𝑷⁄ ) 

𝜽𝒚 = 𝐬𝐢𝐧−𝟏(∆𝑳 𝑳𝑷⁄ ) 

Where, 

𝐿𝑃= Length of the platform 

𝜃𝑥= Rotation angle with respect to x axis 

𝜃𝑦= Rotation angle with respect to y axis 

3.6.1.2 Design and principle work: The design of the Stewart platform is 

developed in a mini scale of 50*50*8 mm
3
 and attain three degrees of freedom 

with rotation on x and y-axis with 4 mm and prismatic in z-axis with 3 mm. 

The platform consists of four similar  SMA and four biased springs coaxially.  

The resolution of the system is estimated to be around 0.2 mm, and accuracy is 

up to 0.5 mm. The springs are hinged at both ends of the platforms. One side 

of the platform is fixed like a cantilever beam. The platform is designed in a 

CAD model with hooks for mounting the springs and converted to 

stereolithography format for 3D printing (Fig 3.33). The bottom platform is 

hinged with the table, and SMA springs are mounted first into the designed 

hooks. Biased springs are installed coaxially with SMA springs and wires are 

commonly grounded, and the positive supply pins are connected to separate 

relays for the control for actuation for its actuation. 

Fig 3.33: Stewart Platform a) Design and its nomenclature, b) Fabricated Stewart 

platform  

3.6.1.3 Experimentation: Fig. 3.34 shows the experimental setup with its 

components and connections. They work in a synergic way for the desired 

output. The serial communication between Arduino, DAQ and PPS is done. 

The signal for actuation is synced for all the devices. The control of relay 

through Arduino to the SMA spring is switched by the GUI interface in the 

Lab-view Program. 
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Fig 3.34: Line diagram of Experimental set up for actuating micro-positioning stage 

Fig 3.35: Fabrication of Experimental set up for actuation 

 

 

 

 

 

 

 

The LDS gets the feedback, and the data is simultaneously recorded in 

200 ms time interval. The power supply is attached to the relay and Arduino 

because they cannot be operated in the same potential for actuating the spring. 

The selection of springs to be actuated using the Arduino. The centralized 

system which is an integrated computer with a graphical user interface (GUI) 

which the Atmel 328p in Arduino, PPS, and DAS are connected. 

The master command is from the GUI and the components connected 

acts like a slave. All the communication is done through a serial 

communication cable with different Baud rates.  The actuation command is 

given from graphical user interface for the Arduino, PPS, and DAQ at the 

same time. The Laser displacement sensor (LDS) is connected to the DAQ for 

feedback. 

 

 

 

 

 

 

The GUI will supply analog signal for the PPS for the current 

parameter control. The maximum output range from the PPS will be 3.0 V and 

1.3 A for the actuation. It is sufficient to Joule heat the spring for actuation. 
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Fig 3.35 shows the steps for fabrication of set up. The on-off controller is 

embedded with GUI for the control of current. The actuation tilt and 

movement of the platform due to the degree of freedom. The biased spring 

which acts as a load for making the SMA back to the position after the heat 

dissipation in natural cooling.  

3.6.1.4 Experimental Result: To apply SMA spring actuator repeatable 

behavior is very important. The application mentioned above are driven by 

electric current and controlled LDS feedback. To measure the thermal cyclic 

behavior of SMA wire actuators it is required to heat the SMA spring many 

times while measuring the response. A thermal cycling test bench was 

developed for continuously monitoring the various parameters. Requirement 

for actuation of single SMA spring is 3.0 V and 1.3 Ampere. Experimentation 

is done for multiple cycles out of which only 5 cycles have been presented. 

Displacement and temperature corresponding to time plot have been shown in 

Fig 3.36 (a) and (b). Maximum 3 mm displacement is achieved for SMA 

spring after implementing on-off controller. Hysteresis curve for first cycle is 

shown in Fig. 3.36 (c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Fig 3.36: Plot between a) Displacement vs time, b) Temperature vs Time and 

c) Hysteresis curve 

(c) 



97 
 

 

 

When one SMA is activated (within 120 s), the opposite SMA that is already 

in a high temperature produces a larger resistive force. Thus to reach to the 

same negative deflection as the previous case the passive spring should cool 

off reasonably. The cooling time, however, is longer, and it takes about 180 s 

which is almost three times longer than heating. The variation of the module’s 

displacement when an external load is applied demonstrates the flexibility and 

low stiffness of the module. This property may be very useful in the 

application of the module in stages. The platform uses 12 A for actuating the 

springs at the same time, but for control constraints, the platform is given only 

5 A for all four springs. The average response time of the system is less than 3 

s for different temperature environment. One leg at the time is actuated for 

higher displacement in a particular direction and two for a controlled direction 

with a limit. The combination of legs actuated in a sequence makes them to 

move in the desired path. The on-off controller is implemented because the 

system is highly nonlinear, so to reduce the errors in the open loop system the 

closed-loop control system takes the role to rectify it.  

3.7. Summary: This chapter can summarize in few points: 

 A comprehensive study has been done with varying parameters such as 

load (2.5N, 3.5N and 4.5N), voltage (2.0V, 3.0 V and 4.0 V) and positions (10 

mm, 15 mm, 20 mm) to understand the thermo-mechanical behavior of NiTi 

SMA Spring.  

 The transformation temperature was found to be in the region of 25°C – 

80°C, as observed from the hysteresis plots. on/off controller was primarily 

employed for experiments.  

Fig.3.37: Monitoring of displacement using LDS 
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 It was observed, the control was better at lower loads such as 2.5 N and 

3.5 N with position control at 15 mm. Temperature of the spring was 

drastically increasing when the control was better.  

 Another position control was not vastly precise with fluctuations at 

regular intervals. The results was compared with PID controller, where it was 

further demonstrated that on/off controller was advantageous than PID 

controller. 

 Therefore a position control up to a maximum 5 mm can be realized with 

the help of on/off the controller. However with higher loads or larger 

elongation of the spring, requires PID controller to have precise control.  

 On the application point of view stewart platform (using NiTi spring) has 

been fabricated and analysed. Life cycle analysis is also investigated through 

Talbot interferometry technique  

 Heat transfer analysis is also done and it is compared with its 

experimental results. 

 All the above said results are verified through morphological analysis. 
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 Chapter 4  

Hot Water Actuation of SMA spring 

Chapter 2 identified that the review of hot water actuated systems entirely includes 

literature. Thus, on that basis, this chapter intends to develop experimental set up for 

actuation of shape memory alloy (SMA) spring using hot water. Moreover, a 

comprehensive performance investigation has been carried out to analyze the 

robustness and implications of developing a heat engine. It is verified through 

characterization technique and simulations. 

4.1 Introduction: 

The section explains the optimal design and analysis of hot water actuated 

SMA spring. Smart materials exhibit unique properties that make them a preferred 

choice for industrial applications in many branches of engineering. The beneficial 

properties of a NiTi piece can be improved by altering the energy source. With 

hot water actuation, as the temperature reaches 70º-90ºC, spring gets fully 

compressed for the first few cycles followed by a loss in actuation. The actuation 

loss is then studied with different characterization methods such as Thermo 

Gravimetric Analysis (TGA) and Scanning Electron Microscopy (SEM). With 

SEM results, it can be strongly recommended that the energy source is sufficient 

for actuation (not affecting too much the structure). Results observed from TGA 

shows high oxygen content at a lower temperature, suggest the need for 

conducting experiments in an inert atmosphere. In addition to this, the application 

of hot water actuation is some micro-devices such as a micro valve for drug 

delivery application, and heat engine is also explored. 

 

4.2 Experimental set up:  

The test setup is developed to perform experiments based on the medium 

used. It comprises of an actuation unit and a displacement sensing unit with a load 

pulley arrangement. Nitinol spring which is equiatomic is used with specifications 
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as described in Table 3.1. Heating-cooling cycle is defined based on the time 

when steady state is achieved. 

NiTi SMA Spring which is equiatomic is actuated using hot water. An 

immersion rod is used to heat the water kept in the container (Fig 4.1) which in 

turn supply thermal energy to the spring. The temperature imparted to the spring 

with this thermal energy when reaches the transformation limit, in turn, actuates 

the spring. However, the actuation was not linear indeed drastic. Spring is held 

fixed at one end and at the other end load is applied.  

Data from LDS is measured voltage with the help of a data acquisition system, 

and then the reading can be seen on the system. To generate a displacement, hot 

water is poured in the container and then cooling is done through natural 

convection. 

 During heating, the martensite changes to austenite; the length of the 

spring reduces, and the mass moves upward.  

 During cooling, the austenite changes to martensite; the length of the 

spring increases and the mass moves downward. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(a) 
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4.3 Mathematical Modelling for hot water actuated SMA spring: 

The actuation of the SMA spring is achieved by introducing the hot water 

into the system. The heat energy required for the phase transition is supplied by 

the hot water to the spring; this is called conjugate heat transfer. The conjugate 

heat transfer with the following assumptions was considered. 

1. The flow inside the container is considered to be laminar flow. 

2. The heat lost by the fluid is the heat gained by the solid. 

The motion of fluid inside the container transfers its heat energy to the 

SMA spring. Conjugate heat transfer is a combination of conduction heat transfer 

in solids and convection heat transfer in fluids, exchanging heat energy at the 

interfaces. 

The heat transfer in solids is governed by Fourier's law of conduction. 

𝑞 =  − 𝑘𝛻𝑇 … … … … … … … … … …  𝐸𝑞. 4.1 

Where ′𝑞′ is the heat flux density (W/m
2
), 'k' is the thermal conductivity (W/m

o
C) 

and ′𝛻𝑇′ is the temperature gradient (
O
C). 

Fig 4.1: a) Schematic and b) experimental setup of Hot water 

actuation 

 

(b) 
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The heat transfer in fluids, either free or forced convection, is governed by 

Newton's law of cooling. 

𝑞 =  ℎ𝑐𝐴𝑑𝑇…………………………..𝐸𝑞. 4.2 

where 'ℎ𝑐 ' is the heat transfer coefficient, ′𝐴′ is the surface area and ′𝑑𝑇 ′ is the 

temperature difference between the surface and fluid. The motion of fluid through 

or over the domain is considered to be a laminar flow. The laminar flow is 

governed by the Navier Stokes equations and continuity equation. 

Navier Stokes equation stands for the conservation of momentum, where 

the inertial force is equal to the summation of the pressure, viscous and the 

external force applied to the fluid [139]. For a time-dependent problem, the 

Navier Stokes equation is given by 

𝜌 
𝜕𝑣

𝜕𝑡
+  𝜌 (𝑣. ∇). 𝑣 =  ∇. [−𝑝. 𝐼 +  𝜇 (∇. 𝑣 + (∇. 𝑣)𝑇) −

2

3
𝜇(∇. 𝑣). 𝐼] + 𝐹 … … 𝐸𝑞. 4.3 

where 'v' is the velocity of the fluid, 'p' is the pressure applied to the fluid, 'ρ' is 

the density of the fluid, 'I' is the identity matrix, 'F' is the external force and 'μ' is 

the dynamic viscosity of the fluid. 

The continuity equation represents the conservation of mass 

𝜕𝜌

𝜕𝑡
+  ∇. (𝜌𝑣) = 0 … … … … … . 𝐸𝑞. 4.4 

In conjugate heat transfer, the heat lost due to the conduction compensates the 

heat gained due to the convection. Thus for a time-dependent conjugate heat 

transfer, the governing equation is given by, 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+  𝜌𝐶𝑝𝑢. ∇𝑇 +  ∇. 𝑞 = 𝑄 … … … … . . 𝐸𝑞 4.5 

Where ′𝐶𝑝′ is the heat capacity at constant pressure. 

 

4.4 Result: This section is sub categorized into the following subsections which 

are given below. 

4.4.1 Thermo-mechanical behavior: Fig 4.2 (a) shows displacement versus time 

graph when spring is loaded with 4.5 N. Heating time (25 s) is less compared to 

cooling time (20 minutes). The graph shows the hysteresis nature, i.e. 

dynamic lag between input and output stage. As the temperature reached 83˚C, a 
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deflection of 4.3 mm can be seen from Fig. 4.2 (c). Data from LDS is measured in 

terms of voltage with the help of a DAS and reading is transferred to the system. 

For the same cycle temperature versus time curve Fig 4.2 (b) is plotted, 

fluctuations while gaining the temperature can be seen which may be due to 

release/absorption of latent heat and heat transfer with the ambient condition 

[156] 
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 The transformation range for the one cycle (heating and cooling) is 

approximate 40°C -90 °C. Hot water actuation is gained when the temperature is 

reached stated above, and then cooling happens through natural /forced 

convection. 

 

4.4.2: Life cycle analysis: It has been reported till its failure at different loading 

condition also, which shows the life of SMA spring. 

 

Fig 4.2:  Thermomechanical behavior of SMA spring at 2.5 N a) Displacement vs 

Time, b) Temperature vs Time, c) Hysteresis curve 
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4.4.3 Characterization Techniques: SEM was performed over samples which 

are subjected to five cycles of heating-cooling. Fig 4.4 shows scanning electron 

microscopy images hot water activation. A hot water actuated sample is more 

dense morphology than electrical actuated samples (discussed in the previous 

chapter) in which structure shows elongated grains where the black part is for 

titanium and that grey is nickel.  Nickel content is more than Titanium content 

though elongated grains results in an increase in strength and hardness, but it is 

Fig 4.3:  Thermo-mechanical analysis of SMA spring till failure for 

a) 2.5 N, b) 3.5 N and, c) 4.5 N 
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also observed that the alloy becomes more brittle and more liable to fracture due 

to this actuation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Upon cooling the Ni-Ti becomes weaker and the spring easily deforms the 

actuator while it closes tightly in the structure [140]. The loss or gain of material 

can be because of decomposition or oxidation. [141].  

 Here hot water media for SMA has been proposed. It has been found that 

actuation gained by hot water is good enough to use in practical applications. It is 

capable of actuating the spring once the temperature reached transformation limit. 

Hot water can be used at places where we cannot go for electrical connections, as 

it makes the setup clumsy. Applications can be heat engine for thermal power 

plant where waste hot water will be used for recovery. The present study could 

represent the vital observations and results when actuated with Hot water. 

  

4.4.4 Simulation results of SMA spring: COMSOL Multi-physics, a finite 

element tool for analysis and simulation of various engineering problems 

especially coupled physics, is used to analyze the parametric study of heat transfer 

in the hot water actuation. The conjugate heat transfer equation is incorporated 

into it using a multi-physics interface between the general heat transfer and the 

Fig 4.4 SEM analysis of hot water actuated SMA spring  

a) SEM analysis 
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laminar flow. COMSOL, in a conjugate heat transfer problem, enforces continuity 

of temperature at the fluid-structure interfaces. The spring is defined as the solid 

domain, over which the water flows. 

Boundary condition: Room temperature is 25°C 

 

 

 

 

 

 

 

So an enclosure of the container is created as a fluid domain. The user size for the 

spring and the "fine" mesh size for the enclosure was done. Fig 4.6 shows the 

finely meshed geometry. The inlet and the outlet of the flow were determined. 

The velocity and temperature, at which the water enters the fluid domain are 

initialized. 

 

 

 

 

 

 

 

 

 

 

Fig 4.5 Line diagram for heating of spring 

 

Fig 4.6 Fine meshed geometry 
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The analysis is done based on the mathematical modeling and assumptions (There 

is no loss while transferring heat from hot water to spring) considered in this 

study. Time-dependent analysis of this conjugate heat transfer problem is 

considered as the temperature of the spring varies with the time of flow of water, 

into the container. Fig 4.7 shows the temperature change of the spring over the 

time as the water rises inside the container. After 25 s, the whole spring reaches 

an average probe temperature of 75˚C. These results are satisfactory with the 

experimental results. 

 

Even though the time taken for the actuation (25 s) is less than the time 

taken for cooling (1200 s), this approach cannot be used in a real-time application. 

Hence, to optimize the parameters, a parametric sweep for the inlet temperature of 

the water (65°C, 75° C, 85°C) and the velocity of water flow (5mm/s, 7 mm/s) is 

done. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 
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(d) 

(b) 

(c) 

(d) 
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When the inlet water temperature was increased from 65
0
C to 75 

0
C, the time 

taken by the spring to reach 65
0
C was reduced from 25 s to 13 s. When the flow 

velocity was increased to 7 mm/s, the time required to reach 65 
0
C were 16s, 9s, 

and 7s for an inlet temperature of 65
0
C, 75

0
C, and 85

0
C respectively (Fig 4.8). Fig 

4.9 shows the effect of temperature on spring when it is increased from 65
0
C to 

75
0
C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

Fig 4.7 Flow after a) 5 s, b) 10 s, c) 15 s, d) 20 s, e) 25 s for 65°C 
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(b) 

(c) 

(d) 
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Further increasing the temperature of the water to 85
0
C, the time gets reduced to 

11 s. Fig 4.9 shows the temperature profile when it increases from 75
0
C to 85

0
C. 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(e) 

Fig 4.8  Flow after a) 5 s, b) 10 s, c) 15 s, d) 20 s, e) 25 s for 75°C 
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(c) 

(d) 



114 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is clear from Fig 4.10 that actuation at 65, 75 and 85 heating time are 20 

seconds only but for cooling 20 minutes are required 

 

 

 

Fig 4.10: Comparative result for simulation at different temperature 

(e) 

Fig 4.9  Flow after a) 5 s, b) 10 s, c) 15 s, d) 20 s, e) 25 s for 85°C 
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SMA spring starts to actuate slowly at 65
0
C itself. Hence, it is taken as the 

reference data for a water flow velocity of 5 mm/s. If velocity increases from 5 

mm/s to 7 mm/s then for the same temperature actuation is fast according to Fig 

4.11. 

4.5 Application: SMA Heat Engine 

Shape-memory alloy heat engine is a device which converts waste heat into useful 

work [142-143]. In our work, It was tried to develop a simple device for achieving 

waste heat recovery from different systems for improving their efficiency. A 

prototype is constructed for experimentation to optimize its design for obtaining 

an improved design with better actuation capabilities. 

 

 The principle of Actuation: The principle of actuation of SMA Heat engine is 

that when a force is acted at a distance from the hinge point, a moment is 

generated.  If in place of hinge a bearing is used an act of rotation is generated. 

Fig 4.11: Time taken vs Temperature graph 
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In the present work, the above-stated principle is utilized for achieving the 

purpose of actuation. SMA springs are connected radially to steel rim, another 

side of spring is connected to the hub (containing bearing). Initially, when springs 

are equally stretched, Centre of gravity (CG) is at the geometric center of the rim. 

When lower springs come in contact with hot water they get compressed, rim CG 

shifts from Hinge point (It can either shift to left or right).  Due to this shifting of 

CG about hinge point moment or torque is produced which causes rotation. This 

phenomenon is explained in the Fig 4.13. In the diagram, springs are shown in the 

form of straight lines. 

 

The rotation of wheel can occur in any direction depending on the direction of 

movement of CG from its position. Consider the case, in which  CG shifts in the 

right direction from its center position, a clockwise moment is generated in this 

case causing rotation of the wheel in a clockwise direction and vice versa. 

 

 

Fig 4.12 Moment generated by force 
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4.5.1 Intermediate Objective 

i) To search for methods using shape memory alloy for conversion of waste 

heat into mechanical work. 

ii) To develop a 3-d drawing of setup to be fabricated. 

iii) To fabricate experimental setup for study of actuation. 

iv) To optimize the size of the developed setup for obtaining better actuation. 

v) To optimize operating parameters for obtaining the best possible power. 

vi) To select the best design of heat engine for further analysis. 

vii) Device Application : 

 Identifying other possible applications of the device(Eg: Power plant, 

Waste heat recovery in an automobile) 

 Fabricating the prototype. 

 Performing experiments with the fabricated part. 

viii) To develop small 3-d printed model to study actuation from exhaust gases 

for automobile applications. 

ix) To perform experiments on 3-d printed model to predict behavior under 

practical condition. 

 

4.5.2 Components of SMA Heat Engine: Following are some of the main 

components of Heat engine prototype (Fig 4.14) A stainless steel rim whose 

diameter was 280 mm with the hub (diameter: 25 mm), equipped ball bearing was 

Fig 4.13 Principle of Actuation 
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used for connecting SMA springs radially provides stiffness to model. Mild steel 

stand was fabricated to hold the hub and to provide height for mounting the 

wheel. NiTi springs were used for actuation of Heat engine model. A heater is 

used to maintain the temperature of hot water. Color coated sheet container:  A 

container is used for heating water. Although, SMA Heat engine is developed 

with a viewpoint of waste heat recovery from different systems.  Input energy is 

consumed for heating water because of non-availability of the waste heat source. 

 

 

 

 

 

 

 

 

 

 

4.5.3 Drawbacks in previous Heat Engine design: As stated above prototype of 

SMA heat Engine was fabricated for experimentation to reach an optimum model. 

While performing experiments in the prototype following were the observations: 

1. Springs were connected in an inclined manner with the wheel hub. The reason 

for using inclined springs was the fact that CG shifts more when springs are 

inclined to the axis.  

2. During experimentation of prototype wobbling of Steel rim was observed about 

a transverse axis.  

3. Steel hub is used, and actuation of ball bearing occurs due to SMA Springs 

around the hub, the high moment of inertia of hub was opposing the motion of 

rim.  

Fig 4.14 SMA Heat Engine model 
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4. Due to the Higher weight of hub and bearing, high initial torque is required for 

the motion of rim.  

All these problems were rectified in a modified prototype of a Heat engine which 

is explained in the next section. 

 

4.5.4. Modifications in the model: Following modifications were incorporated in 

the previous model for its improvement:  

Hub containing bearing replaced by shaft containing mild steel bearing 

holder: In the prototype developed, wobbling of steel rim was a major problem. 

To rectify the problem hub is replaced by bearing holder.  When initially hub was 

used, springs were inclined to the axis.  Due to inclined nature  of springs 

wobbling of wheel was  prominent.  Thus springs are connected radially in the 

new design. In the Fig 4.15 mild steel bearing holder is shown, the bearing is 

attached at the center of bearing holder. 

 

 

To reduce weight mild steel bearing holder is further replaced by  Poly  

Lactic    Acid  (PLA)  material: When mild steel bearing holder is used weight of 

high-density material offers resistance in motion of steel rim, to reduce weight 3-d 

printed bearing holder is used of polylactic acid material. The polylactic acid 

bearing holder is manufactured using 3-d printing technique and is modeled in 

Fig 4.15 Hub replaced by mild steel bearing holder 
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CATIA Software. It has advantages over Mild steel bearing holder that it is easy 

to manufacture a product with low weight. 

 

 

The Poly Lactic Acid (PLA) bearing holder used (Fig 4.16) offers 

relatively lesser resistance in the motion of rim as compared to mild steel, which 

is further analyzed by comparing rpm values in later part of this work. 

4.5.5 comparison of characteristic curves in two models: After performing 

modifications as stated in the previous section. A comparative study was 

performed to analyze improvement in the design of Heat Engine. Rotations per 

minute calculations with temperature analysis showed improvement in actuation 

behavior of the proposed Heat engine. Fig 4.17 shows a graph of RPM vs. 

Temperature in two cases. 

 

 

 

 

 

 

 

Fig 4.16 MS bearing holder replaced by PLA material 

 

Fig 4.17 RPM differences between new and old model 
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4.5.6 Optimum height from bottom of bearing axis: Fig 4.18 shows the 

optimized design of SMA Heat engine prototype after incorporation of different 

modifications for better actuation. In all previous experiments height of axis of 

bearing from the bottom surface of the container was 22 cm.  

 

 

 

 

 

 

 

 

 

 

 

 

The height determines the number of springs coming in contact with hot 

water thus experiment were performed at different heights to achieve an optimum 

height of axis. Experiments were performed at different height, above and below 

the mean height. 

 

 

 

 

 

 

 

 

 

 

Fig 4.18: Optimized design of Heat Engine 

 

Fig 4.19: Experimental set up to study optimum height 
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Graph 4.20 is plotted at three different heights showing the optimum height of 

axis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Observations from the above experiment: 

1. Initially, all experiments were performed with a center height of 22 cm. 

S.No The 

temperature 

of the Hot 

water 

Rotation per minute (RPM) 

with variation in center 

height 

H1 = 22 H2 = 19 H3 = 21 

1 80 45 43 48 

2 70 40 37 43 

3 60 36 33 40 

4 50 32 30 35 

Table 4.1 : Effect on RPM of wheel for variation in height 

Fig 4.20: RPM vs Temperature graph 
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2. As height is decreased, power is increased up to a particular optimum 

height. 

3. Best results were obtained at the height of 21 cm. 

4. When height is reduced below 21cm, RPM of the wheel is reduced. 

5. Increased resistance due to the viscosity of water is the reason for reduced 

RPM. 

Besides hot water actuation, the developed heat engine also possesses the 

potential for actuation by hot exhaust gases from the automobile. Although 

actuation from hot gases is tested at its preliminary stage, results are positive, and 

we can look forward to the implementation of the engine in this area also for 

utilization of energy produced.   

The actuation of a heat engine is due to Shape memory behavior of NiTi 

material; the material possesses this behavior due to temperature gradient 

provided to by hot water (or any source as the case be). Thus it is essential to 

study heat transfer in NiTi and to check the of actuation for the long better 

performance of a heat engine 

Different equations of heat transfer can be applied to NiTi for developing 

a model for heat transfer. Further results can be verified from simulations. In the 

next chapter, we will discuss the heat transfer aspects of the heat engine and try to 

analyze the cyclic behavior of SMA springs. 

 

4.5.7 Heat transfer analysis of Heat Engine: Heat transfer analysis in hot water 

actuation is performed to understand how heat is being transferred to improve the 

actuation for obtaining better performance.  Since the spring is fully immersed in 

hot water and heat transfer is taking place from Hot water to spring. 

 

Assume SMA wire is considered as a cylinder. Parameters related to SMA 

spring are: 

d = wire diameter (mm) 

hc = convection coefficient, W/m
2
 /°K   

T = starting temperature, °K   



124 
 

T∞ = Hot water temperature, °K   

σ = Stefan-Boltzmann constant, W/m
2
 /°K

4 

 

m ∗ c ∗
dT

dt
=  −πdl ∗ h (T − T∞) − πdl ∗ e ∗ σ (T4 −  T∞

4 ) 

dT

dt
∗ ρ c ∗ l 

πd

4

2  
 = −πdl ∗ h (T − T∞) − πdl ∗ e ∗ σ (T4 − T∞

4 ) 

dT

dt
∗  ρ c 

πd2

4
 = −πd ∗ h (T − T∞) − πd ∗ e ∗ σ (T4 −  T∞

4 ) 

dT

dt
=  

− πdh (T−T∞)− πdeσ (T−T∞
4 )

ρ c 
πd2

4

…………𝐸𝑞. 4.6 

Following are predictions based on heat transfer analysis; 

 Thin spring is expected to give better actuation as compared to thick wired 

spring. 

 Length of wire is not having any effect on actuation. 

 The result concluded are very important in the sense that it gives us the 

idea that this small prototype of the heat engine can give same 

performance even with long wire spring when the large model is required 

for more power generation. 

 

4.5.8: Scaling of heat engine: Heat engine discussed in present work can be 

enlarged for obtaining better actuation.  Some springs can be increased for 

reduced depending on the requirement of actuation. More the number of springs 

attached to the rim, more are the springs which are in contact with hot water, 

hence better is actuation obtained. 

Some springs connected to the rim is related to the size of rim and wire 

diameter of spring.  An equation stating the relation is derived in the present 

section. 

Consider the following parameters in the Heat engine model with springs 

arranged perfectly radial manner. 

Dr = Diameter of the steel rim, Cb = Diameter of bearing holder, cl = Clearance 

given between each hole in bearing holder, l = Length of a spring, d = Wire 
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diameter of spring, n = number of coils in spring, 𝑁𝑠 = Number of springs 

attached in wheel 

 

 

 

 

 

 

 

 

 

 

 

𝐷 =  𝐶 +  2 ∗  𝑙 

Where l = length of SMA spring 

𝐷 =  𝐶 +  2 * (𝜋𝑑𝑛) 

Consider small bearing holder attached in centre,  

Let’s clearance (distance provided to avoid overlapping) is cl : 

𝜋𝐶 =  𝑁𝑆 (𝑑 + 𝑐𝑙) 

𝐶 =  
𝑁𝑠(𝑑 + 𝑐𝑙)

𝜋
 

Putting the value of C in equation (ii): 

𝐷 =  
𝑁𝑠(𝑑+𝑐𝑙)

𝜋
+ 2 * (𝜋𝑑𝑛) … … … … … 𝐸𝑞. 4.7 

So number of springs attached to wheel the can be find out. 

The relation derived above is very important for heat engine design. More 

the number of springs attached to the rim more will spring which are coming in 

contact with hot water thus better will be actuation obtained. 

 

4.5.9 Efficiency of Developed heat engine: Although the application of SMA 

heat engine is in waste heat recovery. Waste energy is always beneficial for 

Fig 4.21 Line diagram of rim with springs 
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improving the net output of the system. The derivation of efficiency expression 

for SMA heat engine is presented in this section. 

Let m= mass of water in the container, C = Specific heat of water, 

dT=Temperature difference produced due to heating., t= Time required for 

heating,  

Output = n*current(I)*Voltage (V) 

Where, 

I=current flowing in circuit, V=voltage across DC motor, n= number of LEDs 

connected in series,  

Output = n*I*V=100*10 mA*5V =0.5 W 

Input =Average rate of heat Input= 

𝑚 ∗ 𝑐 ∗ ∆𝑇

𝑡
=

1 ∗ 4200 ∗ 30

7200
= 11.4 𝑊 

Efficiency in % = 
0.5

11.4
∗ 100 = 4.30% 

 

4.5.10 Demerits of developed heat engine: Weight of the wheel was very much 

high. 

 Higher initial torque by the springs is required. 

 Wobbling was a problem hence the rotations generated was very low. 

 Power generated was also very much less. 

 There was no such arrangement to get power directly from the shaft 

because in between the hub and springs, a bearing was connected and thus 

the shaft was not rotating. 

Due to these drawbacks, one more nitinol-based heat engine was developed and 

analyzed. To investigate it following details were required: 

 

4.6 Modified Objectives: The intermediate objectives are as follows. 

 The intermediate objective is to check the influence of hot water heated by 

an electric tank on the Nitinol wheel. 

 To investigate the parameters to increase the rotations as well as power 

and there by efficiency. 
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 To check the influence of the hot exhaust gases on the wheel and on its 

rotations.  

 To check the design parameters and its influence on the rotations, power, 

and efficiency. 

 To check the performance with the gear and pinion arrangement and 

measuring the output with the help of a dynamo. 

 To check the performance of the nitinol wheel with the permanent 

magnetic generator. 

 To fabricate the pulley set up with its foundation. 

 To check the efficiency of the heat engine by making a cardboard 

chamber. 

 

4.6.1 Components of the Nitinol heat engine. 

Following are some of the main components of heat engine prototype: 

An aluminum wheel (Thickness: 3 mm; lighter the wheel, more will be the 

rotations) was used for connecting SMA springs radially of diameter 295 mm and 

mass 123 grams. A polylactic acid hub (ID: 10 mm, OD: 70 mm) made from 3d 

printing machine was used and, for testing in the exhaust gas of an automobile. A 

mild steel stand to support the shaft of the setup at three different heights was 

made by CNC milling. Nitinol springs were used for actuation of heat engine 

model. A heater is used to maintain the temperature of hot water. 

4.6.2 Hot water actuated SMA heat engine: To improve the performance of the 

heat engine, aluminum which is a lightweight material is used to make a wheel 

and springs are connected as spokes in a radial manner which is then connected 

with a hub. In order to rotate, the shaft is directly connected to the hub instead of 

the shaft is connected to the bearing directly then hub. The wheel and shaft are 

made of aluminum (Fig 4.22). The diameter of the shaft is 10 mm, and the mass 

of the shaft is 62.7 grams. 



128 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

The SMA wheel is tested with two different hub designs. Design 4.23 (a) has the 

facility to use more springs, but there is more wobbling in the wheel with this 

design in comparison with 4.23 (b). Hence for the complete testing, the hub 4.23 

(b) is used. 

The setup is kept in a water tank which is being heated by an electric 

heater. Some part of the lower springs has contact with the heated water. When 

lower springs comes in contact with the heated hot water they get compressed, 

wheel CG shifts from Hinge point (It can either shift to left or right). Due to this 

(a) (b) 

Fig 4.23: Cad modelling of different designs of the hub 

 

Water tank 

with 

electric heater 

Stand 

SMA wheel 

Fig 4.22: Hot water actuated heat engine 
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shifting of CG about hinge point moment or torque is produced which causes 

rotation.  

 

 

 

 

 

 

The table given comprises the variation of heights of the axis of the shaft from the 

bottom of the hot water tank with the rotations per minute of the wheel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

S.No Height 

(cm.) 

RPM 

1 16 46 

2 19 57 

3 20.5 50 

4 22 41 

Fig 4.24: Plot for Heights vs RPM variation 

Table 4.2: Effect of height for RPM of wheel   
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The above plot shows the variation of height vs. revolution. First, the rpm 

increases up to a 57 rpm, the reason for this is that viscous forces acting on the 

springs becomes lesser as the height is increased and reaches up to optimum 

height. Then it starts to decrease with more increase in height because of the heat 

transfer from water to the spring becomes less. 

4.6.2.1 Calculations:  

Power= 2ΠNT                                                                                                                                                  

     60 

Where N= number of revolutions per minute, T= torque, Torque= Iα,  I= moment 

of inertia 

α= angular acceleration   

Moment of inertia I=0.5 M (R
2

+r
2

) 

Angular acceleration α= angular velocity/time 

R=0.113m; r=0.104; M=0.129 kgs 

After substitution, I= 1.959*10
-3

 Kg m
2
 

Angular velocity = 2 ΠN/60= 2*3.14*57/60= 1.9457 rad/s 

Angular acceleration = 5.96/0.5= 8.37 rad/s
2
. 

Torque = 1.9457*10
-3

 * 8.37 =0.01252  N-m. 

Power= 2*3.14*100* 0.01252/60 = 137 mW. 

Maximum Torque = 0.01252 N-m. 

Maximum Power = 137 mW 

Now the same heat engine is then tested in exhaust gases of the vehicle. 
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4.6.3 Experimention done in the exhaust of the vehicle: Here the hot exhaust 

gasses are made to fall on the wheel. Through the vehicle (Fig 4.25 a). The same 

wheel of dia 205 mm is used here. However, the wheel is now more lighter mass 

is 129 grams in a comparison to the previous case. The ambient temperature 27°C 

(with the help of the thermal camera: Fig 4.25 b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature 

of exhaust 

gases inºC 

RPM of 

Engine 

RPM of SMA 

wheel 

45 500 0 

66 800 2 

80 1500 35 

100 1800 70 

145 2000 79 

160 2000 85 

Table 4.3 : Temperature vs RPM of SMA wheel 

Fig 4.25 : SMA heat engine a) In front of the exhaust, b) Thermo-graphic images 

 

Exhaust pipe 

Heat engine 
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4.6.3.1 Calculation: 

R=0.113m; r=0.104m; M=0.1229 kgs 

After substitution, I= 1.449*10
-3

 Kg m
2
. 

Angular velocity = 2 ΠN/60= 2*3.14*87/60= 9.10 rad/s 

Angular acceleration = 9.10/0.5= 18.21rad/s
2
 

Torque = 1.449*10
-3

 * 18.21 =0.0263 N-m 

Power= 2*3.14*87* 0.0263/60 = 239mW 

Maximum torque=0.0263N-m. 

Maximum power=23 mW. 

 

 

 

 

 

 

Fig 4.26: variation of the rpm of the SMA engine with the 

temperature of the exhaust gases 
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4.6.4 Keeping the mass constant and change in diameter of the wheel: Now, 

the diameter of the wheel is increased to 295 mm but keeping the mass constant 

and then the wheel is tested in the exhaust gas. The temperature of the exhaust gas 

is increased by giving the accelerator of the bus.  The rpm of the engine is now 

increased to maximum RPM of 145. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

b-i) 

(a-i) 

(a-ii) 
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The temperature of 

exhaust gases in (ºC) 

RPM of the 

engine 

RPM of SMA 

wheel 

40 500 0 

62.4 800 1 

87 1500 23 

145 1800 120 

160 2000 145 

Fig 4.28: RPM vs Temperature variation 

 

Table 4.4: Tabulated results obtained from the experiment 

Fig 4.27: a) Effect of exhaust gas on SMA wheel, a-ii) Thermal Image of 

wheel b-i) hub condition before and b-ii) after testing 

(b-ii) 
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4.6.4.1 Calculations 

R=0.145m; r=0.148; M=0.1229 kgs 

After substitution, I= 2.6379*10
-3

 Kg m2. 

Angular velocity = 2 ΠN/60= 2*3.14*145/60= 15.17 rad/s 

Angular acceleration = 4.19/0.5= 30.34 rad/s2 

Torque = 1.4959*10
-3

 * 30.34 =0.08003 N-m 

Power= 2*3.14*145* 0.08003/60 = 1514mW 

Maximum torque=0.08003 n-m. 

Maximum power =1.514W. 

 

4.6.5 Keeping the constant diameter and changed the mass of the wheel: 

Here, now the diameter is kept constant as 208 mm but the mass is changed to 

165 grams, and then the wheel is tested. Due to the increase in inertia as a result 

of increase in the mass of the wheel the rotations is decreased. The maximum 

power and torque are calculated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.29: Nitinol based wheel No. 3   
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4.6.5.1 Calculation. 

R=0.113m; r=0.104; M=0.165 kgs 

After substitution, I= 1.9457*10
-3 

Kg m
2
. 

Angular velocity = 2 ΠN/60= 2*3.14*79/60= 8.26 rad/s 

Angular acceleration = 8.26/0.5= 16.53 rad/s
2
 

Torque = 1.9457*10
-3

 * 16.53 =0.0321 N-m 

The 

temperature 

of exhaust 

gases in ºC 

RPM of the 

engine 

RPM of 

SMA wheel 

42 500 0 

70 800 15 

85 1500 40 

120 1800 66 

150 2000 79 

Table 4.5 : RPM of Nitinol wheel and temperature of exhaust 

Fig 4.30: RPM vs Temperature variation 
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Power= 2*3.14*79* 0.0321/60 = 265mW 

Maximum RPM =79 

Maximum Torque =0.0321Nm 

Maximum Power= 265mW 

 

4.7 Comparison of the performance for all three types of heat 

engine 

It can be seen that the power and torque obtained from the wheel having 0.295 m 

diameter and 0.165 kg mass is high, and hence the design is chosen as optimum. 

In Fig 4.31 a, maximum 0.24 W power is required to achieve 9.2 rad/s with 

generated torque of 0.0261N-m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 
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4.8 Summary: 

In this summary, research contributions related to hot water actuation is outlined: 

 The purpose of this work was to present the actuation behavior of SMA spring 

using the hot fluid medium.  

 In light of the past work it has been attempted in this area, it seems unlikely 

that the earlier inventions could be scaled up to the point where they have 

practical utility.  

 For application point of view, one heat engine is designed and developed 

which is beneficial for the thermal power plant. By using waste heat, springs were 

actuated, and it will be used for energy harvesting also. 

 Actuation of SMA heat engine is done by using hot gases also. 

 Three nitinol heat engines of different parameters are fabricated and analyzed 

with its comparison.  

 

Fig 4.31: Variation in power, Torque and angular velocity for a) wheel having 

diameter = 0.113m and mass = 123g, b) wheel having increased mass of 165 g but 

same diameter, c) wheel having same mass but increased diameter of 295 mm 

 

 

(c) 
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 Chapter 5 

Pulsed Laser Assisted Actuation 

of SMA’s  

In this chapter, a novel approach is developed to handle the actuation of shape memory 

alloy (SMA) using a pulsed laser, which will be significant for remote actuation. Thermo-

mechanical behavior is investigated at various laser parameters; Array of Micro valve is 

developed for drug delivery application, and the device properties are verified through 

various characterization techniques. 

5.1 Introduction 

The idea of actuating the SMA through a laser came from [147], where the 

author used a focused laser beam to achieve large amplitude and localized 

controlled actuation in a microstructure made of ferromagnetic SMA. Various 

researches have been done on actuation of SMA which is discussed in Chapter 2. 

Limited work is done using a laser as actuation, and specific gaps were found 

over which work is done in this project. 

Their stable power output and high power density have made pulsed Nd: YAG 

lasers ideal for industrial applications. Several key parameters are used to control 

the pulsed Nd: YAG laser process. These parameters include pulse width, peak 

power, frequency, travel speed and defocus distance. The advantage of laser-

assisted actuation is the ability to attain high energy densities and hence to 

produce maximum penetration in the workpiece. This is achieved when the light 

is focused to a minimum waist diameter or focus spot size at the zero defocus 

distance [148] 

SMAs are used in various fields because of the unique properties they possess. 

Literature review shows some gaps over which work is done here. Listed below 

are some of the common challenges faced by most of the researchers. Electrical 

connections near micro-actuator make the setup clumsy:  Electrical wiring for 
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supplying electricity to the SMA uses much space near the actuators and makes 

the whole setup cumbersome.  

Focused spot laser is used: Firstly, spot laser is used for actuation of SMA 

NiTi sheet.  

5.2 Experimental Specifications for laser Actuation 

For laser actuation study, the trained SMA sheets were mounted on stand. 

To investigate the laser actuation Nd:YAG Laser (Model: INDI- HG-10S) with 

second harmonic frequency of 532 nm was used with 10Hz frequency. For 

actuation, an optimum laser fluencne and spot diameter were determined by 

studying behavior of SMA sheet for various fluence and spot diameter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 5.1 a) Setup for actuation of laser, b) Movement in SMA 

sheet due to laser power 
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5.2.1 Laser Fluence: Laser energy per unit area on the work material is measured 

in terms of the energy fluence. It is given algebraically as, 

Fluence =  
Energy

Spot Area
 

Where, diameter of spot area = 2.0 mm 

Therefore, Area of the spot  A =  
πd2

4
 

Energy = Avg. Power/ Frequency  

Hence, Power = Fluence x Spot Area x Frequency repetition rate;  

Frequency of the Laser is 10 Hertz 

Based on power fluence was calculated and measured deflection of SMA NiTi 

Power was measured through energy meter. 

 

Power (mW) Fluence (mJ/cm
2
) 

219.8 700 

188.4 600 

157 500 

125.6 400 

94.2 300 

62.8 200 

31.4 100 

 

Two important things to be considered during laser actuation (especially for laser 

fluence): 

a) Sufficient fluence: Laser should be able to provide the minimum energy, 

which would actuate the SMA i.e. it, should be able to raise the temperature at 

which the phase change occurs from martensite to austenite.  

Table. 5.1 Fluence values and their corresponding power values 
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b) Fluence which would not cause ablation: Too much of laser fluence will 

erode the material from the surface of the SMA. This is undesirable. Hence the 

fluence level should be controlled to avoid the ablation.  

In order to optimize the fluence levels, laser with different fluence levels were 

impinged on the SMA and the effect was studied.  

The laser has a regulator which controls the power of the laser. There is 

not a regulator which directly controls the fluence since the area of impingement 

is also a governing factor. Hence, we need a relation between power and fluence 

which can be used to minimize the ablation. The ablation spots can be seen in the 

Fig 5.2 

 

 

 

 

 

 

 

 

 

 

 

5.2.2 Characterization:  

a) Scanning Electron Microscope Images: The SEM images have been helpful 

in the study of the ablation spots. It can be quite clearly observed in the images 

that as the fluence is increased, the scale of wear on the surface also increases.   

Fig. 5.2 Ablation Spots at different fluence levels 
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At a fluence value of 100mJ/cm
2
 (Fig 5.3 a), minimal ablation can be seen. 

At 200mJ/cm
2
 (Fig 5.3 b), a slight increase in the removal of the material is seen 

without any significant signs of ablation. At 300 mJ/cm
2
 (Fig 5.3 c), this is the 

fluence where the ablation really starts. The ripples have been formed inside the 

spot, which indicates a heavy flow of material in the outward direction. These 

ripples become more prominent as the fluence goes on increasing. Ablation at 700 

mJ/cm
2
 (Fig 5.3 h) is observed to be maximum with a very high amount of 

material removal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 
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(c) 

(d) 
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(e) 

(f) 
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(g) 

(h) 

Fig 5.3 Laser with a fluence of a) Non-Treated SMA, b) 100mJ/cm
2
, c) 

200mJ/cm
2
, d) 300mJ/cm

2
, e) 400mJ/cm

2
, f) 500mJ/cm

2
, g) 600mJ/cm

2
, h) 

700mJ/cm
2
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b) Energy-dispersive X-ray spectroscopy is an analytical technique used for the 

elemental analysis or chemical characterization of a sample. It relies on an 

interaction of some source of X-ray excitation and a sample  

The EDS analysis is done on the laser ablated sample and the results 

obtained are given in Table 5.2: 

 

 

 

 

Table 5.2: Effect of the laser fluence on the composition of the Nitinol alloy 

Fig. 5.4: Weight percentage of Ni and Ti with varying fluence values 
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Ablation is the removal of material because of the incident light. In most 

metals and glasses/crystals the removal is by vaporization of the material due to 

heat. It is believed that material is removed in the sample ablated by different 

fluence values. It is clear that the weight percentage of Ti decreases with the 

increasing fluence value and the weight percentage of Ni increases with the 

increasing fluence value (Fig 5.4). Similarly, the atomic percentage of Ti 

decreases with the increasing fluence value and the atomic percentage of Ni 

increases with the increasing fluence value.  

Now, with laser ablation, both the Ti and Ni are vaporized and removed. 

The weight and atomic percent increase in the graph only shows that more of Ni 

is being vaporized than Ti. This is better represented by the bar graph below (Fig 

5.5-5.6). 

 

 

 

Fig 5.5 Atomic percentage of Ni and Ti with varying fluence values 
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5.3: Development of Micro devices: This section presents laser assisted 

actuation of micro devices which is more suitable for precision point of view as 

compared to the previous two sources. Since light has been used to manipulate 

MEMS devices for some years using a variety of different mechanisms. The 

earliest literature found on the subject used beams of light to heat various 

structures or membranes, causing thermal actuation. Some designed and 

developed micro devices are explained in the upcoming sections: 

5.3.1 Tripod 

5.3.1.1  Tripod: Using Sheet:  SMA actuated Tripod have their own application 

in Opto-Mechatronics system design. The main objective of this research is to 

develop pulsed laser actuated SMA based tripod. In this regard, training and 

actuation of shape memory are of major interest to reach the particular 

application. The required shape was trained by developing a fixture. The actuation 

studies were with the help of a pulsed laser that is explained here, The technique 

of Michelson interferometer has been used to investigate the deflection in detail 

since the deflection is in few microns. Finally, an SMA based tripod was 

fabricated, and the deflection of the SMA based tripod was studied in detail. 

 

Fig 5.6 Comparison of weight percentage of Ni and Ti at different fluence values 
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5.3.1.2 Fabrication: The first step involves the training of SMA NiTi thin sheets. 

Fixture as shown in Fig 5.7 (a) was developed to train the SMAs sheets to get an 

(omega-Ω) Shape. Ni-Ti sheets of 0.25 mm thickness were mounted on the 

fixture, and it was heated for 30 min in a muffle furnace (Model-BTI 36) which 

has a capability of 0-230V and 15A, at a temperature of 550
o
C after 30 minutes, it 

was made to cool in the atmospheric condition. Fig 5.7 (b) shows the final shape 

of the SMA sheet, which is in the form of omega shape. In this train, SMA sheet 

heat flow is getting reduced whereas the temperature is the same means it will 

give more actuation after training the sheet [116]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 
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5.3.1.3 Experimentation: In this section actuation of NiTi has been done through 

laser. Nd-YAG Laser (Model No: INDI: HG:10 S) is used for actuating the sheet. 

As the absorption coefficient of NiTi is higher at 355 nm wavelength, so the 

intensity of absorption will be higher than 532 and 1064 nm wavelength, so it is 

not chosen. In the case of 532nm Wavelength ablation of NiTi will be nominal at 

respective fluence whereas ablation of material in the case of 1064nm wavelength 

is more as compared to others so this was optimum. Since the sheet is trained 

(Fig.5.7 b) as an omega shape so when it is actuated through the laser, it will 

come to its omega shape and can be used for micro machining applications. 

To investigate the laser-assisted actuation of SMA NiTi sheets in detail, 

the trained sheets, which was in the shape of Omega was made flat. The total 

length of the NiTi sheets after becoming flat was 50 mm length. The actuation 

was performed with a laser of 532 nm wavelength. It was observed NiTi sheet 

deflected 7.25 mm within 120 sec, without any damage to the surface. It is 

Fig 5.7: Single way Training of SMA sheets a) Fixture used for training of 

SMA, b) Ni-Ti sheet trained in omega shape, c) Fabricated Tripod 

 

(c) 
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actuated with various fluence, but best of one was chosen which is not affecting 

material behavior as well as property. Detail investigation of surface 

morphological analysis has been explained in the result section. 

 

 

 

 

 

 

 

 

 

 

 

It was observed that beyond 100 mJ/cm
2 

ablation on the surface was 

observed below, with 100 mJ/cm
2
 there was no trace of ablation, but mild 

actuation was observed. At 700mJ/cm
2
 and 500mJ/cm

2
 cracks, the formation was 

there, so 100 mJ/cm
2
 was optimum. Hence studies were performed at different 

time scale with 100 mJ/cm
2
 as shown in Fig 6.19, and at 120 sec a deflection of 

7.25 mm (Fig 5.8) was observed. 

 

5.3.1.4 Result and discussion: A three sets of NiTi thin sheet of 0.25 mm 

thickness were trained (Fig 5.7 c) to the shape of omega. The trained NiTi sheets 

were actuated using Nd-YAG laser. The deflections were experimentally analyzed 

using a Michelson’s interferometer. In the case of laser-based actuation with laser 

fluence of 100mJ/cm
2
, the morphology of the laser interacted surfaces was also 

evaluated and verified using characterization technique, i.e. SEM Micrograph, 

Fig 5.8: Deflection vs time for actuated SMA NiTi 
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TGA analysis, etc. Thus by increasing the laser interaction time by 120 sec a 

deflection of around 7.25 mm was achieved without any damage on the surface. 

5.3.2 Micro valve:  

5.3.2.1 Microvalve- using sheet: Since microvalves typically operate under high 

pressures and controlled flow rates are desired, a strong and robust actuator that 

can generate required displacements is required. SMA’s are excellent candidates 

for satisfying these criteria, and their use in microvalves will be discussed in 

detail here. The microvalve is designed and fabricated to control small amounts of 

fluid flow of the order of µL/sec. Single way trained NiTi SMA is used in this 

micro-valve. In this work, laser-assisted actuation of SMA based micro valve is 

investigated designed, fabricated, and tested. Such devices exhibit a linear 

scalable valve function over a wide range of flow rates. Since the mode of heating 

here is a laser, there is a possibility that if high fluence is used then the incident 

area of SMA sheet may vaporize due to absorption of energy hence a maximum 

value of fluence must be known below which there is no damage to SMA.  

 To validate its model and the cause for depletion in its actuation property, 

morphological analysis has been done.     

 

5.3.2.2 Objective: For achieving given objectives, experimentation has been done: 

1. To designing and fabrication of micro valve for controlling the fluid flow. 

2. To Train the SMA sheet and its actuation through Laser. 

3. To validate the data’s using results of the diagnostic tests (SEM, EDX, DSC, 

and TGA). 

4. To develop an experimental set up for estimating Flow rate and leak rate. 

 

5.3.2.3 Fabrication and working: Design of Micro valve is already shown in 

Fig. 5.9. The fabrication of micro valve (Fabricated Micro valve as shown in the 

Fig. 5.10) consists of Acrylic sheet and NiTi SMA sheet. SMA sheet dimension is 

50 *10 *0.25mm
3
, which is attached to a gate for fluid passage.  



154 
 

 

 

Initially, the gate is in the closed position then as soon as heat is provided to 

SMA through Laser, it bends and results in an upward motion of gate because of 

which fluid passage opens and fluid start flowing. For fluid passage a plastic tube 

with an inner diameter of 1.5 mm and the outer diameter of 5mm is inserted in 

cubical case of dimension 10 mm x 10 mm x 50 mm, made by the acrylic sheet.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9: Design of Micro valve open and closed assembly 

(a) 
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5.3.2.4  Experimentation: Experimentation on the fabricated micro valve is done 

in two steps: 

a) Single way training of SMA sheet: The first step involves the training of 

SMA NiTi thin sheets. A fixture as shown in Fig 5.11 (a) was developed to train 

the SMAs sheets to get a bent Shape. The NiTi sheets of 0.25 mm thickness were 

mounted on the fixture, and it was heated for 30 min in a muffle furnace (Model-

BTI 36) as shown in Fig. 5.11 (b), which has a capability of 0-230V and 15A, at a 

temperature of 550
o
C after 30 minutes, it was made to cool in the atmospheric 

condition. Fig 5.11 (c) shows the final shape of the SMA sheet, which is in the 

bent form. 

 

 

 

 

 

 

 

a 

Fig 5.10: fabricated micro valve in a) open position, b) open 

position 

(b) 
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b) Specification of Laser actuation: For laser actuation study, the trained SMA 

sheets were mounted on a stand. Fig. 5.12 a shows the laser actuated experimental 

setup and 5.12 b shown actuation of NiTi sheet. To investigate the laser actuation   

Nd: Yag Laser (Model: INDI-HG-10S) with the second harmonic frequency of 

532 nm was used with 10Hz frequency. For actuation, optimum laser fluence and 

spot diameter were determined by studying the behavior of SMA sheet for various 

fluence and spot diameter. 

 

Fig 5.11 : Apparatus used in Training a) Fixture, b) Muffle furnace, c) bent sheet 

b 

c 
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Fig 5.12 a) Laser actuation set up, b) deflection of SMA  

(a) 

(b) 
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Fig 5.13: Deflection versus time plot 

 

Power 

(mW) 

Fluence 

(mJ/cm
2
) 

Time (s) Deflection 

(mm) 

20 10.19 4 0 

30 15.28 4 2.3 

40 20.38 4 5.2 

50 25.48 4 7.29 

 

5.3.2.5 Result and discussion: Deflection increases as actuation time increases. 

Deflection at given power is mentioned at different fluence for a constant time 

which is mentioned in Table 5.3. Deflection of SMA was observed as a function 

as laser intensity was kept constant which is useful for controlling the opening of 

the valve. With the help of following data desired value of flow rate can be 

obtained. Maximum deflection (Fig. 5.13) obtained for optimum laser fluence of 

25.48mJ/cm² is 7.29 mm. 

 

 

 

 

 

 

 

 

 

 

 

Table 5.3 Deflection at given power 
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 Deflection of SMA with time at a fluence of 25.48 mJ/cm
2
:Deflection of 

SMA is tabulated in 5.4 at a fluence of 25.48 mJ//cm
2
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time 

(s) 

Deflection 

(mm)/ Angle (º) 

Image 

0 0  (0º) 

 

20 1.89 (4.3º) 

 

40 3.11 (7º) 

 

60 5.62 (12.7º) 

 

80 6.15 (13.8º) 

 

100 6.9 (15.4º) 

 

120 7.29 (16.2º) 

 

Table 5.4 Orientation at respective deflection 
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5.3.2.6 Characterization: 

a)  SEM image at 0.5 mm: For optimum fluence value LASER with spot 

diameter 0.5mm spot diameter was incident on the SMA sheet for a period of 5 

min, and Scanning electron microscope images of the incident area were taken. 

Images 5.14 (a-f) are for fluence value of 100 mJ/cm
2 

, 110 mJ/cm
2 

,120 mJ/cm
2 

,130 mJ/cm
2 

,140 mJ/cm
2 
and 150 mJ/cm

2 
respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 
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(c) 

(d) 
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(e) 

(f) 

Fig 5.14 SEM image at a) 100 mJ/cm
2 
, b) 110 mJ/cm

2 
, c) 120 mJ/cm

2 
, 

d) 130 mJ/cm
2 
,e) 140 mJ/cm

2 
and f) 150 mJ/cm

2
 

(e) 

(f) 
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b) SEM image at 3.0 mm: Below are SEM images of SMA after incidence of 

LASER of spot diameter 3.0 mm for different values of fluence for 5 minutes. 

Images 5.15 (a-e) and are for fluence value of 70 mJ/cm
2 

, 100 mJ/cm
2 

,130 

mJ/cm
2  

,140 mJ/cm
2 

and 155 mJ/cm
2 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 



164 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) 

(d) 
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Parameters Lens (spot 

diameter 0.5 

mm) 

Lens (spot 

diameter 3.0 

mm) 

Lens (spot 

diameter 5.0 

mm) 

Actuation No Yes Yes 

Ablation Yes No No 

Disadvantage No Actuation  May also strike 

at undesired 

location 

  Best suited for 

our application 

 

It is clear from Table 5.5 that 3.0 mm diameter was good and suited for 

our application 

(e) 

Fig 5.15 SEM image at a fluence level of a) 70 mJ/cm
2 
, b) 100 mJ/cm

2 
,c) 

130 mJ/cm
2  

,d) 140 mJ/cm
2 

and e) 155 mJ/cm
2
 

Table 5.5 : Result of SMA actuation 
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Fig 5.16: EDX image of SMA sheet 

c)  EDX images: Composition of SMA has been revealed by Energy-dispersive 

X-ray spectroscopy test which gives atomic and the weight percent of Ni and Ti. 

Atomic percent of Ni and Ti is found to be 42.43% and 57.5% respectively, and 

Weight Percent is 47.46% and 52.54 % respectively (Fig 5.16) 

 

 

 

 

 

 

 

 

 

 

 

 

d) DSC images: DSC is a technique which gives a requirement of heat for 

increasing the temperature, both the sample and reference are maintained at nearly 

the same temperature throughout the experiment. DSC reveals (Fig 5.17) the 

transformation temperatures of SMA.    

 

Martensite finish temperature (Mf):-13
o
C 

Martensite start temperature (Ms): 11 
o
C 

Austenite start temperature (As): -11 
o
C 

Austenite finish temperature (Af): 15 
o
C 
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Fig 5.17: DSC curve of NiTi sheet 

Fig 5.18: TGA image of NiTi sheet 

 

 

e) TGA image: Thermo Gravimetric Analysis is commonly used to determine 

selected characteristics of materials that exhibit either mass loss or gain due to 

decomposition, oxidation, or loss of volatiles (such as moisture).With the help of 

TGA we can measure the changes in physical and chemical properties of the 

material as a function of increasing temperature (with constant heating rate), or as 

a function of time (with constant temperature and constant mass loss) which is 

shown in Fig 5.18. 

 

 

 

 

 

 

 

 

 



168 
 

d) Hardness Test: Micro- harness testing has been completed. For this, we 

preferred Vicker’s Hardness test over Knoop hardness test because NiTi sheet is 

ductile. Since SMA sheet thickness was 0.25 mm; so, applied load for conducting 

microhardness testing was quite low as it was 300 gram. It is clear from Fig 5.19 

that there is no effect of training on the sample . 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.3 Micro valve Array: Microvalve arrays differ fundamentally in performance 

from single-channel-micro machined flow control valves for which the flow rate 

is controlled by varying the size of a single flow channel. The flow rate through a 

microvalve array scales linearly with the number of microvalves open, whereas 

flow rate through a single-channel valve varies, in low Reynolds number flows, 

with the height of gate open. 

Moreover, array systems achieve precise flow control by relying on a 

multiplicity of simple low-precision elements rather than angle more complex 

high-precision element. This offers an advantage in fabrication since in 

micromachining multiplicity has a relatively low cost while complexity has a 

relatively high cost. 

Fig. 5.19: variation of VHN with number of training 
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5.3.3.1 Design: Design for microvalve array for fluid flow control is described in 

Fig 5.20. The device consists of an array of microvalves working cooperatively to 

achieve precision flow control on a macroscopic level. Flow rate across the 

microvalve array is proportional to the number of microvalves open, yielding a 

scalable high-precision fluidic control system. To achieve precision flow control 

on a macroscopic level, a set of microvalves can be used. The flow rate through a 

microvalve array scales linearly with the number of microvalves open, whereas 

flow rate through a single-channel valve varies with the deflection of SMA and 

height of gate open. Each microvalve is independently controlled either by laser 

using optical fiber. 

 

 

5.3.3.2 Fabrication: Fabricated microvalve array for fluid flow control is shown 

in Fig 5.21. In this design, each microvalve is independently controlled, and the 

actuation method is the same as for a single microvalve. Since SMA is trained in 

one way, there must help me an arrangement for the counter force which brings 

Fig 5.20 SOLIDWORK model showing design for Micro valve Array 
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SMA back to straight position, here spring is attached at the end of each SMA 

sheet to provide deformation force when valve needs to be closed. With the help 

of microvalve, array flow rate of macro-level can be controlled in micro levels 

precision. Also, this can be used as micro mixing device in which different fluids 

can be mixed in a desired proportion. 

 

 

 

 

 

 

 

  

 

  

 

 

5.3.3.3 Result and discussion: SMA micro valve has been presented, which are 

actuated by a thin film microdevice of SMA NiTi. The experimental study and 

has been carried out to investigate the rate of flow. The following information can 

be drawn from the present results: 

a) The pictorial view of Micro valve which is designed through Solid-works 

software is represented in Fig.5.9. 

b) As per design (50*10*0.25mm
3
), Micro valve is fabricated with acrylic SMA 

NiTi sheet for getting the flow rate in order of µL/sec, for flowing the liquid front 

Fig 5.21 Fabricated Micro valve array 
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inside of valve 1.5 mm diameter as a hole is kept open along with the valve, 

which is shown in Fig. 5.10. 

c) SMA Ni-Ti sheet whose thickness is 0.25mm is Trained in its predesigned 

shape for which Fixture and Muffle furnace is required, i.e. shown in Fig.5.11 (a, 

b and c) 

d) For actuating the SMA sheet, Laser whose wavelength is 532 nm and 

frequency is 10 Hz is better because of its non-contact type and low power energy 

density source. (Fig 5.12) 

e) The advantage of the Laser medium is to get maximum deflection 7.29 mm 

for an optimum fluence of 25.48 mJ/cm
2
 as shown in Fig. 5.13 

f) For checking the validation of NiTi, various characterizations has done like 

SEM, DSC, EDX, TGA, Hardness test, i.e., depicted in Figs 5.14 to 5.19 and 

5.28.  From which it is clear that for Composition of nitinol is 42.43% Ni and 

57.5% Ti. laser fluence is optimum at 130 mJ/cm
2
 

g) Finally, Array of micro valve has been fabricated (Fig 5.21). It can be used as 

a micromixer also. 

The research reviews the use of microvalve, and in the design using a 

material with SMA, Ni-Ti sheet passed the feasibility, executive design stages, as 

well as experimental tests on prototypes made using rapid prototyping techniques 

and development of Micro-mixer for the Bio-medical application. 

 

5.3.3.4 Application of Microvalve Array as a Micromixer 

Microvalve array has a potential application in Micromixer. Micromixer 

technologies applications are broadly categorised as: 

 (1) Chemical applications, including chemical synthesis, polymerization, and 

extraction; 

(2) Biological applications, including DNA analysis, biological screening enzyme 

assays, protein folding; 
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(3) Detection/analysis of chemical or biochemical content combined with NMR, 

FTIR, or Raman spectroscopies. 

 

In the chemical application, crystallization, extraction, polymerization, 

and organic synthesis have been reported, not only for laboratory studies but also 

for industrial applications. Microscale techniques are used in chemical synthesis 

to develop microreactors. In clinical medicine and biological studies, microfluidic 

systems have been widely applied to the identification of biochemical products, 

diagnosis, drug discovery, and investigation of disease symptoms. The biological 

and biochemical applications also include enzyme assays, biological screening 

assays, protein folding, and biological analytical assays. Non-destructive 

analytical/detection methods have yielded some benefits to chemical and 

biochemical processes. 

5.4 Benefits of using Line beam in place of Spot Beam: In most of the 

literature, the laser is used as actuation medium but the laser used is a spot laser 

which is effective over the area it is falling, i.e. rest of the sample remains 

ineffective of the heat. Laser follows Gaussian curve: In a Gaussian beam, 86.5% 

Fig 5.22 Application of Micro valve Array- Micromixer 
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of the energy gets concentrated at the center and rest 13.5% lost at the edges leads 

to inhomogeneous intensity distribution. Lack of thermo-mechanical properties:  

No analysis is done on thermo-mechanical behavior, i.e., reliability, the surface 

characterization in the spring. No work is available to identify operating condition 

and spring parameters for life prediction models.  

Spot beams are more concentrated in power than a wide beam, so the 

receiving end get a stronger signal. Since the coverage area is smaller, there is 

also a reduced risk of interference with another end i.e. NiTi using the same 

frequencies. So, line beam is preferred for uniform heating: 

5.4.1 Preliminary Experimentation: The test setup is developed to perform 

experiments based on the medium used. It comprises an actuation unit and a 

displacement sensing unit with a load pulley arrangement. Two ways of actuation 

have been used here that includes Laser-based and hot water actuation. Nitinol 

SMA Spring which is equiatomic (50%Ni-50%Ti) in nature is used with 

specifications as described in Table 3.1. Heating-cooling cycle is defined for both 

processes based on the time when steady state is achieved which is different for 

both processes. 

For the first time actuation of an SMA spring with a remotely controlled 

contactless source like a laser beam is reported in this project. Laser (Light 

amplification by stimulated emission of radiations) is used as one of the media to 

gain displacement in the NiTi spring. Nd: YAG pulsed laser (Quanta-Ray) with 

different wavelengths is used to perform the experiments. The first task for this 

work is to get an actuation with the help of a laser. The laser source is capable of 

focusing a point beam of diameter range between 1.5-2.5 mm depending upon the 

stand-off distance (distance between workpiece and laser source). However, with 

a point laser, the actuation attained is decidedly less, so the next task is to increase 

the area of the beam. Comparison between point spot actuation and a line spot 

actuation is also studied in Table 5.5. 

5.4.2  Comparison on Point and Line actuation: Comparison analysis has 

been done for point and lines laser actuation which is tabulated below: 
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With Point laser actuation gained 

(mm) 

With line laser actuation gained 

(mm) 

0.38 7.14 

2.68 6.92 

4.37 6.80 

4.59 6.54 

4.64 5.65 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.6: Output Line and Point heating comparison 

 

Fig 5.23: Output line gained when passed through Quartz  

tube with a scale as reference 
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At first, all the experiments were conducted using quartz tubes (Fig 5.25) 

to confirm the actuation through the laser, but it is then replaced by a 

planoconcave cylindrical lens that will increase the efficiency which is discussed 

in the result section. Hence, the slightest modifications can make drastic changes 

that can be exploited to enhance component functionality.  

 

 

 

 

 

 

 
Fig 5.25: Quartz tubes used with varying diameters 

 

Fig 5.24: Image captured on a photographic sheet 

 

Spot Diameter passing before the quartz tube (2.5mm)  
 
 
 
 
 
 
 
 
 

 

Laser line formed after passing through quartz tube 50*9.88mm
2
 

 

 

 

 

 

 

 

 

 

 (2.5mm)  
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5.4.3 Experimental Set up: The experimental setup consists of a cylindrical 

lens and an SMA spring (Fig 5.26). Laser actuation is performed using an Nd-

YAG pulsed laser system with varying spot diameter at 532nm. Laser parameters 

(i.e., peak power, frequency, laser fluence) are altered to control the actuation. 

The laser is allowed to strike onto the cylindrical lens and then passes to the 

spring. Spring is fixed at one end, and the other end is connected to a varying load 

through a frictionless pulley.  

 

 

To generate a displacement, Laser is made to strike where spring is held fixed 

at one end and then cooling is done through natural convection (Fig 5.27). 

During the heating cycle, spring compresses pulling the mass in an upward 

direction against the gravity. This occurs because of martensite to austenite 

transformation. During the cooling cycle, spring elongates, and the mass moves in 

the downward direction. This occurs because of austenite changes to the 

martensite phase.  

Fig. 5.26: Schematic for laser based actuation setup 
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The proposed system can investigate the behavior of SMA springs at 

varying temperature conditions, load, actuation and displacement conditions. This 

can be highly helpful in investigating the life cycle in detail. 

 

(a) 

(b) 

Fig 5.27 a) Line beam generation by using quartz tube b) Displacement 

calculation using LDS and flapper arrangement 

 

Quartz Tube 

Line obtained 

after passing 

through quartz 

tube captured 

on photographic 

sheet 
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5.4.4 Framing of the work: Three major changes that have been done in this 

work: 

1.) In the preliminary stages, actuation is tried using a cylindrical quartz tube. 

However, the losses associated with quartz tubes are very high, need a cylindrical 

lens for this purpose.  

2.) In the second trial, the quartz tube is replaced by a Plano concave cylindrical 

lens (Focal length f1 100mm), which gave better results than the previous one. 

However, in order to further increase the output line, work is done on changing 

the lens arrangement.  

3.) A Plano concave lens (f1 100mm) along with a convex lens (f2 100mm) is used 

to get the required actuation. Comparison between both the arrangements is 

shown in table 5.5.  

 Lens Arrangement Used: The Cylindrical lens is used in place of the quartz 

tube.  Spring is compressed on a particular area and not too much significant (Fig 

5.28 a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 
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To mark a significant change combination of cylindrical lens and a convex lens is 

used (Fig 6.6 b). 

 

 

 

 

 

 

 

 

Fig 5.29: Schematic of combination of lens arrangement using their focal point 

Fig 5.28 Lens arrangement used for conversion of point beam into line 

beam a) only cylindrical lens used, b) cylindrical + convex lens used 

 

(b) 
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5.4.5 Results and Discussion: Various changes have been done while performing 

the experiments based on the results found. At the preliminary stages, work was 

started with cylindrical quartz tubes. These tubes generated a line length of about 

5-7 mm as shown in Fig 5.30 captured over a photographic sheet. Though it was 

found that the laser when passed through this quartz, it incurs heavy loss in the 

efficiency of the power.  

Results can be seen in Table 5.8 below when experiments were performed 

using a quartz tube of diameter 5mm with varying spot diameter. 

Fluence calculation is done based on the area of output line (assumed as 

rectangular spot) at different power values. Fig 5.30 shows a microscopic view of 

the line formed with the help of portable USB microscope at a magnification of 

4X. 

 

 

 

 

 

 

 

 

 

Parameters Cylindrical Lens Cylindrical Lens + 

Convex Lens 

Focal length  100 mm 100 mm 

Laser beam diameter  3 mm 3 mm 

Laser wavelength  532 nm 532 nm 

Output laser line  7-8 mm 13-15 mm 

Table 5.7 Output and input values for both lens arrangements 

 

Fig 5.30: Microscopic image captured over photographic sheet 
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Above Fig 5.31 shows the line obtained with quartz tube captured in a 

photographic sheet in standard view with a centimeter scale kept parallel to it as a 

reference. 

5.4.5.1  Effect of the cylindrical lens:  

 
The losses with quartz tube are very high, so next set of experiments is 

performed with a Plano concave cylindrical lens. These lenses will convert the point 

beam to a rectangular beam with fewer losses when compared with the quartz tube.  

The cylindrical lens is a Plano concave type lens with a focal length of 100 

mm and curvature diameter 25mm. SMA spring is kept after the focal point because 

at focal point the intensity is very high which may ablate the spring at higher powers. 

Laser Spot 

Diameter  

Power 

(mW) 

Converted 

Length 

Fluence 

(mJ/cm
2
) 

2.5 mm 0.15 30 mm 306 

0.30 35 mm 612 

0.55 40 mm 1122 

2.0 mm 0.15 10 mm  477 

0.30 15 mm 955 

0.55 17 mm 1751 

Table 5.8: Results using quartz tubes with varying diameter 

 

Fig. 5.31: a) Effect of laser on photographic sheet, b) Location of LDS in 

front of flapper 

(a) (b) 
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Cycle Medium Time 

(mins) 

Displacement 

1 Heating 4.90 7.93 

Cooling 2.00 0.64 

2 Heating 4.80 4.56 

Cooling 1.36 0.42 

3 Heating 3.90 4.20 

Cooling 1.49 0.40 

 

As it can be seen from the above table 5.9 where experiments for the first 

three cycles were performed using a cylindrical lens. Heating time required is 

more than the cooling time because of the inhomogeneous heating due to the 

Gaussian beam. 

Displacement for the first cycle is very high which is approx. 8mm and it 

decreases further. This depends on the length of the line falling and the area over 

which it is affecting the spring. Even though the line length formed is more, but 

the intensity distribution varies as per the Gaussian beam profile. 

5.4.5.2 Effect of combination Lens: After performing experiments with a 

cylindrical lens, it is found that the line obtained can further be increased if the 

combination of the lens is used. Therefore, a cylindrical lens plus a convex lens is 

used that increases the output length to 50% than it was before.  

 

All the experiments were then done with this arrangement, and different 

characterization was performed to check the effects of heat over the SMA spring.  

 

A minimum load of 100gms is required to enlarge a fully compressed NiTi 

spring (original 13.86mm) to about 20 mm. Different experiments were carried 

out by changing power, and the results are noted for every heating and cooling 

cycle. 

 

Table 5.9: Displacement gain in heating-cooling cycles 
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(a) 

(b) 
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 Fig 5.32: Displacement-Time relationship at a) 0.25 W, 100 grams and b) 

1.0W, 100 grams c) 2 W and 200 grams, d) 1 W and 200 grams 

 

(c) 

(d) 
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Fig 5.32 above shows heating-cooling cycle for displacement-time 

relationship. Experiment was conducted for NiTi spring at different powers  

with an applied load of 100 grams. Heating time was set as 600 s (threshold for 

heating displacement) and cooling time as 300 s (threshold). 

 

The LDS reference is taken as zero i.e. when the spring is extended 

because of applied weight and no thermal energy is provided. Also it can be 

observed that as the power value increases, displacement gained also increases. 

As we can see from the above Fig, the maximum actuation (compression) when 

heating is done is about 5.9 mm. Running for 10cycles, it can be seen that the 

actuation is getting stabilized except for the first few cycles (where it decreases). 

The reading going below zero is because of the load applied which extends the 

spring more than its compression. One cycle (Heating-cooling) is around 900 s 

and DAS captures this data in the terms of voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One heating-cooling cycle is taken for better clarification. In the Fig 5.33, 

it can be seen that the maximum displacement it is gaining is near to 7mm. Also, 

Fig 5.33: Single Heating-cooling cycle 
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it can be observed that the actuation is gained very fast and it went on increasing 

till 100s and the then steady state continues for the next 300 s. The heating time 

here is around 400 s. This time depends upon the sample to achieve a steady state 

and then cooling is done. This particular cycle is taken at 1.5 W and at a load of 

150grams. 

 

5.4.6 Morphological Analysis: 

 
a) Scanning Electron microscopy (SEM): Surface morphology is studied 

through SEM images. Fig 5.34 shows scanning electron microscopy done on NiTi 

SMA Spring took for different powers and at different magnifications. A 10mm 

sample is cut from the spring and is analyzed over the region where the laser has 

influenced. The SEM images show that at low power (0.25W) the grains are not 

deteriorating, but some debris can be seen over the structure. Further in the 

morphology of NiTi spring shows some tearing feature with downside peaks and 

valleys clearly visible in the images. Depth in Fig 6.14 e shows that at higher 

powers the laser is ablating the spring. Though even after this, actuation of spring 

can be seen but the strength of spring decreases drastically. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



187 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



188 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) Electro Dispersive analysis (EDX): Spring composition was determined using 

EDX. The composition of heat treated spring obtained through EDX is as follows: 

Ti: 22.62 at. %, Ni: 23.20 at. % and O: 54.18 at. %. It is necessary to do the 

Fig 5.34: Scanning Electron microscopy done at (a) Sample cut out length 

(10mm), (b) Original sample, (c) 0.25W, (d) 1.0W, (e) 1.5 W, (f) 2.0W showing 

depth created due to laser ablation at higher power 
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experiments in an inert atmosphere as the NiTi is easily oxidized due to the heat 

treatment at an open atmosphere. Alternatively, the oxide formation of NiTi 

spring which prevents Ni element to release from its alloy surface is beneficial for 

corrosion resistance and bio-compatibility. However, it was reported that this 

passivation layer on NiTi alloy was relatively fragile. The brittle and thin oxide 

layer may be destroyed during significant deformation or during complex 

interaction involving wear [149]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thermogravimetric analysis (TGA) was carried out to investigate the 

kinetics of oxidation. Thus the thermal stability of this SMA can be revealed by 

TGA. The test was carried out with a specimen weighing around 20 mJ at 

constant heating of 5 °C/min purged with nitrogen gas.  

Fig 5.36 (a, b, c) shows the laser actuated spring at average powers, and 

the amount of weight gain goes on increasing with increased fluence. At a low 

Element Weight % Atomic % 

O 11.81  54.81 

Ti 14.76 22.62 

Ni 18.56 23.20 

Table 5.10: EDX analysis after laser interaction 

 

Fig 5.35: EDX representation showing peaks for particular components 
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power of 0.25W (Fig 5.36 a), decomposition is seen after 100°C whereas, at high 

powers (i.e., at 0.50 W and 1.0 W), NiTi is severely oxidized. The presence of 

oxides is then confirmed by Energy Dispersive X-ray spectroscopy. Also, it can 

be seen that in all the graphs, reading again increases after 800
O
C. Nitridation 

occurs in NiTi at this temperature limit. As the TGA environment is purged with 

nitrogen gas, so there are high chances of nitride formation. Typically, titanium is 

prone to nitridation and forms Titanium nitrides and higher stoichiometric 

structures. 
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5.5 Drawback of pulsed Laser: Aside from their various applications, 

lasers are classified according to how they emit light, which includes “continuous 

and “pulsed” lasers. Since pulsed laser is beneficial for thin materials (quicker 

processing, high power capabilities, great for such types of applications  that need 

high power density and can be Q switched which allows minor laser ablation. But 

there are some disadvantages also. It is not ideal for materials that have moderate 

thickness. It gives slower production for thicker materials. 

Lower absorption of radiation for lighter materials is major drawback. 

Although engraving resolutions can be high, it wouldn't allow for larger scan gap 

making it slower.  

 Main drawback is that for actuation of SMA, It required more time to 

achieve deflection. So continuous laser is preferred than pulsed laser which is 

discussed in next chapter. 

Fig 5.36: TGA analysis performed for springs undergoes heating at 

different laser powers (a) 0.25W, (b) 0.50W, (c) 1.0W 
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5.6 Summary: In this study, the cyclical behavior of NiTi, a binary shape 

memory alloy is achieved by using pulsed Nd-YAG laser.  It can be 

summarized as follows: 

 It has been found that actuation gained by laser medium is good enough to use 

in practical applications.  

 Laser at 532nm is used, and optimum power of about 1.0W is analyzed which 

gives fluence of 49mJ/mm
2
.  

 Thermogravimetric results show weight gain, i.e. oxidation till 100
o
c, and then 

decomposition starts. Oxygen content is further validated with EDX. Also, 

weight gain after can be because of NiTi nitridation phenomenon.  

 Different powers are also used in this chapter for comparative analysis.  
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Chapter 6      

Continuous Fiber Laser Assisted  

                              Actuation of SMA spring 

In this chapter, a novel approach is developed to handle the actuation of shape 

memory alloy (SMA) using continuous fiber laser, which will be responsiveness for 

next-generation MEMS devices. The thermo-mechanical and morphological analysis 

is also investigated and verified. 

6.1 Introduction: 

Laser actuation is a contactless energy transfer (CET) process where there is 

no physical contact between the laser source and the actuating component. 

The absence of intricate connections, eliminates additional element 

requirements such as wiring, connectors, etc. thus favors MEMS 

applications. The contactless feature also facilitates long distant actuation, 

improves actuator mobility and degree of freedom over other actuation 

methods. With this laser actuation, selective actuation on the SMA element is 

possible, i.e., in the case of springs only the selective coils can be actuated. 

This distinct selective actuation enables different stroke lengths of SMA 

actuators at different actuation speeds by controlling laser process 

parameters. 

However, to the best of authors' knowledge, there is no detailed study 

on the laser actuation until the failure of the SMA component. A thorough 

experimental and numerical study wholly focusing on the attribute deeds of 

the SMA actuation of spring was carried out to understand the actuation 

behavior of SMA. Displacement analysis, thermogravimetric analysis, 

scanning electron microscopy (SEM) of laser interaction during as well as 

post-actuation studies are analyzed. 

One option to amplify the stroke is to shape a set SMA wire into 

compressed helical springs. These springs can be made using straight wire 

with heat treatment techniques and do not require any amplification 

mechanisms. Although there are dynamic setups in the literature to explain a 
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helical SMA actuator’s behavior, there are few publications that present 

experimental results for validation. 

SMAs are of particular interest in actuation applications due to their 

high stress, high actuation strain, and high energy density. Further 

improvement to their actuation frequency and the number of transformation 

properties per NiTi component is desired to increase the range of applications 

for these materials [5]. In this chapter, NiTi SMA Spring is actuated through a 

laser beam (using continuous fiber laser) then its effect on the morphology of 

structure is analyzed. SMA exhibits different properties like one-way effect, 

two-way shape memory, and pseudo-elasticity, high damping capacity, good 

chemical resistance, and biocompatibility. All these properties made it suitable 

for that particular application required. 

Here, the Laser source is used to heat the spring and actuation is 

gained. This chapter investigates the laser processing of NiTi SMA springs. 

The limitation of having one transformation property for a NiTi component 

has resulted in the development of numerous methods to increase the number 

of transformations possible. Previous methods explored to achieve multiple 

properties in a single component include antagonistically positioning SMAs, 

local heat treatment techniques, the two-way shape memory effect, welding, 

and local alteration of SMA properties of these methods, the local property 

modification methods are the most flexible and can be used on a wide scale 

and range of applications [144]. The range of temperature is 45-90 degree 

centigrade.  

6.2: Details of Experimental Apparatus:  

Apparatus consists of six major sub-parts such as (i) Continuous fiber laser 

equipped with PC; (ii) SMA NiTi spring; (iii) DC power supply unit; (iv) 

Laser displacement sensor; and (v) Data acquisition system and (vi) wire and 

pulley arrangement. 

(i) Continuous fiber laser equipped with PC: ‘LASER’ stands for light 

amplification by stimulated emission of radiation. Each word of this sentence 

which more or less describes a process leading to the generation of laser. The 

laser is explained as a tool which generates highly directional, monochromatic, 

powerful beam, which can be focused to the spot diameters of the order of its 
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wavelength, where power densities of the full laser beam are concentrated can 

exceed 1GW/cm
2
 very easily. 

This system consists of some components, i.e. Laser source (from a Yb 

doped fiber laser), Galvo-scanner, software, and PC. The advantage of using 

fiber laser is as follows: 

 Light is already coupled into flexible fiber. 

 High optical quality 

 Compact size 

 Higher wall plug efficiency 

 The higher surface area to volume ratio allows efficient cooling of the 

laser. 

 Fiber lasers exhibit high temperature and vibrational stability, extended 

lifetime, and maintenance-free turnkey operation 

 No mass, No wear, Non-contact, Rapid on/off control 

 Fiber laser can also refer to the machine tool that includes the fiber 

resonator. Applications of fiber lasers include material 

processing (marking, engraving, cutting),  spectroscopy, 

Telecommunications, , medicine, and directed energy weapons. 

 Fiber lasers are now being used to make high-performance surface-

acoustic-wave (SAW) devices 

Its subsystems are:  

a) Laser Source: It is of 50 W fiber laser with beam delivery system. Fiber 

laser is a laser in which an active medium is an optical fiber doped with rare 

earth element such as erbium, ytterbium, and neodymium, etc. wavelength of 

the laser is 1064 nm. 

b) Galvo scanner: The galvo consists of a galvanometer-based scanning 

motor with an optical mirror mounted on the shaft and a detector that provides 

positional feedback to the control board. The Galvo scanner which deflects the 

beam in X and Y direction is having a focal length of 160 mm. Inside there are 

two mirrors (X and Y) which deflect in the beam as per the user requirement. 

The scanning area is 100*100 mm. 

https://en.wikipedia.org/wiki/Turnkey
https://en.wikipedia.org/wiki/Laser_ablation
https://en.wikipedia.org/wiki/Laser_ablation
https://en.wikipedia.org/wiki/Spectroscopy
https://en.wikipedia.org/wiki/Telecommunications
https://en.wikipedia.org/wiki/Medicine
https://en.wikipedia.org/wiki/Directed_energy_weapon
https://en.wikipedia.org/wiki/Surface-acoustic_wave
https://en.wikipedia.org/wiki/Surface-acoustic_wave
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c) Beam Delivery system: The laser beam once centrally entering into Galvo 

head input aperture will be following two mirrors in the Galvo head. If the 

mounting of the Galvo head is not disturbed or loose, then the beam will exit 

from the output lens of Galvo centrally. Keep the object on the stand, and then 

one can adjust Galvo up or down with the arrangement provided. Galvo power 

supply is a linear power supply giving 15 V regulated voltage, and current 

rating is 5 Ampere. 

d) Control panel: Fiber laser can be controlled by this panel only. The laser 

can be switched on/off, and X-Y stage can be moved by this. 

e) Software: The actuation is controlled by software (HPGL slab). It comes 

along with Galvo scanner. HPGL software runs on PC with 900 Mhz CPU and 

256 MB RAM at least. 

ii)  SMA Ni-Ti spring: Due to the spring action, one-way trained SMA 

springs are widely used as micro-actuators. Therefore, this setup incorporated 

spring as an SMA component. Spring specifications are given in Table 3.1  

iii) DC power supply unit (PS): It is required to glow the laser displacement 

sensor (LDS). (Model: GWINSTEC GPD4303 S) 

iv) Laser displacement sensor (LDS): As the study involved micro-actuation, 

LDS was chosen over other displacement measuring devices which gave the 

resolution of 2.5μm. (Model: Panasonic HLG108-A-C5). 

v) Data Acquisition System (DAS): Measurements provided by LDS were 

recorded using a DAQ and were directly saved into a computer for further 

study (Agilent 34970A). 

vi) Load and Pulley arrangement: External force was needed to keep the 

spring extended as the spring was trained to contract upon actuation, which is 

done automatically with the help of a pulley. 

 

6.2.1: Procedure of Experimentation: All the experiments were conducted 

using the following procedure: 

a) Three SMA Ni-Ti spring was chosen for actuation at different wattage, i.e. 

15 W to 50 W. 

b) Three different weights i.e. 1.5 N, 2.5 N and 3.5 N were used during 

experimentation. 
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c) Some passes (Pass means laser in the form of the line will go in a forward 

direction from one end to other end and then follow the reverse path up to 

starting point) were varying according to its full recovery, i.e. 1 to 8.  

d) To trace the profile of the laser beam, photographic sheets were used which 

is also explained in the upcoming section. 

e) Characterization of SMA is also done, i.e. SEM, TGA, and DSC, etc. 

6.2.1.1: Experimentation: A SMA NiTi (Nitinol) spring, supplied by 

Dynalloy Inc, with the specifications mentioned in table 3.1 is used for 

actuation studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 6.1 a) schematic of laser assisted actuation and b) on line location 

of continuous laser assisted actuation 

 

(b) 

(a) 
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In order to deform the spring for actuation studies, one end of the 

closed coil spring is fixed, and the free end is loaded with 1.5 N, 2.5 N and 3.5 

N loads. Figs. 6.1 (a and b) shows the experimental setup for the laser 

actuation of the SMA. Due to the applied load, deformation begins in the 

spring at a temperature of 17
0
C. Once the deformation due to the applied load 

terminates, the laser is switched on. Laser from the fiber laser source, doped 

with Yb active gain medium of 1064 nm wavelength is used for irradiating the 

SMA spring. To move this laser beam along the length of the spring for heat 

distribution, a dynamic reflecting mirrors or simply galvo mirrors are used. 

Laser guided through the optical fiber cable is made to fall on the galvo 

mirrors. These mirrors reflect the laser beam on the top surface of the spring.  

A Laser beam width of 0.2mm traveling along the length of the spring 

was used for the experimental study. The Laser travel provides the necessary 

heat to attain the phase transformation temperature. Due to the shape memory 

effect, the spring displaces and returns to its initial closed coil position 

partially or completely. An LDS of the 2.5 μm resolution was used to measure 

this load displacement. The data from the LDS is acquired in the Ni-DAS 

interfaced with the computer for further data processing. Once the actuation 

was accomplished, the spring was allowed to cool to the room temperature. 

During cooling, the applied bias load brings the spring to the initial deformed 

state. After complete cooling, the next actuation cycle was carried out. A 

Laser power sweep of 15 W to 50W was used for the investigation of the 

thermomechanical behavior of the SMA spring.  

6.2.1.2 Theory of Actuation: A SMA spring in a closed coil conFiguration is 

fixed at one end, and a deforming load is hung at the other end. The closed 

coil position is the trained shape of the SMA spring. The minimum and 

maximum stress required to deform the material is called de-twinning start 

stress𝜎𝑆and de-twinning finish stress𝜎𝑓respectively. Due to the applied load, 

de-twinning of the martensite structure takes place. This de-twinning induces 

a deformation coaxially on the spring up to a certain limit depending on the 

load. 
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Fig. 6.2 shows the schematic diagram of Laser actuation of SMA 

spring. The laser is switched on, and it is made to irradiate on the top surface 

of the spring for thermal activation of shape memory effect. The energy 

irradiation from the laser causes a light-matter interaction, which is absorbed 

by the spring. This energy absorption increases the temperature of the spring 

at the localized irradiation points. An average increase in the temperature of 

the spring takes place due to the conduction of this localized high temperature 

to the entire volume of the spring. In order to achieve heating throughout the 

spring, the laser is scanned throughout the length of the spring. This laser 

scanning from one end and returning to the same end after traveling 

throughout the spring is called Pass.  

Fig. 6.3 shows the schematic diagram of laser actuation of SMA 

spring at periodic time interval. When the temperature increases beyond 

austenite start temperature, the spring starts to actuate at discrete points. On 

the further rise in spring temperature beyond the austenite finish temperature, 

complete actuation takes place. Thus, the spring comes to its initial closed 

coil position along with the load. When the laser is switched off, heat losses 

Fig.6.2: Schematic diagram for laser actuation of SMA spring 
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to the surrounding due to natural convection from the spring, thus cooling of 

the spring takes place. Due to cooling, the crystal structure begins to change 

from austenite to twinned martensite at Martensite start temperature (Ms), but 

this austenite to twinned martensite transformation cannot be observed, 

because the twinned martensite is immediately brought to de-twinned 

martensite by the bias load hung. The complete deformation due to the hung 

load occurs at Martensite finish temperature (Mf). This antagonist bias load 

helps in bringing back the spring to martensite state from austenite state, thus 

imitating the two-way effect for cyclic actuation of the spring. 
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6.3 Result and discussion: This section is divided into the following 

subdivision: 

  

6.3.1: Thermomechanical Behavior: The thermomechanical behavior of 

SMA spring was studied for three different loads, i.e., 1.5 N, 2.5 N and 3.5N 

at different laser powers. Only with a load of 1.5 N, a sufficiently observable 

deformation was obtained. Hence a start load of 1.5 N was chosen. Whereas 

beyond 3.5 N, though a higher laser power was irradiated on the top surface of 

the spring, the SMA spring was unable to regain its original closed coil shape 

completely because of the heaviness. Since this study is concerned only on the 

complete shape memory recovery of the SMA spring, 3.5 N was considered as 

the maximum load because of its maximum capacity.  

For the experimental simplicity, the laser power was irradiated in steps of 

5 from 5.0 W to a maximum capacity of the laser system 50 W. It was 

observed that the minimum laser powers of 5.0 W and 10 W were not 

sufficient to increase the temperature of the spring near to or beyond AS. Even 

though the number of passes was increased, the temperature of the spring 

increased up to the steady state level which was well below the required 

actuation temperature of the SMA spring. Hence the powers 5.0 W and 10 W 

was neglected for the actuation studies. 

Fig 6.3: Actuation of SMA for complete strain recovery 
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For a constant laser power, increasing the number of passes increases the 

temperature of the spring. This is because the irradiation time of the laser 

over the spring surface is more. However, the increase in temperature is 

observed only until the spring reaches a steady state with the environment, 

i.e. when the heat absorbed equals the heat emitted by the spring to the 

surrounding. Beyond that steady state, despite increasing the number of 

passes no change was observed in displacement. Fig. 6.4 shows that for a 

laser power of 15 W and a load of 3.5 N, by increasing the number of passes 

from 6 to 8, a slight increase in the displacement was observed.  

 

 

 

 

 

 

 

 

 

Whereas on further increasing the number of passes to 10 and 12, no 

change in the displacement was observed. From Fig. 6.4, it could also be 

deduced that the heating curve of 6 passes has a sharp peak whereas for 8, 10 

and 12 passes, the saturation was reached and only an increase in dwell time 

was observed. Supplying any heat surplus to this saturation will result only in 

the local damage to the spring with deterioration in the shape memory 

property of the spring over time. Hence, for particular laser power, the 

sufficient number of passes required for the actuation was fixed depending 

on the above procedure.  

 

Fig 6.4: Actuation of SMA spring at 15 W with varying passes 
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Laser power of 15W was irradiated on the top surface of the spring, 

initially for 2 to 3 passes there was no actuation observed in the spring. 

Furthermore, a gradual response due to the increase in passes was observed 

Different Laser powers were used for the actuation of the SMA spring 

for loads of 1.5 N, 2.5 N and 3.5 N. Laser with a power from 15 W to 50 W 

were impinged on SMA NiTi when it was loaded with 1.5 N, 2.5 N and 3.5 

N. It is tabulated below (Table 6.1)  

For 15W laser power, at least seven passes are required to heat the 

spring to the actuation temperature. Increasing the number of passes results 

in increasing the temperature but not up to the austenite finish temperature. 

Thus for the power of 15W, the maximum displacement achieved was 10.3 

mm for a load of 1.5 N.  The same experiment was repeated for 2.5 N and 3.5 

N. Due to the load, the spring extends to a greater distance. To cover the 

whole length with laser, the laser travel distance is increased. Thus there is a 

slight increase in heating time for the 1.5 N, 2.5 N and 3.5 N observed. 

Though there was a slight increase in heating time observed, the cooling time 

remained approximately equal. Hence, the experiment was conducted by 

increasing the laser power from 15 W to 50 W, and the corresponding 

number of passes were fixed accordingly. Increase in laser power causes 

Fig 6.5: Actuation of SMA spring at varying power till full recovery 
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exposure to high temperature. Hence an increased cooling time is required 

for complete deflection of the spring. 

Note: Heating time was dependent on some passes but cooling time was 

operated manually (up to initial position or full recovery) using a 

stopwatch. 

S.No P (W) W (N) n δ (mm) HT (s) CT 

(s) 

1. 15 

1.5 7 10.3 29.32 

210 2.5 8 14.8 30.89 

3.5 8 23.7 35.27 

2. 20 

1.5 3 10.1 12.57 

230 2.5 3 15.5 13.22 

3.5 5 24.8 26.22 

3 25 

1.5 2 10.5 8.37 

240 2.5 2 16.1 8.88 

3.5 3 25.8 14.89 

4. 30 

1.5 2 10.7 8.37 

253 2.5 2 16.8 8.88 

3.5 2 26.4 9.92 

5. 35 

1.5 2 11.2 8.37 

260 2.5 2 17 8.88 

3.5 2 27.1 9.92 

6. 40 

1.5 1 11.2 4.18 

265 2.5 1 17 4.44 

3.5 1 27.7 4.96 

7. 45 

1.5 1 11.3 4.18 

270 2.5 1 17.1 4.44 

3.5 1 28.4 4.96 

8. 50 

1.5 1 11.5 4.18 

275 2.5 1 17.1 4.44 

3.5 1 28.9 4.96 

Table 6.1: Parameters for Laser actuation of SMA NiTi 
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HT: Heating Time (s), CT: Cooling Time (s), δ: Displacement (mm), n: 

Number of Passes 

P: Power (w), W: Weight (N), As per Table 6.1, graphs are plotted. All 

graphs are shown in Figs 6.6 (a-h): 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 
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(c) 

(d) 

(e) 



207 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(f) 

(g) 
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6.3.2 : Effect of parameters on actuation: SMA actuation depends on 

power. Besides than power, some passes, heating time, cooling time, etc. 

Played important role. It is discussed in the upcoming section: 

 

a) The relationship between power and number of passes: Since actuation 

of SMA depends on power and number of passes also. Pictorial representation 

between these parameters is shown in Fig 6.7 (a). It is inversely proportional 

to each other. If power decreases then some passes will be more. If maximum 

power is used then one pass is sufficient for full recovery. After 40 W only 

one pass is required for full recovery. 

 

 

 

 

 

 

 

 

 

 

Figs 6.6 Thermo-mechanical behavior of NiTi SMA for its full 

recovery with a load of 1.5 N, 2.5 N and 3.5 N  at a) 15 W, b) 20 W, 

c) 25 W, d) 30 W, e) 35 W, f) 40 W, g) 45 W, h) 50 W 

(h) 

(a) 
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(c) 

(b) 
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b) The relationship between power and heating time: As power increases 

heating time will be less for complete recovery. According to Table 6.1, the 

requirement of heating time will be more for less power. Its relationship is 

shown in Fig 6.7 (b) 

 

c) The relationship between power and cooling time: Power is directly 

proportional to cooling time. As power increases from 15 W to 50 W, its 

respective cooling time will also increase from 210 s to 275 s. It is shown in 

Fig 6.7 (c). 

 

d) The relationship between power and displacement: Since displacement 

mainly depends on load only, i.e., 1.5 N, 2.5 N and 3.5 N. As weight 

increases, displacement will also increase, and reduction will occur due to the 

increment of power. Hence there is a small effect on displacement (Fig 6.7 d) 

due to power. 

6.3.3: Mathematical Modelling: To examine the heat distribution in the 

spring due to the laser irradiation, COMSOL Multiphysics, a finite element 

package capable of solving coupled physics was used. The time-dependent 

differential heat flow equation must be solved, to determine the temperature. 

(d) 

Fig 6.7 Relationship between a) Power and no of passes, b) Power and 

heating time, c) power and cooling time, d) power and displacement 
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 Where ρ is the material density, Cp is the specific heat capacity, T is 

the temperature, t is the time, k is the thermal conductivity and Q is the 

volumetric heat source. This volumetric heat source is due to the heat 

absorbed by the spring from laser power irradiation, according to Beer-

lambert law. The volumetric heat source along the radial and axial direction 

as a Gaussian beam profile can be written as follows: 

     

 

 

          

      

 

where Q0 is the incident laser power, RC is the surface reflectivity, AC is the 

absorption coefficient, a is the 1/e beam radius, 
ZAce



 is the exponential 

decay due to absorption. The absorption coefficient and surface reflectivity 

can be calculated from  

          

   𝑅𝐶= 
(𝑛−1)2

(𝑛+1)2 … … … … … … … … … 𝐸𝑞 6.4 

where λ is the laser wavelength and n is the refractive index [145-146]. 

6.3.4: Simulation:  Since the spring comes in direct contact with the laser 

beam traveling the across the spring, it was difficult to make temperature 

measurements accurately. Hence, using COMSOL Multiphysics, a finite 

element tool, the heat distribution and the temperature reached by the spring 

during actuation was simulated. 

As discussed in the mathematical modeling section, a volumetric heat 

source was made to travel throughout the length of the spring. Figs 6.8 a- b 

shows the travel of 15 W laser power along the length of the spring for eight 

passes over a period. It is clear from Fig 6.8 c that temperature will increase 

with increase the number of passes. Actuation of SMA also depends on spot 

ρCp
𝜕𝑇

𝜕𝑡
 - ∇(k.∇T) = Q..............................Eq 6.1 

AC = 
4𝜋𝑘

𝜆
 ……………………….Eq 6.3 

Q(r,z)= Q0(1-RC) 2a

AC
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
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 ……………….Eq 6.2 
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size. If power, as well as spot size of laser, will increase, the material will be 

ablated. 

 

 

 

(a) 

(b) 
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Fig 6.8: a) Simulation study of laser actuated SMA at 15 W, b) thermal 

behavior for 8 passes, c) comparison analysis of temperature for 

experimental and FLIR camera, d) effect of spot size on heat transfer 

(d) 

(c) 
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6.3.5: Characterization  

 

6.3.5.1 Stereo Images: only one pass was enough to actuate the SMA with 50 

W. If more than one pass was used then spring was failed. Fig 6.9 shows the 

stereo image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.5.2 Scanning Electron Microscope (SEM) images: SEM image reveals 

the information about the sample including external morphology (texture), 

chemical composition, and crystalline structure and orientation of materials 

Fig 6.9 Stereo image of failed spring 
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making up the sample. For different parameters, SEM images are shown 

below. It is clear from the images that as weight and power increased with the 

thermo-mechanical cycle, from scratches to crack formation occurs, which 

depicts its failure. Fig 6.10 (a) shows the SEM image of non-treated SMA 

spring which shows a smooth surface, Fig 6.10 (b) depicts the image for 

treatment of 5 W with 1.5 N load. One sharp mark is present which shows that 

treatment is in a particular area, means that is not uniform. When it is loaded 

with 2.5 N and laser is passed over the spring by ten times (Fig 6.10 c), small 

spots are available, and whereas for 3.5 N with the same wattage, its burrs are 

coming out depicted in Fig 6.10 (d). As the load and power increase, more 

cracks are visible, so it is concluded that failure of SMA spring is directly 

proportional to power and weight. 
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(b) 
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(c) 

(d) 
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(e) 

(f) 
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(g) 

(h) 
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Fig 6.10: SEM images a) for Non Treated Spring, b) for 5 W, 1.5 N, 

c) for 5 W, 2.5 N, d) for 5 W, 3.5 N, e) for 10 W, 1.5 N, f) 10 W. 2.5 

N, g) 10W, 3.5 N, h) 15 W, 1.5 N, i) 15 W, 2.5 N, j) 15 W, 3.5 N 

 

(i) 

(j) 
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6.3.6 Beam Profile: The significance of the beam profile is that the energy 

density, the concentration, and the collimation of the light are all affected by 

it. Also the propagation of the beam through space is significantly affected by 

the beam profile. The photographic sheet is used for measuring beam profile 

which is shown in Fig 6.11.  The width of the laser beam was 2 mm (to make 

it visible) in place of 0.2 mm. Effect of load and its corresponding temperature 

and various morphological analysis has been reported in result and discussion 

section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.4  Application:  

6.4.1  Directional control valve (DCV): DCVs are one of the most 

fundamental parts of hydraulic machinery as well as the pneumatic machinery. 

They allow fluid flow into different paths from one or more sources. They 

usually consist of a spool inside a cylinder which is mechanically or 

(a) 

(c) (d) 

(b) 

Fig 6.11: Effect of laser on Photographic sheet a) at 0.2 mm 

(invisible), 2 mm at 2 N b) 5 W, c) 10 W, d) 15W [for 5 passes] 

 



221 
 

electrically controlled. The movement of the spool delimitate or permits the 

flow; thus it allows the Regimentation of fluid flow.                                                                                   

 

 

 

 

 

 

 

 

 

There are two axiological positions of directional control valve namely 

normal position where valve returns on the removal of actuating force and 

other are the working position which is the position of a valve when actuating 

force is applied. There is another class of valves with three or more position 

that can be spring cantered with two working position and a normal position. 

Normal working of DCV is shown in Fig 6.12 

There are many types of Directional Control Valve (DCVs) for 

example 3/2 DCV, 5/2 DCV and many more.  3/2 means that it has three ports 

and two spool position.  

The codification of the Directional Control Valve can be made upon 

various parameters, and the driving one is the actuation method. DCVs can be 

actuated by various methods such as: 

6.4.1.1 Manually Operated: Manually operated valves work with simple 

levers or paddles where the operator applies force to operate the valve. Spring 

force is sometimes used to recover the position of the valve. Some manual 

valves utilize either a lever or an external pneumatic or hydraulic signal to 

return the spool.  

6.4.1.2 Hydraulically Operated: A hydraulically operated DCV works at 

much higher pressures than its pneumatic equivalent. They must, therefore, be 

Fig. 6.12 Schematic of a 3/2 DCV 
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far more robust so are precision machined from higher quality and strength 

materials. 

6.4.1.3 Solenoid Operated: They are widely used in the hydraulics industry. 

These valves make use of electromechanical solenoids for sliding of the spool. 

Because the simple application of electrical power provides control, these 

valves are used extensively. However, electrical solenoids cannot generate 

large forces unless supplied with large amounts of electrical power. Heat 

generation poses a threat to extended use of these valves when energized over 

time. Many have a limited duty cycle. This makes their direct acting use 

commonly limited to low actuating forces. 

6.4.2 Working of a 3/2 Directional Control Valve: Three-way valves either 

block or allow flow from an inlet to an outlet. They also allow the outlet to 

flow back to the tank when the pump is blocked, while a two-way valve does 

not. A three-way valve has three ports, namely, a pressure inlet (P), an outlet 

to the system (A) and a return to the tank (T). The operation of a 3/2-way 

valve normally closed. In its normal position, the valve is held in position by a 

spring. In the normal position, the pressure port P is blocked, and outlet A is 

connected to the tank. In the actuated position, the pressure port is connected 

to the tank, and the tank port is blocked. 

. 

 

 

 

 

 

 

 

 

 

 

 

(a) 
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6.4.2.1 Drawbacks of the current designs of the DCVs: Demerits of current 

DCV’s  are given below: 

a) Lever-Spring Operated  

i) Automation is not possible.  

ii) The frequency of operation is limited.  

b)  Solenoid operated  

Use of electrical components in the direct vicinity of the valve is 

unavoidable which is a threat to the safety of some sensitive areas like a 

nuclear power plant. Design problems mentioned above in current DCVs were 

tackled by using SMA based actuators in the DCV design. This was the 

motivation behind this project. 

 

6.4.3 Conceptual model Design: After it was decided to use the SMA 

tension springs, conceptual CAD model was made using designing software 

Pro-Engineer (Fig 6.14) 

 

 

 

 

 

 

(b) 

Fig 6.13: (a) Ports A and T are connected when force is not applied (valve un 

actuated). (b) Ports A and P are connected when force is applied (valve 

actuated) 
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 Fabrication: Fabricated directional control valve is shown in the Fig 6.15 

a and b. 

 

 

 

 

 

 

 

 

 

Fig 6.14: a) Spool position 1 (SMA heated), b) Spool position 1 (SMA cooled) 
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6.4.3.1 Working: SMA tension springs which we procured were trained to 

come into their original shape, i.e., at the free length of the spring after heating 

to about 55
0
C, and they were one-way trained. Hence another tension spring 

(of any suitable material) was required on the opposite side of the spool to 

keep the SMA springs in tension. So, initially (when SMA spring is not heated 

or “actuated”) port P is blocked by the piston and port T is connected to A. 

When the SMA spring is given heat energy (via any method), it contracts 

doing work against the tensile force of the other spring due to SME and 

previous training, thus moves spool to position 1 which opens port B and 

blocks port C at the same time connecting port A to port B. 

 

6.4.3.2: Actuation of DCV: DCV is actuated using a continuous laser. For 

actuating this following parameter have been used: 

Power: 10 W, Number of passes: 05 

Total six cycles have been used for this actuation. One cycle is of 

approximately 500 s. Based on the previous experimentation its life cycle can 

also be estimated at different power (Fig 6.16).  

Fig 6.15: a) A working model of Directional Control Valve, b) Top 

view of Directional Control Valve 

 



226 
 

 

 

 

 

 

 

 

 

 

 

6.5 Summary: Finally, SMA NiTi spring is actuated using continuous 

fiber laser. It is summarized as: 

 It has been found that actuation is fast in this case and gained by laser 

medium is good enough to use in practical applications.  

 Laser at 1064 nm is used, and the optimum power of about 15.0 W to 

50 W is analyzed. To measure beam profile photographic sheets are 

used.  

 DSC analysis is also done to measure its transformation temperature 

for different wattage. For an application point of view, the directional 

flow control valve is developed. 

 It is faster than pulsed laser actuation which took less time. 

 

Fig 6.16: Actuation of DCV 
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Chapter 7 

Conclusion and Future scope 

 

The objective of this chapter is to provide a summary of the work reported in this thesis 

regarding research contributions and utility of the research. In the end, limitation and 

future scope of the present work are given. 

7.1 Conclusions: 

The current thesis has detailed the effects of Thermomechanical behavior on the 

binary Nitinol alloy under the influence of different medium. More specifically, 

the effects on mechanical performance, microstructure and phase transformation 

temperatures were analyzed. The following sections contain the conclusions of 

this work and recommendations for future research. The conclusions are grouped 

by the research objectives 

 

7.1.1 Research Contributions:  

 Contact-based actuation strategy: It is categorized in two way, i.e., Joule 

heating and hot fluid actuation. Thermomechanical behavior and life cycle 

analysis of SMA has been reported with different parameters.  

 

 Electrical Actuation: Thermomechanical behavior and life cycle of SMA are 

measured regarding displacement, and detailed analysis is also done which is 

given below: 

1) Actuation behavior is analysed through a developed test bench with 

various parameters.  

2) On-off controlled, and PID controller is implemented to control the 

displacement, i.e., 10 mm, 15 mm and 20 mm.  

3) Actuation behavior is analyzed through heat transfer analysis also. 
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4) In the view of application Stewart platform (50*50*8 mm
3
) is designed 

and developed and its precision of measuring capability is verified through 

Talbot interferometry. Stewart platform is helpful for positioning of tools 

with three degrees of freedom, i.e., 4 mm along the X and Y plane and 3 

mm in the Z direction. 

 Hot fluid Actuation: In this thesis actuation behavior of SMA is investigated 

under hot fluid medium and life cycle is also explained.  

1. Hot fluid (Water and gas) is used for actuating the SMA and analyzed for 

practical application. 

2. A heat engine is fabricated and analyzed with the medium of hot fluid. 

3. Through simulation, heat transfer analysis is done which supports better 

results of experiments. 

4. The life cycle of spring is also measured through which its useful life can 

be predicted. 

 

 Non- contact-based actuation strategy: It is classified in two way, i.e., 

Pulsed laser and continuous laser actuation. Thermomechanical behavior 

and life cycle analysis of SMA has been reported: 

 

 Pulsed laser-assisted actuation: Thermomechanical behavior of SMA is 

analyzed by using pulsed mode of Nd-YAG laser.  

 

1. Tripod is fabricated and actuated by using a pulsed laser with a laser. 

During maximum actuation, deflection was 7.25 mm within 120  s 

without any damage on the surface.  

2. Micro-valve is also fabricated, and used spot size was 0.5 mm for 

actuation, which gave a maximum deflection of 7.29 mm at an optimum 

fluence of 25.48 mJ/cm
2
 (No-Ablation) 

 Continuous laser assisted actuation:  For a quick response, it is preferred 

over the pulsed laser. 
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1.  By using a continuous laser, a range of power is used for actuation of 

SMA. 

2. On the application point of view, the directional control valve is 

fabricated and actuated by a continuous fibre laser. The required 

parameter is Power: 10 W and number of passes: 5. 

The potential for use in engineering structures is limited by the range of 

temperatures within which phase change may take place and the rapidity with 

which these changes occur. The area of thermal shape change that perhaps has the 

greatest potential is that of actuation.  

 

7.1.2 Utility and industrial implications of the research work:  

The outcomes of the present research will help manufacturing industries in the 

following manner: 

i) World over industries is looking forward to the adaption of SMA based micro-

devices or smart manufacturing. In such a situation, to the least, research 

presented in this thesis gives raise to a new dimension of SMA actuation 

strategies. It strongly advocates exploring novel setups and system to optimize 

and manage shop-floor operations. 

ii) The successful implementation of the present approaches will help in 

integrating various methodologies aspects at the decision-making stage itself 

thereby reducing human intervention in coordinating and implementing various 

operations plans. 

iii) All methodologies may not result into same performance improvement for all 

the manufacturing industries. 

iv) Lastly, the research equips the developed applications for an industrial 

purpose that allows high-level responsiveness to the dynamic conditions for 

various real-world manufacturing environments. 

 

7.2 Future scope 

The advanced integrated approaches developed in this research have a good 

potential for application in the manufacturing industry. This research is also not 
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an exception. Moreover, the limitations of the present research offer excellent 

scope for future research. Extending the current research by considering the 

failure and repair characteristics of each of the components will help in making 

the investigation more realistic, especially from the maintenance point of view. 

From dependency point of view, it will be interesting to model the effect of the 

failure of various components on process quality. Eventually, the core domain of 

MEMS-based research, which increasingly focuses on developing microdevices 

for machine-to-machine communications, can be utilized to build up more 

advanced intelligent operations for next-generation manufacturing. 
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