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ABSTRACT 

Shape memory alloy (SMA) thin films-based structures have drawn 

much attention for a wide variety of applications such as beam deflection, 

interferometry, optical coherence tomography, microvalves, temperature 

sensors, micro grippers, micro-pumps, and micro-robots. These phase-change 

materials allow the freedom to alter the characteristics as per the requirements 

by changing the composition and fabrication conditions which are of utmost 

importance for SMA based device fabrication. The current research is 

fabricating NiTi SMA thin film bimorph-based structures with different 

techniques and process parameters for opto-mechatronics applications. 

In this work NiTi thin film based SMA bimorph was fabricated and its 

functional behavior towards opto-mechatronics applications were 

studied. The thin film deposition was carried out in thermal evaporation 

and e-beam evaporation. Thermal evaporation produces good thickness 

films with higher substrate-to-film adhesion which is effective for 

microactuator applications. However, for flexible mirror applications e-

beam evaporation can produce a very dense and uniform SMA film on 

the Kapton polyimide substrate.  

Further to improve the actuation response and optical reflectance of the 

actuators and mirrors, the substrate was subjected to different pre-

deposition processes pre-straining, heating (with the help of custom-

made fixtures) and laser annealing. Henceforth, significant enhancement 

was observed for both actuation and optical reflectance. Further, for use 

of bimorph structures as flexible actuators, laser energy was employed 

which has improved the adhesion and actuation of thermally deposited 

samples. 

Finally, laser micromachining was employed on the SMA bimorph 

structures for fabrication of customized actuators and mirrors. Being a 

non-contact process, it creates minimal damage around the 

micromachined edges of the actuators and mirrors. Various shapes of 

actuators and mirrors such as circle, rectangle and optical shutter were 
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fabricated with such machining process. Lastly, the fabricated mirrors 

and actuators were used in a Stewart platform structure for laser beam 

steering application. 
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Chapter 1 

This chapter explains the background and focus of the research work. It 

elaborates about the thesis outline. 

Introduction 

1.1 Background of SMA based mirror and actuator 

Micro-electro mechanical systems (MEMS) have been widely 

developed and implemented as microactuators and micromirrors. The 

mirror encompasses applications in optical switches, laser beam 

deflection[1,2], 3D scanning, interferometry, telescopes, optical 

coherence tomography[3–5], etc. The MEMS actuators have been 

employed as micro grippers, microvalves, micro switches, micro robots, 

and mechanisms for mirror motion. The MEMS mirrors usually depend 

on external actuation mechanisms involving electrostatic, piezoelectric, 

electromagnetic, or thermal input. In electrostatic actuation, the 

electrodes are placed beneath or around the mirror. The application of 

voltage generates an electrostatic force that moves the mirror. The 

translation and rotation of the mirror are controlled by varying the input 

voltage. Electrostatic mirrors exhibit low power consumption and fast 

response time; however, they face several limitations. The actuation 

angle greatly influences the performance of the micromirror. The 

maximum angular tilt required for electrostatic micromirrors is usually 

up to 90°. Electrostatic forces diminish above nearly one-third of the 

maximum tilt angle. This happens because the electrostatic torque at the 

above-mentioned tilt angle exceeds the mechanical restoring torque. 

Thus, the stability and control of the mirror are reduced. Electrostatic 

forces are weak, which limits the size of the mirror. Also, the actuation 

mechanisms have intricate geometries sensitive to dust, humidity, and 

contamination. Such foreign particles reduce the mechanism's 

performance and can even lead to seizure.  

Piezoelectric mirrors, on the other hand, are actuated when an electric 

voltage is applied to the piezoelectric actuator attached to the mirror. 

Piezoelectric mechanisms are employed because of their high precision 

and fast response. However, their performance is limited due to 



 

24 

 

hysteresis and nonlinearity. The mirror's response to voltage varies 

depending on its actuation history, reducing its positional accuracy. 

Additionally, they require high voltages for significant movement, 

increasing power requirements. Most piezoelectric systems are PZT 

(lead zirconate titanate) based materials. Lead oxide (PbO) is released 

during the extraction, synthesis and disposal of PZT-based materials, 

which adversely affects the environment and humans. Electromagnetic 

micromirrors involve a small magnet or magnetic material that moves 

due to the Lorentz force generated by the interaction between current-

carrying coils and the magnetic material. They exhibit high actuation 

range and strong actuation force, but face limitations that limit their 

practicality and integration in other systems. The miniaturization of the 

mirror is restricted due to the requirements of attaching a magnet to it. 

The mechanisms are vulnerable to external magnetic interference. 

Additionally, the current flow through the coils generates heat, which 

induces thermal drift and reduces the long-term stability of the mirror. 

Thermal mirrors utilize thermal expansion to achieve the mirror 

displacement. They rely on Joule heating and the difference in 

coefficient of thermal expansion of the materials employed for two or 

more layers of the mirror structure, which expand and contract on heat 

application. They offer stable and large-angle deflection. Bilayer mirrors 

or bimorphs fabricated on flexible substrates are advantageous due to 

their simple design and fabrication, extensive range of actuation, and 

flexible structures. NiTi SMA (shape memory alloy) based bimorph 

mirrors are advantageous over electrostatic, piezoelectric, and 

electromagnetic mirrors as they eliminate the need for complex and rigid 

actuation mechanisms. Bimorph mirrors fabricated on flexible 

substrates such as Kapton polyimide are easy to fabricate, provide a 

wide range of actuation, and can even act as a mirror and actuator while 

eliminating the need for an external actuation mechanism. Fig 1.1 (a) 

and (b) show electrostatic and piezoelectric mirrors, respectively, 

utilizing external mechanisms for actuation; however, the thermal 

bimorph mirror shown in Fig 1.1 (c) is simply a bilayer structure of NiTi 
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thin film deposition on flexible Kapton polyimide substrate capable of 

reflection and actuation simultaneously.  

 
Fig. 1.1: (a) Schematic of electrostatic micromirror driven by 

horizontal comb drive, (b) Schematic of the piezoelectric micromirror, 

and (c) Schematic of a flexible thermal mirror. 

Table 1 highlights the properties of different kinds of microactuator 

mechanisms which indicates that SMA thin film-based actuators can 

achieve high actuation force and actuation displacement compared to 

other mechanisms with relatively simpler designs. 

Table 1: Comparison of different kinds of microactuators 

Micro-

actuator 

Type 

Actuat

ion 

Force 

Max. 

Actuation 

Response 

time 

Power 

Demand 

Design  

Electro-

static 

Low 

(µN to 

mN) 

Low 

 (Up to 100 

µm) 

Low 

(<100 µs) 

Low  

(< 1mW) 

Intricate 

Piezo-

electric 

High  

(mN to 

N) 

Low 

 (Up to 5 

µm) 

Low  

(< 1 µs to 

few ms) 

Low Intricate 

Thermal 

High 

 (100 

µN to 

tens of 

mN) 

High 

 (Up to 100 

µm) 

Low 

 (Up to 10 

ms) 

High  

(Up to 5 

V) 

Simple 
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Magnetic 

High 

(mN to 

N) 

High 

 (µM to 

several 

mm) 

High 

 (µs to ms) 

High  

(Up to 

12 V 

electro-

magnets) 

Intricate 

Shape 

Memory 

Alloy 

High  

(mN to 

N) 

High 

 (Up to 

mm) 

High 

 (ms to s) 

High 

 (Up to 

0.5W) 

Simple 

 

The NiTi/Kapton polyimide bimorph structure is also helpful as 

microactuators due to their high recoverable strain, high force-to-weight 

ratio and high corrosion resistance of the deposited NiTi films. Some 

smart materials popularly used as microactuators are electrostatic, 

electromagnetic, piezoelectric, bimetallic and thermo-pneumatic; 

however, shape memory alloy provides the highest energy density and a 

wide range of actuation at lower voltage[6]. The flexibility of the 

NiTi/Kapton polyimide bimorph structure is key for its application as 

different customizable actuators. The flexible polyimide substrate helps 

generate the two-way shape memory effect in the bimorph, which 

translates into multiple actuation cycles on Joule heating. Also, the 

transformation temperature range can be manipulated by changing the 

composition of the film, thus making it suitable for both high 

temperature and low temperature actuation.  
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Fig 1.2: Key Material Properties of NiTi SMA Based Alloys Enabling 

Advanced Functional Applications. 

 

1.2 Shape Memory Effect 

The shape memory effect can be defined as the ability of the material 

to regain its original shape when an external stimulus, such as heat 

or stress, is applied to it. The effect happens due to a reversible 

crystallographic transformation. Shape memory alloys such as NiTi, 

NiTiCu, CuAlMn, NiTiHf, etc., have different crystal structures 

depending on the temperature. The high temperature phase is called 

as Austenite phase, which has a generally cubic structure. The low 

temperature phase is referred to as the Martensite phase with a 

monoclinic structure. Also, an intermediate R phase with a 

rhombohedral structure exists, but its stability depends on specific 

conditions, such as substituting a small amount of Ni with Fe or Al. 

The shape memory effect occurs due to transformation between the 

Austenite and Martensite phases as shown in Figure 1.3.  
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Fig 1.3: SMA Phase Transformation Curve 

The transformation cycle starts at point A in the curve, where 

SMA is in the Austenite phase above the Austenite finish 

temperature (Af). As the SMA cools down to Martensite finish 

temperature (Mf) and reaches point B, its crystal structure 

changes to monoclinic, and the material becomes twinned 

Martensite. Only the crystal structure of the SMA changes on 

cooling, but no visible shape change is observed from A to B. 

The application of stress at B changes the orientation of 

monoclinic Twinned Martensite to Detwinned Martensite to 

reach point C. The stress has to be enough to start the detwinning 

of SMA. This transformation from Austenite to Twinned 

Martensite and then to the Detwinned Martensite phase, 

following path A-B-C in the phase transformation curve, is a 

forward transformation. The reverse transformation occurs 

during heating, in which the detwinned Martensite at point C is 

heated back to point A. The temperature above Af rearranges the 

structure to a uniform cubic, i.e., Austenite phase and the SMA 

regains its original shape before deformation. The simultaneous 

application and removal of stress and temperature on the SMA 

results in the desired macroscopic (visible) actuation.    
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1.3 Thin film deposition for device fabrication 

The NiTi SMA bimorph-based mirrors and actuators in this work have 

been fabricated using thin film deposition techniques. The deposition 

techniques employed were thermal evaporation and e-beam evaporation 

techniques which are discussed below. 

1.3.1 Thermal Evaporation Technique 

It is one of the simplest thin film deposition techniques. It is 

based on the principle of Joule heating. The deposition process 

takes place in the vacuum chamber. The vacuum in the chamber 

is created with the help of two different vacuum pumps. The 

initial low vacuum of 0.05 mbar can be generated with a rotary 

pump, while the creation of a higher vacuum is taken care of by 

a diffusion pump. A minimum vacuum level of 5 × 10-5 mbar is 

generated for deposition. The source material (NiTi in our case) 

is put in a tungsten boat inside the vacuum chamber. The 

tungsten boat is supplied with high power to reach a red-hot 

condition. At this state, the source material placed in it vaporizes 

and deposits on the substrate placed vertically above the boat. 

The film deposition is high-speed and uniform. This technique 

was used for actuator fabrication since the deposition is not 

dense enough. Dense films suitable for mirror application were 

obtained with e-beam deposition, which is discussed next. 

1.3.2 E-beam evaporation Technique 

This technique utilizes a high-power electron beam to evaporate 

the source material directly. The requirement and generation of 

a vacuum in the deposition chamber is similar to that of thermal 

evaporation. However, the source material is placed here in a 

graphite crucible for evaporation. A tungsten coil is placed just 

below the crucible, which is supplied with high power of 3 to 6 

kW to generate a high-velocity electron beam. The electron is 

deflected towards the crucible with the help of beam-deflecting 

magnets. The electron beam directly interacts with the source 

material and vaporizes it. Due to the direct heating of the source 
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material, vaporization of high melting point materials is easy, 

and highly dense films are obtained, which are helpful for mirror 

applications. Substrate pre-straining and heating were applied 

with the help of additional fixtures. 

1.4 Motivation of Thesis 

The complexity in design and fabrication is a major limitation of 

traditional micromirrors and microactuators. The complex design leads 

to a bulky and rigid assembly, which is challenging. Hence, simplifying 

the actuation mechanisms and the related manufacturing techniques is 

of prime concern.  The motivation of this work is to develop NiTi SMA 

thin film-based flexible mirrors and actuators with thermal evaporation 

and e-beam evaporation techniques. Further, altering the substrate 

condition before deposition improves the performance of the SMA thin 

film-based mirror and actuator, including pre-straining of the substrate 

and laser annealing. Fabrication of a customized flexible actuator is also 

a challenge which is addressed in this work. Laser-assisted 

micromanufacturing was employed to cut the bimorph structure into 

flexible actuators with a single laser stroke. The developed mirrors and 

actuators will be utilized in a Stewart platform mechanism for laser 

beam steering applications. 

1.5 Objectives of Thesis 

The main aim of the thesis is to develop NiTi thin film-based flexible 

structures as microactuators and micromirrors in opto-mechatronics 

applications. To achieve this, the following main objective will be 

addressed.  

1. Influence of substrate pre-straining and heating on the 

SMA bimorph-based mirror.  

2. Influence of laser annealing of Kapton polyimide substrate 

towards bimorph actuator fabrication. 

3. Laser-assisted micromachining towards actuator 

fabrication. 
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4. Application of NiTi SMA thin film-based bimorph in the 

Stewart platform. 

 

 

1.6  Significant contribution 

The fabricated NiTi/Kapton polyimide structure with different 

deposition techniques in conjunction with laser-assisted manufacturing 

is useful as an actuator and mirror. The structure simplifies the 

fabrication and application of the mirror by eliminating the need for an 

external actuation mechanism. Further, laser energy can be utilized to 

convert the same bimorph structure into a customized actuator, such as 

an optical shutter. The application of SMA bimorph structure in a 

Stewart platform assembly paves the way for low-power and lightweight 

assembly for laser beam steering and scanning. 

 

1.7  Organization of Thesis 

The thesis is divided into eight chapter as mentioned below: 

Chapter 1: Introduction  

Provides the general introduction, and background of the topic, 

motivation, objectives, signification contribution and outline of the 

thesis. 

 

Chapter 2: Literature Review. 

Consist of comprehensive literature survey of NiTi thin film 

bimorph-based structures with different deposition techniques for 

actuators and mirror applications. 

 

Chapter 3: Experimental Setup & Theoretical Simulation 

Description of deposition techniques and relevant equipment 

involved in fabrication of bimorph structure and finite element 

modelling in COMSOL Multiphysics Software to study the tip 

displacement of the mirror in cantilever configuration. 

 

Chapter 4: Study of fabricated NiTi/Kapton polyimide 

bimorph-based mirror. 

Parametric investigation of process parameter of mirror fabrication 

on the characteristics of mirror.  

 

Chapter 5: Laser Annealing of Kapton polyimide substrate. 
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Describes the influence of laser annealing of Kapton polyimide 

substrate on the properties of thin film-based actuators.  

 

Chapter 6: Laser Assisted Micromachining. 

Describes the application laser assisted micromachining on 

bimorph structures for customized mirror and actuator fabrication. 

 

Chapter 7: Application in Stewart platform arrangement. 

Explains the utilization of NiTi SMA based bimorph for fabrication 

of Stewart platform assembly and application in laser beam 

steering.  

 

Chapter 8: Conclusion and Scope for Future Work. 

Outcome of the work and possible future scope   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

33 

 

Chapter 2 

 This chapter consists of a comprehensive literature survey of NiTi thin 

film bimorph-based structures with different deposition techniques for 

actuators and mirror applications  

Literature Review 

2.1 Shape Memory Alloy based Thin Films 

NiTi SMA based thin films have found their applicability both as 

actuator and mirror in MEMS devices. The NiTi film deposition has 

been explored in prior literature with different physical vapor deposition 

(PVD) techniques. These PVD techniques illustrated in fig 2.1, include 

thermal evaporation, e-beam evaporation, sputtering, ion beam 

deposition, arc plasma ion plating, plasma spray and pulsed laser 

deposition[7–13].  

 
Fig 2.1: PVD techniques used for deposition of NiTi based thin films. 
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Pulsed laser deposition, ion beam deposition, arc plasma ion plating and 

sputtering deals with a common issue of low deposition rate and face a 

difficulty in depositing large area substrates. Also, with sputtering and 

plasma-based techniques the film density is usually low which is 

undesirable for mirror application. These issues are taken care in thermal 

evaporation and e-beam deposition making them suitable for fabrication 

of flexible bimorph mirrors and actuators. The fabrication of NiTi thin 

film-based mirrors and actuators with the said techniques have been 

extensively explored in the literature which is discussed in subsequent 

sections. 

2.2 NiTi Thin Film based Actuators 

NiTi thin films have promising applications as microgrippers, 

microvalves, micro robots, thermal switches and other MEMS 

applications owing to their large force and displacement generated 

compared to the other mechanisms. Both binary and ternary NiTi alloys 

have been utilized for microactuator fabrication through thermal 

evaporation and e-beam evaporation technique. Different NiTi binary 

and ternary NiTi SMA thin film-based actuators are illustrated in figure 

2.2. T. Mineta et al. have fabricated NiTi and NiTiCu thin film based 

microactuators on copper substrate as shown in figure 2.2 (a), with flash 

evaporation technique[14]. The copper substrate was dissolved in HNO3 

post annealing and spring actuators with 18 µm and 33 µm thickness 

were developed which were able to produce the elongation percentage 

of 20 to 100% with a generated force of up to 80 mN. Makino et al. 

fabricated a micropump by depositing a 6 µm thick NiTi film on Si 

substrate using flash evaporation illustrated in figure 2.2 (h) [15]. NiTi 

thin film was used as a diaphragm for operation of the micropump in 

pressurization and evacuation modes. The SMA actuator produced a 

maximum displacement of 95 µm at the centre with a pressure of 200 

kPa. Recently, Jayachandran et al. in year 2021 developed an NiTi SMA 

thin film bimorph-based belt for waste heat energy harvesting[16]. 

Figure 2.2 (c) illustrates the bimorph -based belt structure in which NiTi 



 

35 

 

film was deposited on a Kapton polyimide belt of size 45 cm x 2 cm 

using flash evaporation. The thickness of the substrate was 50 µm. The 

Kapton belt was held in a customized substrate which can rotate the belt 

at 20 rpm while deposition. The heat energy was harvested using a two-

pulley system connected by the bimorph belt and the maximum energy 

harvested was 75 %. In another study by the same research group, P 

Karna et al. investigated the capability of the NiTi bimorph actuator 

towards laser- based actuation[17]. They fabricated the bimorph 

structure on a 50 µm Kapton polyimide substrate using thermal 

evaporation. The non-contact based actuation was affected using a 50 W 

fiber laser at varying laser power, scanning speeds and number of passes 

displayed in fig 2.2 (d).  
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Fig 2.2: NiTi SMA thin film-based actuators[14–20]. 

Thermal evaporation technique deals with an issue of loss of Ti in the 

deposited film compared to the source material due to difference in 

vapor pressure of Ni and Ti. This issue was addressed by Adams et al. 

where they deposited NiTi thin film on SiO2 coated Si wafer by co-

evaporation[18]. Ni was evaporated by thermal evaporation while 

electron beam was used for evaporation of Ti simultaneously. 

Photoresist was used to separate NiTi film from SiO2 to produce 

freestanding NiTi actuator with a thickness of about 1 µm exhibited in 

fig 2.2 (b). Narayane and Taiwade fabricated NiTi SMA thin film-based 

actuator using e-beam evaporation[21]. They fabricated bi-layer and tri-

layer sandwich structure composite for soft robotics applications in a 

three-arm gripper shown in fig 2.2 (f) and (g). 

2.3 NiTi Thin Film based Mirrors 

Binary and ternary NiTi alloy based thin films have been extensively 

studied for micromirror applications. Rigid as well as flexible mirrors 

have been fabricated for various opto-mechatronics applications. 

Generally used micromirrors use reflective surfaces such as Si for mirror 

substrates and their reflectivity was increased by depositing different 

reflective films. The SMA thin film have mostly been employed in 

actuation mechanisms of such mirrors. Y Q Fu et al. have shown the 
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applications of NiTi thin films-based mechanisms for mirrors. Different 

configurations such as single and multiple cantilevers, and four arms 

have been investigated for NiTi/Si and NiTi/Si3N4 mirror structures as 

shown in fig 2.3 (a), (b) and (c). Jayachandran et al. have explored the 

capability of e-beam evaporation towards mirror fabrication[12]. 

Kapton polyimide substrate of thickness 50 µm was deposited with a 40 

µm NiTi film to attain the mirror structure. The fabricated mirror has 

shown high reflectivity in visible range which can be utilized in 

interferometry applications with the setup displayed in fig 2.3 (d). 

 

 
Fig 2.3: NiTi SMA thin film-based mirrors[12,22]. 

2.4 Laser Processing 

2.4.1 Laser Annealing 

The fabrication of NiTi/Kapton polyimide bimorph was attempted using 

methods including sputtering, thermal evaporation and e-beam 

evaporation. Despite applying a wide range of deposition methods and 

promising actuation characteristics offered by NiTi/polyimide bimorph, 

issues such as less film adhesion on the substrate and inadequate 
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deposition limit its applicability. The wettability of Kapton polyimide is 

less, which brings about the mentioned issues. Various techniques, such 

as substrate preheating, in situ heating, bimorph annealing, and laser 

treatment, have been explored to resolve the issues. Along similar lines, 

the laser annealing of polyimide before the deposition process can be an 

effective technique. Laser annealing causes surface modifications in 

polyimide, which can be favourable for better deposition characteristics. 

 
Fig 2.4: Laser treated Kapton polyimide films for improved 

hydrophilicity and hydrophobicity. 

The effects of laser irradiation on the surface properties of polyimide 

have been studied in the past. The effects of 1064 nm pulsed Nd: YAG 

laser on the morphology and wettability of polyimide were explored by 

Liu et al[23]. Nam et al. studied the polyimide surface’s wetting 

characteristics after treatment with a 10.6 μm CO2 laser[24]. They 

demonstrated the generation of graphene on polyimide, which led to an 

increment in the hydrophobic nature of the polyimide surface shown in 
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fig 2.4 (c). Furthermore, the wettability change of the polyimide surface 

was examined by Hiraoka and Lazare, where polyimide was irradiated 

with 185 nm and 254 nm KrF UV laser[25]. Z Ball et al. have 

investigated the effects of multi-spot irradiation of KrF laser on 

polyimide’s electrical conductivity and ablation characteristics[26]. 

High absorptivity of UV wavelength by polyimide generally results in 

photoablation and carbonization, thereby reducing the substrate 

thickness[27–29]. Near UV wavelengths, such as 355 nm, have lesser 

absorption in the polyimide, leading to variation in surface modification 

depending on the laser fluence. Du et al. have studied the effects of 

various laser intensities and overlap of 355 nm Nd: YAG laser on the 

hydrophobicity of the polyimide shown in fig 2.4 (a) and (b) [30]. Low 

laser intensities form micro stripes that result in an increase in 

hydrophobicity surface with pulse overlap. However, high laser 

intensities resulted in microgroove formation, which produced a 

superhydrophilic surface. 

2.4.2 Laser Assisted Micromachining 

Laser assisted micromachining of thin films has been explored in past 

studies for patterning and channel formation. Laser machining of 

CuAlFeMn quaternary shape memory alloy using a CO2 laser was 

investigated by S. Santosh et al[31]. They have successfully 

demonstrated the retention of shape memory effect after laser machining 

with variation in transformation temperatures. An optimal combination 

of laser power, cutting speed, stand-off distance and gas pressure was 

determined for higher material removal rate and lower surface 

roughness.  Pfleging et al. utilized a 248 nm excimer laser for ablation 

of passivating silicon nitride, Tb0.4Fe0.6/Fe0.5Co0.5 and Fe0.6Co0.4 /SiO2 

layer coated on silicon wafer[32]. This resulted in passivation properties 

in the non-ablated region and bulk properties of silicon in the ablated 

region for solar cell applications.  

In another study, laser beam machining of silicon wafers was attempted 

by Daemi et al. to study the precision of micromachining of the 
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machines[33]. Furthermore, the removal of fragile silicon substrate was 

also tried to achieve a freestanding micromachined structure. NiTi and 

TiN films deposited on silicon wafers were micromachined using a 

femtosecond laser, and then the silicon substrate was etched off to 

produce freestanding SMA actuators and microheaters revealed in fig 

2.5 (a) and (b) [34]. Fiber laser has also been utilized to micromachine 

thin NiTi tubes for the fabrication of vascular stents by Liu et al. [35]and 

stainless-steel sheets of 1 mm thickness for biomedical applications by 

Panigrahi and Patel as shown in fig 2.5 (e) and (f) [36]. In another study, 

C. Leone et al. have demonstrated the cutting of CFRP sheet by multi 

passes in a complex structure as shown in fig 2.5 (d) [37]. 3D MEMS 

structures have also been fabricated using fiber laser by Serap 

Celen[38]. Figure 2.5 (c) illustrates the laser micromachined MEMS 

structure fabricated on titanium sheet.  

 
Fig 2.5: Laser assisted micromachined thin films for various 

applications[34–39].  
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2.5 Modelling of SMA thin films 

The miniaturized form of NiTi in thin film structures allows for 

integration into micro-scale systems, but also introduces unique 

mechanical and thermal behaviours due to size constraints, 

surface effects, and interaction with substrates. Consequently, 

accurate simulation of their actuation behavior under thermal 

and mechanical loads is essential for effective design and 

performance prediction. Several modelling strategies have been 

explored in the past to simulate the complex thermomechanical 

behavior of NiTi SMA thin films. Among these, 

phenomenological constitutive models are widely used due to 

their ability to capture key characteristics such as the shape 

memory effect, pseudo elasticity, and hysteresis. Modelling of 

thin films are based on models used for simulation of bulk or 

wire. Auricchio et al. introduced three-dimensional constitutive 

models for SMAs to predict phase transformation under 

mechanical and thermal loading[40]. These models simulate 

pseudoelastic behavior as well as thermal-induced shape 

recovery. Similarly, the models developed by Lagoudas and co-

workers incorporate internal state variables to track martensite 

volume fraction and transformation history[41,42]. These 

models are thermodynamically consistent and capable of 

simulating rate-dependent and cyclic behavior under coupled 

thermal-mechanical loading. Ozturk and Bhattacharya have 

studied the thermal response of NiTi SMA thin films with 

layered microstructures under different geometries using 

numerical simulations[43]. The study analysed the influence of 

geometry, heat source intensity and spacing on temperature 

evolution and phase transformation. The study gives an 

understanding about optimization of thermal response of SMA 

thin films; however, the application towards actuator application 

was lacking. The performance of NiTi thin film as a composite 

actuator was studied by Sun and Jiang. They simulated NiTi/Si 
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composite actuator in ANSYS and studied the phase 

transformation and deflection of the actuator with 

temperature[44]. These studies can be extended to understand 

the actuation behavior and designing of NiTi/Kapton polyimide 

thin film-based actuators. Furthermore, the performance 

prediction of these actuators will facilitate beneficial for device 

fabrication towards opto-mechatronics applications. 

2.6 Thermomechanical Properties of SMA thin films 

The actuation performance and reliability of the shape memory alloy 

thin film-based actuators depend on their thermomechanical properties. 

which are strongly influenced by film’s composition, microstructure and 

fabrication method[45,46]. The thermal properties include 

transformation temperatures, thermal conductivity and specific heat of 

the SMA film. The key transformation temperatures signifying phase 

change in the SMA film are Martensite start temperature (Ms), 

Martensite finish temperature (Mf), Austenite start temperature (As) and 

Austenite finish temperature (As). These temperatures provide the 

information about the temperature window of the actuation of the film. 

These temperatures are tunable based on their composition, processing, 

annealing and ageing of the film[47]. Table 2 provides information 

about transformation temperatures for different SMA compositions. 

Table 2: Transformation temperatures of different SMA thin 

films 

Composition Ms (°C) Mf (°C) As (°C) Af (°C) 

NiTi[48] 50 20 65 120 

NiTiCu[49] 53.8 8.3 73.1 113.5 

CuAlMn[50] -39 -52 -26 -12 

Thermal conductivity and specific heat of the SMA films also play 

important roles in determining response time, energy efficiency and heat 

dissipation for operation at high frequency and input power. SMA thin 
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films exhibit large recoverable strains up to 8% which makes them 

attractive alternative for scientific community as a high displacement 

actuator. Strain recovery is the foremost mechanical property defining 

the application for SMA thin films. High strain recovery enables 

efficient and repeatable actuation of the microactuator with high energy 

density. Moreover, SMA thin film exhibit high fatigue resistance, which 

makes them appropriate choice for applications requiring long cycle 

times. Lastly, surface quality and microstructure including grain size, 

texture, and defect density strongly influence the reproducibility and 

stability of thermomechanical behavior. These, in turn, are governed by 

deposition methods (e.g., sputtering, thermal deposition) and post-

deposition heat treatments[11,51–53]. 

2.7 Summary 

This chapter discusses the prior art studies pertaining to different 

applications of NiTi thin films as actuators and mirrors and their 

fabrication using deposition and laser processing techniques used in this 

work. NiTi films deposited with both thermal evaporation and e-beam 

evaporation have shown promising applications as actuators as well as 

mirrors. Free standing NiTi films have been used as springs, diaphragm 

for micropumps and microgrippers. The bimorph structure has also been 

explored as actuator for microgrippers and heat energy harvesting belt. 

For mirrors, NiTi thin films has mostly been used as supporting 

mechanisms however, the e-beam deposited film on Kapton polyimide 

substrate was explored and proof of concept was shown as a mirror 

structure. 

Literature have also delved into the laser-based manufacturing for 

polyimide and other thin films. Laser energy has been used for treatment 

of polyimide surface to alter its hydrophobicity and hydrophilicity based 

on the requirements. High ablation has been achieved with UV and near-

UV wavelength lasers, however, high wavelength CO2 lasers are useful 

for graphene formation. Thus, for laser annealing we have opted for ear-

UV 355 nm Nd: YAG laser which can create high roughness for better 
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film deposition and adhesion. Lasers are effective in micromachining of 

thin films ranging from polymers to metal alloys. NiTi films have been 

micromachined in the past for micro wrappers, vascular tubes and 

microheater applications. Also, various polymers have been 

micromachined using low power fiber lasers. However, literature 

regarding laser micromachining of bilayer structure was not available. 

In this regard, we have investigated the process capability of a 1064 nm 

fiber laser for micromachining of Niti/Kapton polyimide bimorph 

structure for fabrication of customized actuators such an optical shutter. 
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Chapter 3 

This chapter describes the methodology and relevant equipment involved 

in fabrication of bimorph structure and finite element modelling in 

COMSOL Multiphysics Software to study the tip displacement of the 

mirror in cantilever configuration.  

Experimental Setup and Theoretical 

Simulation 

3.1 Methodology 

 

Fig 3.1: Methodology adopted for mirror and actuator fabrication in 

this work 

The fabrication of the flexible mirrors and actuators in this work has 

followed the methodology shown in the fig 3.1. For mirror fabrication, 

thin film of NiTi was deposited on Kapton polyimide in pre-strained 

condition. The deposition was performed in e-beam evaporation unit. 

The pre-straining has been applied with the help custom fabricated 

fixtures. The open belt was pre strained by linear straining fixture 

discussed in section 4.3.1. The closed belt of Kapton polyimide was pre-

strained in a three-pulley arrangement shown in section 4.1.1. NiTi 

pellet was prepared in vacuum arc melting and then supplied to e-beam 

unit for deposition process. The fabricated structure had mirror finish 
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was which characterized for different properties as a mirror. Also, the 

same structure can be micromachined using fiber.  

In another method, laser energy was used to anneal the surface of Kapton 

polyimide before deposition. The annealed substrate was deposited with 

thermal evaporation technique for actuator fabrication. The fabricated 

actuators were tested for structural and functional characteristics. 

Further, the actuators can be micromachined with fiber laser for 

customized actuator fabrication. The relevant thin film deposition and 

laser processing techniques are discussed further in this chapter.   

3.2 Pellet Fabrication 

 
Fig 3.2: Experimental setup for fabrication of NiTi pellets to be 

utilized in deposition. 

For composition control of binary and ternary NiTi alloy after 

deposition, the composition of the source material needs to be adjusted 

properly. This adjustment can be done by adding the input materials in 

measured quantity and converting them into a single pellet. This process 

was done with a vacuum Arc Melting unit illustrated in figure 3.2. Wires 

and flakes can be added in a copper crucible where pellet formation 

takes place. The crucible is a part of a vacuum chamber in which a 

vacuum was created with the help of rotary pump.  Then argon gas was 

supplied in the chamber to provide an inert atmosphere inside the 

chamber. The power to generate electric arc was supplied through the 

electrode rod powered by a DC power supply. The tungsten electrode 
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held in the electrode rod generates the electric up to a certain distance 

from the copper crucible. The remelting and solidification of the pellets 

were done thrice to homogenize the composition of the pellet. 

3.3 Thin Film Fabrication 

3.3.1 Thermal Evaporation 

 
Fig 3.3: Schematic of thermal evaporation technique for NiTi thin film 

deposition 

NiTi SMA thin film was deposited on laser-annealed substrates using 

the thermal evaporation technique (Thermal deposition unit- Hydro 

Pneo Vac Technologies) shown in figure 3.3. The chamber has the 

provision for accommodating different substrate holders as per the 

substrate and application required. For Kapton polyimide substrate, 

plain flat substrate holder, and two different pre-straining holders were 

available. For deposition in belt form, the substrate was a three-pulley 

arrangement where strain can be applied by moving the pulley. In 

another fixture, polyimide substrate can be held in linear form and strain 

can be applied. Pre-strain was applied so that after deposition when the 

bimorph is removed from the fixture, the elastic recovery of the 

polyimide generates strain in the deposited NiTi film. The strain is 

helpful in improving SMA and actuation characteristics of the bimorph. 

The deposition process was carried out in the chamber pressure of 5 x 

10-5 mbar, which was created using a rotary pump and diffusion pump. 

The source to substrate distance and the deposition time varies 

depending on the source and substrate material. 
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3.3.2 E-beam Evaporation 

 
Fig 3.4: E-beam evaporation technique for NiTi thin film deposition 

The thin film of NiTi shape memory alloy (SMA) was deposited on 

Kapton polyimide substrates by utilizing the E-beam evaporation 

technique (Hydro Pneo Vac Technologies) shown in figure 3.4. The 

Kapton polyimide substrate of thickness 75 μm was held in the 

deposition chamber with the help of substrate holders mentioned in the 

previous section. The deposition was performed in the chamber with a 

2 x 10-5 mbar pressure. The source material can be NiTi wires or pellets 

fabricated in Vacuum Arc Melting discussed in next section. The source 

material was placed in a graphite crucible for deposition. The tungsten 

coil was supplied with high power to generate the electron beam. The 

generated electron beam was directed to the source material in the 

graphite crucible with the help of beam-deflecting magnets. The 

deposition time varies depending on the energy supplied to the tungsten 

coil and the thickness of the film required.  
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3.4 Laser Assisted Manufacturing 

3.4.1 Laser Annealing of Substrate 

 
Fig 3.5: Schematic for laser assisted annealing of Kapton polyimide 

substrate. 

 

Kapton polyimide substrates of size 75 mm x 44 mm were laser annealed 

using Nd: YAG laser (Spectra-Physics- Quanta Ray). The laser 

wavelength used for annealing was 355 nm, which is near the UV range. 

The polyimide substrates were pasted on glass slides to flatten the 

natural curvature of polyimide during the laser annealing performed on 

the setup shown in fig 3.5. The laser annealing was performed at laser 

fluences of 500 mJ/cm², 1000 mJ/cm², 1200 mJ/cm², and 1630 mJ/cm² 

with a line % LO of 50%, 70%, and 90%. The laser pulse energy has a 

Gaussian profile; thus, for uniformity of the laser modifications 

throughout the sample surface, the laser spot has to be applied in an 

overlap condition. This has to be achieved by controlling the speed of 

the stage in both the x and y directions. The overlap between the 

consecutive laser spots is the spot overlap (in the x direction), and the 

overlap between the consecutive line patterns in the y direction is the 

line overlap (% LO). A constant spot overlap of 95% was applied in all 

the laser annealing samples. 
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3.4.1 Laser Assisted Micromachining 

 
Fig 3.6: Schematic for laser assisted micromachining of NiTi/Kapton 

polyimide bimorph. 

The bimorph structure was pasted on 3D printed structures of 

dimensions 24 mm x 100 mm x 10 mm with a wall thickness of 2 mm 

for laser micromachining with the setup shown in fig 3.6. The laser 

micromachining was performed using a 1064 nm fiber laser (Scantech 

laser) with a focused spot size of 50 μm. The maximum power output of 

the laser was 50 W. The laser head is equipped with a focusing lens and 

a galvo. The motion of the laser beam is controlled by galvo as per the 

input fed. A single line cut was attempted using varying laser power 

(LP), laser speed (LS), spot diameter (SD), and laser travel direction 

(LT) to determine the optimized micromachining parameters. As the 

laser performs micromachining in a raster scan pattern, the study was 

attempted by employing transverse and longitudinal directions of laser 

travel. The laser scanning of the bimorph in a raster pattern was 

considered to be in the transverse direction of laser travel. Furthermore, 

when the laser scanning direction was perpendicular to transverse, it was 

termed the longitudinal direction of laser travel. It was termed 

longitudinal as only a single line scan was achieved.  

 



 

51 

 

3.5 Simulation of electrical actuation 

3.5.1 Model geometry and Material Properties 

The 3D model of NiTi/ Kapton polyimide bimorph was developed in 

COMSOL Multiphysics software with NiTi film of thickness 1.3 μm 

assembled on top of Kapton polyimide substrate of 75 μm[54,55]. 

Figure 3.7 (a) illustrates the flowchart of the process followed for the 

simulating the electrical actuation of bimorph structures fabricated at 

varying strains. The size of the bimorph structure considered for 

simulation was 4 cm x 2 cm, which was the sample size used for the 

experimental study of electrical actuation. The Kapton polyimide 

substrate was applied with different pre-strain conditions along the 

length. The bimorph was in a cantilever configuration such that its 

bottom edge is fixed and top edge is free for actuation. An electric 

current was supplied using point contacts at the fixed end on the NiTi 

film. The electric current of 0.25 A was provided across the terminal 

points that were the maximum current drawn by the bimorph during the 

experimental study. 

 

(a) 



 

52 

 

 
Fig 3.7: (a) Flowchart for simulation of electrical actuation of 

NiTi/Kapton polyimide bimorph-based mirror in cantilever 

configuration. (b) bimorph actuator with electrical contacts for the 

supply of electric current. 

 

The electrical contacts were provided as point contacts on the vertices 

of the fixed edge of NiTi film (encircled blue dots) as shown in fig 3.7 

(b). The NiTi film heats up due to Joule heating and the top end of the 

bimorph actuates according to the thermal expansion equation. The 

Physics applied to the geometry for heating was electromagnetic heating 

while actuation was studied by thermal expansion Physics in COMSOL 

Multiphysics. The thermal expansion of both NiTi and Kapton 

polyimide substrate depends on coefficient of thermal expansion of both 

materials and the current temperature of the bimorph structure. The 

solid-state phase change in the NiTi film was characterized by 

Martensite volume fraction (𝝃) which varies with temperature according 

to equation 1 in section 3.5.2. The coefficient of thermal expansion of 

NiTi (αn) was also considered linearly varying with Martensite volume 

fraction as per equation 2. The variation in coefficient of thermal 

expansion of NiTi thin film and increment in temperature induces strain 

in the bimorph structure. This strain is translated into the actuation of 

free end of bimorph. The heat generated in the NiTi film travels via three 

modes i.e. conduction, convection and radiation. The relevant equations 

are mentioned in section 3.5.2. This heat transfer results in reverse phase 

transformation of NiTi and actuation during heating cycle while forward 

(b) 
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phase transformation of NiTi and cooling of bimorph during cooling 

cycle. The material properties for NiTi and Kapton polyimide 

considered for simulation are listed in table 3. The geometry was meshed 

using sweep mesh. Further phase transformation and heat transfer 

governing equations along with the boundary conditions are discussed 

in the next section. 

Table 3: Properties of NiTi/polyimide bimorph 

Parameters NiTi Polyimide 

Youngs Modulus 

Martensite phase EM= 

30 GPa 

Austenite phase EA= 83 

GPa 

2.5 GPa 

Density 6450 kg/m3 1420 kg/m3 

Thermal 

conductivity 

Martensite phase σM 

=8.6 W/mK 

Austenite phase σA =18 

W/mK 

0.20 W/mK 

Poisson’s ratio 0.33 0.34 

Coefficient of 

thermal expansion 

Austenite phase αA=11 

x 10-6 1/K 

Martensite phase 

αM=6.6 x 10-6 1/K 

20 x 10-6 1/K 

Surface Emissivity 0.15 0.80 

Specific heat at 

constant pressure 
837.36 J/kgK 1090J/kgK 

 

3.5.2 Assumptions and Boundary Conditions 

 Following assumptions were made for carrying out the 

simulation study of the electrical actuation of bimorph: 

1. Adhesion between NiTi and Kapton is perfect, with no film 

porosity. 

2. Film thickness is uniform throughout, and the film is electrically 

continuous in all conditions. 
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3. No spring back in Kapton. 

4. Heat is transferred through all three modes. 

5. Kapton substrate is not decomposing at higher temperatures. 

Certain material properties of NiTi thin film were temperature-

dependent which were considered to vary linearly with temperature 

during the reverse phase transformation. The related equations are given 

below[56]: 

Martensite volume fraction: 

                    𝝃 = {

   𝟏       ; 𝑻 ≤ 𝑨𝒔         

(
𝑨𝒇− 𝑻

𝑨𝒇− 𝑨𝒔
) ; 𝑨𝒔 < 𝑻 < 𝑨𝒇

               𝟎     ; 𝑻 ≥ 𝑨𝒇                  

… …(1) 

Af – Austenite finish temperature (°C), As – Austenite start temperature 

(°C), T – Instantaneous temperature of the film (°C). As and Af for each 

model were taken from the obtained values from the DSC results. 

Coefficient of thermal expansion: 

    𝜶𝒏 = {

        𝜶𝑴             ;  𝑻 ≤ 𝑨𝒔

𝝃. 𝜶𝑴 + (𝟏 − 𝝃)𝜶𝑨;  𝑨𝒔 < 𝑻 < 𝑨𝒇

          𝜶𝑨             ;   𝑻 ≥ 𝑨𝒇

……………..(2) 

αn - Coefficient of thermal expansion for NiTi film at any temperature 

(1/°C), αM – Coefficient of thermal expansion for Martensite phase 

(1/°C), αA – Coefficient of thermal expansion for Austenite phase 

(1/°C). 

 

 

Thermal conductivity: 

     𝒌𝒏 =  {

         𝒌𝑴             ;  𝑻 ≤ 𝑨𝒔

𝝃. 𝒌𝑴 + (𝟏 − 𝝃)𝒌𝑨  ;  𝑨𝒔 < 𝑻 < 𝑨𝒇

          𝒌𝑨             ;  𝑻 ≥ 𝑨𝒇

 ……………..(3) 

kn– Thermal conductivity for NiTi at any temperature (W/mK), kM 

– Thermal conductivity for Martensite phase (W/mK), kA – Thermal 

conductivity for Austenite phase (W/mK). 

 The heat generated was transferred via the three modes given below: 
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1. Conduction within NiTi and Kapton polyimide and conduction 

from NiTi to Kapton polyimide. 

2. Convection from all the surfaces to the ambient air. 

3. Radiation from all the surfaces to the ambient air. 

The heat transfer via the above-mentioned modes in COMSOL 

Multiphysics follows the equations given below: 

Conductive heat transfer: 

       𝒒𝟏 = −(𝒌𝒑.𝛁𝑻 + 𝒌𝒏. 𝛁𝑻)……….. (4) 

kp - Thermal conductivity of Kapton polyimide (W/mK), kn - Thermal 

conductivity of NiTi (W/mK), q1 - conductive heat transfer per unit area 

(W/m2), and 𝛁𝑻- Temperature gradient in space (K/m). 

Convective heat transfer: 

            𝒒𝟐 =  𝒉𝒂(𝑻 − 𝑻𝒂𝒎𝒃)………(5) 

ha – Convective heat transfer coefficient of air (20 W/m2K), Tamb - 

Ambient temperature (20 °C) and T-Temperature of the outer surface of 

the bimorph, and q2  - convective heat transfer per unit area (W/m2).  

Radiative heat transfer: 

𝒒𝟑 =  𝜺𝒌𝝈(𝑻𝒌
𝟒 − 𝑻𝒂𝒎𝒃

𝟒 ) + 𝜺𝒏𝝈(𝑻𝒏
𝟒 − 𝑻𝒂𝒎𝒃

𝟒 ) … … (6) 

εk - Emissivity of the surface of NiTi film, εn - Emissivity of the surface 

of Kapton polyimide, Tamb - ambient temperature (20 °C), Tk and Tn - 

surface temperature of Kapton polyimide and NiTi respectively (°C), σ 

= Stefan Boltzmann constant (5.67 x 10-8 W/m2K), and q3 = radiative 

heat transfer per unit area (W/m2). 

 

Thermal expansion equation: 

The different coefficients of thermal expansion for Kapton polyimide 

and NiTi resulted in different thermal expansion of both materials. The 

final strain generated in the bimorph is the equation given below: 

   𝝐 =  𝜶𝒏(𝑻𝒏 − 𝑻𝒂𝒎𝒃) − 𝜶𝒌(𝑻𝒌 − 𝑻𝒂𝒎𝒃) … … .. (7) 
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αk - Coefficient of thermal expansion for Kapton polyimide (1/°C), αn 

- Coefficient of thermal expansion for NiTi (1/°C), Tk and Tn - current 

temperature of Kapton polyimide and NiTi respectively (°C). The 

different thermal expansions of both layers of bimorph will develop a 

net displacement at the free end of the bimorph. The polyimide substrate 

was assumed to be under the influence of pre-strain for theoretical 

calculations. The unstrained, 1% pre-strained, and 3% pre-strained 

conditions were considered by applying initial strain on the substrate. 

The NiTi film was considered free of pre-straining conditions in the 

simulation. 

 

3.5.3 Influence of pre-straining of substrate 

 
Fig 3.8: Simulated tip displacements of the SMA bimorph mirrors at 

varying pre-strain condition of the substrate. 
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Fig 3.9: Simulated stresses generated on the SMA bimorph mirrors at 

varying pre-strain condition of the substrate. 

 

The simulated results suggest that increasing the pre-strain on the 

substrate increases the tip displacement. The unstrained bimorph 

showed a tip displacement of 69.5 μm which increased to 162 μm for 

3% pre-straining, as shown in fig. 3.8. The simulated models were 

considered to have no spring back or strain recovery, which resulted in 

overestimated tip displacements in models as compared to the 

experimental data. Moreover, there was no tip displacement obtained 

experimentally in the 3% pre-strained sample due to the damaged film 

which is discussed in chapter 4. However, the simulated results for 3% 

pre-strained sample have depicted the highest tip displacement as a 

result of high pre-strain and intact NiTi film. With the increase in tip 

displacement, the maximum stress developed in the polyimide increases, 

which is evident from fig. 3.9. 
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3.6 Summary 

• This chapter thoroughly discusses about the methodology for 

bimorph fabrication in this study. The variation in substrate 

conditions during deposition and the chamber condition were 

also discussed. 

• The deposition process was carried out with thermal evaporation 

and E-beam evaporation technique. 

• The process laser annealing of Kapton polyimide substrate and 

laser assisted micromanufacturing of the bimorph structure were 

established in this chapter. 

• The theoretical simulation of the electrical actuation of the 

bimorph structure was done at varying pre-straining condition of 

the substrate in COMSOL Multiphysics. 

• The bimorph was considered to be in a cantilever configuration 

and the supply of 25 V and 0.25A with a frequency of 0.25 Hz 

was applied. With increase in pre-straining condition up to 3%, 

the tip displacement of the bimorph increased. Also, the 

maximum stress developed in the bimorph structure increased 

with pre-strain. 
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Chapter 4 

This chapter explains the effect of pre-straining and heating of Kapton 

polyimide substrate on the properties of NiTi/Kapton polyimide thin film 

structure as a self-actuating mirror.  

Influence of Substrate Pre-straining and 

heating on characteristics of NiTi bimorph-

based mirror 

4.1 Mirror Fabrication 

4.1.1 Substrate preparation 

 
Fig 4.1: (a) Schematic of pre-straining setup for Kapton substrate in 

belt form. (b) Straining fixture for Kapton belt during deposition. 

NiTi SMA thin film was deposited on Kapton polyimide substrate in the 

form of the belt using the E-beam evaporation technique (E-beam belt 

deposition unit- Hydro Pneo Vac Technologies). The Kapton polyimide 

belt of size 50 cm x 2 cm was first strained in a tensile testing machine 
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shown in fig 4.1 (a). The Kapton polyimide substrate in the form of belt 

was held in the machine with the help of two pulleys. The initial length 

of the belt was measured and the distance between the pulleys is 

increased gradually such that the length of belt increases by 1% and 3%. 

Then the strained belt was taken out of the machine and placed in 

straining fixture as shown in figure 4.1 (b). The straining fixture is a 

three-pulley arrangement in which pulley 1 and pulley 3 are fixed while 

pulley 2 can be moved in the vertical direction to increase or decrease 

the strain on the flexible substrate. The pre-strained belt was placed in 

this fixture and pulley 2 was moved in vertically downward direction to 

achieve the length of the belt up to desired straining level. The substrate-

loaded fixture was placed inside the deposition chamber and deposition 

was performed in the strained condition of the substrate. The pre-

straining conditions applied for belts were unstrained, 1%, and 3% pre-

strained conditions. 

4.1.2 Thin Film Deposition 

 

(a) 
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`  

Fig 4.2: (a) Schematic of E-beam evaporation technique.  

(b) NiTi/Kapton polyimide belt after the deposition process. 

 

The deposition was done in the e-beam deposition unit. The source 

material for deposition was in the form of NiTi wire (54.2% Ni by 

weight) of size 4 mm x 1.2 mm. The Kapton polyimide substrate in pre-

strained condition was held above the graphite crucible which holds the 

source material. For uniform deposition throughout the belt length, the 

pulleys were rotated with the help of external motor attached for 

substrate rotation. The pulleys were rotated at constant speed of 20 rpm 

during the deposition. The deposition process was carried out in the 

chamber pressure of 2 x 10-5 mbar, which was created using a rotary 

pump and diffusion pump. The deposition process was carried out at 5 

kV DC and 340 A DC, supplied by an external power source for 240 s 

to 300 s. The schematic of the deposition process in the E-beam 

evaporation technique is displayed in fig. 4.2 (a). The fabricated 

bimorph mirror is shown in fig 4.2 (b) which was characterized for 

compositional and functional properties as a mirror. 

(b) 
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4.2 Bimorph Characterization 

4.2.1 Morphology and Composition 

 
Fig 4.3: SEM images of deposited NiTi films on (a) unstrained, (b) 1% 

pre-strained, and (c) 3% pre-strained Kapton substrate. EDS images 

showing the composition of NiTi films deposited on (d) unstrained, (e) 

1% pre-strained, and (f) 3% pre-strained Kapton substrate. 

 

The surface morphology of NiTi thin film deposited using E-beam 

evaporation at varying pre-strains of the substrate is shown in fig. 4.3 

(a), (b), and (c). The film on unstrained and 1% strained samples is 

uniform; however, strain marks are visible in the later sample. Less 

strain does not affect the performance characteristics of the bimorph as 

the film continuity is still intact. But the SEM image of bimorph with 

3% pre-strain reveals the development of cracks in the film due to a large 

spring back in the Kapton polyimide substrate. The crack development 

in the deposited film might have negatively affected the performance of 

the bimorph. The compositions of the deposited NiTi films were 

determined by EDS analysis, which is displayed in fig. 4.3 (d), (e), and 

(f). All the deposited NiTi films were Ni-rich in composition, which has 

greatly affected their shape memory capabilities. There is a difference 

in evaporation temperatures of Ni and Ti. The power supply to the 

tungsten filament was constant which led to constant energy of the 

generated electron beam hitting the source material. However, Ni has 

low evaporation temperature as compared Ti which induce faster 

evaporation of Ni than Ti from the molten pool created in the graphite 
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crucible. Thus, the deposited films were having high Ni content in all 

samples. Deposition time was 240 s to 300 s. With high deposition time 

the Ni content increases in the film. Pre-straining does not affect the 

composition of deposited NiTi film but will contribute to the smoothness 

and uniformity of the film. 

 

4.2.2 Phase transformation study 

 
Fig 4.4: Phase transformation behavior of NiTi/Kapton polyimide 

bimorph with (a) unstrained, (b) 1% pre-strained, and (c) 3% pre-

strained substrate. 

Figure 4.4 depicts the phase transformation behavior of the 

bimorph samples. The endothermic (heating) cycle represents 

the reverse martensitic transformation, i.e., from Martensite to 

Austenite. The forward transformation from Austenite to 

Martensite phase is shown in the exothermic (cooling) cycle. The 

phase transformation temperatures for the studied samples in the 

heating cycle are shown in table 4. It has been stated that an 

increase in Ni content in NiTi thin film reduces Austenite finish 

temperature (Af)[48,57]. Similar behavior was observed in the 

reverse transformation with both Af and thermal hysteresis the 
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least for the bimorph with the highest Ni content. The cooling 

cycle does not show any significant peak for the forward phase 

transformation. It has been reported in studies that an increase in 

Ni content by even 1% can drastically reduce the value of Ms 

(Martensite start temperature)[11,48]. As a consequence of high 

Ni content, Martensite transformation temperatures were very 

low and not detected in the DSC analysis till the temperature of 

-100 °C. The pre-straining of Kapton polyimide substrate also 

influences the transformation of the deposited film. The 

polyimide substrate was pre-strained during the deposition 

process. The NiTi film can deposit on the strained substrate in 

the twinned martensite phase or mixed twinned martensite and 

austenite phase. As the bimorph will be removed from the 

fixture, the polyimide recovers large strain owing to the strain 

recovery, thereby stressing the deposited film at room 

temperature. The stressing of the martensite phase results in the 

formation of the detwinned martensite phase[31], which can be 

directly transformed into the austenite phase on increasing the 

temperature of the stressed film. The stress generated in the NiTi 

film due the recovery of the Kapton polyimide substrate affects 

its transformation temperature. During reverse transformation 

(Martensite to Austenite), the generated stress hinders the phase 

transformation. Due to the hinderance, the energy requirement 

for phase transformation increases compared to unstressed phase 

transformation which results in higher transformation 

temperatures during reverse transformation cycle. Also, during 

the forward transformation (Austenite to Martensite) the stress 

results in start and finish of the transformation at much lower 

temperatures compared to unstrained film. Due to this reason 

along with the high Ni content in the film we were unable to 

observe forward transformation peaks in the DSC analysis. 
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Table 4: Transformation temperatures of the fabricated bimorph 

Sample As (°C) Af (°C) 

Unstrained 17 141 

1 % strain 32 139 

3 % strain 30 127 

 

4.2.3 Mirror Characteristics and Contact Angle measurements 

 
 

 
Fig 4.5: (a) UV Visible study of bimorph with varying pre-strain and 

(b) Depiction of the reflective surface of the bimorph. 

 

The optical reflectivity of the NiTi/Kapton polyimide bimorph was 

analyzed using UV-Visible spectroscopy. Figure 4.5 (a) depicts the 

wavelength versus reflectance curve derived from the aforesaid study. 

The bimorph in the UV range (less than 450 nm wavelength) has shown 

negligible reflectivity. The optical reflectivity of visible light in the 

wavelength range of 450 nm to 800 nm was 98.3 % for unstrained 

bimorph. Pre-straining of 1% did not affect the reflectivity of bimorph 

significantly as the spring back of polyimide was not high. As a 
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consequence, only strain marks appear in the SEM image of the 

deposited film, but there was no damage to the film. However, pre-

straining of 3% resulted in cracks in the deposited film due to high 

substrate spring back, which is visible in the SEM image. The cracked 

film might cause dispersion of some fraction of incident light which 

reduces the reflectivity of bimorph. This resulted in a drop in reflectivity 

to 78.3 % for near UV wavelength, which dropped further for near IR 

wavelength. The high reflectivity of the NiTi/ polyimide bimorph will 

be potentially applicable as a flexible micromirror by utilizing Joule 

heating of the bimorph in the interferometry[12]. Figure 4.5 (b) 

manifests the mirror-like reflectivity and finish of the bimorph which 

will be desired for the micromirror application.  

4.2.4 Electrical Actuation 
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Fig 4.6: (a) Schematic of Electrical actuation setup, and (b) 

Experimental determination of actuation of bimorph with unstrained 

and 1% pre-strained substrate. (c) Comparison of Simulated and 

experimentally determined tip displacements for different pre-strain on 

the substrate. 

 

The basic setup for electrical actuation of bimorph and its actuation 

sensing is displayed in fig. 4.6 (a). The bimorph with dimensions of 4 

cm x 2 cm was cut and connected to the circuit in a cantilever 

configuration for the investigation of electrical actuation. The power for 

Joule heating was supplied by a power supply connected to a relay. The 

relay has been switched on and off through the computer using an 

Arduino, which was programmed for a frequency of 0.25 Hz. The power 

source also drives a laser displacement sensor which, in conjunction 

with the data acquisition system, gives a measure of the displacement of 

the bimorph tip. The bimorph does not draw any current up to an input 

voltage of 10 V. The maximum current drawn by the bimorph was 0.25 

A at a 25 V supply, at which the measurements were made. On further 

increasing the voltage, the bimorph got burnt. The compositional 

deviation from Ni 50 at% plays an important role in degrading the 

actuation characteristics of NiTi, due to which higher actuation power 

was required.  

Figure 4.6 (b) shows the experimentally determined tip displacement at 

mentioned conditions for the fabricated samples. The tip displacement 

for unstrained bimorph was 60 μm which increased to 75 μm for 
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bimorph with 1% pre-strain. When power was supplied to the NiTi film, 

it heats due to Joule heating and reverse phase transformation starts 

resulting in actuation of the bimorph structure. During the actuation, the 

bimorph structure becomes straight compared to the initial curved 

configuration. On cooling to room temperature, the Kapton polyimide 

substrate regains its curved shape. Due to this curvature, strain is 

generated in the film at room temperature thereby inducing forward 

transformation. The EDS analysis in section 3.1 indicates that the 

composition of NiTi film on 1% pre-strained bimorph was close to 

NiTi50% as compared to the unstrained bimorph. This change of film 

composition towards equiatomic NiTi may have resulted in better 

actuation in 1% pre-strained bimorph. However, the bimorph with 3% 

pre-strain did not show any movement on supplying the power even 

after having the film composition closest to equiatomic NiTi. This was 

due to the crack generation in NiTi film, owing to the spring back of the 

Kapton substrate after deposition. The cracks in the deposited film 

resulted in an electrical discontinuity in it, and thus, no electric current 

flows through the film in bimorph with 3% pre-strain. 

The comparison of experimentally obtained tip displacement with 

simulated results is illustrated in figure 4.6 (c). The simulation model 

has been discussed in chapter 3, where the tip displacement was linearly 

increasing with increase in pre-strain of Kapton polyimide. The 

unstrained bimorph in simulation showed 69.5 µm tip displacement, 

however, the experimentally observed value was 60 µm. The 

overestimation of tip displacement was also observed with simulation 

results of pre-strained bimorphs. This overestimation is due to 

consideration of linear variation of thermal and SMA properties of the 

NiTi film such as Martensite volume fraction and specific heat with 

temperature. More accurate results can be obtained by adding non-

linearity to these properties. For 3 % pre-strain, simulation result was 

162 µm while experimentally no actuation was observed due to film 

damage discussed above. This error can be eliminated by adding film 

discontinuity of NiTi in the simulation for 3 % pre-strain bimorph. 
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4.3 Influence of Substrate Pre-straining and Heating 

4.3.1 Mirror Fabrication 

Fig 4.7: Fixture for linearly straining the Kapton polyimide belt 

during deposition 

The influence of substrate heating on the film deposition and 

substrate to film adhesion has been investigated in various studies. 

This section of the work is aimed to achieve the same along with the 

pre-straining. The pre-straining fixture discussed in the previous 

section had the provision for rotation of the Kapton polyimide 

substrate during the deposition process. However, with the three-

pulley arrangement, the substrate was not always in contact with 

holder surface and which hinders continuous substrate heating. 

Substrate pre-straining and heating were applied simultaneously 

with the help of a custom-made fixture. Fig 4.7 illustrates the pre-

strained Kapton polyimide belts of size 200 mm x 30 mm, which 

were linearly strained in the fixture. Also, the belts were in 

continuous contact with the substrate heater during the strained 

condition. The substrate was subjected to pre-strain condition of 

unstrained, 1% and 2% pre-strain. Additionally, the substrate 

temperature applied were room temperature, 50 °C, 100 °C, 150 °C 

and 200 °C. The deposition was performed using e-beam 

evaporation technique at chamber pressure of 5 x 10-5 mbar. The 

deposition was performed at 5.4 kV voltage and 190 mA and 240 

mA supply current.  The time of deposition was 198 s with a source 

material of NiTi: Ti in ratio of 70:30 by weight. 
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4.3.2 Bimorph Characterization 

4.3.2.1 Structural Analysis 

 

 
Fig 4.8: XRD analysis of deposited NiTi films at varying pre-strain 

and temperature of the substrate. 
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The XRD analysis of the fabricated NiTi/Kapton polyimide bimorph 

mirrors at various process parameters was performed in the 2θ range 

of 20° to 80° at a scan rate of 2°/min. The deposited film thickness 

was 900 nm and due to less thickness, the scan results show peaks 

of both NiTi film and the Kapton polyimide substrate. The two 

humps and a large peak before 30° in fig 4.8 correspond to Kapton 

polyimide. The peaks of NiTi thin film are visible in region of 40° 

to 50°. Peak (020) in fig 4.8 corresponds to Martensite phase (B19’) 

while peaks (422) and (440) are of Ti2Ni. As the substrate pre-strain 

is increasing, the crystallization phases in the film have reduced. At 

the same pre-strain condition of the substrate, the higher substrate 

temperature leads to increment in crystallization of the NiTi phases. 

4.3.2.2 Wettability Study 

 
 

(a) 

(b) 

(c) 
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Fig 4.9: (a) and (b) Measured left and right contact angles of 

deposited NiTi films at varying pre-strain and temperature of the 

substrate. (c) Droplet of DI water placed on the hydrophobic 

surface of the bimorph. 

The deposited films were tested for their hydrophobicity using a 

contact angle meter. Fig 4.9 (a) and (b) shows the variation of the 

left and right contact angles of the bimorph mirrors fabricated at 

varying pre-strain and temperature condition. At all the pre-strain 

values the increase in substrate temperature during deposition has 

led to increase and then decrease of hydrophobicity of the film. The 

substrate temperature of 150 °C has shown the best hydrophobicity 

at all pre-strain conditions. The film deposited at 2% pre-strain has 

shown the hydrophobic surface where contact angles were above 

90°. This was due to the higher power supply during the deposition 

at this pre-strain condition. The higher power supply produces a 

denser film which resulted in hydrophobic films. The 

hydrophobicity of the film can be visibly seen by just dropping a DI 

water droplet on the mirror surface. The whole droplet sits on the 

surface of the mirror as shown in fig 4.9 (c). 

4.3.2.3 UV-Visible Study 

The mirror characteristics were studied using a UV -Visible 

spectroscopy. At all the pre-strain and substrate temperatures the 

fabricated bimorph mirrors have shown a reflectivity of more than 

90% for a wavelength range of 400 nm to 800 nm. For some films 

fabricated at 2% pre-strains, the reflectivity has been nearly 100% 

as shown in fig 4.10 (c), where denser and high-quality films were 

achieved. Also, at certain substrate temperatures with unstrained 

and 1% pre-strained samples, the reflectivity has varied in a zigzag 

pattern. This pattern can be a result of phenomenon called as 
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interference in thin film due to reflected light. Due to this 

phenomenon, some of the incident light on the interface of the NiTi 

film and Kapton polyimide substrate reflects from the interface and 

remaining transmits through. The reflected light from the interface 

interferes with the light reflected from the top surface of the NiTi 

film. Destructive interference reduces the intensity while 

constructive interference increases, thus, we see a zigzag pattern in 

the reflectivity as shown fig 4.10 (a) and (b), depending upon the 

interference. 

 

 

 

(a) 

(b) 
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Fig 4.10: Reflectance study of deposited NiTi films at varying pre-

strain and temperature of the substrate. 

4.3.2.4 Phase Transformation Analysis 

 
Fig 4.11: (a) and (b) Phase transformation analysis of deposited 

NiTi films at varying pre-strain and temperature of the substrate.  

(c) 

(a) 

(b) 
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4.3.2.5 Adhesion Test 

 

 

 

 

 

 

 

 

 

Fig 4.12: (a) Images of the Scotch tape after removal form the 

samples. (b) Measured weight of the Scotch tape after the test. 

The adhesion of the deposited NiTi films with the substrates were tested 

with a Scotch tape. Fig 4.12 (a) shows the optical image of plain scotch 

tape of the mentioned size, which weighed 9 mg. The following images 

show that the film adhered to the tape after the test. The scotch tape was 

weighed before and after the test to quantify the material removed. The 

(a) 

(b) 

(a) 
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amount of material removed from the bimorph surface after the Scotch 

tape removal is depicted in fig 4.12 (b). Substrate heating has improved 

the substrate-to-film adhesion which is visible in the results. The weight 

of Scotch tape after removal form bimorph fabricated at room 

temperature were 10 mg, 11 mg and 9 mg respectively for unstrained, 

1% pre-strained and 2 % pre-strained condition. The best adhesion was 

observed at 150 °C substrate heating, where the measured weights of the 

Scotch tape after test were 9 mg, 9.5 mg and 9 mg respectively for 

unstrained, 1 % pre-strained and 2 % pre-strained bimorphs. The 

substrate heating of 200 °C resulted in a reduction in substrate-to-film 

adhesion. Thus, the optimum substrate temperature can be 150 °C, 

where improved hydrophobicity, phase transformation and film 

adhesion were achieved. 

4.4 Summary 

NiTi thin film was fabricated on a flexible Kapton polyimide substrate 

employing the E-beam evaporation technique. The study focused on the 

effects of pre-straining and heating of the substrate during deposition on 

the attributes of the NiTi/Kapton polyimide bimorph as a flexible 

micromirror. The outcomes of the study are summarized below. 

• The electrical actuation of the structure in the cantilever 

configuration resulted in a maximum tip displacement of 75 μm for 

1% pre-strained bimorph at 25 V and 0.25A with a supply frequency 

of 0.25 Hz. The simulated tip displacements for all the considered 

conditions were higher than the experimental values. Moreover, the 

bimorph with 3% pre-strain does not show any displacement during 

the experiment due to discontinuous film.  

• The SEM showed a smooth surface for unstrained bimorph, and pre-

straining induces strain marks on the bimorph. Higher pre-strain 

damages the film after deposition due to the spring back of the 

flexible substrate. The composition analysis revealed the distinction 

in the compositions of NiTi/polyimide structure. 
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• Variation in the amount of nickel in the NiTi film has affected the 

transformation temperatures. Af increased with the increasing Ni 

content.  

• An excellent optical reflectance of 98.3% was observed for 

unstrained and 1% pre-strained bimorph in the visible region, which 

has applicability as a flexible micromirror.  

• Hydrophobic films have been achieved with denser film at substrate 

heating of 150 °C. 
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Chapter 5 

 This chapter describes the influence of laser annealing of Kapton 

polyimide substrate on the properties of thin film-based actuators.  

 

Laser Annealing of Kapton polyimide 

substrate towards improvement in 

characteristics of NiTi/Kapton polyimide 

actuators 

5.1 Actuator Fabrication 

5.1.1 Laser Annealing 

 

Fig 5.1: Schematic of Laser annealing and NiTi thin film 

deposition on polyimide 

Kapton polyimide substrates of size 75 mm x 44 mm were laser annealed 

using Nd: YAG laser (Spectra-Physics- Quanta Ray). The laser 

wavelength used for annealing was 355 nm, which is near the UV range. 

The polyimide substrates were pasted on glass slides to flatten the 

natural curvature of polyimide during the laser annealing performed on 

the setup shown in fig 5.1. The laser annealing was performed at laser 

fluences of 500 mJ/cm², 1000 mJ/cm², 1200 mJ/cm², and 1630 mJ/cm² 

with a line % LO of 50%, 70%, and 90%. The laser pulse energy has a 

Gaussian profile; thus, for uniformity of the laser modifications 

throughout the sample surface, the laser spot has to be applied in an 

overlap condition. This has to be achieved by controlling the speed of 
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the stage in both the x and y directions. The overlap between the 

consecutive laser spots is the spot overlap (in the x direction), and the 

overlap between the consecutive line patterns in the y direction is the 

line overlap (% LO) illustrated in fig 5.1. A constant spot overlap of 

95% was applied in all the laser annealing samples.  

 

5.1.2 Thin Film Deposition 

NiTi SMA thin film was deposited on laser-annealed substrates using 

the thermal evaporation technique (Thermal deposition unit- Hydro 

Pneo Vac Technologies). NiTi wire (54.2% Ni by weight) and Ti wire 

of size 4 mm x 1.2 mm were the source materials for deposition. As the 

vapor pressure of Ni is low compared to Ti, thus Ni evaporates faster 

and deposits in a higher amount than Ti. To compensate for this loss of 

Ti in the deposited film, excess Ti in the form of wire was added to the 

source material. The source material was NiTi: Ti in the ratio of 70:30 

by weight. The deposition process was carried out in the chamber 

pressure of 5 x 10-5 mbar, which was created using a rotary pump and 

diffusion pump. The deposition process was carried out at 450 A for 60 

s. 

5.2 Actuator Characteristics 

5.2.1 Optical Analysis 

The optical images of the laser-annealed polyimide at various fluences 

and % LO are illustrated in fig 5.2. The annealing at a fluence of 500 

mJ/cm2 and 50% LO does not induce a visible change on the polyimide’s 

surface, illustrated in fig 5.2 (a). A higher % LO resulted in the 

formation of a visible pattern, which can be due to the crystallization of 

more surface molecules and an increment in the breaking of polymer 

bonds. Crystallization also resulted in peak formation in XRD spectra. 

Similarly, the intensification of the patterns at the same % LO with 

increasing laser fluences can be explained. The laser fluence of  1200 

mJ/cm2 and 90% LO have created uniform patterns on polyimide, 
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suggesting vaporization and material removal from the surface. There 

has been visible roughness on the polyimide surface after annealing with 

a laser fluence of 1630 mJ/cm2. This higher roughness results from the 

vaporization of polyimide molecules from the upper layer leaving 

behind soot. 

 

Fig 5.2: Optical images of polyimide laser treated at (a), (b), (c) 500mJ/cm² 

(50%, 70% and 90% line overlap), (d), (e), (f) 1000 mJ/cm² (50%, 70% and 

90% line overlap), (g), (h), (i) 1200 mJ/cm² (50%, 70% and 90% line 

overlap) and (j), (k), (l) 1630 mJ/cm² (50%, 70% and 90% line overlap). 
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5.2.2 Structural Analysis 
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Fig 5.3: XRD analysis of the Kapton polyimide substrate after laser  

annealing at laser fluences of (a) 500, (b) 1000, (c) 1200 and 1630 

mJ/cm2 and varying % LO. 

The XRD spectrum of pristine polyimide is illustrated with the brown 

graph in fig 5.3. Two broad peaks were observed in the 2θ range of 20° 

to 30°, which are characteristic amorphous peaks of polyimide[58]; 

moreover, a hump was present between 40° to 50°. The laser annealing 

of polyimide at fluences of 500 mJ/cm2, 1000 mJ/cm2, and 1200 mJ/cm2 

caused the formation of sharp peaks at 29°, 35.8°, 39.1°, 43°, 47.2°, 

48.3° and 60.6°. These peaks signify the formation of crystalline 

domains in the polyimide after annealing [58]. The formation of 

crystalline peaks can be attributed to the melting and resolidification of 

the polyimide at the surface due to the photothermal action after laser 

interaction. Higher laser fluences and % LO induce high heat to the 

polyimide surface, thereby producing bigger XRD peaks up to 1200 

mJ/cm2, suggesting improved crystallinity of polyimide.  

At laser fluence 1630 mJ/cm2, higher laser fluence led to soot formation 

on the polyimide surface. Soot is loose carbon particles formed on the 

polyimide’s surface due to the decomposition of surface molecules. Its 

presence reduces the adhesion of polyimide with the deposited NiTi 

film. Thus, soot must be cleaned off the polyimide’s surface before 

deposition. However, soot cleaning exposes the subsurface layer of 

polyimide, thereby producing lesser crystalline domains. Thus, only 

characteristic broad peaks were seen in fig 5.3 (d). Moreover, peaks at 
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42.6°, 43.5°, and 73.8° were noticed at a laser fluence of 1630 mJ/cm2 

at 70% LO suggesting better crystallinity than the other two LO at 1630 

mJ/cm2. With laser fluences up to 1200 mJ/cm2, an increase in the LO 

from 50% to 90% has marginally improved the crystallinity owing to an 

increment in intensities of the crystalline peaks between 29° to 61°. 

 

 
 



 

84 

 

 

Fig 5.4: IR spectra for (a) pristine polyimide, and (b), (c), (d), and (e) 

Polyimide treated with laser at various laser fluences and line overlaps 

(LO). 

 

Table 5: Transmission wavenumbers in FT-IR spectra of pristine 

polyimide 

Peak position 

(cm-1) 
Identification 

3450 to 3650 ―OH bonds[59] 

3097 to 3056 aromatic =C―H stretching[59] 

1777, 1715 C═O stretching[59–61] 

1601, 1498 aromatic =C═C stretching[59–61] 

1455 skeleton vibration of phenyl rings[59–61] 

1370 cyclic imide (=C―N―) stretching[59,60] 

1238 Asymmetric stretching of aromatic ether 

(C―O―C)[60] 

1167, 1115, 1091 

and 1016 

Para substituted phenyl, in-plane hydrogen 

rocking[59,60] 

883 out of plane waging vibration of isolated 

hydrogen in (1, 2, 4, 5)[59,60] 
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818 out of plane waging vibration of two adjacent 

hydrogens[59,60] 

723 cyclic imide[60,61] 

605 bending vibration of C―O―C[59] 

635 C=O deformation[59,61] 

567 rocking band of cyclic imide[59] 

515 out of plane ring bending 

The changes on the polyimide surface with laser annealing were also 

examined using FT-IR spectroscopy in transmission mode. The spectra 

of the pristine and laser-annealed polyimide’s visible, near-infrared, and 

infrared bands have been determined. The corresponding spectra are 

shown in figure 5.4. The infrared bands were assigned according to the 

absorption band available for pristine polyimide[58]. Table 5 presents 

information about the transmittance peaks obtained in the spectroscopic 

study of the pristine polyimide. 

Fig 5.4 (b), (c), (d), and (e) depict the variation in peak intensity of the 

polyimide samples with varying laser fluences. The laser annealing of 

polyimide does not create any new peaks in the spectra. As the laser 

fluence has increased, the peaks between 3450 to 3650 cm-1 and 3097 to 

3056 cm-1 have progressively diminished, suggesting loss of OH bonds 

due to moisture removal and aromatic =C―H stretching, respectively. 

The laser annealing has resulted in modification in the crystallinity and 

structure of the polyimide surface, indicated by slight shifts in the peak 

positions [60] [62]. Laser treatment up to a fluence of 1200 mJ/cm2 

improved the crystallinity of polyimide, which was also evident from 

the XRD spectra. The laser fluence of 1630 mJ/cm2 at all LO resulted in 

soot formation at the polyimide surface[26],[63],[64],[65]. Furthermore, 

laser irradiation on the polyimide surface induces surface changes which 

lead to a change in the transmittance of the samples. From Beer’s law, 

the absorbance of a material is related to its concentration, as given in 

equation 4[66].  

A = εlc       ……(4) 
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where A is absorbance, ε is absorptivity (Mol-1cm-1), l is optical path 

length (cm), and c is the molar concentration of material (Mol). The 

significant increase in transmittance of polyimide with an increase in 

laser fluence from 1000 mJ/cm2 to 1630 mJ/cm2 suggests the loss of 

surface molecules. This increment implies that less material 

concentration of polyimide was available for analysis. Thus, the 

absorbance of polyimide reduces with an increase in transmittance, 

according to equation 5.  

A = 2 – log10(%T)     ….(5) 

where A is absorbance and %T is percentage transmittance. This 

increment in transmittance with the increase in laser fluence can be 

derived from fig 5.4. At all fluences, an increase in % LO increases the 

transmittance indicating progressive destruction of imide rings. 

5.2.3 Surface Morphology 

 
Fig 5.5: (a) Composition of the deposited NiTi film and Optical images of 

NiTi coated polyimide laser annealed at fluences of 500 mJ/cm² and 1630 

mJ/cm² with line overlaps of (b) 50%, (c) 70%, and (d) 90%. 

 

The microscopic images of laser-annealed bimorphs are shown in fig 

5.5. The annealing patterns on polyimide are visible even after the 

deposition of NiTi on the surface. Out of the 12 different laser-patterned 

polyimide samples, the optimal three were utilized for deposition. The 

selection criteria for the best laser-treated polyimide substrates are 
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explained in section 5.2.4. At laser fluence of 500 mJ/cm2 and 90 % LO 

subdued pattern appeared as a result of photothermal reaction during 

annealing. However, the photophysical process at a laser fluence of 1630 

mJ/cm2 leads to the formation of deep ablation patterns, which are 

readily observable even after the deposition. This can be attributed to a 

higher degree of material removal during laser annealing resulting in the 

formation of intricate grooves. The EDS analysis of the deposited film 

shows that the composition was Ni-rich. All the films were deposited 

simultaneously with thermal evaporation, which gives the same film 

composition for all the samples. However, different surface conditions 

for every sample due to laser annealing may result in different film 

adhesion and subsequent characteristics. 

 

5.2.4 Wettability and Adhesion 

 
Fig 5.6: Images of water droplets on the surface for polyimide laser 

treated at fluences of 500mJ/cm², 1000 mJ/cm², 1200 mJ/cm², and 

1630 mJ/cm² with varying % LO. 
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Fig 5.7: Contact angle measurements (a) Left and (b) Right, for 

polyimide laser treated at fluences of 500mJ/cm², 1000 mJ/cm², 1200 

mJ/cm², and 1630 mJ/cm² with varying % LO. 

 

The study of wettability or contact angle of the laser-annealed polyimide 

substrates can be instrumental in narrowing down to the highly suitable 

substrates for deposition from the several samples under consideration. 

The static contact angles for pristine polyimide were θ1= 82° on the left 

side and θ2 =82° on the right side. There has been a considerable 

reduction in the contact angle of polyimide after laser annealing at 500 

mJ/cm2 fluence at 90% LO, 1630 mJ/cm2 fluence at 50% LO, and 1630 

mJ/cm2 fluence at 70% LO, as shown in fig 8. The obtained contact 

angles at the mentioned fluences and line overlaps are listed in table 6. 

The contact angles were higher at a laser fluence of 500 mJ/cm2 with 

50% and 70% LO owing to the loss of the hydrophilic ―OH group from 
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the polyimide surface, which was indicated by increased transmittance 

in FTIR peaks in the 3450 to 3650 cm-1 range [67]. However, in the case 

of laser annealing at 500 mJ/cm2 fluence at 90% LO, the reduction in 

contact angle may be due to the crystallized and roughened polyimide 

surface. The loss of the hydrophilic ―OH group at 1000 mJ/cm2 and 

1200 mJ/cm2 was too prominent to be compensated by surface 

crystallization, which eventually increases the contact angles. Annealing 

at 1630 mJ/cm2 with 50% and 70% LO, the low contact angle was 

observed due to the material removal from the surface, also shown in 

section 3.2. At 1630 mJ/cm2, an increase in % LO may have caused 

excess material removal, which caused a progressive reduction in 

contact angle. 

 

Table 6: Static contact angles of laser-annealed polyimide utilized for 

deposition 

Annealing parameter 
Left contact 

angle (degrees) 

Right contact angle 

(degrees) 

500 mJ/cm2 fluence at 

90% LO 
58.1±3.6 61.4±2.9 

1630 mJ/cm2 fluence at 

50% LO 
42.7±1.5 47.2±1.7 

1630 mJ/cm2 fluence at 

70% LO 
58.8±2.0 57.5±2.1 

The reduction in wettability of polyimide has affected its adhesion 

characteristics with the deposited NiTi film, which was examined using 

the Scotch tape test. Fig 5.8 (b) shows the optical image of plain scotch 

tape of the mentioned size, which weighed 13 mg. The following images 

show that the film adhered to the tape after the test. The scotch tape was 

weighed before and after the test to quantify the material removed given 

in table 7.  

Table 7: Weight of Scotch tapes before and after the test 

Bimorph sample 

fabrication 

condition 

Scotch Tape weight 

before the test (mg) 

Scotch Tape weight 

after the test (mg) 

Pristine polyimide 13 14 

Polyimide annealed 

at 500 mJ/cm2 and 

90% LO 

13 17 
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Polyimide annealed 

at 1630 mJ/cm2 and 

50% LO 

13 14 

Polyimide annealed 

at 1630 mJ/cm2 and 

70% LO 

13 13 

 

 

 
Fig 5.8: Tensile testing machine used for peeling of scotch tape. 

Optical images of scotch tape (a) Before test and after testing on 

bimorph fabricated on (b) pristine polyimide (c) polyimide annealed at 

500 mJ/cm2 with 90% LO (d) polyimide annealed at 1630 mJ/cm2 with 

50% LO (e) polyimide annealed at 1630 mJ/cm2 with 70% LO. 
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The bimorph fabricated on pristine polyimide and the polyimide 

annealed at 1630 mJ/cm2 and 50% LO exhibit similar adhesion with the 

removal of 1 mg material from the film. Annealing at 500 mJ/cm2 with 

90% LO resulted in the most negligible film adhesion, as the Scotch tape 

test removed the highest amount of film from the bimorph. Furthermore, 

the bimorph fabricated on polyimide treated at 1630 mJ/cm2 with 70% 

LO does not exhibit a measurable film removal during the test. This may 

be because the polyimide laser annealed at 1630 mJ/cm2 with 70% LO 

has displayed a combination of the rough surface and crystalline 

domains, as mentioned in sections 5.2.1 and 5.2.2. This combination has 

facilitated a better interaction between the polyimide surface and the 

deposited NiTi thin film. The mentioned sample has manifested 

significant improvement in actuation and adhesion characteristics.  

 

5.2.5 Electrical Actuation 

 

(a) 
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Fig 5.9: (a) Setup for studying electrical actuation of NiTi/ Kapton 

polyimide bimorph. Electrical actuation study of NiTi/Kapton 

polyimide bimorph fabricated on pristine and laser-annealed polyimide 

(b) without external weights and (c) with external weights. 

 

 The electrical actuation has been studied for bimorph fabricated 

on pristine polyimide and on laser annealed polyimide at a fluence of 

500 mJ/cm2 with 90% LO, 1630 mJ/cm2 with 50% LO and 1630 mJ/cm2 

at 70% LO. The bimorph drew a maximum current of 0.12 A at a 20 V 

supply, which was used for the measurements. Further increment in the 

voltage led to the excess drawing of power by bimorph, thereby burning 

the bimorph. The results of the electrical actuation study without 

external weights are shown in fig 5.9 (b). The maximum tip 

displacement observed for bimorph with pristine polyimide substrate 

was 0.1 mm. Laser annealing of the substrate has helped improve the 

(b) 

(c) 
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deposited film quality, which is evident from the increase in tip 

displacements. The displacements observed for bimorph with substrate 

laser annealed at a fluence of 500 mJ/cm2 with 90% LO, 1630 mJ/cm2 

with 50% LO and 1630 mJ/cm2 at 70% LO were 0.62 mm, 1.2 mm, and 

1.6 mm respectively.  

The mirror to be placed on the bimorph tip in the Stewart platform 

configuration weighed 45 mg. The exact weight was considered for 

actuation analysis with the application of external weight, as shown in 

fig 5.9 (c). The bimorph fabricated on the polyimide annealed at 1630 

mJ/cm² and 50% LO has achieved a maximum tip displacement of 1.2 

mm with the application of 20 V. However, the tip displacement was 

reduced in the other two laser-annealed samples. The application of 

external weight has affected the actuation of the bimorph due to the 

inertial effects. Moreover, the actuation frequency was halved from the 

unloaded test condition to achieve the maximum tip displacement. The 

tip displacement was nearly halved at the same actuation frequency as 

the unloaded condition.  

 

5.3 Summary 

The NiTi/polyimide was fabricated using the thermal evaporation 

technique. The study aims to investigate the impact of laser annealing 

on the polyimide substrate using 355 nm Nd: YAG laser, leading to 

better deposition quality and actuation characteristics. The results of the 

study are listed below: 

• The laser fluence up to 1200 mJ/cm2 at all % LO has created crystalline 

domains on the polyimide surface. No crystalline peaks were observed 

at a laser fluence of 1630 mJ/cm2 and 50% LO indicating the removal 

of the top layer. Crystallinity again increases at 70% LO.  

•  The progressive increase in laser fluence induced the loss of surface 

molecules, which was indicated by an increase in transmittance. A 

similar pattern was observed at constant laser fluence with increasing % 

LO. 
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• The contact angles of polyimide annealed with 500 mJ/cm2 fluence at 

90% LO and 1630 mJ/cm2 at 50% LO and 70% LO were 58.1°±3.6°, 

42.7°±1.5°, and 57.5°±2.1° respectively, which are considerably less 

compared to pristine polyimide. 

• The bimorph fabricated on the polyimide annealed at 1630 mJ/cm2 and 

70% LO exhibited the best adhesion between substrate and film, as no 

film was removed during the Scotch tape test.  

• The electrical actuation shows a drastic increase in tip displacement of 

0.1 mm for bimorph fabricated on pristine polyimide to 1.6 mm for 

bimorph fabricated on polyimide annealed at 1630 mJ/cm2 and 70% LO. 

The application of external weights has reduced tip displacement in all 

the samples except for bimorph fabricated on polyimide annealed at 

1630 mJ/cm2 and 50% LO. 

• The promising results of actuation tip displacement at both unloaded and 

loaded conditions can be further utilized for mechanisms in Opto 

mechatronics applications such as the Stewart platform. 
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Chapter 6 

 This chapter describes the application laser assisted micromachining 

on bimorph structures for customized mirror and actuator fabrication. 

 

Laser Assisted Micromachining of 

NiTi/Kapton Polyimide bimorph towards 

fabrication of Microactuators 

 

6.1 Fabrication 

6.1.1 Pellet Fabrication 

 
Fig 6.1: Pellet fabrication of NiTi with Vacuum Arc Melting 

NiTi wires (45.8% Ti by weight) and pure Ti wires of size 4 mm x 1.2 

mm were used to fabricate the pellets which were used as primary source 

materials for deposition. Fig 6.1 illustrates the schematic and for the 

fabrication of pellets of weight 1.5 g using a vacuum arc melting unit 

(Hydro Pneo Vac Technologies). The wires were placed in a copper 

crucible, which was water-cooled. The crucible is a part of a vacuum 

chamber in which a vacuum of 0.03 kg/cm2 was created initially, and 

then argon was supplied to reach 0.53 kg/cm2. The NiTi pellet formation 

was achieved at a supply voltage of 25 V and 150 A current. The lower 
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vapor pressure of Ni than Ti brings about a higher deposition rate of Ni 

and leads to Ni-rich compositions of deposited thin film. This loss of Ti 

during deposition was compensated by adding excess Ti to the source 

material during pellet formation. Pellets with compositions of NiTi: 

Ti=80:20 (by weight) were employed for deposition. 

6.1.2 Thin Film Deposition 

 
Fig 6.2: NiTi thin film deposition with E-beam deposition. 

The thin film of NiTi shape memory alloy (SMA) was deposited on 

Kapton polyimide substrates by utilizing the E-beam evaporation 

technique (Hydro Pneo Vac Technologies). The Kapton polyimide 

substrate of thickness 75 μm was held in the deposition chamber in the 

form of belts of size 180 mm x 30 mm. The deposition was performed 

in the chamber with a 2 x 10-5 mbar pressure. The NiTi pellet fabricated 

by vacuum arc melting was placed in the graphite crucible. The tungsten 

coil shown in Fig 6.2 was supplied with a voltage of 4.2 kV and 190 mA 

to generate the electron beam. The generated electron beam was directed 

to the source material in the graphite crucible with the help of beam-

deflecting magnets. The deposition was carried out for 260 seconds to 

fabricate the NiTi/Kapton polyimide bimorph structure. 
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6.1.3 Laser Assisted Micromachining 

 
Fig 6.3: Laser Assisted Micromachining of bimorph structure with 

Fiber Laser. 

The fabricated bimorph structure was pasted on 3D printed structures of 

dimensions 24 mm x 100 mm x 10 mm with a wall thickness of 2 mm. 

The schematic of the laser micromachining setup is depicted in Fig 6.3. 

The laser micromachining was performed using a 1064 nm fiber laser 

(Scantech laser) with a focused spot size of 50 μm. The maximum power 

output of the laser was 50 W. The laser head is equipped with a focusing 

lens and a galvo. The motion of the laser beam is controlled by galvo as 

per the input fed. A single line cut was attempted using varying laser 

power (LP), laser speed (LS), spot diameter (SD), and laser travel 

direction (LT) to determine the optimized micromachining parameters. 

As the laser performs micromachining in a raster scan pattern, the study 

was attempted by employing transverse and longitudinal directions of 

laser travel. The laser scanning of the bimorph in a raster pattern was 

considered to be in the transverse direction of laser travel. Furthermore, 

when the laser scanning direction was perpendicular to transverse, it was 

termed the longitudinal direction of laser travel. It was termed 

longitudinal as only a single line scan was achieved, as shown in Fig 6.4. 
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Minitab software optimized the micromachining parameters using the 

DOE (Design of Experiments) module.   

6.2 Design of Experiments 

6.2.1 Input Parameters 

 
Fig 6.4: Different strategies of laser motion during micromachining. 

Table 8: Different input laser parameters for design of experiments of 

micromachining 

Parameter Type Values 

Laser Power (W) Numeric 3, 5, 7, 9 

Laser Speed (mm/s) Numeric 4, 5, 6 

Spot Diameter (μm) Numeric 50, 90 

Laser Travel Direction Text T, L 
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  Fig 6.5: (a) and (b)Variation in kerf width and (c) and (d) heat 

affected in the bimorph at varying laser speeds and laser fluences with 

transverse direction of laser travel. © Depiction of kerf width and HAZ 

generated after micromachining. 

Figure 6.5 (a) and (b) illustrate the variation in measurements of kerf 

width with varying laser power (LP) and laser speed (LS) for spot 

diameter (SD) of 50 μm and 90 μm, respectively. The single-line 

micromachined on the bimorph was performed with a transverse 

direction of laser travel (LT). The micromachining input parameters 

were selected based on existing literature on the laser cutting of 

polymers. The popular inputs have been LP, LS, and SD; however, 

in this study, the motion of the laser beam will be changed frequently 

for customized actuator fabrication, and thus, the direction of laser 

travel (LT) can also prove to be an important factor. The 

micromachining was attempted at a laser power of 3, 5, 7 and 9 W 

with laser speeds of 4, 5, and 6 mm/s to study the effects on kerf 

width (KW) and heat affect zone (HAZ) after micromachining.  Kerf 

width is usually the effective width of the cut generated on the 

workpiece due to laser interaction. Heat affected zone in this study 

was limited to the region where the changes in the deposited film, 

such as roughening, cracks, delamination, and bulges, were 

observed. Figure 6.5 © depicts the kerf width and HAZ considered 

in this study. Measurements were taken at micromachined edges on 

3 different locations, and the resulting average and standard 

deviations of KW and HAZ were plotted in figs 6.5 and 6.6. The 

micromachining was aimed to create accurate features with 

negligible or no damage to the surrounding film so that the finally 

fabricated actuator could be a ready-to-use product. Thus, both KW 

and HAZ were prime factors in determining the quality of the 
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fabricated actuator, which were considered as outputs during the 

study.  

Figure 6.5 is illustrating the variation in kerf width and HAZ at different 

laser parameters for transverse direction of laser travel. The raster 

scanning pattern of the laser beam can create higher variation in the KW 

and HAZ values. Additionally, the high values of standard deviation 

were observed for the laser speed of 4 mm/s. The combined effect of 

raster scanning and less scanning speed resulted in higher heat 

interaction with the thin film. As the deposited film is a shape memory 

alloy material, the heat interaction for longer duration induces phase 

transformation which brings about the actuation of the bimorph during 

the micromachining. Even the small amount of actuation during the laser 

interaction can create significant deviations in the output KW and HAZ. 

The KW at 50 μm SD ranges from 0.062 mm to 0.133 mm, which 

increases for 90 μm SD ranging from 0.092 mm to 0.175 mm. A similar 

effect of increase in spot size has been seen on HAZ, as shown in fig 6.5 

© and (d), where 50 μm SD produces HAZ from 0.0625 mm to 0.186 

mm and 90 μm SD creates 0.113 mm to 0.469 mm HAZ. The HAZ 

measurements for 4 mm/s and 5 mm/s laser speed have significant 

values, while 6 mm/s LS does not generate significant HAZ. High LS 

reduces the interaction time of laser with bimorph, which results in 

insignificant HAZ in view of the study. Also, the same LS could not 

generate a through cut even at 9 W laser power, creating microchannels. 
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Fig 6.6: (a) and (b)Variation in kerf width and (c) and (d) heat affected 

zones (HAZ) in the bimorph at varying laser speeds and laser fluences 

with the longitudinal direction of laser travel. 

Micromachining was also performed using the longitudinal direction of 

laser travel (LT) at all the parameters mentioned previously in this 

section. Figure 6.6 (a) and (b) represent the variation in measurements 

of KW with varying LP and LS for SD of 50 μm and 90 μm, respectively. 

The KW ranges from 0.062 mm to 0.138 mm for 50 μm SD and from 

0.0959 mm to 0.133 mm for 90 μm. For longitudinal LT, the KW 

increases with SD, similarly to transverse LT. The increment in SD has 

increased the effective area of interaction of the laser beam with the 

bimorph, resulting in higher KW[68].  Similar to the transverse direction 

of laser travel, at 6mm/s LS, microchannels were created at all powers 

owing to only removing the deposited film. Lower speeds could 

generate micromachining cuts at all powers with varying degrees of KW 

and HAZ.          

The HAZ variation for the input LP, LS and SD for longitudinal LT are 

depicted in fig 6.6 (c) and (d). For 50 μm SD, the HAZ varies from 0.09 

mm to 0.342 mm and from 0.102 mm to 0.338 mm for 90 μm SD. The 

average HAZ has increased with SD for both transverse and longitudinal 

LT due to a higher area of energy interaction. Due to a more significant 

interaction area, the microchannels formed at 6 mm/s have a higher 

average KW for a 90 μm SD. The study further investigated the effect 

of the input process parameters on the KW and HAZ, finally leading to 

an optimized set of micromachining parameters. This was brought into 

effect by using the design of experiments explained in the further 

sections.  
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In this study, the effect of multiple input parameters on more than one 

output variables were investigated to achieve the optimum working 

condition. Micromachining of thin films with fiber laser depends on 

process parameters such laser power, laser speed, spot diameter and 

direction of laser travel. Design of Experiments has been one of the most 

efficient methods in the past studies to derive logical relationship 

between multiple input and multiple output parameters[69]. It provides 

a structured way of conducting the experiments involving multiple 

factors to identify optimal working conditions. Interestingly, the most 

influential input parameter of the can also be determined by analysing 

the experimental results. Thus, Design of Experiments has been 

employed in this work with four input parameters discussed in the 

previous section, namely LP, LS, SD, and LT, which were considered 

for studying the variation in the output parameters, i.e., KW and HAZ. 

LP has 4 levels, LS has 3 levels, SD has 2, and LT has 2.  The input 

micromachining parameters are illustrated in the table 1. As the levels 

of input parameters were not the same, a full factorial design of the 

design of experiments was used to study the effects of multiple 

controlling parameters on the response or output variables. Furthermore, 

each micromachining condition has 3 replicates to increase the precision 

of the output. Replication also aids in drawing satisfactory conclusions 

about effects and interaction. The parameter selection for 

micromachining of the bimorph with laser was done in random order so 

that the levels of input factors should be changed after every run. Such 

kind of parameter selection is termed as randomization of experiments 

which is done to reduce the bias in the results arising from the external 

factors that can influence the experiments. Further it reduces the 

influence of current experimental run on the output of future 

experiments. The obtained data was analyzed to study the effects and 

interaction between the input parameters and arrive at the optimal 

micromachining condition. 
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6.2.2 Pareto Chart 

The Pareto chart was used to determine the significance of any effect on 

the output in consideration.  The effects extending past the reference line 

signify that it significantly impacts the output and is vital with 95% 

confidence. The standardized effects were plotted in the decreasing 

order of absolute values. The representation of the input parameters in 

Pareto chart are given in Table 9. Two separate charts were plotted for 

KW and HAZ, as shown in Fig 6.7. The reference lines of the chart for 

both KW and HAZ were 2.069.  

Table 9: Parameters in Pareto chart 

Input Parameter Factor in Pareto chart 

Laser Power (LP) A 

Laser Speed (LS) B 

Spot diameter (SD) C 

Laser Travel direction (LT) D 
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Fig 6.7: Pareto Chart for (a) Kerf width and (b) HAZ. 

Figure 6.7 (a) depicts the Pareto chart for KW, which suggests that LP 

up to 9 W is individually ineffective towards the variation of the KW. 

Higher laser power results in excess energy interaction with the bimorph 

structure, producing carbonized edges after micromachining. As the 

high laser energy interacts with the polyimide substrate, it induces 

chemical degradation, producing smoke and carbonaceous particles, 

which remain at the micromachined edge and can deposit on the actuator 

surface[70]. The two most influential individual inputs for KW were LS 

and SD[71]. Considering the Pareto chart of kerf width only, the input 

parameter of laser power can be screened out. However, the importance 

of the input parameters for the cut generation can be finalized after the 

studying their influence on both HAZ and KW. It can be inferred from 

Fig 6.7 (b) that LS was the most influential factor for HAZ variation[71]. 

In view of the Pareto charts of both KW and HAZ, the input parameters 

LS and SD were individually most influential which will be discussed 

in section 6.2.3. The subsequent section studies the level of influence of 

the input parameters on the response and the relative strength of the 

effects. 
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6.2.3 Mains and Interaction Plots 

The main effects plot is the plot of the mean output of the process at all 

levels of the input parameters for each parameter individually. It 

determines the significance of the input parameters for the generated 

output. The impact of a parameter is determined by the inclination of the 

line created in the plot. A horizontal line indicates no effect of the input 

parameter on the output, while as the inclination of the line from the 

horizontal increases, the effect increases.  

 

  
Fig 6.8: (a) Main effect plot of KW (b) Main effect plot of HAZ. 

The main effects plots for the KW and HAZ are illustrated in Fig 6.8. 

Increment in LP has increased the KW, as indicated by a high inclination 

of the mean line for LP in Fig 6.8 (a). However, the effect of LP on HAZ 

was minimal, as shown by the lower inclination of the mean line of LP 

in Fig 8 (b). Both KW and HAZ were highly influenced by LS and had 

the least values for the micromachined edge for 5 mm/s LS. The 

negligible HAZ observed was in the case of 6 mm/s LS, which is also 

mentioned in section 6.2.1. 

Furthermore, SD variation highly influenced KW while minimally 

changing the HAZ. The Pareto chart observed the same result, where LS 

was a significant parameter for KW variation. The increase in SD from 

50 μm to 90 μm has increased the KW from a mean value of 0.102 mm 

to 0.117 mm. The study’s least effective parameter was LT, as it has 
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minimal effect on both KW and HAZ. This ineffectiveness is a desirable 

condition as, further in the study, we fabricated customized actuators 

with frequent changes in LT. Thus, the effect on KW and HAZ of the 

actuators was similar, irrespective of the direction of motion of the laser.  

 

  

Fig 6.9: (a) Interaction plot of kerf width (a) Interaction plot of HAZ. 

Figure 6.9 illustrates the interaction plot of the KW mean, which shows 

the relationship between input and observed responses. Parallel lines 

indicate that the interaction does not significantly affect the output[72]. 
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Intersecting lines suggest a considerable impact of the interaction on the 

output. The interaction of LP and LS was significant at high LP and low 

LS values. Similar behavior has been observed for the interaction of LP 

with SD and LT. Furthermore, the combination of LS with SD and LT 

has significance at high values of LS for output KW. 

The interaction plots of the second important output variable, 

i.e., HAZ, are shown in Fig 10. The interaction of SD and LT has been 

most significant for HAZ, although the individual parameters were least 

effective. Minimum HAZ was achieved at 50 μm SD and transverse LT. 

Unlike KW, HAZ was affected by low LP and LS values. At high LP, 

the variation in LS was less significant on the HAZ variation. Also, the 

combination of LP with SD and LT was ineffective on HAZ due to the 

minimal slope between the lines. 

 

6.2.4 Microchannels formation 

 

  

(a) (b) 

(c) 
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Fig 6.10: (a), (b) and (c) Optical profilometer measurements of the 

microchannels formed at laser speed of 6 mm/s. (d), (e) and (f) 

Measured depth of the micromachined channels. 

As mentioned in previous sections, the micromachining attempted at 6 

mm/s laser speed with all the processing conditions was unable to 

produce a through cut. However, microchannels were created on the 

bimorph by removing only the film, as shown in Fig 6.10 (a), (b) and 

(c). Due to high laser heat absorption near the micromachined channels, 

bulge and irregularity in the film have been observed, although the width 

of this heat-affected zone was less than 100 μm. The dimensions of the 

microchannel feature and the associated HAZ at a laser speed of 6 mm/s 

are illustrated in Fig 6.10 (c), (d) and ©. The micromachined channels’ 

width varies from 105 μm to 134 μm. The bulged height increased with 

the laser power. The depth of the micromachined channels was more 

than 15 μm, but the deposited film was around 1.3 μm thick. This 

suggests the removal of polyimide along with deposited NiTi film from 

the microchannel region.  

 

(d) (e) 

(f) 
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6.2.5 DOE verification and shape cutting 

 
Fig 6.11: Different shapes fabricated out of bimorph structure at 

optimized laser micromachined parameters. 

 The optimized micromachining parameters were obtained using 

the design of experiments. The results for micromachining of a single 

line indicate that the optimized direction of micromachining was 

transverse; however, the variation in KW and HAZ with a change in 

laser travel direction was negligible. Thus, both cutting directions were 

feasible, which creates the possibility of micromachining of different 

shapes, as shown in Figure 6.11. Square and triangle of sides 15 mm and 

circle of diameter 10 mm were micromachined from the bimorph at the 

optimized parameters of 5 W laser power (LP), 5 mm/s laser speed (LS), 

and 50 μm spot diameter (SD), to confirm the feasibility of the process. 

Further, a customized shape was micromachined aimed at the 

application as an optical shutter. The shape was a 22 mm diameter circle 

with 6 nos. flaps (actuators) micromachined in a single pass of the fiber 

laser. The customized shape was pasted on a 3D printed structure, as 

shown in Fig 6.11 (c), to be used as an optical shutter.   

6.3 Material Characterization 

6.3.1 Film Thickness 
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Fig 6.12: Measured thickness of the deposited NiTi on the Kapton 

polyimide substrate. 

The thickness of the deposited NiTi film was measured with a 3D optical 

profilometer. The optical profilometer is based on the principle of 

optical profilometry and thus, requires the surface of the samples to be 

reflective for measurements. As the Kapton polyimide surface was not 

reflective in nature, the film thickness measurement was done on silicon 

wafer. The wafer was placed in the deposition chamber during the 

fabrication of bimorph structure and the deposition thickness was 

measured on the same which was found to be 513 nm as shown in fig 

6.12. 

6.3.2 Surface Morphology and Composition 

 

 
Fig 6.13: Morphology of the deposited NiTi film at (a) the center of 

the optical shutter actuator and (b) Near the micromachined edge. (c) 

Composition of the deposited film. 

Figure 6.13 shows the SEM images of the NiTi film deposited on the 

polyimide substrate. At the center of the actuator, the film's grain is 

coarse illustrated in Fig 6.13 (a). However, the heat interaction of the 

laser beam at the micromachined edges has induced grain refinement. 
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Thus, the grains near the micromachined edges in the HAZ region were 

finer, as illustrated in Fig 6.13 (b). The formation of grains in the film 

suggests dense deposition, which produces a mirror-like surface of the 

bimorph and can affect the negligible transmittance of incident light 

required for optical shutter application. The elemental composition was 

checked with EDS (Electron Dispersive X-ray Spectroscopy) analysis 

as shown in fig 6.13 (c). The deposited film contains 52.2 % Ti and 47.8 

% Ni. The deposited film was Ti-rich owing to the usage of excess Ti 

content during the deposition process. Since the deposited film was thin, 

it was coated with a thin uniform layer of Au before the SEM and EDS 

analysis to achieve better conductivity of the bimorph. An electron beam 

with high voltage (20 kV) was incident on the sample during the 

compositional analysis. Less conductivity of the sample leads to 

accumulation of electrons on the samples which creates localized 

charging and image gets blurred. To make the surface more conductive 

to facilitate the movement of electrons and improve the clarity of images 

of the samples, Au coating was performed. Thus, Au was observed 

during the compositional analysis of the samples. In the actual bimorph 

and micromachined actuator Au was not present.  

6.3.3 Structural Analysis 
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Fig 6.14: XRD analysis of (a) Pellet used for deposition and (b) 

Fabricated bimorph optical shutter. 

The crystal structure of the pellet utilized for deposition and the 

deposited film were analysed to study the phases present in the two. The 

NiTi: Ti pellet formed with a source material ratio of 80:20 using 

vacuum arc melting was scanned at a 10°/min scanning rate. The pellet 

shows the presence of Ti2Ni and B19′ phases, as shown in fig 6.14 

(a)[73]. The micromachined bimorph actuator film deposited from the 

same pellet was considerably less crystalline compared to the pellet, as 

shown in Fig 6.14 (b). Fast scanning of bimorph results in error and 

shows peaks of polyimide substrate only due to less thickness of 

deposited film. Thus, the scanning was done at a slower rate of 2°/min. 

The structural analysis of the actuator shows that both Ti2Ni and B19′ 

phases were still present in the film, as indicated by peaks at 43.11° and 

48.25°. The phase B19’ refers to Twinned Martensite phase of the shape 

memory alloy film with monoclinic crystal structure. It refers to low 

temperature phase of SMA which on stress application changes the 

orientation to Detwinned Martensite. Visible actuation of the SMA film 

can only be observed when phase transformation occurs between low 

temperature Detwinned Martensite phase and high temperature B2 

(Austenite) phase[74],[56]. In current study, the NiTi SMA film was 

deposited on the Kapton polyimide substrate. Small size of the bimorph 

structure does not have significant curvature thereby inducing no stress 

on the film. Thus, low temperature phase observed was B19’ during the 

XRD analysis. The sharp peak before 30° was due to the crystallization 
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of the polyimide substrate[58]. The two humps observed before 30° 

correspond to the amorphous regions of Kapton polyimide. 

 

6.3.4 Transmittance and Phase Transformation Study 

The study was conducted to determine the phase transformation 

characteristics using differential scanning calorimetry (DSC). The test 

was conducted for a temperature range of -80 °C to 200 °C with heating 

and cooling rates of 10 °C/min. The DSC was conducted in a nitrogen 

purged environment and the samples weighed 11 mg. The obtained 

results for bimorph before and after laser micromachining are shown in 

fig 6.15. The Martensite to Austenite transformation of the NiTi film 

during heating cycle were observed for both samples indicated by the 

peaks. This suggests that the shape memory effect was retained in the 

film after micromachining [75]. However, the Austenite start 

temperature has reduced from 20 °C to 3.0 °C which can be attributed 

to the annealing happened during the micromachining. The Austenite 

finish temperature remains nearly the same. Furthermore, the 

transformation from full Austenite back to Martensite was not observed 

in the cooling cycles in both the samples. 
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Fig 6.15: Phase transformation analysis of (a) NiTi SMA bimorph 

after deposition (b) Laser micromachined actuator (c) Transmittance of 

the incident beam through the optical shutter in a closed configuration. 

 

The transmittance of the optical shutter was determined by UV-visible 

spectroscopy. The study was performed for a wavelength range of 400 

nm to 800 nm to encompass the visible spectrum. The optical shutter in 

the closed condition should not allow any light to pass through. The UV-

visible spectroscopy was aimed to determine the working wavelength 

range of the optical shutter. The same is shown in Fig 6.15 (c), where 

the NiTi SMA bimorph-based shutter has shown no transmittance in the 

450 nm to 700 nm wavelength range. Wavelength below 450 nm can 

penetrate the bimorph structure in low percentages. Thus, the fabricated 

optical shutter can be used to partially transmit a violet light beam. 
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However, it is helpful as an optical shutter for all other visible 

wavelengths. 

 

6.4 Summary 

The study aims at micromachining the NiTi SMA bimorph using a 

1064 nm fiber laser. 

Micromachining was studied to generate a single-through cut line 

for minimal kerf width and heat-affected zones. 

• The micromachining parameters were optimized using the design 

of experiments for which the Full factorial model was employed. 

The optimal micromachining parameter was 5 W laser power, 5 

mm/s laser speed, and 50 μm spot size. 

• At laser power below 10 W, laser speed has been the most 

influential factor in minimizing kerf width and heat affect zone. 

• The laser speed of 6 mm/s at all the accompanying laser parameters 

produced microchannels, while the lower speeds were able to 

generate a through cut. 

• Micromachining of various shapes, such as triangles, squares, and 

circles, was successfully performed using the optimized 

micromachining parameter. Also, the NiTi SMA bimorph was 

micromachined for an optical shutter application. 

• SEM images of the fabricated actuator at different locations indicate 

that micromachining with a laser has annealed the film near the 

edges and produced finer grains than the shutter's center. 

• XRD analysis shows the presence of Ti2Ni and B19’phases in the 

pellet and bimorph. 

• The phase transformation study confirms the retention of shape 

memory effect in the film even after laser micromachining. 

• The % transmittance of the incident light beam was nearly 0 for 

wavelengths from 450 nm to 800 nm, which suggests that visible 

light can’t penetrate the optical shutter. 
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Chapter 7 

 Explains the utilization of NiTi SMA based bimorph for fabrication 

of Stewart platform assembly and application in laser beam steering.  

 

Realization of NiTi SMA bimorph-based 

actuators and mirrors in Stewart Platform 

Assembly for Opto-Mechatronics 

Application 
 

7.1 Fabrication and Assembly  

7.1.1 Fabrication of NiTi SMA bimorph 

 

 
Fig 7.1: (a) NiTi thin film deposition using thermal evaporation 

technique (b) Fabricated Stewart platform assembly. 
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NiTi SMA thin film-based bimorph was fabricated using the 

thermal evaporation technique (Hydro Pneo Vac 

Technologies)[13][76]. The schematic is shown in figure 2. The 

Kapton polyimide substrate of size 3 cm x 21 cm, was held in the 

deposition chamber with the help of a substrate holder. A 

longitudinal strain of 1 % was applied on the substrate of 75 μm 

thickness to achieve better actuation[77]. For mirror fabrication, a 

200 μm thick Kapton polyimide substrate of size 9 cm x 12 cm 

was flattened and held in the substrate holder for deposition. A 

thin NiTi film was deposited by employing the source material in 

the form of wires, which include NiTi wire (54.2% Ni by weight) 

and Ti wire of length 4 mm and diameter 1.2 mm. The excess Ti 

wire has been used in the source material to compensate for the 

loss of Ti during deposition, which was discussed in our previous 

work [78]. The adopted source material composition during the 

deposition was NiTi: Ti=70:30 (by weight).  The deposition 

process was conducted in the chamber at a pressure of 5 x 10-5 

mbar. The deposition process was conducted at 450 mA for 60 s 

with a source-to-substrate distance of 100 mm. 

 

7.1.2 ArUco markers-based plane generation 

7.1.2.1 ArUco markers 

 
Fig 7.2: ArUco markers utilized for detection of mirror orientation 

ArUco markers are kind of fiducial markers which involves 

images comprising set of distinguishable patterns. They have 

unique binary codes embedded into the marker pattern in the grid 

of black and white squares. These markers can be generated in 
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various sizes to be used on plane surfaces. They have been 

employed for position and orientation detection in autonomous 

robotic systems like arms, tactile sensors, drones, and AGVs [79–

82]. The distance, position, and orientation of the ArUco markers 

pasted on a surface are usually detected using a camera by image 

processing. Use of single ArUco marker for pose detection leads 

to erroneous output. The accuracy of measurement improves with 

the use of multiple markers. The ArUco markers of size 5 mm x 5 

mm generated on a 4 x 4 grid, as shown in Figure 7.2, were used 

in this study. Since, multiple markers are used, so for clear 

identification different markers namely ArUco 0, ArUco 1 and 

ArUco 2 were used. The markers were pasted on the mirror which 

was tilted for operation with respect to the fixed camera. With this 

tilting, the detection of ArUco’s corner produces noisy and false 

measurements. Wang et al. have demonstrated that use of 

additional features (circles) around the ArUco markers improve 

pose detection accuracy. Similarly, we provided markers with 

borders to improve the accuracy and stability of corners 

measurement.  

     The OpenCV library can access the ArUco marker features for 

computer vision, machine learning, and image processing[83]. In 

this study, a live camera feed was used to estimate the real-time 

position of the markers and orientation of the plane (mirror) under 

consideration. Python language was utilized with the OpenCV 

library for this purpose. A Logitech C922 webcam was used to 

monitor the mirror, and the position and orientation were 

estimated. 

 

7.1.2.2 Pose Detection Mechanism 

The live video stream of the image comprising mirror with three 

ArUco markers was provided by C920 HD pro webcam developed 

by Logitech, which provides 30 f/f 1080 p high quality video. The 

pose detection involves two functions. Firstly, to identify the 
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number of markers present inside the acquired frame. Second 

function is identifying the marker ID. An adaptive threshold is 

applied to the frames to obtain the acquire of the markers by 

dividing the image in to multiple rectangles. The effective borders 

of the markers and rectangles are identified which reveals the 

geometry of the candidate marker. Now the validity of the marker 

was checked by determining their internal codes. The markers 

image was divided into black and white zones. The borders of the 

markers were checked to find a matrix of 7 x 7 items with a sub-

matrix of 5 x 5 items. The sub-matrix provides the information 

about the marker ID. 

For pose estimation, the camera captures the image containing one 

or more ArUco markers[84–86]. The image was then processed to 

detect and extract the markers' pixel coordinates. These 

coordinates serve as the basis for subsequent calculations. The 

next step involves the computation of the marker's pose, which 

refers to its translation (position) and rotation (orientation) in the 

camera's coordinate system. 

The estimation of the pose was achieved through a combination of 

camera calibration and marker-specific information. This 

calibration was required to establish a relationship between the 

image’s pixel coordinates and the real-world coordinates. ArUco 

pose estimation algorithms utilize the known marker size and its 

corresponding 3D model to calculate the marker’s pose. By 

projecting the 3D model onto the 2D image plane using the 

camera’s intrinsic and extrinsic parameters, the algorithm 

computes the marker’s translation and rotation. This process 

involves solving the Perspective-n-Point (PnP) problem, which 

establishes the relationship between the 2D-3D correspondences 

and the camera’s pose. 

 Three ArUco markers were pasted on the mirror to determine 

three non-collinear points on the plane of the mirror. These non-

collinear points were utilized to generate the equation of the 

mirror’s plane. The approach is mentioned below: 
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1. Let us assume you have three points on the plane: P₁ (x₁, y₁, 

z₁), P₂ (x₂, y₂, z₂), and P₃ (x₃, y₃, z₃). 

2. Compute two vectors that lie in the plane by subtracting the 

coordinates of one point from the other two points: 

● Vector v₁ = P₂ - P₁ = (x₂ - x₁, y₂ - y₁, z₂ - z₁) 

● Vector v₂ = P₃ - P₁ = (x₃ - x₁, y₃ - y₁, z₃ - z₁) 

The camera detects the position and inclination of the markers 

with respect to the initial positions and displays the updated 

coordinates and inclination. 

3. Compute the cross product of the two vectors to obtain a normal 

vector to the plane: 

Normal vector N = v₁ × v₂ 

The equation of the plane can be expressed in the form Ax + By + 

Cz + D = 0, where (A, B, C) is the normal vector and D is a 

constant. To find the constant D, substitute the coordinates of one 

of the points (e.g., P₁) into the equation: 

A * x₁ + B * y₁ + C * z₁ + D = 0 

So, the equation of the plane can be determined using the normal 

vector and one of the points on the plane. The equation involves 

the normal vector in normalized form, i.e., its magnitude is 

considered as 1, to simplify the equation. 
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7.1.2.3 Stewart Platform arrangement integrated with ArUco 

markers 

 
Fig 7.3: Experimental Setup with camera and control unit to determine 

the mirror tilt 

A Stewart platform arrangement was fabricated for mirror tilting 

and laser beam steering, as shown in Figure 7.1 (b). Four NiTi 

SMA bimorph actuators of size 40 mm x 15 mm were placed at 

symmetric positions from the respective proper vertices on a 3d 

printed platform of size 100 mm x 100 mm. The bimorph actuators 

were fixed on the platform in slots of size 20 mm x 2 mm. The 

bimorphs were actuated with the help of Joule heating. The 

bimorph actuators were connected to the electrical power supply 

using copper wires. The sequence and the heating time were 

manipulated using a control circuit, which was driven through 

Arduino programming. As the bimorph actuators were lightweight 

and could not support the silicon wafer as a mirror, SMA bimorph 

was used as a mirror. The heat was supplied to a single as well as 

two adjacent actuators to study the mirror motion and consequent 

laser displacement. The bimorph was curved in a normal position 

and straightened up upon the heating. The 4 of these bimorphs are 

placed in a specific arrangement to provide motion to the mirror 

platform placed above them. On heating and straightening up, the 

bimorph's tip moves down, and the free end moves from its normal 

position.  
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The Stewart platform assembly was placed in an acrylic box on 

which a camera was placed to measure the angular displacement 

of the mirror. The camera was positioned 8.5 cm above the mirror 

surface. The camera was operated using computer vision, which 

calculates the position of the mirror by detecting the positions of 

the three ArUco markers pasted on the mirror surface, as shown in 

Figure 7.3. The use of ArUco markers for position and angle 

detection is discussed in section 7.1.2.1. Using these points, the 

equation of the plane in real-time and the equation of normal 

leading to the plane's inclination values with respect to the x, y, 

and z axes can be determined.  

The unactuated position of the mirror is horizontal plane 

comprising the reference x and y axes. Vertical axis was 

considered to be the reference z-axis. The angles of ArUco 

markers with respect to the reference axes in this position. After 

actuation of the leg, the mirror tilts and the angles and position of 

markers change which were monitored with live camera feed as 

shown in fig 7.3. The instantaneous positions of all three markers 

with respect to reference axes were measured and displayed on the 

Open CV interface. These positions were utilized to determine the 

inclination of the mirror with respect to its initial horizontal 

position. 
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7.2 Calibration for Pose Detection 

 
 

 
Figure 7.4: (a) Setup for camera calibration (b) Side view of 

angular motion of the mirror.  

 

The camera setup and the ArUco-based positioning and detection 

system were calibrated to measure the plane's angles. The 

calibration of the camera for pose detection was performed with 

the setup shown in fig 7.4 (a). The mirror was placed on a rotating 

micromotion stage which was driven by a micromotion controller 

for setting the mirror at a specific angle. The camera was placed 

on top of the mirror at a distance of a=8.5 cm, which is same as in 

the Stewart platform setup. The mirror was tilted about both the 

axes of horizontal plane individually and pose detection of ArUco 

markers were done. The motion of any one of the actuators in 

forward direction due to Joule heating tilts the mirror as shown in 

figure 7.4 (b). The inclination about x-axis or y-axis also results in 

change in orientation of the mirror about z-axis. Thus, the 
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calibration for orientation detection of the mirror was done for all 

the axes simultaneously with the said setup.  
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Figure 7.5: The measured angular tilt of the reference plane 

detected with the ArUco markers for (a) horizontal position of 

the mirror (0°) and (b) 16° tilt about x-axis.  

The calibration was achieved by detecting the plane's angle tilted 

at the measured angles of 0° and 16° with respect to the horizontal 

plane. Figure 6 displays the angles of the plane for six iterations. 

The inclination of the plane was measured from the top, which 

produces the angle after conversion through code in the negative 

direction. Thus, the measured value of 10° angle of the reference 

plane was -10.28° ±0.26° and of 15° was -15.6°±0.6°. The camera 

was placed in a slot cut in the acrylic box. A slight misalignment 

can lead to erroneous readings. Secondly, the feed of the camera 

for the inclination of the ArUco can vary due to the inclination of 

the markers. This can also produce errors; thus, higher inclination 

values were difficult to detect with the current setup. Both camera 

placement and marker inclination should be proper before 

considering the input values.   
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7.3 Motion Detection of Mirror 

7.3.1 Mirror Inclination with Single Bimorph Actuation 

 
 

 
Figure 7.6: Schematic of Stewart platform (a) without mirror 

inclination and (b) mirror inclined with single bimorph actuation. 

(c) Mirror inclination with single bimorph actuation for 8 V input 

at 0.25 Hz cycle. 

 This section reveals the results obtained for the inclination of 

the mirror involving a Shape Memory Alloy (SMA) NiTi-based 

Stewart platform. The initial position of the mirror was 

horizontal and center of the mirror was considered to be the 

origin (0, 0, 0). The electrical power was supplied by an external 

power source, and the frequency of the supply was controlled 

using a relay and an Arduino. The bimorph has shown the 

actuation at 8 V supply and has drawn a current of up to 0.12 A 

(a) (b) 

(c) 
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for a 0.25 Hz cycle. Only one bimorph was actuated, and the 

other three were stationary, resulting in the mirror tilting at the 

top. This tilting was captured using the ArUco and computer 

vision techniques explained in section 2. Figure 7.6 (b) illustrates 

the change in orientation of the of the mirror with respect to 

original position in figure 7.6 (a), when one bimorph leg was 

actuated. For 0.25 Hz actuation frequency, the mirror tilted about 

28.76° about the x-axis, 8.46° about the y-axis, and 1.19° about 

the z-axis. As mentioned in previous section, when mirror was 

tilted about the x-axis it results in the inclination of the mirror 

about other axes as well. The mirror inclination was set about x-

axis and resultant inclination was observed about y and z axes 

but the amplitude was low. The actual angles of inclination about 

both the x and y axes have values ranging from negative to 

positive inclination, as shown in Figure 7.6 (c). 

7.3.2 Mirror Inclination with Two adjacent Bimorph Actuation 

 

 

(a) (b) 
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Figure 7.7: Schematic of Stewart platform (a) without mirror 

inclination and (b) mirror inclined with two adjacent bimorph 

actuations. (c) Mirror inclination with two adjacent bimorph 

actuations for 8V input at 0.25 Hz cycle. 

The orientation analysis of the mirror was also studied for the 

actuation of two bimorph legs simultaneously. Both the legs 

utilized for actuation were adjacent to each other. The supply 

voltage was 8 V with a current of 0.12 A at an actuation frequency 

of 0.25 Hz. Fig 7.7 (b) illustrates the change in orientation of the 

of the mirror with respect to original position in figure 7.7 (a), 

when two adjacent bimorph legs were actuated simultaneously.  

The maximum mirror inclination captured by the computer vision 

was 3.24° about the x-axis, 1.78° about the y-axis and 3.62° about 

the z-axis which is shown in figure 7.7 (c). During the initial cycle, 

where the bimorph was at room temperature, a notable deviation 

was observed upon heating. This deviation can be attributed to the 

phase transformation of the SMA NiTi material. After the first 

heating cycle, an intriguing phenomenon was observed: the 

temperature of the bimorph upon cooling did not return to the 

exact room temperature. The frequency of actuation (0.25 Hz) 

didn’t allow enough time for cooling. As a result, after few heating 

(c) 
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and cooling cycles, the bimorph leg exhibited reduced 

displacement and presented a consistent but slightly deviated 

trajectory. This behavior suggests the existence of residual stress 

or incomplete phase transition during the cooling phase, 

contributing to the observed deviations. Furthermore, as the 

inclination of the mirror was continuously monitored by a 

computer vision-integrated camera, the input power can be altered 

manually to achieve the desired mirror inclination. 

7.3.3 Numerical Simulation of Stewart Platform 

Assembly 
The actuator legs were in a cantilever configuration in the Stewart 

platform assembly and were the primary actuators. However, their 

motion was not directly captured due to the mirror being on top, 

and thus, simulation was used to produce an estimated path of the 

movement of the legs. The kinematic analysis of the Stewart 

platform arrangement was performed using MATLAB 2023b 

Simulink software. The bimorph legs have curved profile that 

straightens on actuation. The motion was reproduced in Simulink 

using rigid links. The bimorph leg was considered a robotic arm 

comprising two links, as shown in Figure 7.8 (a). The length of 

each link was 2 mm, as the bimorph leg utilized in the Stewart 

platform arrangement was 4 mm in length. Both the movable links 

were connected via a reactive joint, and the movable link 1 was 

connected to the base frame through another reactive joint. Figure 

7.8 (b) illustrates the subsystem corresponding to the bimorph leg 

formed in the Simulink. Four such legs were positioned 

appropriately, and a mirror was placed at the top to form the 

Stewart platform arrangement. The mirror was attached with link 

2 with a sliding pair, which tilts the mirror according to the 

movement of the leg. The assumptions made to facilitate the study 

are listed below: 

1. The motion will be achieved at the joints only.  

2. Links are rigid and have constant shapes and dimensions 

throughout the study. 
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3. Material considerations were not included. 

4. The free end of link 2 was assumed to be attached to the mirror. 

Thus, the motion of the free end of link 2 was only measured 

using Simulink. 

 

 
Figure 7.8: (a) Single bimorph leg simulated as a combination of 

two links (b) Simulink subsystem corresponding to bimorph leg. 

 

The angle of the links (θ1 and θ2) with the respective frames were 

the inputs for the analysis. By applying forward kinematic 

analysis, the position of the end effector was determined with 

respect to the universal frame. The position and orientation of the 

end effector, i.e., mirror, was derived by the transformation of the 

end effector (mirror) with respect to the fixed frame. Figure 7.9 

(a) depicts the Simulink circuit applied to transform the input 

signals into a graphical representation of the motion of the 

bimorph. The initial step involved defining the robot, specifying 

the angles, and establishing movement parameters corresponding 

(a) 
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to the two angles of the robot's links. Subsequently, a 

homogeneous transform was applied to ascertain the configuration 

of the end effector located at the tip of the bimorph robot. To 

represent the points in the 3D plane derived from the 

transformation matrix, coordinate transformation conversion was 

executed, resulting in a vector that encapsulates the positional 

information of the end effector. 

The sinusoidal motion was fed to the circuit with a constant initial 

displacement of 0.044 mm in the x-direction. The sinusoidal input 

was provided with a frequency of 0.25 Hz. The position of the end 

effector was calculated in cartesian coordinates. As the movement 

of the end effector started, its value dropped to 0.02 mm in the x 

direction as a result of motion in the y and z directions. The motion 

in the y and z directions was in the same phase, which is in the 

opposite phase to that of the x direction, as shown in Figure 7.9 

(b). The similar behavior is shown in the experimental results. As 

the mirror inclination increases about the two axes, its inclination 

about the third axis reduces. The Simulink results show that 

angular displacement in the y direction has a range of 0.1 mm and 

in the z direction has a range of about 0.2 mm.  
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Figure 7.9: (a) Simulink circuit for the transformation of the 

input signal in the sinusoidal form to a graphical output of the 

end effector (b) Graphical output of the displacement of the end 

effector. 

7.4 Laser Beam Steering 
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Figure 7.10: (a) Schematic of setup for laser beam steering with 

SMA integrted Stewart platform arrangement (b) Measured laser 

beam displacement on the screen. 

 

Figure 7.8 (a) illustrates the setup for investigating the laser beam 

steering achieved by tilting the mirror through external heating of 

the bimorph leg. A red diode laser (Holmarc DL-R-3) of 650 nm 

wavelength and 3 mW optical power was utilized as an input laser 

source for the setup. The distance between the center of the mirror 

and the screen was 300 mm. The laser beam was incident on the 

mirror of the Stewart platform arrangement. As the inclination of 

the mirror changes, the position of the reflected beam obtained on 

the screen changes. The initial reflected laser beam is depicted by 

solid line in fig 7.8 (a) and the reflected laser beam after the 

inclination of the mirror is indicated by the dotted line. The screen 

position was fixed in the y direction; thus, the laser beam position 

changed in the x and z directions only.  

The position of the reflected laser beam was measured thrice, and 

the results are shown in Figure 7.8 (b). The initial position of the 

laser beam on the screen was marked as the origin, i.e. (0,0). After 

the mirror motion, the beam position changed in the x direction by 

5.3±0.976 mm and in the z direction by 2.19±0.27 mm. This 

measured beam displacement was with respect to the set distance 
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of 300 mm between the center of the mirror and screen, and will 

vary with the distance l. The more standardized and reliable result 

has to be in form of angular motion of the beam. The linear 

displacement of the beam on the screen was converted to angular 

displacement by applying the formula mentioned below: 

𝜃𝑥 = 𝑡𝑎𝑛−1(
𝑎

𝑙
)  and    𝜃𝑧 = 𝑡𝑎𝑛−1(

𝑏

𝑙
) 

Where, θx and θz are the angular displacements in x-direction and 

z-direction respectively (in degrees), a and b are linear beam 

displacements on the screen an x and z directions respectively and 

l is the distance between the center of the mirror and screen (mm). 

The angle moved in x-direction was 1.01±0.18° and in z-direction 

was 0.42±0.05°. Despite achieving stability in the reflected laser 

beam's position, a minor shift in the initial position was observed 

after each cycle. This shift is attributed to residual stresses or non-

reversible phase changes that accumulate over repeated cycles. 

The fabricated Stewart platform arrangement demonstrates the 

capability to steer the laser beam with a low power input to the 

legs. Also, the beam can be reflected to a desired location by 

manipulating the input power, which can be used for scanning and 

communication purposes. 

 

7.5 Summary 

• NiTi/Kapton polyimide bimorph was fabricated using a 

thermal evaporation technique. 

• The bimorph of size 4 cm x 2 cm was employed as the 

actuator leg of the Stewart platform arrangement. The Stewart 

platform was assembled on a 3D-printed platform with a 

bimorph mirror placed atop four bimorph legs. 

• The inclination of the mirror as a result of the actuation of a 

single bimorph and two bimorphs simultaneously was 

captured, locating the positions of three ArUco markers 

pasted on the mirror.  
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• The maximum inclination of the mirror achieved was 28.76° 

about the x-axis, 8.46° about the y-axis, and 1.19° about the 

z-axis at 8V supply for single bimorph actuation. 

• The maximum inclination of the mirror achieved was 3.24° 

about the x-axis, 1.78° about the y-axis and 3.62° about the z-

axis at 8V supply for actuation of two adjacent bimorph legs. 

• Finally, the incident laser beam was steered by an angle of 

1.01°±0.18° in x-direction and 0.42°±0.05° in z-direction. 
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Chapter 8 

This chapter explains the effect of pre-straining of Kapton polyimide 

substrate on the properties of NiTi/Kapton polyimide thin film structure as 

a self-actuating mirror.  

Conclusion and Future Scope 
 

8.1 Conclusions 

In this work, NiTi thin film bimorph-based flexible micromirrors and 

microactuators were fabricated using different manufacturing 

techniques. Flexible micromirrors were fabricated with E-beam 

evaporation technique with a focus on studying the influence of 

substrate and heating on the performance of the flexible micromirror. 

Actuators were fabricated with both E-beam and thermal evaporation 

techniques. The substrate-to-film adhesion and actuation of the 

actuators were improved by employing laser annealing of the Kapton 

polyimide substrate and the effects of different laser annealing 

parameters of Nd: YAG laser were investigated. Laser energy was 

also utilized for micromachining of the bimorph structure to fabricate 

actuators of customized shapes. Finally, the NiTi/Kapton polyimide 

bimorph-based mirrors and actuators were assembled in a Stewart 

platform arrangement. The arrangement proved to be useful for 

applications involving optical beam deflection. 

• The performance of electrically actuated NiTi/polyimide 

bimorph structures fabricated under varying substrate pre-strain 

and temperatures was evaluated in a cantilever configuration. 

Experimental results demonstrated a maximum tip displacement 

of 75 μm for a 1% pre-strained bimorph, actuated at 25 V and 

0.25 A with a driving frequency of 0.25 Hz. However, simulated 

tip displacements consistently exceeded the experimental values, 

indicating idealized assumptions in the modelling framework. 

Notably, bimorphs with 3% pre-strain exhibited no measurable 

displacement experimentally due to film discontinuity, attributed 
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to delamination or cracking induced by excessive substrate strain 

recovery. Surface morphology, examined via SEM, revealed a 

smooth surface in unstrained samples, while pre-strained 

bimorphs developed strain-induced marks. Increased pre-strain 

was found to damage the NiTi film post-deposition.  

• The variation in nickel concentration notably influenced the 

transformation temperatures of the SMA film. Specifically, the 

austenite finish temperature (Af) was observed to increase with 

increasing Ni content, corroborating earlier findings in SMA 

literature regarding compositional tuning of transformation 

behavior. Furthermore, exhibited excellent optical performance, 

with up to 98.3% reflectance in the visible spectrum for 

unstrained and 1% pre-strained bimorphs, highlighting their 

potential utility as flexible micromirrors. Additionally, substrate 

heating during deposition significantly influenced film 

morphology. Films deposited at a substrate temperature of 

150 °C exhibited denser microstructures and displayed improved 

hydrophobic surface characteristics. 

• In third section of the study, laser annealing of the Kapton 

polyimide substrate was performed with a 355 nm Nd: YAG laser 

prior to the deposition to improve substrate-to-film adhesion and 

actuation characteristics. Laser fluences up to 1200 mJ/cm² 

induced surface crystallization, while at 1630 mJ/cm² and 50% 

laser overlap (LO), crystalline peaks disappeared, indicating top 

layer removal. Crystallinity reappeared at 70% LO. Increased 

fluence and LO led to surface molecular loss, as shown by rising 

transmittance. Contact angle measurements dropped 

significantly for annealed samples, indicating improved 

wettability. The best film adhesion was achieved on polyimide 

treated at 1630 mJ/cm² and 70% LO, confirmed by the Scotch 

tape test. Electrical actuation results showed a notable increase 

in tip displacement—from 0.1 mm on pristine polyimide to 

1.6 mm on laser-annealed polyimide at 1630 mJ/cm² and 70% 



 

139 

 

LO. While external loading generally reduced displacement, the 

bimorph on 1630 mJ/cm² and 50% LO remained unaffected.  

• Laser assisted micromachining was of the bimorph structure was 

investigated with a 1064 nm fiber laser, to achieve customized 

microactuators. Micromachining parameters were optimized 

using a full factorial design of experiments, identifying 5 W laser 

power, 5 mm/s speed, and 50 μm spot size as optimal. At powers 

below 10 W, laser speed significantly influenced kerf width and 

heat-affected zone. Microchannels formed at 6 mm/s, while 

lower speeds enabled through cuts. NiTi SMA bimorphs were 

successfully micromachined to generate actuators of different 

geometries. SEM analysis showed edge annealing and finer 

grains near micromachined regions. XRD confirmed Ti₂Ni and 

B19′ phases, while phase transformation studies validated the 

preservation of the shape memory effect post-machining. Optical 

transmittance tests revealed near-zero transmission from 450–

800 nm, indicating effective light blocking, ideal for optical 

shutter functionality. Finally, an optical shutter was fabricated 

with laser-assisted micromachining capable of opening and 

closing with electrical power. 

• A NiTi/Kapton polyimide bimorph actuator was fabricated via 

thermal evaporation and used as a 4 cm × 2 cm leg in a Stewart 

platform assembled on a 3D-printed base. A bimorph mirror atop 

four actuator legs enabled multi-axis motion. Actuation-induced 

mirror inclination was tracked using ArUco markers. Maximum 

tilt for single bimorph actuation reached 28.76°, 8.46°, and 1.19° 

at 8 V in x, y and z directions respectively. For dual adjacent 

bimorph actuation, maximum tilts were 3.24°, 1.78°, and 3.62° 

in x, y and z directions respectively. Laser beam steering was 

achieved with deflections of 1.01° ± 0.18° in the x-direction and 

0.42° ± 0.05° in the z-direction, demonstrating the system’s 

effectiveness for precision optical manipulation. 
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8.2 Challenges and Future Scope 

• Experimental studies on NiTi-based SMA thin films faced 

challenges due to their sensitivity to processing conditions, 

particularly in controlling film composition. Titanium loss 

during deposition led to excessively Ni-rich films (>70% Ni), 

drastically shifting transformation temperatures and hindering 

actuation. To address this, excess Ti was added during 

deposition and pellet preparation, improving composition 

control. However, achieving near-equiatomic NiTi remains an 

area for further optimization to enhance actuator performance 

and reliability. 

• For long term operation and stability of the devices developed as 

a part of the study, the hysteresis effects and fatigue life of the 

NiTi/Kapton polyimide bimorph-based actuators need to be 

thoroughly investigated in future. Also, the phase transformation 

in the NiTi thin film during heating and cooling changes its 

refractive index. This change may affect the reflectivity of the 

flexible mirror at high temperatures. Thus, temperature 

dependent reflectivity of the flexible mirror can be tested in 

future to narrow down the applicability window of the mirror.  

• Laser micromachining offers a precise method for fabricating 

actuator assemblies such as microgrippers and micropumps, 

enabling the development of complex thin film based micro-

scale devices. It is particularly effective in structuring bimorph 

thin-film actuators for applications like microheaters and 

micropumps, where fine geometrical features are essential for 

efficient performance. Furthermore, the optical shutters 

developed through this technique can be further tested and 

adapted for practical use in real-life shutter applications, 

particularly in miniaturized optical systems and opto-

mechatronic devices. 

• The Stewart platform assembly can be significantly enhanced by 

integrating a closed-loop feedback control system to regulate the 
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power supplied to the bimorph actuators based on the desired 

mirror inclination, ensuring precise and responsive actuation. 

Additionally, the current numerical simulation model can be 

further refined to more accurately predict real-time mirror tilt 

under varying actuation conditions, improving the system’s 

predictive and adaptive capabilities. Future work may also focus 

on the miniaturization of the Stewart platform to achieve finer 

control, reduce actuation power requirements, and broaden its 

applicability in compact opto-mechatronic systems. 
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