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Abstract
In the modern age of miniaturisation, Smart Materials, a type of material that reacts mechan-

ically to a certain stimulus, have become an integral part of this revolution. Among these

materials, Shape Memory Alloys (SMAs), which have the highest volumetric work density, are

the ideal candidate in creating lightweight and miniature actuators. These alloys, after being

deformed, are able to revert back to their original shape when exposed to heat. This exotic

behaviour has allowed them to be the core active component in a plethora of applications

such as grippers, bio-mimetic robots and surgical instruments.

Despite their high work density, their implementation comes with some challenges. While the

Shape Memory Effect (SME), the ability to recover strain when a thermal load is applied, is

a remarkable behaviour, it is also a complex and multi-physical one. This complicates their

design and makes it difficult to predict their behaviour. Furthermore, these alloys are only

able to recover strain when deformed at low temperatures. This implies that a biasing element

is required to exploit these materials in reversible actuators. Due to these limitations, the work

density of SMAs, when implemented as actuators in robotic systems, are often much lower

than their theoretical maximum.

In this thesis, the various types of SMA actuator implementations from different applications

are examined to understand the design requirements and subsystems that are necessary to

build an actuator. A holistic approach is, then, used to construct a design methodology to

create highly integrated actuators in the hopes of preventing the work density degradation

present in traditional SMA-based systems. Here, in this work, the identified subsystems of the

SMA actuator are combined to serve as a multi-functional element in the novel integrated

actuator.

The work employs different strategies to integrate the SMA actuator into robotic systems while

also proposing adapted sizing methodologies. The resulting SMA-powered system can be sized

to be lightweight, compact and dynamic. Various case studies are presented that utilise the

proposed holistic design approach and sizing methodologies to serve as a proof-of-concept

and to validate the methodology.

In this work, compliant and flexure-based mechanisms are exploited to exclude the need for a

dedicated biasing element and create lightweight SMA-powered grippers to demonstrate the
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Abstract

advantages of the proposed methodology. Additionally, utilising the mechanical behaviour of

the SME, a lightweight mechanically-controlled crawling robot is designed and implemented.

Furthermore, with the help of topology optimisation and kirigami-inspired design, the work

details the creation of compliant SMA structures that allow the material to generate multiple

outputs while remaining compact and easy to assemble. Lastly, a novel bistable gripper is

designed and sized to experimentally validate the design methodologies proposed in this work.

The work demonstrates the different areas in which the degradation of the work density occur

in traditional SMA systems. In this regard, design methodologies accompanied with sizing

strategies are proposed that allows the creation of lightweight, high bandwidth and integrated

SMA-based robotic systems. The results in this thesis, reveal the extraordinary value of SMAs

in creating lightweight robotic systems and presents various strategies to allow the further

integration of the alloy within the system.

Keywords: Shape Memory Alloys, Artificial Muscles, Compliant Mechanisms, Flexures, Mechanical-

Intelligence, Buckled Beam, Topology Optimisation, Kirigami, Bistable

iv



Résumé
Les matériaux intelligents sont définis comme étant un type de matériaux réagissant mé-

caniquement à certains stimulus. À l’ère moderne de la miniaturisation, ces derniers font

désormais partie intégrante de cette révolution. Les alliages à mémoire de forme (AMF) sont la

solution idéale pour créer des actionneurs légers et miniatures, car ils présentent la plus grande

densité d’énergie au sein des matériaux intelligents. Après avoir été déformés, ces alliages

peuvent reprendre leurs formes initiales lorsqu’ils sont soumis à des températures élevées. Ce

comportement peu commun leur a permis de devenir le composant actif principal de nom-

breuses applications telles que des pinces, robots biomimétiques ou instruments chirurgicaux.

En dépit de leur densité d’énergie élevée et de leur capacité à fonctionner comme des muscles

artificiels, leur utilisation s’accompagne de certains défis. Effectivement, même si l’effet à

mémoire de forme (capacité à récupérer la déformation après chauffage) est un comporte-

ment remarquable, il est par nature multi-physique complexe à modéliser. Cela complique la

conception de système les intégrants, car il est plus difficile de prédire leur comportement.

Par ailleurs, ces alliages ne sont capables de récupérer leur déformation que lorsqu’ils sont

déformés à basse température. Ceci implique la nécessité d’un élément de polarisation pour

utiliser ces matériaux dans des actionneurs réversibles. En raison de ces limitations, la densité

d’énergie des AMF est souvent bien inférieure à leur maximum théorique lorsqu’ils sont im-

plémentés comme actionneurs dans des systèmes robotiques.

Une méthodologie de conception d’actionneurs hautement intégrés alimenté par l’AMF est dé-

veloppée de façon holistique afin de limiter au maximum la dégradation de densité d’énergie

du matériau précédemment introduite. Cette methodologie se base sur différentes combinai-

sons de sous-systèmes permettant l’obtention d’un élément multifonctionnel intégré dans

l’actionneur AMF.

Dans le but d’obtenir des solutions légères, compactes et à large bande passante, cette thèse

présente différentes stratégies d’intégration de l’actionneur AMF au sein du système robo-

tique, tout en proposant des méthodologies de dimensionnement adaptées répondant aux

spécifications requises.

Afin de valider la conception holistique proposée ainsi que les différentes méthodologies de

dimensionnement, le travail est appliqué à diverses études de cas. Dans un premier temps,
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des mécanismes souples et flexibles sont exploités pour exclure le besoin d’un élément de

polarisation dédié, et pour créer des pinces légères alimentées par AMF. Ensuite, un robot

rampant léger ne nécessitant pas de contrôle est développé et mis en œuvre en utilisant le

comportement mécanique de l’AMF. De plus, des structures AMF compliantes sont propo-

sées à l’aide de l’optimisation topologique et de la conception inspirée du Kirigami. Elles

permettent au matériau de générer des sorties multiples tout en restant compact et facile à

assembler. Pour finir, un nouveau préhenseur bistable est conçu et dimensionné pour valider

expérimentalement les méthodologies de conception proposées dans ce travail.

Ce travail démontre les différentes zones des systèmes AMF conventionnels dans lesquelles se

produisent la dégradation de la densité d’énergie. À cet égard, des méthodologies de concep-

tion accompagnées de stratégies de dimensionnement sont proposées pour permettre la

création de systèmes robotiques légers, intégrés, et à large bande passante. Les résultats de

cette thèse révèlent l’extraordinaire valeur des AMF dans la création de systèmes robotiques

légers, et présentent diverses stratégies pour permettre l’intégration de l’alliage dans le sys-

tème.

Mots-clés : Alliages à mémoire de forme, Muscles artificiels, Mécanismes compliant, Flexions,

Intelligence mécanique, Lame flambée, Optimisation topologique, Kirigami, Bistable.

vi



Contents
Acknowledgements i

Abstract (English/Français) iii

List of Figures xi

List of Tables xv

Introduction 1

1 Overview of SMA Actuator Design 9

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.2 Working Principle of SMA Actuators . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3 Analysis of SMA Actuators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3.1 Biomedical Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.3.2 Automotive and Aerospace Applications . . . . . . . . . . . . . . . . . . . 15

1.3.3 Industrial Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.3.4 Bio-inspired Robotic Applications . . . . . . . . . . . . . . . . . . . . . . . 19

1.4 Design Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.5 Traditional Design Elements of an SMA-based System . . . . . . . . . . . . . . . 23

1.6 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2 Predicting the Shape Memory Effect 27

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 Analytical Modelling of the SME . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3 Finite Element Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.4 Stroke Estimation of SMA Actuators . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.5 Simplifying the Sizing of the SMA Actuator . . . . . . . . . . . . . . . . . . . . . . 41

2.6 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3 Development and Modelling of Biased Kinematic Stages for SMA Actuators 47

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.2 Adapted Design Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.3 Challenges of the Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.4 Adapting the Simplified Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

vii



Contents

3.4.1 Passive Biasing Compliant Mechanisms . . . . . . . . . . . . . . . . . . . 50

3.4.2 Integration of Compliant Mechanisms in Antagonistic SMA Actuators . . 53

3.5 Validation using a Case Study: A Multi-Output SMA Mandrel . . . . . . . . . . . 56

3.5.1 Motivation and Background . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.5.2 Working Principle of the Gripper . . . . . . . . . . . . . . . . . . . . . . . . 56

3.5.3 Designing the Integrated Biased Kinematic Stage . . . . . . . . . . . . . . 58

3.5.4 Implementation and Experimental Results . . . . . . . . . . . . . . . . . . 64

3.6 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4 Mechanical Approach to SMA Actuator Control 69

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2 Design Methodology for the Control System . . . . . . . . . . . . . . . . . . . . . 70

4.2.1 Working principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.2.2 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2.3 Sizing of the oscillator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.3 Validation of the Approach using a Case Study . . . . . . . . . . . . . . . . . . . . 79

4.3.1 Background and Biological Analysis . . . . . . . . . . . . . . . . . . . . . . 79

4.3.2 Working principle and Implementation of the Robot . . . . . . . . . . . . 80

4.3.3 Analytical model of the Biasing Compliant Mechanism . . . . . . . . . . 81

4.3.4 Implications of the Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.4 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 Generation of Actuators Powered by Compliant SMA Elements 91

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.2 Designing Integrated Active Elements . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.3 Generation using Topology Optimization . . . . . . . . . . . . . . . . . . . . . . . 93

5.3.1 Density-Based Topology Optimization . . . . . . . . . . . . . . . . . . . . 94

5.3.2 Topology Optimization of Compliant Mechanisms . . . . . . . . . . . . . 95

5.4 Testing using Benchmark problems . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.4.1 A Qualitative Measure of the SME . . . . . . . . . . . . . . . . . . . . . . . 98

5.4.2 Experimental Validation of the Methodology . . . . . . . . . . . . . . . . . 100

5.5 Proposed Induction Heating Strategy . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.5.1 Magnetic Induction Heating . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.5.2 Fabrication and Results of Primary Coil . . . . . . . . . . . . . . . . . . . . 105

5.6 Designing Multi-Output Compliant SMA Actuators . . . . . . . . . . . . . . . . . 107

5.6.1 Generated Multi-Output SMA Actuators . . . . . . . . . . . . . . . . . . . 108

5.7 Kirigami inspired Compliant SMA Actuators . . . . . . . . . . . . . . . . . . . . . 110

5.7.1 Proposed Patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.7.2 Case Study: Modelling of theΩ-Pattern . . . . . . . . . . . . . . . . . . . . 114

5.7.3 Implementation of a Kirigami-inspired Linear Actuator . . . . . . . . . . 118

5.8 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6 Validation using a Novel SMA Gripper System 123

viii



Contents

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.2 A Case Study of an SMA-Powered Bistable Gripper . . . . . . . . . . . . . . . . . 124

6.3 Working Principle and Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.4 Design of the Bistable Kinematic Stage . . . . . . . . . . . . . . . . . . . . . . . . 128

6.4.1 Analytical Model of the Buckled Beam . . . . . . . . . . . . . . . . . . . . 128

6.4.2 Design and Fabrication of Kinematic Stage . . . . . . . . . . . . . . . . . . 129

6.4.3 Testing and Validation of the Kinematic Stage . . . . . . . . . . . . . . . . 131

6.5 Sizing of the Actuator using the Proposed Methodology . . . . . . . . . . . . . . 132

6.6 Actuation using the Mechanically-Intelligent Control Strategy . . . . . . . . . . 136

6.7 Specifications of the Final Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.7.1 Comparison of the Proposed Gripper . . . . . . . . . . . . . . . . . . . . . 140

6.8 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

Conclusion and Contributions 143

A Analytical Modelling of Buckled Beam Mechanism 147

Bibliography 149

Curriculum Vitae

ix





List of Figures
1 Miniature actuators powered by Smart Materials . . . . . . . . . . . . . . . . . . 1

2 Comparison of different smart materials based on their work density and their

time response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1 A schematic representation of the basic types of linear SMA actuators . . . . . . 10

1.2 A simple Search Engine Optimization (SEO)-keyword analysis of the different

applications of Shape Memory Alloy actuators. . . . . . . . . . . . . . . . . . . . 12

1.3 Examples of different implementations of SMA actuators in the biomedical field 14

1.4 Examples of different implementations of SMA actuators in automotive and

aerospace applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.5 Examples of different implementations of SMA actuators in industrial applica-

tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.6 Examples of different implementations of SMA actuators in bio-inspired robotic

systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.7 A visual representation of the different subsystems that exist in traditional SMA-

based systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.1 A visual representation of the phase transformations that occur during Shape

Memory Effect (SME) under no load . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 A schematic representation of the Shape Memory Effect (SME) showing the

different phase transformations and crystalline structures . . . . . . . . . . . . . 29

2.3 Schematic representation of a differential scanning calorimetry (DSC) graph

showing the energy required during the SME . . . . . . . . . . . . . . . . . . . . . 30

2.4 Graphical representation of the phase transformations showing the thermal and

mechanical properties of the material . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.5 The relationship between the temperature and the martensitic fraction based

on the Brinson (1993) constitutive equations . . . . . . . . . . . . . . . . . . . . . 33

2.6 The analytical model of the SMA based on the Brinson (1993) constitutive equa-

tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.7 The 3D graph showing the Brinson (1993) analytical model of the entire Shape

Memory Effect cycle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.8 A visual representation of the various parameters required to define the Shape

Memory Effect within the FEM model . . . . . . . . . . . . . . . . . . . . . . . . . 38

xi



List of Figures

2.9 A schematic representation of the Bias-spring SMA actuator showing the differ-

ent variables and the stroke estimation based on the SMA temperature. . . . . . 40

2.10 A plot showing the stroke estimation of a 100 µm SMA wire actuator using the

equations adapted from the Brinson (1993) analytical model . . . . . . . . . . . 41

2.11 Using curve fitting to estimate the simplified material properties of the high

temperature and cold temperature SMA helical spring . . . . . . . . . . . . . . . 43

2.12 The simplified sizing methodology of an SMA actuators . . . . . . . . . . . . . . 44

3.1 Diagram of the adapted building blocks of the SMA actuator. . . . . . . . . . . . 48

3.2 The various types of flexure hinges . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3 The adapted sizing principle of the novel biasing compliant mechanism SMA

actuator based on the simplified SMA curves. . . . . . . . . . . . . . . . . . . . . 51

3.4 Design methodology for sizing biased-compliant mechanism SMA actuators. . 52

3.5 The adapted sizing methodology of an antagonistic SMA actuator paired with

compliant mechanism using the simplified SMA curves . . . . . . . . . . . . . . 54

3.6 Design methodology for sizing antagonistic SMA actuators paired with compli-

ant mechanisms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.7 The sizing methodology of the biased-compliant SMA gripper based on the

proposed designing methodology. . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.8 Kinematic diagram of proposed design . . . . . . . . . . . . . . . . . . . . . . . . 59

3.9 Different views of the flexure-based compliant mechanism spreading over mul-

tiple stages, and parametrized flexure pivot. . . . . . . . . . . . . . . . . . . . . . 61

3.10 Validation of the analytical model of the biasing compliant mechanism using

experimental results obtained using a pull-tester . . . . . . . . . . . . . . . . . . 62

3.11 The working prototype of the biased-compliant SMA gripper . . . . . . . . . . . 65

3.12 The sizing diagram of the SMA mandrel based on the developed analytical model

of the compliant mechanism and the models of the SMA coils obtained from

experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.13 The experimental setup, using a pair of force sensors, to measure the gripping

force of two opposing jaws. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.14 Results of the gripping force performed at different object diameters . . . . . . 67

4.1 Diagram of the adapted building blocks of the SMA actuator. . . . . . . . . . . . 70

4.2 Diagram showing the working principle of the magnetic latch system imple-

mented in the SMA oscillator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.3 A schematic of the working principle of the magnetic latch control system . . . 73

4.4 The integrated SMA control system implemented using a flexure-based magnetic

latch creating an SMA mechanical oscillator. . . . . . . . . . . . . . . . . . . . . . 73

4.5 The close-up structure of the magnetic latch system that acts as the oscillating

electrical contact for the SMA coil . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.6 Effect of the current on the evolution of the SMA spring’s temperature . . . . . . 75

4.7 Measurement of the heat transfer coefficient, H . . . . . . . . . . . . . . . . . . . 76

4.8 Extrapolation of the cooling time based on wire diameter . . . . . . . . . . . . . 77

xii



List of Figures

4.9 The generalised schematic of the mechanically-intelligent control strategy. . . . 78

4.10 The gait analysis of an inchworm . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.11 The implementation of the insect robot around the mechanical SMA oscillator. 81

4.12 The working principle of the insect robot showing the simplification of the

cantilever beam to a virtual rigid body pivot . . . . . . . . . . . . . . . . . . . . . 82

4.13 Comparison of the leg tip displacement with respect to the contraction of the

SMA coil between the analytical model (AM) and Finite Element Model (FEM)

simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.14 The untethered gait of the insect robot with a step length of 8.4 mm . . . . . . . 85

4.15 The measured gait of the insect robot . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.16 The distribution of various different inchworm robots powered by smart materi-

als based on their total weight and speed (in Body Lengths (BL) per second). . . 87

4.17 The compairson of various different smart material powered inchworm robots

with respect to the speed / weight ratio (in Body Lengths (BL) per second per

gram). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.1 Diagram of the adapted building blocks of the SMA actuator based on integrating

the active element and the kinematic stage. . . . . . . . . . . . . . . . . . . . . . 93

5.2 Basic design problem for compliant mechanisms. . . . . . . . . . . . . . . . . . . 94

5.3 Inverter: Design problem (left), Interpolated final topology (right) . . . . . . . . 97

5.4 Evolution of the inverter design throughout the optimization . . . . . . . . . . . 97

5.5 Crimper: Design problem (left), Interpolated final topology (right) . . . . . . . . 98

5.6 Gripper: Design problem (left), Interpolated final topology (right) . . . . . . . . 98

5.7 Results of the shape memory effect simulation of the Inverter design . . . . . . 99

5.8 Results of the shape memory effect simulation of the Crimper design . . . . . . 100

5.9 Results of the shape memory effect simulation of the Inverter design . . . . . . 101

5.10 The experimental setup of the laser-cut inverter prototype . . . . . . . . . . . . 102

5.11 The experimental results of the inverter prototype are obtained using a pull-

tester and a strain retention of 84.3% is observed. . . . . . . . . . . . . . . . . . . 103

5.12 Working principle of the induction heating strategy . . . . . . . . . . . . . . . . . 105

5.13 A comparison of primary coils with different wire types . . . . . . . . . . . . . . 106

5.14 Implementation of induction heating system . . . . . . . . . . . . . . . . . . . . 107

5.15 4-point Mandrel + : Evolution throughout the optimization . . . . . . . . . . . 108

5.16 Using the novel design methodology, multi-output bias-spring SMA actuators

are generated making use of compliant SMA structures, shown with normalised

stress distribution in the deformed state . . . . . . . . . . . . . . . . . . . . . . . 109

5.17 The proposed kirigami patterns for the SMA actuator . . . . . . . . . . . . . . . . 112

5.18 The out-of-plane deformation of theΩ-pattern and the Lotus-pattern using an

FEM model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.19 Deformation profile of the proposed Lotus-pattern (right) and the Ω-pattern

(left) from the FEM simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.20 Parametrisation of theΩ-pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

xiii



List of Figures

5.21 A visualisation of the out-of-plane deformation of theΩ-pattern based on the

FEM model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.22 Comparison of the analytical model and the FEM results of theΩ-pattern . . . 117

5.23 A schematic of the working principle and sizing methodology of the kirigami-

inspired SMA actuator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.24 Results of the pull-tester of the singleΩ-pattern sample . . . . . . . . . . . . . . 120

5.25 A linear actuator powered by a kirigami-inspired SMA active element . . . . . . 121

6.1 The schematic of the bistable SMA actuator composed on a buckled beam and a

pair of SMA coils. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.2 Diagram of the adapted building blocks of the bistable SMA-powered robotic

gripper. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.3 The diagram of the bistable mechanism . . . . . . . . . . . . . . . . . . . . . . . . 129

6.4 Schematic view of the bistable mechanism as fabricated . . . . . . . . . . . . . . 130

6.5 Validation of the analytical model of the bistable mechanism against the finite

element model and experimental results. (Data courtesy of Loic Tissot-Daguette) 133

6.6 An estimation of the operating points of the bistable mechanism based on the

adapted sizing methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.7 The assembly of the bistable gripper . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.8 The jaw position and SMA current readings during the opening and closing

sequences of the gripper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.9 The electrical circuit diagram of the bistable SMA gripper based on the proposed

control strategy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.10 The fabricated prototype of the bistable gripper with the wiring circuit presented

on the left. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

xiv



List of Tables
1.1 A summary of the various implementations of the biomedical SMA actuators. . 21

1.2 A summary of the various implementations of the aerospace and automotive

SMA actuators from the different examples. . . . . . . . . . . . . . . . . . . . . . 22

1.3 A summary of the various implementations of the industrial SMA actuators. . . 22

1.4 A summary of the various implementations of the bio-inspired SMA-powered

systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1 The material properties of Ni-Ti . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.2 The definitions of the parameters used to define the SME in the commercial

FEM software, ANSYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.3 Some examples of the material properties used in the analytical modelling of

the SMA actuator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1 The trade-offs observed during the sizing of the biasing compliant mechanism

for the SMA actuator with a given SMA wire or coil . . . . . . . . . . . . . . . . . 53

3.2 Additional trade-offs observed when sizing the flexural compliant mechanism

actuated by a given SMA wire or coil . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.1 The design parameters of the inchworm robot. . . . . . . . . . . . . . . . . . . . 84

4.2 Comparison of the proposed mechanically-intelligent inchworm robot with

various different smart material based crawling robots based on their speed and

weight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.1 The simulation results of the strain retention factor for each of the benchmark

problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2 Comparison between the FEM and experimental results of the modified inverter

benchmark problem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.3 Results of the strain retention factor for each of the generated multi-output

compliant SMA structures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.4 The dimensions of the simulatedΩ-pattern. . . . . . . . . . . . . . . . . . . . . . 117

6.1 A summary of the design parameters for the flexure-based bistable mechanism. 131

6.2 The design parameters of the SMA actuator . . . . . . . . . . . . . . . . . . . . . 135

xv



List of Tables

6.3 Comparison of the proposed bistable gripper against other smart material pow-

ered bistable grippers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

xvi



Introduction

In the recent decades, there has been a wave of technological progress due to the advance-

ments in miniaturisation. This trend to create smaller and more efficient devices has led to

giant leaps in technological advancement. This era of miniaturisation, a major milestone in

technological progress, was sparked by the creation of the integrated circuit. The exponential

scaling and miniaturisation of silicon transistors has led to computers, filling entire rooms,

being transformed into handheld devices that fit in one’s pockets. This trend has allowed

electronics to have faster performance, lower power consumption and be cheaper than its

predecessor which often directly translates to market share. Miniaturisation has also given a

competitive edge to technological and commercial products over its competitors. However,

this age of miniaturisation has not been restricted to electronics but has also impacted me-

chanical and optical devices. Motors, sensors and other such devices have all gone through

the same trend in reduced footprint and increased performances resulting in a market where

miniature actuators and sensors are readily available for relatively low prices.

(a) (b) (c)

(d)

Figure 1: Miniature actuators powered by Smart Materials. (a) A piezo-powered flapping insect
robot by Sreetharan et al. (2012) (b) An untethered shape memory alloy-powered beetle robot
powered by Yang et al. (2020) (c) A soft gripper based on electrostatic actuation by Shintake
et al. (2016) (d) A dielectric elastomer actuator-based flying micro-robot by Chen et al. (2019).
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The basic component of any robotic system is the actuator which is responsible for moving

and controlling the system. The principle behind creating miniature robotics systems, thus,

consists of downsizing actuators. The design and sizing criteria for actuators can not be

necessarily applied from the macro scale when downsizing. However, the primary agent for

the miniaturization of actuators has been the proliferation of Smart Materials. These materials,

often referred to as artificial muscles, are able to provide some form of work as a response to a

certain stimulus such as stress, an electric or magnetic field. The active and reactive nature

of these materials allow them to be used as actuators or sensors in creating compact and

integrated actuators. These materials can be integrated and tailored to fit within a certain

use case based on the physical requirements of the application. These applications can range

from micro-grippers, biomimetic robots to crawling robots as shown in fig. 1.

The choice of smart material depends on a range of parameters, notably, the activation

stimulus, the time response, and its work density. When considering miniaturisation and

creating actuators for compact and lightweight systems, the work density is often used as

the leading parameter in choosing the smart material. As shown in fig. 2, among most smart

materials, the material, that presents with the highest work density and is, thus, the primary

candidate for miniature actuators, is the Shape Memory Alloy (SMA). These alloys, often

composed of Nickel and Titanium, is a brand of smart material that reacts to temperature

and stress. Variants of these alloys that react to a magnetic field are also present. But the

thermoelastic variant of the shape memory alloys are more widely used and can be obtained

in different shapes and sizes. There are different varieties of the thermally activated SMAs

but the alloy that is the most widely available is the Nickel-Titanium alloy, often known as

NiTiNOL. The properties of the material can be changed by modifying the atomic percentages

of the alloy or by doping the alloy with other metals.
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Design Considerations

As stated, due to the high work density of the material, SMAs are generally used in applications

where low weight and a compact footprint is required. However, as observed in fig. 2, the

requirement to heat the active element, results in SMAs having relatively low time responses.

Cooling, when employed passively, results in extended waiting times before the repeated

actuation of the SMA actuator. This results in the material being primarily used in systems

that do not require high bandwidths. However, when downsizing the actuator, the volume-to-

surface area ratio increases, resulting in faster cooling times. Thus, SMAs are often used in

applications such as micro-actuators and grippers. Furthermore, due to the bio-compatible

nature of the alloy, they have been used in biomedical applications for smart catheters and

minimally invasive surgery robots. Recently, there has also been a surge of work done where

SMAs are used to create autonomous, walking robots and self-reconfigurable robots. All of

these applications require actuators that have high work outputs while remaining light and

compact. Thus, SMAs have become an ideal candidate for these use cases.

As the commonality in these application is the limitations in space and weight, the design

specification of the required actuators often take into account the final weight and size of

the system. These SMAs are able to revert back to their original shape when heated. This

behaviour, often referred to as the Shape Memory Effect (SME), is exploited to create these

actuators. Only after some deformation alters its shape, will this behaviour allow the active

element to perform some work when heated. Thus, these SMA actuators require various

transmission stages and sensors when implemented within a certain application. As SMA

actuators are required to output more work while staying compact, the implementation of

such actuators take into consideration how the final work density is affected by the addition of

these external components. Due to the strengths of the SMA with regards to its work density,

the main design consideration taken into account is the design of these external components

and the minimisation of the extra weight and volume added to the overall actuator.

Implementing SMA actuators into compact system results in noiseless operation and their

high force-to-weight ratio and muscle-like actuation make them suitable for soft robotics

and biomimetic/bio-inspired robots. However, as previously mentioned, they have small

bandwidth and low operating frequencies, primarily due to their large cooling times. As

explored in the work by Soother et al. (2020), this poses the principal challenge when designing

SMA actuators. Furthermore, the force output, at smaller scales, of SMAs are relatively low and

this is, often, counteracted by using bundles of SMA wires. However, increasing the volume of

SMAs without increasing the surface area proportionally, also increases the cooling time and

further decreases the operating frequency, creating a trade-off between the two parameters.

Finally, the shape memory effect and the thermoelastic behaviour of the SMA is highly non-

linear and complex. This makes the actuators difficult to control and requires special methods

and sensors to control them.

When combined, these factors make the design of SMA actuators and their integration into
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complex applications difficult and cumbersome. Due to the various trade-offs that exists

when designing the active element, accurate sizing of the actuator is critical to optimize the

final footprint and weight of the system. When volume and weight constraints are present, a

holistic design approach is required where the entire system and the actuator is considered

in the design process. Due to the complex nature of the smart material and the sometimes

complex nature of the application, the sizing of the active element becomes difficult and

results in a system that is not fully optimised or is oversized. These concessions in the design

process results in a degradation of the overall work density of the SMA actuator.

Thesis Statement

In this thesis, the main goal of the work is to explore, develop and demonstrate novel holistic

approaches to creating highly integrated SMA-powered actuators. As shape memory alloys are

known for their high work density, they are primarily used in applications where lightweight

and compact actuators are a necessity. In this work, the traditional SMA design methodology

are studied and adapted to improve their work density and allow them to harness the full

potential of the smart material. In doing so, this work presents various design strategies and

analytical models that enable creating integrated systems in a plethora of different use cases.

In this thesis, the main focus of the work is to explore and respond to the following key research

questions:

How can the work density degradation of SMAs be prevented when designing actuators?

As miniaturisation becomes critical in the design of actuators and robotic systems, the need

for materials with high work density has increased. SMAs are touted to have the highest

work density among most smart materials and are thus, primarily used in scenarios where

a lightweight or compact design are a necessity. However, the alloy alone cannot be used to

create an actuator and various other components must work in tandem with the material for it

to function as an actuator. These additional elements such as a biasing element or a kinematic

stage, degrade the work density of the overall actuator by introducing passive elements into

the system. One of the primary goals of this work is to explore various strategies a designer can

employ to prevent this work density degradation. In exploring the question: what strategies

can be employed in the design of SMA actuators that alloy the material to be used to its full

potential?, the work hopes to develop a design methodology that can be implemented in

any application such that the resulting actuator maximises the work density resulting in a

robotic system that is lightweight and compact. In this work, the proposed design strategies

are employed in various case studies so as to validate the methodology and while, creating

lightweight robotic systems.

How can the traditional sizing methodology be adapted for integrated SMA actuators? In

most implements, SMA-powered actuators are heated by simply passing a current through
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the material and relying on Joule’s losses to raise its temperature. However, when cooling the

material so as to return the alloy back to its original state, most actuators rely simply on the

passive thermal exchange with the surrounding air. This often results in a low bandwidth for

the final system. When relying solely on passive cooling, the most critical design parameter

to consider becomes the geometry and size of the active SMA element. Here, decreasing the

diameter or thickness of the SMA wire / sheet can drastically reduce the cooling time and thus,

drastically increase the bandwidth of the final system. Thus, when designing SMA-powered

actuators, appropriately sizing the SMA is key to creating a fast and responsive actuator. In the

traditional SMA design, simplified sizing strategies exist that allow creating the perfect balance

between the size and force output of the active element. However, when designing more

complex and highly integrated SMA systems, this work aims to adapt the traditional sizing

strategies to fit the proposed design methodologies. In this work, the various case studies

that validate the novel methodologies implement the proposed sizing strategies such that the

resulting robotic system employs the smallest active element and results in a system that can

be rapidly cooled using passive means.

Can a generative design approach be used to create and validate compliant SMA structures?

Traditionally, the fabrication of parts with complex geometries has been a difficult task and

has limited the design of mechanical parts to simple geometries. However, the recent im-

provements in the field of additive manufacturing has allowed the fabrication of structures

with such complex geometries. Furthermore, the additive manufacturing of smart materials,

especially Ni-Ti based SMAs, has made strides recently and has enabled the possibility of 3D

printing complex SMA structures a real possibility. However, the question arises: How can

one design a complex SMA structure while taking into account the shape memory effect and

predict its resulting behaviour?. The multi-physical and complex nature of the shape memory

effect makes is difficult to accurately predict the behaviour of the alloy when heated which

in turn makes it difficult to size and design such active structures. Often, generative algo-

rithms have been used in designing structures when a complex actuation with multiple design

constraints are required and where an intuitive design strategy is not feasible. However, the

highly non-linear nature of the SMA makes algorithmically generated designs computational

expensive resulting in low mesh sizes and domain spaces limited to 2D. In this work, the goal

of the thesis aims at proposing a strategy to design complex multi-output actuators based on

compliant SMA structures so as to harness the potential of the recent advances in additive

manufacturing. Furthermore, due to the high computational cost of simulating the shape

memory effect, this work aims to present a simple strategy to generate designs while taking

abstraction of the shape memory effect that can still feasibly function as a reversible actuator.

Furthermore, in this work a qualitative factor is presented and with the help of Finite Element

Modelling (FEM) allows the comparison of the various generated designs with regards to their

feasibility as an SMA-powered actuator.
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Thesis Outline and Contributions

CHAPTER 1: Overview of SMA Actuator Design

This chapter provides an overview of the basic and most commonly used implementations

of the SMA-powered actuator. Here, a basic overview of the working principle of each type

of actuator is presented and described. The three most common methods of implementing

the SMA actuator is detailed so as to give an idea of the requirements of an SMA-based

actuator. This chapter also delves into the different fields in which this type of actuator is

employed. Various examples of SMA-powered robotic systems are studied in each domain so

as to understand the different design considerations and parameters that impact the design

of SMA-powered actuators. Furthermore, this study allows establishing the basic building

blocks present in SMA actuators and understand the functions of each subsystem. Finally, this

chapter enables taking a holistic view of the SMA actuator design and establish the drawbacks

of the traditional design and the areas in which work density degradation can be reduced.

CHAPTER 2: Predicting the Shape Memory Effect

Understanding and predicting the behaviour of the SMA when subjected to a thermal load is

critical when designing and sizing SMA-based actuators. In this chapter, the Shape Memory

Effect (SME) is introduced and described. Furthermore, the main constitutive models that

allow the prediction of the shape memory effect is showcased. The different parameters and

multi-physical variables that define the effect in the macro-scale is shown in this chapter.

These 1D analytical models are presented as they can be simply implemented and used to

size SMA actuators that employ the alloy in simple geometries such as wire and sheets. In

scenarios, where more complex geometries are to be simulated, the different parameters

required to define the material within a commercial finite element method software is also

summarised. Furthermore, in this chapter, these constitutive models are adapted such that

they can be employed in sizing the standard bias-spring SMA actuator. Lastly, this chapter

presents the traditional simplified sizing methodology used in standard SMA actuator design.

CHAPTER 3: Development and Modelling of Biased Kinematic Stages for SMA Actua-
tors

In this chapter, a holistic design approach is presented where the kinematic stage and the

biasing element are integrated to further optimize the work density of the final system. Here,

the use of flexure-based compliant structures are used to create kinematic stage where the

linear motion of the traditional SMA actuator is converted into a more complex desired multi-

axial output. The inherent stiffness of the compliant mechanisms, which are generally viewed

as a drawback, is harnessed to function as the biasing element for the SMA actuator. In this

chapter, this novel design methodology is described and the traditional sizing methodology

is adapted such that it can be used for any application. Using simplified pseudo-rigid body
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models, a generalised analytical model is presented and described to allow the sizing of the

kinematic stage with respect to the mechanical limitations of the chosen SMA element. Finally,

the design and sizing strategy, presented in this chapter, is showcased and validated using a

case study of a drone-ready SMA-powered gripper.

CHAPTER 4: Mechanical Approach to SMA Actuator Control

As SMAs are compared to biological muscles due to their high work density, this alloy is

often used in bio-inspired applications. In this case, the high work density and lightweight

requirement of the robotic application is critical in the design of the SMA actuator. Often,

the control electronics and sensors are omitted in the estimation of the work density and

this subsystem is one of areas in which the work density is most degraded. In this chapter, a

mechanically controlled control strategy is proposed that makes use of the thermomechanical

effect of the SMA to control itself. In this approach, the mechanically controlled SMA element

does not require any sensors or electronics. Here, in this chapter, this control methodology

is validated using a lightweight untethered inchworm robot powered by a single helical SMA

spring. This chapter describes and models the inchworm robot while also comparing it with

other tethered and untethered inchworm robots showcasing the distinct advantages of the

proposed design methodology.

CHAPTER 5: Generation of Actuators Powered by Compliant SMA Elements

The advances made in additive manufacturing has allowed the 3D printing of complex geome-

tries fabricated from SMAs. These techniques, while still being expensive and inaccessible has

created a need for design tools and strategies for designing complex compliant SMA actuators.

In this chapter, the holistic design approach is used to propose a novel design methodology

for creating compliant SMA structures that serve as the kinematic stage and as the active

element. In this chapter, topology optimization and a simple qualitative comparison factor is

presented so as to algorithmically design compliant SMA structures while also being able to

determine their feasibility in the context of SMA-powered actuators. A simple prototype is

used to validate the factor and with the help of experimental results, it is used to showcase

the attractive nature of the algorithmically generated multi-output designs. Furthermore,

a kirigami-inspired design approach is also presented that allows creating high force-high

stroke actuators that combine the highly stretchable kirigami-inspired meta-materials and

SMAs. Here, in this chapter, these actuators are validated using experimental results and a

proof-of-concept SMA-based linear actuator.

CHAPTER 6: Validation using a Novel SMA Gripper System

Finally, in this last chapter, the various design principles, methodology and sizing strategies

are exploited to create a bistable SMA gripper. This case study is used to validate the design
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methodology and sizing strategy proposed in the previous chapters by implementing them

in the design of the gripper. Here, the gripper is powered using a pair of antagonistic SMA

helical coils and makes use of flexure-based buckled beams and pivots to create a compact

and light weight bistable industrial gripper. In this chapter, an analytical model of the flexural

gripper is described and present so as to enable the sizing of the SMA elements. In this chapter,

the sizing methodology, presented in the previous chapters, enables using the thinnest SMA

spring that still enables the snap-through of the buckled beam allowing the gripper to have a

short cooling period, thereby, increasing the bandwidth of the industrial gripper. This chapter,

along with the various case studies present in this work, gives a concrete application in which

the proposed design methodologies can be implemented.

Conclusion and Contributions

Finally, in this chapter, a conclusion showing the different contributions of this work and the

answers to the various research questions posed in this work. Furthermore, the outlook and

future implications of the design methodology are presented and described.
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1 Overview of SMA Actuator Design

1.1 Introduction

In the scope of miniaturisation, creating highly integrated robotic system has become possible

with the help of smart materials, notably Shape Memory Alloys (SMA). These alloys, having

the highest work density, has made it possible to create miniature artificial muscles that can

be integrated into compact and lightweight applications. SMAs have an interesting behaviour

which consists of recovering the strain imposed on it when heated above a certain critical

temperature threshold, often referred to as the Shape Memory Effect (SME). These alloys

exploit the SME to create reversible actuators that are lightweight and compact. This effect

is highly non-linear and is dependant on multiple variables, resulting in a highly complex

and difficult to model behaviour. Thus, designing and sizing these alloys to create optimised

actuators for complex applications is difficult and cumbersome.

In this chapter, an overview of the different implementations of SMA actuators are explored.

In the context of different applications, the SMA actuators that are embedded in the different

robotic systems are investigated. The traditional design methodology for these actuators are

studied and presented in this chapter. The different examples of SMA actuators are used

to create a conventional design methodology and the different subsystems of the robotic

systems are studied. In this chapter, an in-depth look into the advantages and limitation of

the methodology is conducted. In this manner, the conventional design methodology can be

adapted into taking a holistic view of the robotic system and create a novel design approach

that further promotes the integration of the SMA actuator subsystems into the final robotic

system.

1.2 Working Principle of SMA Actuators

Shape Memory Alloys are a subclass of smart materials that react to heat. This special brand

of material, with the help of some micro-structural changes, can react mechanically when

subjected to an external non-mechanical stimulus, in this case, temperature. The shape
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memory effect that occurs in this alloy occurs due to some phase transformation that happens

when heated and cooled around a certain transition temperature range. At low temperatures,

the material exists in its Martensite (M) phase where the material can be deformed easily.

These deformations, macroscopically similar to plastic deformation, result in the material

being permanently deformed at these low temperatures. As the alloy is heated up above its

transition temperature, the material transforms from the M phase to the Austenite (A) phase,

recovering any of the "permanent" strain imposed on it at low temperatures. This capacity to

recover the strain imposed on it and return back to its original shape is often referred to as the

shape memory effect. As the material cools below the transition temperature, the alloy returns

back to the M phase, allowing the material to be "plastically" deformed once again. The

detailed description, along with the analytical and numerical models, is detailed in chapter 2.

The basic idea behind the implementation of the SMA, in the context of an actuator, is to pair

the active material with a biasing element. As stated previously, the SMA element requires

a deformation at low temperatures to produce any work when heated to its transition tem-

perature. This implies that for the actuator to behave reversibly and create a work cycle, a

certain system is required to deform the SMA at low temperature so as to enable the SMA

to actuate when heated. A one-directional SMA actuator is also possible where the SMA is

stretched and then heated to revert back to its original shape or constrained to generate an

increasing stress based on the applied temperature. These actuators can be used for single

actuation application such as deployment mechanisms as shown in the work by Mohd Jani

et al. (2017). However, in this work, two-directional SMA actuators are explored and studied.

These two-directional actuators require a biasing force as the SMA elements can only recover

strain in one direction. These linear actuators, thus, require some kind of biasing mechanism

that can apply a biasing force in the opposite direction. As shown in the work by Bellouard

(2008), the most common mechanisms used to return the SMA back to its neutral position

are bias-springs, dead-weights or another SMA element in an antagonistic configuration as

illustrated in fig. 1.1.

Bias-SpringSMA Antagonist SMASMA

m

Deadweight

SMA

Figure 1.1: A schematic representation of the basic types of linear SMA actuators. In general, a
separate kinematic stage is used to transform the linear output into the desired output.
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1.2 Working Principle of SMA Actuators

The Biased-Deadweight SMA Actuator has the advantage of being quite simple to implement

as it consists of simply applying a constant load to the active element irrespective of the

temperature. Here, the SMA based on the phase will displace the constant load by a fixed

stroke. At low temperatures, the deadweight elongates the SMA element and as the SMA

heats up and changes phase, the load will be displaced. As there is always the same constant

load, there is a high risk of overheating the SMA and risking reaching stresses above the

recommended maximum pull force of the SMA. Thus, to prevent this irreversible damage to

the SMA actuator, a constant load that is below the maximum pull force of the SMA is used.

This greatly limits the maximum load that can be displaced by the SMA actuator preventing

widespread adoption of this method of implementation.

The Biased-Spring SMA Actuator, on the other hand, consists of pairing the SMA element with

a biasing passive spring. This method of implementation is also quite simple to implement

and thus, is the most widely used method for designing SMA actuators. Here, the idea consists

of using a passive spring to apply a spring force to the SMA at low temperatures. This allows

the SMA to be deformed and activates the SME when the alloy is heated. As the material

transforms from the M to the A phase, the spring is deformed while the SMA element returns

to its original shape. Here, due to the increasing elongation of the spring, an increasing

spring force acts on the SMA as the temperature is increased. This implies that based on the

temperature and the rigidity of the spring, the force and stroke of the actuator can be sized. The

sizing methodology and analytical models of this type of actuator will be detailed in chapter 2.

However, the actuator can only be controlled in one direction during the heating phase, while

during the cooling, the SMA actuator returns back to its neutral position uncontrolled.

The Antagonistic SMA Actuator consists of pairing the SMA element with an antagonistic

biasing SMA element. In this method, the actuator can be actuated in both directions. As

the first SMA is heated, the strain recovery cause the antagonistic SMA to be deformed and

elongated. When heating the antagonistic SMA, the inverse effect occurs, where the first SMA

is deformed and elongated while the antagonistic SMA reverts back to its original shape. Thus,

by alternatively heating the SMA pair, the actuator can be made to actuate in both directions.

The primary downside to such an implementation is the difficulty in sizing and controlling

such an actuator due to the compounding of the highly non-linear nature of each of the SMAs.

These SMAs are still widely used in many applications do to the additional degree of freedom

present in the actuator. The sizing methodology of these actuators will also be described in

chapter 2.

The three methods of implementation represent the majority of the different types of SMA

actuators. Using this biasing principle for pre-stretching the SMA element, a reversible and

cyclical actuator can be fabricated. It is important to note that the biasing element along with

the SMA represent only the subsystems that create the reversible work offered by the active

material. However, when creating an SMA actuator, additional structures and elements are

required to form a complete actuator for the required application. The implementations of

these additional subsystems are often the source of the work-density degradation of the alloy.

11
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1.3 Analysis of SMA Actuators

The high work density of SMAs when implemented in an actuator can often only be harnessed

when designing specifically for the required application. Due to the active nature of the

material, when the SME is exploited specifically for the requirements of the use case, the

resulting actuator can be integrated into the overall robotic application. Thus, when analysing

the various methods in which these SMA actuators are designed, it is important to consider the

application and its domain. Due to the long cycling time of the SMA elements, SMA actuators

are primarily used in systems and domains where low bandwidth but compact actuators are

required. Based on the reviews by Mohd Jani et al. (2014) and Sreekumar et al. (2007), these

SMA-based actuators are used in a variety of different fields and applications. Their work show

that these actuators have been used in the automotive industry as miniaturised actuators

for various subsystems to replace traditional electromagnetic or pneumatic actuators. In

aerospace applications, where there are geometric volume constraints, they have been used

to create micro-grippers, vibration dampers or deployment mechanisms. Furthermore, due

to their bio-compatibility, these SMA actuators have also found its way into the biomedical

field where they have been used to create miniature medical and surgical instruments such as

endoscopes, medical tweezers and stents among others. Recently, however, there has been

wide interest in creating miniature bio-inspired and reconfigurable robots where these SMAs

are used as artificial muscles.

Biomedical

Automotive/Aerospace

Industrial

Bio-Inspired

Others

25%

18%

15%

21%

21%

Figure 1.2: A simple Search Engine Optimization (SEO)-keyword analysis of the different
applications of Shape Memory Alloy actuators.

A simple keyword analysis of SMA actuators gives a rough idea of the distribution of the

various research interests and domains in which these actuators are employed as shown

in fig. 1.2. Thus, in this section, the goal is to explore the different domains in which SMA

actuators are employed and study, using some examples, the various design parameters and
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1.3 Analysis of SMA Actuators

choices used to create appropriate actuators for the appropriate application. By doing so,

the important and key factors that make up the design of SMA actuators can be established.

These factors can, thus, be used to detail the various areas in which these actuators can be

improved and optimised such that when designing future SMA actuators, the final systems

can be further integrated. By exploring the design choice used in the following examples, a

design methodology can be established for creating novel improved SMA actuators that can

fully harness the high work density of the alloy.

1.3.1 Biomedical Applications

Due to the tight volume constraints in the biomedical field, actuators that prioritize compact

footprints have been favoured. Furthermore, in the medical field, reduced noise, vibration,

and contamination are necessary. Additionally, a high time response is not required and slower

actuation can be tolerated. This makes it an ideal domain for SMA actuators to flourish. The

examples presented in this section are chosen to examine the various types of SMA actuators

implemented in the biomedical field so as to extrapolate the different design parameters and

choices used in this specific domain.

In the first example, the authors, Liu et al. (2019), have developed a mesoscale actuator used

to maintain the visual clarity of the lens in endoscopes during invasive robotic surgeries as

shown in fig. 1.3(a). Here the main design criteria were the limitation of contaminants and

the extreme volume constraints imposed by the human body. The actuator must fit on the

tip of the endoscope which is inserted within the body during surgery. The tight footprint

required by the project specifications has created a need for smart materials, specifically shape

memory alloys, to be used in this application. The alloy being biocompatible has also played

a key role in the choice of smart material. The actuator, proposed in this work, consists of a

simple bias-spring SMA actuator where the active element consists of a thin SMA wire and

the biasing element consists of a passive tractional spring. Here, the actuator, using a pin as

a simple pivot, transforms the linear motion of the SMA actuator into a rotation of the lens

cover. This cover, considered the output, is used to clear the surgical camera and maintain

visual clarity during surgery.

In the work by Abdul Kadir et al. (2019), the authors have designed and fabricated a multi-

segmented SMA-based actuator system for endoscopic applications as shown in fig. 1.3(b).

In this second example, the main design criteria were the volume constraints of the actuator,

the biocompatibility of the actuator and the high strokes required. As with the previous

example, the actuator is used in minimally invasive surgery and thus, requires the actuator

to be biocompatible and prevent any unwanted pollution of the body during operation.

Furthermore, due to the tight volume constraints of the human body, the actuator makes

use of the high volumetric work density of the alloy to create this compact actuator. The

actuator proposed in this work consists of multiple bias-spring SMA actuators arranged in

an antagonistic manner. Here, a flat SMA spring is used to provide the high strokes required

13
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(a)

(b)

(c)

End
nut

SMA
spring

Piston Link Steel torsional
spring

Gripper
jaws

Mount Base

Figure 1.3: Examples of different implementations of SMA actuators in the biomedical field :
(a) An SMA powered actuator used for visual clarity in surgical cameras taken from the work
by Liu et al. (2019) (b) A multi-segmented SMA endoscope taken from the work by Abdul Kadir
et al. (2019) (c) A minimally invasive surgical gripper taken from the work by Roshan et al.
(2018)

and is paired with an elastic backbone that provides the rigidity for the endoscope while also

allowing the SMA spring to return back to its original state during cooling. Opposing SMA flat

spring are placed surrounding the biasing element to allow the endoscope to actuate in other

directions and increase the degrees of freedom of the endoscope.

In this last example, the authors, Roshan et al. (2018), have designed and fabricated a minimally

invasive surgical gripper based on an SMA spring actuator. As stated by the authors, in

minimally invasive surgeries, manipulations are often performed in confined and tight spaces

and thus, the main design criteria were the miniaturisation of the actuator and maintaining

the high energy density of the alloy. In this example, the proposed gripper is fabricated using

several components including an SMA spring as the active element and a torsional spring

as a biasing element as shown in fig. 1.3(c). Furthermore, a pivot linking system is used as a

kinematic stage that converts the linear actuation of the SMA spring into a rotational output

of the gripper jaws.

In the case of actuators designed for biomedical applications, there is a large focus for compact

and work dense actuators. Furthermore, in some cases, the biocompatibility of the SMA plays

a large role in the choice of the actuator. The design of the final actuator in this application is

largely dependant on the volume constraints imposed by the human body. Here, actuators

generally tend to value stroke over force output and thus, SMA springs are generally used as

they come with higher elongations but at the price of lower force outputs. Furthermore, using
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bias-spring SMA actuators allows the actuator to have a reversible and cyclical actuation. In

the presented examples, the bias-spring was chosen over the antagonistic SMA due to the

reduced complexity and simplicity in the control. However, the implementation of sensors

and control electronics can often result in increased volume requirements and can degrade

the work density of the final system.

1.3.2 Automotive and Aerospace Applications

As in the case of SMAs in the biomedical field, the high work density and the ability of SMA

actuators to be compact and lightweight has allowed them to be attractive in the automotive

and aerospace fields. A common requirement of automotive products are high miniaturisation

and integration. The small size and weight of SMA actuators has made them ideal in aerospace

applications as well. In this section, some examples have been studied to determine the

various design requirements of SMA actuators in these fields. By studying the various types of

automotive or aerospace SMA actuators, the various design criteria and limitations can be

extracted.

SMA
wire

Bias-spring

Mirror

SMA
coil

Power
electronics

Output

(a) (b)

(c)

Figure 1.4: Examples of different implementations of SMA actuators in automotive and
aerospace applications : (a) An active SMA powered mirror taken from the work by Williams
et al. (2010) (b) An automotive tumble flap powered by an SMA actuator taken from the work
by Bellini et al. (2009) (c) An active span-wise adaptive wing taken from the work by Benafan
et al. (2019)
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In the first example, the authors, Williams et al. (2010), have designed and fabricated a

lightweight and cost effective active mirror actuator as shown in fig. 1.4(a). The traditional

power mirrors that use electromechanical actuators have been commonplace in the auto-

motive industry. The authors have designed an alternative using SMAs to create an active

automobile mirror that is lightweight and employs a work dense actuator. In this work, the

active mirror consists of a biasing spring surrounded by four SMA wires. The mirror, mounted

on a spherical joint, can be actuated in the four cardinal directions. Since a limited stroke

length is required, SMA wires have been used to actuate the mirror. Furthermore, a single

passive spring has been implemented as a biasing element for each of the SMA wire actuators.

The spherical pivot on which the mirror is mounted converts the linear movement of the SMA

actuator into the required rotational movement. The SMA wires are actuated using Joule’s

heating by passing a current across the wires. The control of the actuator is performed by

using a variable structure controller. The authors have focused their work to be lightweight

and robust and thus, have used the high work density of the alloy to their advantage.

In the second example, the authors, Bellini et al. (2009), have sized and fabricated a binary SMA

actuator for automotive tumble flaps. Here, this solid-state actuation system is developed to

replace the existing traditional electromagnetic and pneumatic actuators used in the industry.

In this work, the authors focused on creating a miniature actuator by harnessing the high

work density of the shape memory alloy. The main constraints presented in this work, as

stated by the author, are the power to weight ratio, robustness and reliability of the actuators.

Furthermore, the clean, silent and smooth operation of the actuator in addition to its self-

sensing capabilities added to the attractive nature of the material in this application. In this

prototype, the basic concept consists of using SMA coils with an antagonistic SMA coil as the

biasing element as shown in fig. 1.4(b). Furthermore, in the work, a thermoelectric module

is used to aid in the heat transfer from one SMA coil to the other for increased operation

frequency. Here, a pair of SMA coils are used in parallel to increase the overall force output of

the actuator.

In this final example, the authors, Benafan et al. (2019), have integrated an SMA actuator

within the wing of aircraft to create an active span-wise adaptive wing as shown in fig. 1.4(c).

In the aerospace domain, creating lightweight actuators that can reduce the load of the aircraft

is the primary constraint that has allowed SMAs to penetrate the industry. The high work

density of the materials allows for the creation of lightweight actuators that can still produce

the large forces required in this application as displayed in this work. SMA actuators can be

utilized to build safer, lighter, and less complicated systems that are compatible with future

electric-aircraft concepts. In this work, a bias-spring rotational SMA actuator is created to alter

the shape of the wing. A SMA tube is paired with a torsional bias spring to create the rotational

actuator. Position sensors and a heating cartridge is integrated into the system to create the

full working prototype for the adaptive wing. Due to the low profile of the structure and by

using an SMA tube, the entire actuator fits within the profile of the wing while still delivering

high output forces.

16



1.3 Analysis of SMA Actuators

As shown in these examples, the high force output and the ability to create lightweight systems

has been the primary design criteria that has allowed SMA actuator to proliferate in this

engineering domain. In each example, the high work density of the SMA has been exploited

to create actuators that can produce large force while remaining compact and lightweight.

In each example, discrete systems were used to create the active and biasing elements. A

separate conversion mechanism employing hinges or pivots were used in each case to convert

the output of the SMA actuator into the required motions showing an area in which some

degradation of the work density is present.

1.3.3 Industrial Applications

The primary reason that SMAs have started to be integrated into industrial applications has

been the need for lightweight and powerful actuators. The high power and energy densities of

the SMA has made it an ideal candidate to save weight and construction space when compared

to traditional electric and pneumatic actuators. Furthermore, these SMA industrial actuators

operate with reduced noise and emissions with is often overlooked in industrial applications

but can be essential in clean-room applications. In this section, various examples of industrial

gripper powered by shape memory alloys are presented so as to understand and establish a

clearer picture of the various design requirements and constraints present in the domain.

SMA linear actuator

Gripper
jaw

Cross-shear
kinematic stage

Spring adjustment screws

Membrane adjustment

Upper SMA fixation

Bias-spring

SMA wire

Electrical contacts

Lower SMA fixation

(a)

(b) (c)

Figure 1.5: Examples of different implementations of SMA actuators in industrial applications :
(a) A soft robotic gripper powered by an SMA wire taken from the work by Rodrigue et al. (2017)
(b) A bistable vacuum gripper taken from the work by Motzki et al. (2016) (c) A two-prong
industrial robotic powered an SMA wire taken from the work by Lu et al. (2019)

In the first example, the authors, Rodrigue et al. (2017), have designed and fabricated a soft

robotic gripper powered by an SMA wire. Here, the SMA wire-based soft bending actuator
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was designed to exploit the power-to-weight ratio of the material and create a lightweight

robotic finger as shown in fig. 1.5(a). In the work, the proposed actuator consists of a curved

polydimethylsiloxane (PDMS) matrix with an embedded SMA wire. Here, the wire, acting

as the active element, is biased by the PDMS matrix. During the activation, the SMA wire

attempts to straighten itself when heated and is reverted back to its curved state with the help

of the PDMS matrix during cooling. The high power-to-weight ratio allows three 200 µm SMA

wires to exert 1.5 N of gripping force. The use of the biasing PDMS matrix allows the repeated

actuation of the actuator. The curved nature of the PDMS matrix and the actuator acts as the

kinematic stage that converts the actuation of the SMA into the required gripping motion. In

this work, the authors have prioritized creating an actuator that is lightweight and has soft

actuation to not damage the grasped object. The use of SMAs in this application has allowed

the authors to create a lightweight actuator while still enabling a high grasping force.

In this second case study, the authors, Motzki et al. (2016), have developed an SMA-powered

vacuum gripper. The gripper, as shown in fig. 1.5(b), consists of a bias-spring surrounded by a

long SMA wire in traction. Here, the SMA wire is wound around multiple screws to create the

illusion of multiple independent SMA wires that work in parallel to increase the output forces.

Furthermore, a bistable mechanism is used to convert the SMA actuation into a constant

holding force that requires no additional energy from the SMA after the initial trigger force.

The gripper is actuated using Joule’s heating by passing a current across the SMA wire and the

authors have implemented a resistance measurement which allows the control of the gripper

using self-sensing. In this work, the leading design criteria was the energy efficiency of the

bistable mechanism and the high output forces of the SMA wire. The SMA wire system allowed

the final vacuum gripper to be lightweight while still offering the required forces to trigger the

snap-through of the bistable mechanism.

In the final example, the authors, Lu et al. (2019), have designed and fabricated a robotic

gripper which aims to grasp uncooperative objects as shown in fig. 1.5(c). In this work, the

authors have chosen to replace traditional hydraulic actuators with an SMA-powered actuator

due to their reduced complexity and points of failure. Additionally, their high energy density,

low energy consumption and quick response when heated were attractive features for this

application. The robotic gripper consists of three major subsystems: the SMA linear actuator,

the hinge coupler mechanism and the gripping claws. The SMA linear actuator consists of

eight SMA wires fixed on one end and fixed to a sliding shaft on the other end. This allows a

stroke amplification of the linear actuator without reducing the output forces. The system

offers some redundancy where if one of the wires fails, the other wires allows the continued

operation of the SMA gripper. The coupler mechanism makes use of a cross-shear hinge

mechanism to convert the linear actuator of the SMA actuator into the required dual parallel

motion of the claws. The mechanism also offers a stroke amplification to the overall gripper.

The biasing element allows the repeated actuation of the system and is accomplished using a

simple passive spring. In this work, the authors have prioritized the high work density of the

alloy to create a compact system with higher energy efficiency and higher longevity.
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As shown in the presented examples, the key design criteria of SMA actuators in industrial

applications are the lightweight and compact nature of the resulting SMA actuators. The use

of SMAs and their high power-to-weight ratio has allowed actuators to be created that are

lightweight and are, thus, highly attractive as end-effectors for robotic arms. Furthermore,

using bistable mechanisms and bias-springs has allowed SMA-powered industrial grippers to

be energy efficient by not requiring continuous energy to grasp objects. The biasing elements

also allow the repeated actuation of the gripper without introducing any contaminants or

complex assemblies. The slow cooling time and the reduce operating frequency has always

been a challenge in industrial applications but has been outweighed by the high work density

of the alloy.

1.3.4 Bio-inspired Robotic Applications

In the hunt for creating bio-inspired robotic system, there has been a intentional effort in

finding smart materials that have similar performances to biological muscles. In this regard,

the high volumetric work density of SMAs and its naturally compliant natures has made it

comparable to biological muscles and has made it the primary candidate for bio-inspired

applications. When creating such bio-inspired robotic systems, the main design constraints

are often the weight and volume of the system. SMAs, being the ideal candidate for lightweight

systems, allows robotic systems to be highly integrated and make use of the energy density

of the material. Implementing traditional electromagnetic and pneumatic systems can be

useful in creating tethered systems but when designing untethered systems that have a focus

on reduced weight, implementing SMA-powered actuators have become a necessity.

10 mm

(a) (b)

(c)

SMA Coil

Figure 1.6: Examples of different implementations of SMA actuators in bio-inspired robotic
systems : (a) A soft-actuated crawling robot taken from the work by Liang et al. (2020) (b) A
highly dynamic mobile robot taken from the work by Huang et al. (2019) (c) A sub-milligram
crawling SMA-powered robot taken from the work by Yang et al. (2020)

In this first example, the authors, Liang et al. (2020), have designed an SMA-actuated soft

crawling robot. In this work, the authors have focused on creating a lightweight actuator
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that is able to propel itself across a surface with a gait similar to an inchworm as shown in

fig. 1.6(a). Due to the tight volume and weight constrains of the application, the authors

have incorporated the elastic nature of the robot body as the biasing element to the SMA coil.

However, the robot requires a passive spring as an auxiliary biasing element to accelerate the

robot recovery and improve the gait coordination of the insect robot. The slow cooling of the

SMA coil results in a slow gait for the insect robot but reducing the diameter of the coil can

drastically increase the robot speed. However, the control of the robot and the electronics

have not been integrated into the system. This tethered crawling robot has exploited the high

energy density of the SMA to create a small lightweight robot.

In the second example, the work by Huang et al. (2019), presents a highly dynamic SMA-

powered moving robot. Here, as shown in fig. 1.6(b), the authors exploit the naturally com-

pliant nature and the high work density of the alloy to create the actuator that powered the

moving robot. In this work, the SMA actuator consists of a single SMA wire encased in a biasing

silicone elastomer. Furthermore, a thermally conductive elastomer is used to dissipate the

heat from the SMA, acting as a heat sink, to decrease the time response of the robot. Minia-

turised power electronics has been added to the robot to allow the robot to move untethered.

The flexural response of the SMA wire is used to actuate the robot and is also used as the

crawling motion. The authors, by creating a highly integrated system, has allowed them to

fully exploit the high work density of the smart material.

In the last example, the authors, Yang et al. (2020), have developed an ultra-lightweight

crawling robot that is powered by a shape memory alloy wire. This autonomous sub-gram

micro-robot, as shown in fig. 1.6(c), makes use a thin SMA wire attached to a small hinge that

allows the actuation of the legs when the SMA is heated. The biasing element in this case

is composed of a thin leaf spring that is used to create the two-way activation of the SMA

actuator. The authors have achieved such a lightweight SMA-powered robot by avoiding the

use of any senors or electronics and instead using a chemical heating element. A reservoir of

methanol is used to heat the SMA wire using vents that are opened and closed based on the

position of the robot legs. This mechanical control has allowed the authors to fully harness

the high work density of the SMA wire and create an ultra-lightweight robot. In this case,

the primary design principle that motivated the design of the robot was the final weight and

energy density of the system.

When considering the different examples of bio-inspired robotic system, the common de-

sign criteria considered by the different authors has been to reduce the overall weight and

complexity of the system. When creating such miniature and lightweight systems, designing

monolithic parts with reduced complexity and assembly has been critical in harnessing the

work density of the SMA actuator. In these examples, the SMA actuator has been integrated

into the body of the robot as opposed to separating the actuator and robot body into discrete

subsystems.
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1.4 Design Criteria

The various actuators shown in the previous section display the diversity and variety of designs

that exist to create an SMA actuator. When exploring the different domains in which SMAs

are used, it shows that these alloys have become an attraction option to replace traditional

pneumatic and electromagnetic actuators. Furthermore, it is evident that the domain in which

the SMA is used has a large impact on the design and implementation of the actuator. This

implies that when designing SMA-powered actuators, a holistic approach must be taken where

the application and the entire system is considered in the design process.

In the case of biomedical applications, the SMA actuators are implemented based on the

design constraints imposed by the human body. The various examples of biomedical ap-

plications are summarised in table 1.1. In this domain, the fact that SMA actuators have

smooth operation and do not introduce any particulate matter as opposed to pneumatic or

hydraulic systems, makes them an attraction alternative. Furthermore, when dealing with the

tight volume constraints imposed by the human body, the high work density of the material

becomes a crucial detail in the choice of the active material. Furthermore, as the SMA can be

heated rapidly, using Joule’s heating which involves simply passing a current across the SMA,

a rapid actuation can be obtained which is highly attractive in this domain. As shown in the

examples, small and powerful SMA wires and springs are used to create the actuators while

passive micro-springs are employed to enable two-way actuation.

Table 1.1: A summary of the various implementations of the biomedical SMA actuators.

Active
Element

Biasing
Element

Kinematic
Stage

Heating
Strategy

Sensor

Liu et al. (2019) Wire Micro-spring Pin Pivot Joule’s heating Thermistor

Abdul Kadir et al.
(2019)

Flat springs Elastic back-
bone

Rigid link /
Backbone

Joule’s heating External Camera

Roshan et al.
(2018)

Spring Torsional
spring

Pins and gears Heated water Thermocouple

When it comes to SMA actuators designed for automotive and aerospace applications, they are

often conceived with high force outputs as a priority. Since the shape memory effect is scalable,

these alloys can be used in micro and macro applications. Here, traditionally actuators used

in this field at this scale tend to be bulky and heavy. The high work density of the alloy allows

creating powerful actuators with large force outputs that are still lightweight when compared

to similar traditional actuators. Furthermore, the rapid actuation and the low bandwidth

required in these application has also allowed SMAs to penetrate the market. The fact that,

often, SMA-powered actuators have a simple design and reduced complexity allows these

actuators to be used in this domain that values longer lifespan and reduced failure points. In

table 1.2, the implementation summary of the different examples are shown.

However in industrial applications, the higher operating bandwidth requirement has often
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Table 1.2: A summary of the various implementations of the aerospace and automotive SMA
actuators from the different examples.

Active
Element

Biasing
Element

Kinematic
Stage

Heating
Strategy

Sensor

Williams et al.
(2010)

Wires (in par-
allel)

Spring Pivot Joule’s heating External position
sensor

Bellini et al.
(2009)

Springs (in
parallel)

Antagonistic
SMA springs

Linear guide Thermo-
electric mod-
ule

None

Benafan et al.
(2019)

Tube Torsional
spring

Bearing and
hinges

Heater
catridge

Thermocouple

limited the use of SMAs. In cases where a soft gripper or a gripper that is lightweight, the natural

compliance and the work density of the material has allowed it to adapt to the requirements of

the industry. In some cases, the absence of contaminant as in the case of pneumatic grippers

can be an attractive characteristic that force the adoption of SMA-based grippers. In this

domain, the weight and force outputs of the actuator are the primary design constraints

when considering the choice of active material. When designing SMA-powered grippers for

industrial application, the weight if often factored into the design process. Furthermore, as

the primary challenge of SMA actuators is the low operating bandwidth due to the cooling

requirements, adequate sizing must be considered when designing the active SMA element

for the use case scenario. In table 1.3, a summary of the different implementation strategies

are shown when creating such SMA-based industrial grippers.

Table 1.3: A summary of the various implementations of the industrial SMA actuators.

Active
Element

Biasing
Element

Kinematic
Stage

Heating
Strategy

Sensor

Rodrigue et al.
(2017)

Wire PDMS matrix Shape setting Joule’s heating None

Motzki et al.
(2016)

Wire Spring Bistable mech-
anism

Joule’s heating None

Lu et al. (2019) Wires (in se-
ries)

Spring Cross-shear
coupler

Joule’s heating External position
sensor

In the last major domain in which SMAs are often employed, they are favoured due to their

resemblance to human muscles with respect to their volumetric work density. In the case of

bio-inspired actuators, the goal has always been to create the smallest and lightest actuator

such that the system can remain in the mesoscale. This often imposed a strict weight and

volume constraint for the actuator when dealing with bio-inspired robotic systems. SMAs,

whose speciality is creating lightweight actuators, have often been the first choice for such

systems. In table 1.4, the different implementations are displayed for the previously presented

examples. Often, these robotic systems have been designed around the material rather than

the other way around. This holistic approach, often used in this domain, is rarely exploited
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1.5 Traditional Design Elements of an SMA-based System

in the other applications. The tight weight and volume constraints have force the authors to

create highly integrated systems.

Table 1.4: A summary of the various implementations of the bio-inspired SMA-powered
systems.

Active
Element

Biasing
Element

Kinematic
Stage

Heating
Strategy

Sensor

Liang et al. (2020) Spring Elastic body
and bias spring

Elastic body
geometry

Joule’s heating None

Huang et al. (2019) Wire Silicone elas-
tomer matrix

Elastomer
shape setting

Joule’s heating
(Heatsink)

Thermistor

Yang et al. (2020) Wire Leaf spring Flexural hinge Chemical heat-
ing

Mechanical
vents

As observed with the various examples, the constraints of the application plays a major

role in the implementation and design of the SMA actuator. When studying the different

applications, the major design constraints that are considered when designing these SMA-

powered actuators, include :

• a weight constraint

• a volume constraint

• a high force or stroke output requirement

• a reduced contaminants or biocompatibility requirement

• a rapid actuation requirement

• or a two-way actuation requirement

Using these design constraints, the sizing and design choices can be made to create an SMA-

powered actuator that is more suited for the desired application. In this work, these constraints

and lessons learned from the various examples in the different applications are exploited and

translated to other situations.

1.5 Traditional Design Elements of an SMA-based System

Using the various examples of SMA actuators, that were explored in the previous section, a

holistic approach to SMA actuator design can be taken. In each case, the primary goal of the

actuator was to exploit the high work density of the smart material to create a lightweight or

compact actuator. Often, sub-optimal solutions, in terms of work density, were employed

when compared with the implementations presented in other domains. In the case of bio-

inspired systems, the SMA actuators had a large focus on the work density and the final weight
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Chapter 1. Overview of SMA Actuator Design

of the system, however, in other domains such as industrial applications, these techniques

could be employed to further improve the performances of the grippers. By translating lessons

learned from one domain to another, the hope is to allow the entire robotic system to fully

harness the high work density of the SMAs.

With the goal of improving the work density of the final system, the different SMA-powered

examples can be studied to establish the areas in which a more integrated approach can

be taken. As shown in the previous section, there are common subsystems that exist when

designing the SMA-based mechanisms. By establishing a commonality between the different

types of actuators, the strategies employed in one domain can be easily translated to another.

As shown in fig. 1.7, the SMA-powered system can be divided in to four basic building blocks.

These subsystems each have a specific role and allows the SMA actuator to perform the

required output when actuated using a thermal load.

Active Element

Kinematic Stage

Control Stage

Biasing Element

Figure 1.7: A visual representation of the different subsystems that exist in traditional SMA-
based systems.

Building Blocks of an SMA Actuator

Often, these different subsystems exists as discrete building blocks in the SMA-based robotic

system. These subsystems each fulfil a different role in the operation of the SMA actuator.

The Active Element is the SMA element that is present within the system and is responsible

to providing the work for actuation. The SMA, as shown in the examples, can be fabricated

in various shapes. Often, they are used as wires when space is limited, low strokes and high

force outputs are required. When higher strokes are required, SMA coils are used as they are

able to elongate over 100% of their length with a trade-off in force output. In certain cases,
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thin SMA sheets are used for higher force output. In most cases, however, as passive cooling is

employed, the geometry of the SMA element plays a major role in the operating frequency of

the actuator. Here, thinner and smaller SMA sheets or wires allow for faster time responses.

In applications where two-way or repeatable activation is required, the Biasing Element is

added to the actuator. The role of the biasing element consists of deforming the SMA at low

temperatures so that the shape memory effect can occur when the active element is heated.

As mentioned previously, the most simple forms of biasing elements consist of a deadweight,

a passive spring or an antagonistic SMA. These elements allow the actuator to be actuated

repeatedly or in both directions. The dependence of the SMA actuator for such a biasing

subsystem greatly degrades the work density of the SMA actuator when considered as a whole.

Often, in the case of SMA actuators, these passive elements allow the repeated actuation of

the active element without providing any additional work.

As the traditional SMA-based actuator is often a linear actuator, some kind of Kinematic Stage

is present to convert the linear movement of the actuator into the required output motion. In

most cases, such as grippers, the simple linear motion of the SMA actuator is not sufficient. In

such cases, the kinematic stage is employed using pins, hinges, gears and bearings, to convert

the linear motion of the actuator into a more complex motion. In certain cases, this stage is

used to amplify the stroke or output forces of the actuator. In the most simple applications, a

hinge or lever arm is used to convert the linear movement of the actuator into a rotational one.

The kinematic stage is, often, a critical subsystem when designing an SMA-powered robotics

system.

The last subsystem, the Control Stage, consists of the electronics, sensors or heating mecha-

nism used to activate and control the shape memory effect. In the case of SMAs, a thermal

load must be applied to the active material to activate the shape memory effect and initiate

the strain recovery of the alloy. In most cases, the simplest solution consists of harnessing the

internal resistance of the SMA and heat the alloy using Joule’s heating. Here, a current is passed

across the SMA to allow Joule’s losses to heat the material above its transition temperature and

produce the required stroke. In such a case, considerable care must be taken to not overheat

the material which will results in permanent shape setting of the SMA or destruction of the

SMA wire or coil. In such cases, a temperature sensor, position sensor or even sensorless

control is employed to control the heating process of the active element. This additional

stage consisting of sensors or control electronics is not considered in the work density of the

actuator and often degrades this density and efficiency. In cases where space or weight is

limited, the control stage is an expensive addition to the actuator.

1.6 Summary and Conclusion

In this chapter, the working principle of the traditional SMA-powered actuator and the various

examples of different implementations of SMA actuators in literature is presented. In the case

of SMAs, the material requires a biasing element when requiring two-way activation. Only
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when the alloy is pre-stressed above a critical stress will the material show any strain recovery

when heated. Thus, in this chapter, the most common types of SMA actuator implementations

are presented, detailing the ways in which the alloy can be pre-stressed as shown in the work

by Bellouard (2008). Using passive springs or an antagonistic SMA as the biasing element is

often the simplest and more efficient solution to creating a two-way SMA actuator.

In an effort to understand the different design considerations that exists when conceiving and

fabricating SMA-based robotic systems, this chapter explores the major domains in which

SMA-powered actuators thrive. Due to the high work density of the alloy, this material is

often found in applications where weight and space constraints exist such as the biomedi-

cal, aerospace or automotive, industrial and bio-inspired applications. By studying various

examples in each case, the dependence of the domain on the design constraints and imple-

mentations was made evident. Each major domain has a set of their own constraints which

heavily affect the design of the actuator.

By studying these examples, a set of design considerations and constraints can be extracted

so as to create a primary design principle when designing SMA-powered actuators. In most

cases, the work density of the alloy is the main reason that compels the authors to integrate the

SMA into their robotic system. When considering the various applications, taking a holistic

design approach where the entire robotic system including the constraints are considered, can

result in an optimization of the work density. By exploring the strategies employed in certain

domains and translating them to other domains can result in novel actuators.

Furthermore, in this chapter, studying the robotic systems from the various major fields has

been used to establish the different subsystems that exists in a traditional SMA-powered actu-

ators. The four subsystems are shown to have their respective functions and constraints. They

are often designed independent of each other and are implemented without the consideration

of the other subsystems. These building blocks of the SMA actuator, being discrete systems,

show a considerable area in which these designs can be improved. Having discrete subsystems,

that do not take into account the other subsystems, degrade the work density of the final

system. In this work, a novel holistic approach to designing integrated SMA-powered actuators

will be presented.

When designing such systems, sizing the SMA element based on the surrounding components

is essential. The interactions between the different subsystems is often a balancing act that

requires careful consideration of their respective mechanical properties. In the following

chapter, the different SMA models are detailed and presented so as to adequately size the SMA

element for the required stroke and force output of the actuator. The shape memory effect of

the alloy is a multi-physical behaviour that is non-linear. The following chapter will present a

simplified model and sizing methodology to create an adapted SMA-powered actuator.
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2 Predicting the Shape Memory Effect

2.1 Introduction

Shape Memory Alloys (SMA) are a type of smart material that are known to exhibit some

form of strain recovery. This exotic behaviour to revert back to its original shape comes from

their ability to change their microscopic crystalline structures when subjected to some kind

of external stimulus. Some types of SMAs are able to recover their original structure when

exposed to a magnetic field and thus, they are often referred to as magnetic shape memory

alloys as shown in the work by Faran and Shilo (2016). However, the most commonly used

type of SMAs have the ability to recover large amounts of strain when exposed to a thermal

load and is also the smart material used in this work.

Austenite

Austenite

Twinned Martensite

Twinned Martensite

As Af T

Mf Ms T

T ↓
M ← A

T ↑
M → A

Figure 2.1: A visual representation of the phase transformations that occur during Shape
Memory Effect (SME) under no load adapted from the work by Rao et al. (2015).

As shown in fig. 2.1, these alloys exist in two main phases : a stable low temperature Marten-

sitic (M) phase and a stable high temperature Austenitic (A) phase. The transition between
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these phases due to the realignment of the micro-structures is responsible for the interesting

phenomenon observed in these alloys. A rise in temperature, above a certain threshold range,

causes the phase transformation of the alloy due to the presence of a different stable high-

temperature microstructure configuration. Macroscopically, this transformation is observed

as a recovery of any earlier strain imposed on the alloy and this is often referred to as the Shape

Memory Effect (SME).

Table 2.1: The material properties of Ni-Ti taken from the work by Duerig and Pelton (1994)
and Rao et al. (2015)

Material Property Value

Density [g/m3] 6.4-6.5

Specific Heat [J/kg ◦C] 450-620

Thermal Conductivity [W/m K] 8.6-18

Latent Heat [kJ/kg] 19-32

Electrical resistivity [10−6 Ωm] 0.5-1.1

Thermal expansion coefficient [10−6 K−1] 6.6-11

The SME was first reported in the work by Chang and Read (1951) in the 1950s. However, since

then, there exists several different alloys that demonstrate the same interesting behaviour as

shown in the work by Wayman and Duerig (1990). The most commonly used alloy among

these is the Ni-Ti alloy that was discovered at the US Naval Ordnance Laboratory in 1963

as thus, the alloy is often referred to as NiTiNOL. In this work, the almost equiatomic Ni-Ti

based SMA alloy is used due to its commercial availability in various different geometries

and its excellent mechanical properties as shown in table 2.1. Furthermore, various additives

and changes in atomic ratios can be used to change the transition temperatures threshold.

The change in phase occurs over a range of temperature and thus, as shown in fig. 2.1, when

transitioning from the M to the A phase, the starting and finishing transition temperature

are represented as As and Af while the starting and finishing M phase transition temperature

thresholds are represented as Ms and Mf, respectively.

In fig. 2.2, the entire SME cycle can be observed along with the various changes in the phase

and crystalline structures. At low temperature, the alloy exists in the twinned M phase. When

subjected to a certain critical stress threshold, there are some shear lattice distortions that

allow the material to be highly deformed (up to ∼ 8%) and retain this strain. This effect

is often referred to as detwinning and transforms the alloy to the detwinned M state. At

high temperatures, above a certain threshold, the alloy transforms into the A phase and

the crystalline structures are restructured such that the material reverts back to its original

shape before the mechanical loading. If the material is mechanically loaded while in the A

phase or by decreasing the transition temperature below the transformation temperature,

any deformations imposed on the material is immediately recovered. This effect is known as
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Ni Ti

AusteniteTwinned
Martensite

Detwinned
Martensite

σ ↑

σ ↓

T ↑

T ↓

Figure 2.2: A schematic representation of the Shape Memory Effect (SME) showing the dif-
ferent phase transformations and crystalline structures where σ and T represent the applied
mechanical and thermal load, respectively.

Superelasticity or Pseudoelasticity (SE) as shown in the work by Otsuka and Shimizu (1986).

However, if the material is allowed to cool below the transition temperature, the alloy reverts

back to the M phase where it can be deformed and retain its shape once again. This entire

cycle is known as the SME and can be exploited to create highly compact and energy dense

actuators. In fig. 2.3, the required latent heat of transformation can be observed during the

forward and backward transformations between the M and A phases. Often, as shown in

the work by He and Rong (2004) and represented in fig. 2.3, differential scanning calorimetry

(DSC) can be used to accurately measure these transition temperature thresholds.

As shown in the previous chapter, the main design criteria for SMA-based actuators is having a

small footprint or being lightweight. Thus, when designing actuators, the active element and

the biasing elements have to be perfectly balanced so that neither subsystems are oversized

which results in wasted space or weight. Furthermore, as the cooling is often passive in SMA-

powered actuators, employing larger SMA elements can exponentially decrease the bandwidth

of the resulting actuator. The accurate sizing of the SMA element and biasing elements are,

thus, critical in designing a compact and dynamic SMA actuator. In this chapter, various

analytical and finite element method (FEM) models are presented so as to accurately predict

the SME. Furthermore, using the developed models, various complex and simplified sizing

methodology are described and presented such that the SMA can be adequately sized for any
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Figure 2.3: Schematic representation of a differential scanning calorimetry (DSC) graph show-
ing the energy required during the SME where ∆L represents the latent heat of transformation
between the two phases.

given application resulting in an energy dense actuator.

2.2 Analytical Modelling of the SME

The Shape Memory Effect (SME) is a difficult process to model analytically due to the different

phase transformations and interdependent variables. In the work by Liang (1990), the authors

presented a set of constitutive equations to describe a unified one-dimensional phenomeno-

logical model that incorporates the multi-physical nature of the SME and its internal variables.

This model takes into account the phase transformations from the M and the A phases. The

basic constitutive model presented by Liang (1990) is as follows,

dσ= δσ

δε
dε+ δσ

δξ
dξ+ δσ

δT
dT (2.1)

dσ= E dε+Ωdξ+ΘdT (2.2)

which can be further simplified using constant material functions as

σ−σ0 = E(ε−ε0)+Ω(ξ−ξ0)+Θ(T −T0) (2.3)

where E(ε,ξ,T ) represents the Young’s modulus of the SMA material, Ω(ε,ξ,T ) represents

the transformation tensor and Θ(ε,ξ,T ) is the thermal coefficient of expansion of the SMA.

Here, σ represents the stress, ε represents the strain, T represents the temperature and ξ
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represents the martensite fraction of the material. Here, the subscript 0 indicates the initial

conditions before the current phase transformation. Based on experimental evidence, as

stated in the work by Liang (1990), the Young’s Modulus, E , of the SMA is directly proportional

to the martensite fraction of the material. Thus, the following assumption is made to estimate

the Young’s modulus :

E(ε,ξ,T ) = E(ξ) = E A +ξ(EM −E A) (2.4)

where, E A and EM represent the Young’s modulus of the SMA when it is entirely in the Austen-

ite phase or the Martensite phase, respectively. Subsequently, the subscript M and A represent

whether the material is currently in the Martensite or Austenite phases, respectively. Further-

more, in the case of SMAs, a material limit must be imposed such that the maximum residual

strain, εL of the SME is incorporated into the model. This imposition creates a relationship

between the Young’s modulus and the transformation tensor :

Ω=−εLE (2.5)

In SMAs, the driving force that transforms the material from the A and M phases is the chemical

free energy as a function of temperature and stress. In order to depict the martensite fraction

as a function of stress and temperature during transformation, Liang (1990) developed an

experimentally based cosine model, which fits well with experimental observations. The

constitutive equations for the transformation from the A phase to the M phase, for CM (T −
Ms) <σ<CM (T −Mf), are described as follows:

ξ= 1−ξ0

2
cos

[
aM

(
T −Mf −

σ

CM

)]
+ 1+ξ0

2
(2.6)

while the reverse transformation, with C A(T − Af) <σ<C A(T − As), from the M phase to the A

phase is described as follows:

ξ= ξ0

2
cos

[
aA

(
T − As − σ

C A

)]
+ ξ0

2
(2.7)

where ξ0 represents the initial martensite fraction prior to the current transformation, σ and

T is the current applied stress and temperature on the material, and aM and aA are expressed

as follows:

aM = π

Ms −Mf
, aA = π

Af − As
(2.8)

The material property CM and C A , as shown in fig. 2.4, represent relationship between the

critical stresses and transformation temperatures of the SMA. These constants are experimen-

tally deduced as shown in the work by Yoo et al. (2015). These constants determine the critical

stresses, σcr required to induce transformation or the determine the critical transformation

temperatures at a certain imposed stress. The evolution of the martensite fraction based on

the constitutive equations are shown in fig. 2.5.

The Liang (1990) model is effective at modelling the transformations from the martensite

to the austenite phase and vice versa. This model is quite accurate when sizing actuators
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Figure 2.4: Graphical representation of the phase transformations showing the thermal and
mechanical properties of the material. This graph presents the change in the transformation
temperature based on the imposed stress on the SMA adapted from the work by Ricciardi and
Antonucci (2021)

that have higher strokes where the material has always reached its maximum residual strain.

However, the model does not take into account the crystal structure changes that exist in

the M phase at lower temperatures. This crystal structure change, referred to as detwinning,

as shown in fig. 2.2, occurs entirely within the M phase and results in a highly non-linear

behaviour when a critical stress is imposed on the material.

The current model has described the internal state variable, ξ, to represent only the percentage

of the material that has been changed into the M phase and does not consider the detwinning

process. However, in the work by Brinson (1993), the authors have separated the internal state

variable into two parts, the temperature-induced M phase ξT and the stress-induced M phase

ξS as described by the following relationship:

ξ= ξS +ξT (2.9)

This distinction allows the modelling of the shape memory effect starting from the M phase

and the material’s superelasticity. This division of the martensite fraction appropriately

captures the microscopic activity of the material in the M phase. When the material is in the

M phase at lower temperatures, ξT accounts for the temperature-induced crystal structure.

Once sufficient stress is imposed on the material, the detwinning process converts the crystal

structure to increase the value of ξS .
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Figure 2.5: The relationship between the temperature and the martensitic fraction based on the
Brinson (1993) constitutive equations. The strain recovery of the SMA is directly proportional
to the martensite fraction.

Now, based on the changes made using the Brinson model, the original constitutive equations

eq. (2.3), are adapted as follows:

dσ= δσ

δε
dε+ δσ

δξS
dξS + δσ

δξT
dξT + δσ

δT
dT (2.10)

which can be further simplified using constant material functions as

dσ= E dε+ΩSdξS +ΩT dξT +ΘdT (2.11)

σ−σ0 = E(ε−ε0)+ΩS(ξS −ξS0)+ΩT (ξT −ξT 0)+Θ(T −T0) (2.12)

where the subscript 0 indicates the initial conditions between the current phase transforma-

tions. Here, based on the material restrictions,ΩS =−εLE andΩT ≡ 0.

In the work presented by Brinson, the author has adapted the transformation equations and

transformation stresses to represent the modified internal variables. The author was able to

described the analytical model for the detwinning process by adapting the transformation

equations presented earlier by Liang. Here, the constitutive model must be divided into

three phases, due to the complexity of the shape memory effect: the detwinning process, the

stress relaxation and the austenitic transformation. The detwinning process can be estimated

by using equation 2.13 combined with equation 2.11, as presented below, with T > Ms and

σcr
s +CM (T −Ms) <σ<σcr

f +CM (T −Ms) :
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ξS = cos

(
π

σcr
s −σcr

f

[σ−σcr
f −CM (T −Ms)]

)
1−ξS0

2
+ 1+ξS0

2
(2.13)

ξT = ξT 0 − ξT 0

1−ξS0
(ξS −ξS0) (2.14)

However, for T < Ms and σcr
s <σ<σcr

f :

ξS = 1−ξS0

2
cos

[
π

σcr
s −σcr

f

(σ−σcr
f )

]
+ 1+ξS0

2
(2.15)

ξT = ξT 0 − ξT 0

1−ξS0
(ξS −ξS0)+∆T ξ (2.16)

where, if Mf < T < Ms and T < T0,

∆T ξ =
1−ξT 0

2
cos(aM (T −Mf))+ 1−ξT 0

2
(2.17)

else, ∆T ξ = 0

Here, the stress relaxation phase is estimated by keeping ξS constant at 1 and by reducing the

stress back to 0. Lastly, the austenitic phase transformation can be described using equation

2.11 and the following equation, for T > As and C A(T − Af) <σ<C A(T − As):

ξ= ξ0

2

{
cos

[
aA

(
T − As − σ

C A

)]
+1

}
(2.18)

ξS = ξS0 − ξS0

ξ0
(ξ0 −ξ) (2.19)

ξT = ξT 0 − ξT 0

ξ0
(ξ0 −ξ) (2.20)

where Ms and As are the Martensitic and Austenitic transformation start temperatures and

similarly, Mf and Af are the finish temperatures. While CM and C A are the same material

properties that tie the internal stresses to a change in transformation temperatures. The

details of the constitutive models and the different material constants can be found in work by

Brinson (1993). The three phase transformations of the SME, based on the above constitutive

equations, can be observed in fig. 2.6.

However, a 3D graph is required to properly display the entire cycle of the shape memory

effect as the effect is dependent on the stress and the temperature of the material as shown

in fig. 2.7. Here, the material is elongated with the imposition of a stress and the material

undergoes the detwinning process where the crystal structures of the material are realigned.
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2.3 Finite Element Modelling

When the stress is removed from the material, the strain is retained up to a maximum of εL .

As the material is heated to a critical transition temperature, the strain is recovered and the

material reverts back to its original shape. Finally, the material is cooled down to revert back

to its initial state where the cycle can be repeated.

0 εL

Strain ε [%]
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σcr
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σcr
f
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Detwinning: M t → M d

Stress Relaxation: σ ↓
Austenitic Transformation: M → A

Figure 2.6: The analytical model of the SMA based on the Brinson (1993) constitutive equations.
Here, the detwinning of the SMA, represented by the dark green plateau, and the heating of
the SMA, represented in red, are shown.

2.3 Finite Element Modelling

The Shape Memory Effect is a complex behaviour that depends on various different mate-

rial properties and variables. When working with SMA structures that are complex and are

actuated in multiple dimensions, the simple one-dimensional constitutive models are no

longer feasible. Recent development in modelling of the constitutive models of Shape Memory

Alloys has allowed various commercial FEM simulation software to be able to simulate the

shape memory effect and superelasticity of the alloy. In this work, ANSYS, Inc. was used to

simulate the material and predict the effects of applying mechanical and thermal loads to

SMA structures as described in ANSYS (2021). The shape memory effect was predicted using a

three-dimensional thermomechanical model for stress-induced solid phase changes based on

the work by Auricchio (2001) and Souza et al. (1998). The model is able to simulate all of the

fundamental properties of shape memory materials in a 3-D stress state within the context of

conventional irreversible thermodynamics. The model used to simulate the SME within the

FEM software is based on the free energy potential:

Ψ(ε,T,εtr) = 1

2
(ε−εtr) : E : (ε−εtr)+τM (T )||ε′tr||+

1

2
H ||ε′tr||2 + Iε′tr

(ε′tr) (2.21)
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Figure 2.7: The 3D graph showing the Brinson (1993) analytical model of the entire Shape
Memory Effect cycle.

where E is the material elastic stiffness tensor, ε is the total strain, εtr is the total transformation

strain, ε′tr is the deviatoric transformation strain, C is the material parameter, τM (T ) is a

positive monotonically increasing function based on C (T −Tref), T is the temperature, Tref is

the reference temperature, H is a material parameter related to the hardening of the material

during phase transformation and Iε′tr
(ε′tr) is an indicator function that satisfies the constraint

on the transformation norm based on Auricchio and Petrini (2002). From this, the stress σ

and transformation strain Xtr can be deduced as :

σ= δΨ

δε
, Xtr ∈− δΨ

δε′tr
(2.22)

In order to model the shape memory effect of the alloy, a customised material is described by

initialising the material data table in ANSYS. The shape memory effect option is defined by the

density, the Young’s modulus in the A phase, the Poisson’s ratio and seven material constants

as described in table 2.2. These define the stress-strain behaviour of the alloy during the

loading and unloading cycles and during thermal loading. These parameters can be obtained

from the suppliers or using experimental data from literature as shown in the work by Malagisi
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et al. (2017).

Table 2.2: The definitions of the parameters used to define the SME in the commercial FEM
software, ANSYS (based on the work by Jaber (2018)).

Parameter Definition

Density ρ SMA density

Young’s Modulus E A Ausenite Young’s modulus

Poisson’s Ratio θA Austenite Poisson’s ratio

Hardening Parameter H Slope of σ−ε curve during A → M

Reference Temperature Tref Temperature at which critical stresses are
estimated

Elastic Limit σAM+
s Critical starting stress for A → M

Temperature Scaling Parame-
ter

C Slope of theσ−T relationship for both trans-
formations

Maximum transformation
strain

εL Maximum recoverable strain, max(||ε′tr||)

Martensite Modulus EM Martensite Young’s modulus

Lode dependency parameter β Parameter that determines asymmetrical be-
haviour between compression and tension

The shape memory effect is defined by the stress-strain curves based on the different mechani-

cal and thermal loading cycles as shown in fig. 2.8. Each parameter defined within the material

data inside the FEM software has an effect on the curves. The effect of each parameter has

been described and explored in the work by Jaber (2018). Furthermore, the various material

parameters used in the material data table can be defined by their relationship to the critical

transformation stress and temperatures as shown below. The hardening parameter, H , as

defined below, defines the change in the slope of theσ−ε curve during the detwinning process.

H = σAM+
f −σAM+

s

σAM+
f
EM

+εL − σAM+
s
E A

(2.23)

Here, the superscript + and − represent whether the material is loaded in tension or compres-

sion, respectively. Furthermore, the superscript M A and AM represent the transformation

from the M to the A phase and vice versa. Lastly, the subscript s and f represent the start and

finish thresholds, respectively. The temperature scaling parameter is defined in eq. (2.24), and

is shown in fig. 2.8 by the relationship between the transformation temperature and stress.
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Figure 2.8: A visual representation of the various parameters required to define the Shape
Memory Effect within the FEM model based on the work by Jaber (2018).

C =C AM =C M A = σM A+
f

Tref − Af
(2.24)

In most constitutive models, the SMA behaves symmetrically in tension and compression.

However, numerous experimental tests show that there is an asymmetrical behaviour between

the two and in this model, the lode dependency parameter, β, as defined below, takes into

account this asymmetry.

β= |σAM−
s |−σAM+

s

|σAM−
s |+σAM+

s
(2.25)
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Using the FEM simulations of the SMA, complex structures composed of the alloy can be used

to predict the behaviour of the SME when the thermal load is applied. This strategy can be used

to estimate the force requirements when sizing the biasing elements and the stroke output

of the overall actuator when activated. However, the computation time of the simulation

can be high and thus, using this strategy to optimise designs might not be feasible. Using

the one-dimensional analytical models validated by the FEM simulations can be effective in

designing SMA actuators in most cases.

2.4 Stroke Estimation of SMA Actuators

As the biasing element plays a major role in the operation of the SMA actuator, the first step in

estimating the stroke and force characteristics of the actuator consists of determining the force-

displacement profile of the biasing element. In this section, the biasing element is considered

to be a linear spring as this is the most common type of SMA actuator implementation.

However, this methodology can be applied to any biasing element as soon as its behaviour

has been modelled. With the help of eq. (2.26) and the dimensions of the SMA, such as

the cross-section area of the SMA, ASMA, and the length of the SMA, LSMA, the stress-strain

characteristics of the SMA can be converted into the required force-displacement profile used

to compare with the biasing element. In the case of a linear spring with stiffness, KBS, eq. (2.27)

can be used to obtain the relevant force-displacement curve of the biasing spring.

F = ASMAσ, x = LSMAε (2.26)

σASMA =−KBS (LSMAε−xoff) (2.27)

In fig. 2.9, the schematic of a standard bias-spring SMA actuator shows the simplified operating

principle of the actuator. Here, the SMA and the biasing spring are separated by a distance,

xoff, so as to apply the initial pre-stress to the SMA element. This offset allows the SMA to

be biased and detwinned at the lower temperatures. As shown in the diagram, when heated,

the SMA contracts to a length, LSMA + x2, and when cooled, the SMA elongates to a length,

LSMA +x1. Thus, the stroke of the actuator, ∆x, can be easily deduce by taking the difference

between the two lengths, x1 −x2, as shown in the figure.

The stroke of the bias-spring SMA actuator can be estimated using the Brinson (1993) model.

Firstly, with a known temperature, T < As, the martensite fraction can be deduced using

eq. (2.13) and eq. (2.14). When substitutingσwith the bias-spring equation 2.27, a relationship

between ξ and ε can be obtained. This relationship, combined with eq. (2.12), the strain, ε, and

consequently, the elongation, x, of the SMA can be estimated with respect to its temperature,

T . In most cases, however, the cold state exists completely within the detwinned state and the
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Bias-SpringCold SMA

∆x = x1 − x2

Bias-Spring (KBS)SMA

xoff

LSMA

Figure 2.9: A schematic representation of the Bias-spring SMA actuator showing the different
variables and the stroke estimation based on the SMA temperature.

hot state exists entirely in the A phase so as to maximise the stroke of the SMA actuator. This

consideration can simplify the analytical model.

In the case of the cold state, with T1 < Mf, ξS = 1 and ξT = 0, the elongation of the cold

bias-spring SMA actuator, x1 can be estimated as:

x1 = KBSxoff − ASMA(ΩS +Θ(T1 −T0))
ASMAEM

LSMA
+KBS

(2.28)

Similarly, in the case of the hot state, where the SMA has been completely transformed into

the A phase, with T2 < Af, ξ= 0, the elongation of the hot bias-spring SMA actuator, x2 can be

estimated as:

x2 = KBSxoff − ASMAΘ(T1 −T0)
ASMAE A

LSMA
+KBS

(2.29)

Thus, as stated previously, the stroke of the system can be deduced as ∆x = x1 −x2 as shown

in fig. 2.10. This graph shows the sizing of an SMA actuator comprised of a 100 µm SMA wire

of length 30 mm and a biasing spring with a spring constant of 3.5 N/mm separated by a

distance, xoff, of 6 mm. As presented in the previous equations, the Brinson model has been

adapted such that the operating points of the actuator and the stroke can be easily estimated.

The material constants, as shown in table 2.3, can be obtained from the supplier or using

experimental data from literature such as the work by Elahinia and Ahmadian (2005). The

required forces can be easily obtained by using the spring model described in eq. (2.27). This

one-dimensional model can be quite effective when sizing actuators powered by sheets or
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Figure 2.10: A plot showing the stroke estimation of a 100 µm SMA wire actuator using the
equations adapted from the Brinson (1993) analytical model. Here, the bias spring is offset
from the SMA with a distance of 6 mm and where εi = xi /LSMA

wires. However, when designing actuators with more complex biasing elements or additional

mechanical stages, the analytical models of the system can become quite complicated.

2.5 Simplifying the Sizing of the SMA Actuator

Owing to their high power densities, SMA-based actuators are extensively used in mini- and

micro-actuators. When under tension in the form of SMA wires, this alloy can generate high

forces but can only exert it for up to 8% of their length. Thus, in many cases where higher

strokes are required, these SMA wires are wound into helical springs which allows them to

have high strokes but comes at the cost of their output forces.

As stated previously, the one-dimensional model is quite effective at sizing simple SMA-

powered systems. However, when employing SMAs in more complex applications, a simpler

methodology has been adopted to size these actuators. When dealing with SMA wires, under

uniaxial tension, the highly non-linear Brinson (1993) model is an accurate tool in sizing the

actuator. However, when considering an SMA helical spring, the constitutive models appear

more linear in its low temperature state as shown in fig. 2.11. Thus, for most design cases,

some experimentally-validated assumptions, as stated in the work by Dragoni and Spaggiari

(2021), can be made such that the material behaviours can be linearised. Here, the stress-strain

curves, as shown in fig. 2.12, can be replaced with straight lines. Here, in this model, the high

temperature or Austenitic SMA curve can be replaced with a straight line originating from the

centre with a slope of E A while the low temperature or Martensitic SMA curve can be replaced
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Table 2.3: Some examples of the material properties used in the analytical modelling of the
SMA actuator.

Material Property Value

Martensite Start Temperature Ms 80 ◦C

Martensite Finish Temperature Mf 75 ◦C

Austenite Start Temperature As 85 ◦C

Austenite Finish Temperature Af 90 ◦C

Martensitic Young’s Modulus EM 30 GPa

Austenitic Young’s Modulus E A 75 GPa

Temperature Scaling Parameter CM , C A 10.3 MPa/◦C

Thermoelastic Constant Θ 0.55 MPa

Maximum Recoverable Strain εL 7.5%

Detwinning Critical Start Stress σcr
f 140 MPa

Detwinning Critical Finish Stress σcr
s 370 MPa

by a straight line with slope of EM and offset by σ0.

The A phase of the SMA occurs when the material is heated above its transition temperature, Af,

and reverts back to the M phase when the temperature drops back down below the martensitic

transition temperature, Mf. However, as shown in fig. 2.4, there is a relationship between

the stress imposed on the alloy and its transition temperatures. This implies that that when

sufficiently above a certain critical stress threshold, σAM
s , the A phase SMA will revert back

to the M phase reducing the rigidity of the material. As the SMA actuator operates by the

change in material rigidity between the high temperature and low temperature phases, this

change in rigidity at the critical stress threshold will cause the actuator to have a reduced

stroke. Thus, when designing SMA actuators, this maximum stress or force output must be

taken into account using eq. (2.30). In the case where the biasing element exceeds this critical

stress, the final stroke of the material is greatly reduced as the material will be operating within

its super-elastic region.

σAM
s =CM (T −Ms) (2.30)

In this work, SMA helical springs are used due to their availability and their ability to generate

large strokes. The material properties were obtained experimentally and by curve-fitting

the resulting force-displacement profile. In this case, a PID controller paired with a thermal

camera as a feedback is used to maintain the SMA spring at a constant temperature. A pull-
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Figure 2.11: Using curve fitting to estimate the simplified material properties of the high
temperature and cold temperature SMA helical spring. Here, the spring has a wire diameter of
250 µm, with a mandrel diameter of 0.5 mm and a length of 100 mm.

tester is used to elongate the spring while measuring the force to obtain the force-displacement

profiles at the required constant temperature. These isothermal traction tests are then curve

fitted to obtain the material properties in the M and A phases. Finally, these simplified curves

can be used to size the SMA-powered actuators.

While the behaviour of the shape memory effect in these springs is still non-linear, the simpli-

fied linearised curves can be used to obtain the operating points of SMA actuators as shown in

fig. 2.12. These experimental results show that the simplified curves are able to quite accurately

depict the force-displacement behaviours of SMA helical springs. In the following chapters,

the force-displacement profiles obtained from the experimental results have been used to size

the various SMA-based actuators.

This methodology of using the respective hot and cold force-displacement profiles is a useful

approach to sizing and characterizing an SMA actuator. However, when multi-output systems

are employed and kinematic stages with complex behaviours are integrated, this methodology

must be appropriately adapted so as to accurately size the active SMA element and predict

the actuator stroke. In the following chapters, this simplified methodology is adapted and

employed in the sizing of more complex and integrated SMA-powered actuators.

2.6 Summary and Conclusion

In this chapter, the thermomechanical behaviour referred to as the shape memory effect has

been presented and modelled. Various modelling strategies, such as finite element modelling

and analytical modelling, are presented. The models have been used in the scope of predicting
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Figure 2.12: The simplified sizing methodology of an SMA actuators. Here, the force-
displacement characteristics of the SMA are simplified adapted from the work by Dragoni and
Spaggiari (2021).

the shape memory effect such that actuators powered by these SMAs can be adequately

and accurately sized. In the context of traditional SMA actuators, the models have been

adapted and described so as to present the traditional design methodology often employed in

SMA-based actuators such as the ones presented in chapter 1.

The SME occurs due to various microscopic structure changes that occurs during phase
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transformations as the alloy is subjected to a thermal load. In the first section, the different

phase transformations and crystal structure changes are presented and described. By taking

into account the presence of different phases and phase transformations, the requirements

and conditions required by the SME cycle is presented and described.

In the context of predicting the SME, the Liang (1990) analytical model is presented. This

1-dimensional phenomenological model has been able to provide some constitutive equations

that describes the transformation of the alloy between the high temperature A phase and

the low temperature M phase. This model, widely used in traditional SMA actuator design,

has been presented in this chapter. However, this model does not take into account the

low rigidity and highly elastic nature of the SMA at low temperatures. The Brinson (1993)

model, on the other hand, has taken into account the stress induced detwinning process

into the phenomenological model and has allowed the model to accurately describe the

thermomechanical behaviour of the SMA at low temperatures.

Furthermore, in this chapter, the modelling of SMAs and its shape memory effect using

commercial FEM softwares is presented. These softwares make use of the Auricchio (2001)

equations to accurately model the 3-dimensional behaviour of the alloy when subjected to

thermal and mechanical loading. The FEM models have enabled designers to predict the

behaviour of the SMAs in cases with more complex geometries and in scenarios where the

1D Brinson (1993) models are not sufficient. Furthermore, the various material properties

required to define the FEM material model has been showcased.

Using the constitutive equations presented in this chapter, the sizing methodology of the

SMA actuators are displayed. Using the Brinson (1993) model, the stroke of a commonly used

biased-spring SMA actuator is estimated. This adapted model, shown in this chapter, uses the

change in rigidity between the two phases of the alloy and the force-displacement profiles of

the biasing elements to establish operating points for the actuator based on the temperature

of the active element. This methodology allows an accurate sizing of the biasing spring and

active SMA element such that the resulting actuator can be designed for any application or

scenario. The accurate sizing of the SMA allows employing the smallest and most efficient

SMA elements so as to create an actuator that has a compact footprint and a high bandwidth.

In many cases, the highly non-linear nature of the SMA renders the sizing of the SMA actuator

quite difficult and computational expensive. Furthermore, in the case of SMA helical springs,

the resulting force-displacement curve used in the sizing methodology can be linearised

without losing too much accuracy in the stroke estimation. This simplified linear model

can be extrapolated to other SMA-based actuators so as to obtain a relatively simple sizing

methodology that can be used to estimate in the stroke in the various types of simple SMA

actuators.

In the case of SMA-powered actuators where the biasing element or the active element are

more complex or perform multiple roles using the same structure, this traditional design

methodology must be adapted. In the following chapters, this work focuses on adapting the
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traditional design methodology such that the same principle can be implemented in cases

where the actuator has been highly integrated. Furthermore, the chapters focus on adapting

the methodology such that more complex active and biasing elements can be employed while

still being able to accurately size each subsystem.

Publications related to this chapter :

S. Thomas, M. Almanza, and Y. Perriard, “Design Analysis of a Shape Memory Alloy Bias-Spring

Linear Actuator,” in 2019 12th International Symposium on Linear Drives for Industry Applica-

tions (LDIA), Neuchatel, Switzerland, Jul. 2019, pp. 1–5. doi: 10.1109/LDIA.2019.8770987.
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3 Development and Modelling of Biased
Kinematic Stages for SMA Actuators

3.1 Introduction

SMAs have been known to show the highest volumetric work density, they have been increas-

ingly used in applications where compactness and low weight are required. As previously

presented in chapter 1, SMA actuators require an active element, a biasing element and a

kinematic stage for motion control. These components, usually as discrete elements, when

combined together create an SMA actuator that can preform a specific reversible work, such

as gripping as in the work by Lu et al. (2019) or crawling motions as in the work by Yuk et al.

(2011). With the objective of miniaturisation, most work has been conducted into rendering

these individual components as compact and lightweight as possible as shown in the work by

Nespoli et al. (2010). But the fact that these stages are discrete, lowers the overall volumetric

work density of the complete actuator. Furthermore, as multiple systems are needed, the

actuator also requires various pieces and assembly increasing the complexity and decreasing

the compactness.

Recently, there has been a shift in creating novel motion control mechanisms using flexure-

based mechanisms. These flexures are multiple compliant elements designed so as to only be

compliant in specific degrees of freedom while being rigid in the others. These mechanisms,

which can be fabricated using a monolithic piece of material, are lightweight and require

virtually no assembly. These flexural stages, when paired with SMAs, have greatly increased

the overall work density of the traditional SMA actuators as shown in the work by Yang et al.

(2020).

These flexure-based mechanisms are still often integrated into the SMA actuators as discrete

mechanisms. In this chapter, the concept of integrating the biasing element as a flexural

mechanism is explored. In this case, the kinematic stage and the biasing element are combined

and are no longer discrete systems within the mechanism. Some research has been shown

to take into account flexure mechanisms in SMA actuators but they lack a suitable sizing

strategy due to the complexity of the shape memory effect and the nonlinear nature of flexures

as observed in the work by Scholtes et al. (2021). Thus, in this chapter, this novel design
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methodology is presented and analysed using an analytical model. The goal of the proposed

design methodology where SMAs paired with an integrated biasing kinematic stage, can be

adequately sized for the required project specifications.

Furthermore, in this chapter, the design methodology for extending this approach to antag-

onistic SMA actuators are also presented. When using flexure-based kinematic stage, they

present with an inherent stiffness but can also be designed to exhibit interesting mechanical

behaviours such as multi-stability. This chapter, will present a design methodology and a

sizing strategy that allows antagonistic SMA actuators to be appropriately sized for pairing

with complex flexure-based kinematic stages. This design methodologies will be validated

using a case study and further extrapolated in the following chapters.

3.2 Adapted Design Concept

As mentioned previously, most SMA actuators are composed of an active element, a biasing

element and a kinematic stage charged with converting the linear output of the actuator into

a more complex one. In general, these elements are discrete components ranging from SMA

coils, passive biasing springs and the kinematic stage comprised of hinges and linear slides.

As presented in fig. 3.1, the design methodology consists of integrating the kinematic stage

and the biasing element into a single subsystem.

Active Element

Kinematic Stage

Control Stage

Biasing Element

Figure 3.1: Diagram of the adapted building blocks of the SMA actuator.

This integration can be accomplished with the use of flexure-based mechanisms. Generally,

flexures have been used in creating an alternative solution for traditional hinges and linear

slides. These flexures are comprised of cantilever beams which allows the mechanism to

be compliant in a specific direction while being rigid in the others. As stated earlier, the

48



3.3 Challenges of the Approach

advantages of such a system is that, when adequately designed, can result in a kinematic stage

that is lightweight, lacks any assembly and has high precision.

The main drawback of such a system, compared to traditional bearings, is the inherent stiffness

of the mechanism. As these flexures are composed of compliant beams, the rigidity of the

beam must be taken into account. In the case of an SMA actuator, this rigidity of the compliant

structure can be harnessed as the biasing element. This implies that by pairing the active SMA

element with a flexure, the kinematic stage and the biasing element can be combined. This

novel approach can be used to create biased SMA actuators that are precise, lightweight and

with a limited number of pieces to be assembled.

3.3 Challenges of the Approach

Due to the complex nature of the shape memory effect, the principle challenge when it comes

to designing such SMA actuators is the difficulty in sizing the active SMA based on the flexure

mechanism. Based on the configuration of the flexural stage, this mechanism can present

highly nonlinear behaviour as well. When paired with an SMA wire or coil, this can results in

unintended behaviours or secondary operating points.

Recently there has been research such as the work by Maffiodo et al. (2017) that shows the

advantages of pairing SMA wires with flexure-based structures. As with this case, the sizing of

the SMA element is disregarded and the biasing advantage of the flexure is neglected.

In the case of grippers and mesoscale actuators where the SMA element is passively cooled,

the accurate sizing of the SMA is important. In designs, where passive cooling is used, the

geometry of the active element is critical as the shape and structure of the active element is

directly related to the cooling times. In the case of SMA coils and wires, thinner diameters

imply a shorter cooling time. These thinner wires, however, result in smaller forces when

heated. This implies that by accurately sizing the SMA element for the biasing flexure, the

actuator can be made as thin as possible while still being able to deform the flexure during

heating. Thus, by adapting the traditional sizing methodology of bias-spring SMA actuators

for flexure-based designs, the SMA actuator can be designed with higher bandwidths.

3.4 Adapting the Simplified Models

In section 2.5, a simplified model of the SMAs is used to size the active element for bias-spring

and antagonistic SMA actuators. In the traditional sizing strategy, a simplified linear model of

the SMA and the curve of the spring are used to find the operating points of the actuator which

is represented by the intersection of the two curves. This simplification allows a relatively

simpler sizing of the components by abstracting the complex nonlinear behaviours of the

shape memory effect.
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3.4.1 Passive Biasing Compliant Mechanisms

The compliant mechanism, as mentioned previously, acts as the biasing element and as the

kinematic stage that produces the desired actuator motion. Here, the basic principle is that

the inherent stiffness of the compliant flexure mechanism is harnessed to pre-load the SMA

for activation. In this case, at lower temperatures, the SMA is deformed using the energy

stored in the compliant mechanism while at higher temperatures, the strain recovered by the

shape memory effect is used to deform the compliant mechanism. Based on the design of the

compliant mechanism, the SMA actuator can be made to actuate reversibly within a single

degree of freedom while being rigid in the others.

In order to size the actuator and its corresponding passive biasing compliant element, an

analytical model can be devised and exploited to predict the various operating points of the

final SMA actuator. A pseudo-rigid body model (PSBM) based on the work by Henein (2005)

can be used to devise the analytical models of the flexures. The flexure hinges are considered

to behave like torsional springs with constant angular stiffness, Kθ. The analytical model can

be derived by considering the reaction force exerted by the mechanism on the SMA wire or

coil when acting as the biasing element.

While a Newtonian approach is possible, the simplest way to compute the force is to consider

the elastic potential energy stored in the flexure hinges as the mechanism deforms. This

potential energy stored in one torsional spring as a function of the input displacement of the

mechanism, x, is given by :

U (x) = 1

2
Kθ (θ(x)−θ0)2 (3.1)

where, in the case of a notch flexure hinge, as shown in fig. 3.2, when rotating by an angle of θ,

has a stiffness, as described in Henein (2005), equal to:

Kθ =
2Ebe2.5

9π
p

r
(3.2)

Here, E is the Young modulus of the material, and e, b and r the design parameters of the

flexure hinge shown in fig. 3.2.

(a) (b) (c) (d)

b

e

r

Figure 3.2: The various types of flexure hinges (adapted from Wu et al. (2015)) (a) Notch (b)
Leaf spring (c) Cross-strip (d) Cartwheel hinge
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3.4 Adapting the Simplified Models

In this approach, the important relationship to obtain is the influence of the contraction of

the SMA on the rotation of the hinge, θ(x). When the flexure-based system is comprised

of multiple flexural hinges, the total potential energy can be calculated by the sum of the

potential elastic energy of each flexure, Utot = ∑
i Ui (x). The required force to deform the

structure can be deduced using :

F (x) = ‖−∇Utot(x)‖ = ∂Utot(x)

∂x
(3.3)
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Figure 3.3: The adapted sizing principle of the novel biasing compliant mechanism SMA
actuator based on the simplified SMA curves.

As in the case of the traditional SMA sizing methodology, the intersection between the adapted

biasing curve and the simplified SMA curves represents the operating points of the SMA

actuator, visualised in fig. 3.3 as 1 and 2 . The stroke of the actuator can be estimated by taking

the difference between the x-coordinate of the operating points, ∆x = x1 − x2. The variable

xoff represents the distance by which the SMA element is pre-stretched. This parameter allows

the element to work at an operating range with higher forces. But it is important to note that

there is a maximum pull force that the SMA wire or coil can exert, which can often be obtained

from the supplier. Thus, the SMA element must be sized such that F1 < Fmax so as to obtain

the thinnest SMA wire or coil which can still exert enough force to deform the compliant

mechanism to the required stroke.

In fig. 3.4, the design methodology for sizing a biased-compliant mechanism SMA actuator

is presented. The methodology consists of designing the SMA active element based on the

desired time response (τ) specifications of the application. As explained previously, in the

case of passive cooling applications, the wire diameter can be reduced to decrease cooling

times and increase τ. Once the diameter of the SMA wire or coil is determined, the biasing
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element can be designed. In the case of a biasing compliant mechanism, the flexure hinges

can be designed based on the desired stroke of the application. As fig. 3.4 details, the operating

points must be estimated using the design of the compliant mechanism. The structure and

design of the compliant mechanism can be used to determine the relationship between the

strain recovered by the SME and rotation of the flexural hinges, θ(x). This relationship can be

used to determine the force-displacement curve of the resulting biasing element using the

equation presented in eq. (3.1). Finally, the individual flexural hinges can be adjusted such

that the desired stroke, ∆x, is obtained and that the maximum pull force of the SMA wire or

coil is not exceeded.

Time Response
τ

SMA
Operating

Points

Biasing
Compliant

Mechanism

Flexure Hinge
e,r,b

Stroke
∆x

Wire
Diameter

Fmax

F (x)

Kθ

F (x)

F1 < Fmax

Figure 3.4: Design methodology for sizing biased-compliant mechanism SMA actuators.

Flexure-based hinges, however, exhibit a limited angular stroke. The maximum angle allowed

before plastic deformation occurs has to be considered when designing such hinges. This

admissible deformation, as described in the work by Henein (2005), can be calculated using :

∆θadm
∼= 3πσadm

p
r

4E
p

e
(3.4)

By using the relationship between the input displacement and the hinge rotation, θ(x), the

maximum admission stroke of the compliant mechanism, ∆xadm, can be computed. With

this theoretical model complete, the entire mechanism can be sized such that the output

stroke is maximised while avoiding failures during the deformation of the biasing compliant

mechanism.

With Xeq being the set of possible equilibrium positions (see fig. 3.3) and Xel being the set of

admissible positions for elastic deformation as defined below :
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Xeq = {x | x2 6 x 6 x1} (3.5)

Xel =
{

x | xoff −
∆xadm

2
6 x 6 xoff +

∆xadm

2

}
(3.6)

The set of feasible operating points for the biased-compliant mechanism SMA actuator, Xf, is

given by their intersection:

Xf =Xeq ∩Xel. (3.7)

Using this principle, if the mechanism is designed such that Xeq ⊆Xel, the safety of the flexure

hinges will not depend on precise control of the SMA but this can be difficult to achieve.

Furthermore, using these principle, various design trade-offs can be deduced, as shown in

table 3.1

Table 3.1: The trade-offs observed during the sizing of the biasing compliant mechanism for
the SMA actuator with a given SMA wire or coil. Here, Smech and tmech are the surface area and
the thickness of the compliant mechanism, respectively.

Parameter Effects

e
r ↑ ∆θadm ↓⇒Xel ↓

e ↑ | e
r fixed Smech ↑

b ↑ tmech ↑
Kθ ↑⇒

{
Xeq ↑
Fgrip ↓

xoff ↑ Xeq ↑, Xel shifted away from Xeq

In table 3.1, the trade-offs determine how the various parameters of the compliant mech-

anism and the parameters of the SMA actuator interface affects the final performances of

the actuator. By increasing the dimensions of the flexural hinges, the admissible range of

operating points increase but comes at the cost of the output force of the actuator. Using

these trade-offs, decisions can be made about the biasing complaint mechanism such that

the resulting actuator can be sized to the required project specifications. When applying this

design methodology, as shown in later sections of this chapter, further trade-offs can appear

but the ones present in this table will appear in most applications.

3.4.2 Integration of Compliant Mechanisms in Antagonistic SMA Actuators

The concept of augmenting traditional bias-spring SMA actuators with compliant mechanisms

can be extended to Antagonistic SMA actuators. Traditionally, these actuators consist of a pair

of active SMA elements where the SMAs are heated and cooled alternately. These actuators

are relatively more complex due to the nonlinear nature of the SME. But, antagonistic SMA

actuators have the advantage of an additional degree of freedom during activation. As the first
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SMA is heated, the antagonistic SMA is deformed and activated. Similarly, only upon heating

the antagonistic SMA will the actuator be actuated in the opposite direction.

As with most SMA actuators fabricated using SMA wires or coils, the actuation of the actuator

results in a linear motion. In application where complex motions are required, the antagonistic

SMA actuator is paired with a kinematic stage that converts the linear movement to the

required complex motion. Furthermore, they can be implemented into these antagonistic

SMA actuators such that they present different behaviours based on the direction of actuation.

As mentioned previously, flexure-based kinematic stages have the advantage of increased

precision and reduced weight but presents with an inherent stiffness. Thus, this increased

rigidity must be taken into account when sizing the SMA active elements.
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Ant. SMA at T ↑ Ant. SMA at T ↓ + Compliant Mech. Backward Compliant Mech.

Figure 3.5: The adapted sizing methodology of an antagonistic SMA actuator paired with
compliant mechanism using the simplified SMA curves. Here, the compliant mechanism
behaves as a bistable element.

In the traditional antagonistic SMA actuator, the first SMA, when heated and returns to its

original length, deforms the antagonistic SMA. Thus, in this case, the heated SMA must

overcome the rigidity of the cold SMA. The operating points of such a system can be deduced

by taking the intersections between the hot and cold SMA curves as shown in section 2.4.

In the case of a compliant mechanism, the system is connected to both SMAs at all times.

Thus, the inherent stiffness of the compliant mechanism must be taken into account when
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actuating both SMAs. Therefore, the force-displacement curve of the compliant mechanism,

FC(x), can be added to the curve of the antagonistic cold SMA, F (x), to obtain the apparent

load observed by the heated SMA, as shown in fig. 3.5. The design methodology can thus

be adjusted, as shown in fig. 3.6, such that when the SMA elements are sized and operating

points are determined, no unintended behaviours occur. It is important to note that due to

the complexity of the compliant mechanism curves, these unintended operating points can

emerge causing shorter strokes.

Time Response
τ

SMA

Antagonistic
SMA

Operating
Points

Biasing
Compliant

Mechanism

Flexure Hinge
e,r,b
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∆x

Wire
Diameter

Wire
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F (x)+FC(θ(x)) xoff
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F (x)

KθFC(θ(x))

F < Fmax

Figure 3.6: Design methodology for sizing antagonistic SMA actuators paired with compliant
mechanisms.

In summary, as illustrated in fig. 3.6, the design methodology consists of deriving the force-

displacement curves of the SMA elements and the relationship between the input displace-

ment, x, and the hinge rotation, θ(x). Once these relationships are deduced, the force-

displacement relationship of the compliant mechanism, FC(θ(x)) can be added to the force-

displacement curve of the cold antagonistic SMA element. An important parameter to note

is the pre-stretched length, xoff of the SMAs. With the pre-stretched SMA, when heated, the

SMA can exert higher levels of force but could result in forces that exceed Fmax. Using the two

curves, the operating points can be estimated and verified such that the resulting stroke, ∆x,

fits within the requirements of the application. Furthermore, the geometric parameters of the

hinge design of the compliant mechanism can be adjusted such that there are no unintended

operating points and that the maximum pull force of the SMA is not exceeded.

Recently, there has been considerable work in developing bistable or multistable actuators.

These actuators are able to main a stable position without required any holding energy. This

property could be highly beneficial in applications such as grippers. Here, the gripper can stay

in the open or closed position without requiring any additional energy. These bistable systems
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can be created using flexure-based structures, as shown in the work by Jin Qiu et al. (2004). A

axially compressed cantilever beam exhibits bistability and has been implemented in various

smart material actuators. In the work by Chouinard and Plante (2012), a dielectric elastomer

actuator is paired with a buckled beam to create a compact bistable actuator. Furthermore, in

the work by Zhang et al. (2020), a bistable drone-ready gripper is fabricated and is actuated

using an electric motor. This principle can be implemented and actuated using SMAs, as

shown in the work by Welsch et al. (2018). However, the sizing of such a system are missing

due to the complex nature of the bistable mechanism and the nonlinear nature of the SMA.

Using the proposed, methodology, as shown in fig. 3.6, the SMA can be sized to present with

higher time responses while still able to trigger the bistable positions of the actuator. The

accurate sizing of such a bistable SMA actuator is validated later in section 6.2.

3.5 Validation using a Case Study: A Multi-Output SMA Mandrel

3.5.1 Motivation and Background

Shape Memory Alloys, with their relatively high volumetric work density, makes them an ideal

candidate in creating lightweight actuators for applications where reducing the total weight

of the system drastically improves the efficiency such as drone deliveries. Here, any reduced

weight increases the total flight time of the drone and thus, makes it the ideal use case of

lightweight SMA actuators. In the context of drone deliveries, grippers generally consist of an

actuator such as a motor and kinematic stage that converts the motion of the actuator into a

gripping motion. In certain scenarios, the required gripping motion can be complex consisting

of multiple outputs and radial movements such as the grippers implemented in the work by

Lee et al. (2021) and in the work by Singh and Ananthasuresh (2013). In this case study, the

goal is to apply the design methodology presented in this chapter to fabricate a drone-ready

gripper with an advanced gripping mechanism. Using compliant mechanisms generated by

topology optimization, an advanced kinematic stage can be designed to convert the motion of

the SMA actuator into a multi-output gripping motion. Based on the design approach, the

multi-output SMA gripper is sized and fabricated so as to validate the methodology.

3.5.2 Working Principle of the Gripper

The working principle of the proposed SMA gripper is based on the traditional SMA actuator

presented in chapter 2 as adapted by the design methodology described in section 3.4. Here,

the gripper consists of a simple SMA coil that acts as the active element and an accompanying

compliant structure that behaves as the kinematic stage and as the biasing element.

The active SMA coil is pre-stretched by the biasing element at low temperatures and contracts

when heated above its transition temperature. The biasing element, which also acts as a

conversion mechanism to transform the linear actuation of the SMA coil into a gripper move-

ment, exhibits an inherent stiffness due to the fact that it composed of flexure-based hinges.
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As the SMA cools down, a spring force acts on the coil due to the stiffness of the compliant

mechanism. When heating the SMA, the contraction of the coil deforms the compliant biasing

element creating the desired gripping motion at the output. By controlling the temperature of

the SMA coil, the entire system can be made to grip and release objects.

In this application, the SMA coil is heating using Joule’s heating by applying a constant voltage

across it. This simple solution makes use of the internal resistance of the SMA coil to exploit

the Joule’s losses when passing a current through it to raise the temperature of the material.

The coil, here, is cooled using passive cooling by simple convection with the surrounding air.

This standard solution allows for a simple control system that does not require any external

heating system which would add weight to the system. Furthermore, an H-bridge is used to

supply the current and control the heating of the SMA coil. Finally, as precise control of the

system is required, a hall-effect sensor or any other low profile position sensor can be used to

detect the state of the gripper.
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Figure 3.7: The sizing methodology of the biased-compliant SMA gripper based on the pro-
posed designing methodology.

The working principle can be further visualised using the simplified sizing graphs as described

in the work by Spaggiari et al. (2013) and as adapted to compliant systems in section 3.4.1. The

SMA coil within the gripper operates between the ambient temperature and a temperature

above its transition temperature. This behaviour, as mentioned previously, can be simplified

into two straight lines based on its temperature. It is important to note that there exists a locus

of lines representing the SMA at every temperature in between. Based on the methodology, the

operating point of the gripper can be deduced using the intersection of the SMA curves and

the characteristic of the designed biasing element. This characteristic will be described and

validated in the following sections. The operating points are labelled in the figure as 1 and 2 .

The maximum possible stroke of the gripper can be estimated by taking the difference between

the x-values of the two operating points, x1 − x2. However, the variable, xoff, represents the
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distance between the SMA and the biasing-element before they are pre-stretched and attached

to each other. These operating points described represent the behaviour of the gripper without

a payload. In the case a payload, is present, the behaviour of the gripper and the gripping

force is dependant on the size of the payload, xObj. This behaviour of the payload can be

simplified as a perfectly rigid object with an infinite stiffness. Thus, the intersection between

the force-displacement curve of the payload and the high temperature SMA will deduce the

last operating point 3 . The gripping force, FGrip, experienced by the payload can be estimated

using this last operating point as shown in the figure. Thus, as established by the design

methodology presented in chapter 3, the curves of the SMA and the compliant mechanism

can be used to estimate the total stroke and gripping force of the system, as represented by

x1 −x2 and FGrip respectively.

3.5.3 Designing the Integrated Biased Kinematic Stage

The main goal of the design presented in this section is to create a multi-output gripper

actuated using a single SMA coil. When designing grippers with complex outputs such as

the work shown in Zhakypov et al. (2018), multiple active elements are used. The goal of this

design is to improve these grippers by implementing an integrated system that can present

multi-output gripping motion while only using a single SMA coil as an input. Here, the design

is based on the 4-Point Mandrel topology presented in chapter 5. However, here, the structure

is used as the passive element as opposed to the active element proposed in the following

chapter. Thus, in this gripper design, the 4-prong radial compliant mechanism is used as the

passive biasing element and as the kinematic stage. Furthermore, the compliant mechanism

is redesigned using flexure-based hinges so as to improve the stroke of the gripper system.

Here, as the topology is limited to the 2D plane, the flexural mechanism is further improved by

extending the design space to a 2.5D design, which involved stacking 2D structures along the

third dimension.

Articulated Parallelogram Core and Analytical Geometry Approach

The algorithmically generated mandrel topology consists of an articulated symmetrical paral-

lelogram (rhombus). The topology can be reduced to four identical triangles joined at one

vertex by a pivot as shown in fig. 3.8(a). The kinematics of the design is adapted from the

generated one by using hinges instead of distributed deformation. In the figure, the blue

arrows represent the input while the black arrows represent the output. The design has been

generated such that the SMA coils can be placed at the inputs so as to generate a radial output

towards the centre when actuated.

When examining the concept behind the mandrel mechanism, the conclusion can be made

that the driving structure consists of four right-angled isosceles triangles which represent the

four claws of the mandrel. Furthermore, the pivots, being constrained along the horizontal

and vertical axes due to symmetry, force the outputs to move along a 45◦ path. However, upon
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Figure 3.8: Kinematic diagram of proposed design where the black dots represent ideal pivots,
the blue and black arrows represent the input and output displacement, respectively. On the
left: the outward-triangle configuration with a) the initial position and b) the displaced one.
On the right-hand side: the inward-triangle configuration achieving a stroke amplification
with c) the initial position and d) the displaced one. e) represents mandrel topology generated
with 2D topology optimization which behaves similarly to the outward version. f) shows
the 2.5D adaptation of the inward version into a flexure-based mechanism distributed over
multiple layers, and with a reversed actuation direction.

careful examination, these constraints can be satisfied in two distinct configurations as shown

in fig. 3.8(a) and (c). The four triangles can be position inwardly or outwardly. Due to the

inward-facing configuration having overlapping triangles, this topology cannot be generated

from a 2D design space. The main advantage of the inward-facing configuration compared to

the outward-facing configuration is the stroke amplification of the output vertices based on

the stroke of the SMA coil contraction. It is also important to note that the direction of the

radial output depends on the direction of the input displacement. Thus, the gripper can be

made to open or close when the SMA coil is heated. By attaching the SMA coil to the vertical

pivots rather than the horizontal ones, the gripper can be made to be always opened or always

closed.

Determining the Relationship between the Hinges and the SMA Stroke

The stroke amplification, γ, of the system is not uniform and is dependant on the position of

the mechanism, x. This amplification factor can be described by deriving the output vertex

position, R , with respect to the input vertex position, x, and can be expressed analytically as :

γ(x) = ∂R(x)

∂x
= 1

2
p

2

1− sign(α)
x
2√

L2
h − ( x

2

)2

 (3.8)
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where,

R(x) = Lh cos(θ(x)−α)

= 1p
2

(
x

2
+ sign(α)

√
L2

h −
( x

2

)2
)

,
(3.9)

with,

θ(x) = arccos

(
x

2Lh

)
and α=±π

4
. (3.10)

Here, Lh represents the length of the hypotenuse of each triangle, θ represents the angle

between the horizontal and the hypotenuse, α represents the angle between the hypotenuse

and the side of the triangle and can equal a value of ±π
4 . This angle is defined as positive

for the outward-facing configuration and as negative for the inward-facing one. Here, the

output stroke is majorly dependant on the sign of the angle α. The outward configuration

has a stroke amplification of less than one for almost all possible inputs, implying a stroke

reduction. While, on the other hand, the inward configuration has a stroke amplification large

than one. In the context of a gripper, the inward version was chosen for its larger output stroke.

Simple Kinematics to a Compliant Mechanism

The kinematic schematic is composed of only simple hinges and rigid links. This makes it

the ideal candidate for implementation using flexure-based hinges. In this case, as shown

in fig. 3.9, truncated semi-circular flexure hinges were selected for their ability to avoid high

localised stress concentration and allow for an acceptable angular stroke as described in the

work by Torres Melgarejo et al. (2018).

As stated earlier, the inward-facing triangle configuration was chosen and due to fact that

the triangles overlap during actuation, it makes it impossible to be implemented in a 2D

design space. Thus, as shown in fig. 3.9, a 2.D design approach was implemented where each

overlapping triangle is stacked in the 3rd dimension. The mechanism is distributed among

different superimposed layers linked at the vertices of the triangle to replicated the kinematic

schematic. This adaptation to 2.5D design does not impact the functionality of the mechanism

as long as the hinges are considered infinitely rigid when bending in any other direction other

than the desired one. Here, two layers are implemented to accommodate the four triangles :

the L1 stage comprising of the green and orange triangles, and the L2 stage comprising of the

pink and blue triangles.

In the case of the ideal kinematic schematic, the triangles are attached at a single point to

form a parallelogram. However, this is difficult to implement with a flexure-based solution

due to the rigid links having a non-null width. This adds unwanted links and hinges to the

kinematic chain which results in undesired Degrees of Freedom (DoF). This parasitic DoF is

overcome by adding a third DoF-inhibiting stage, L3, to the 2.5D design as shown in fig. 3.9.
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Figure 3.9: Different views of the flexure-based compliant mechanism spreading over multiple
stages, and parametrized flexure pivot.

As the goal of this gripper is for drone delivery purposes, another stage, which behaves as

the frame of the drone, can be added to the design. For mechanism to behave as intended in

the kinematic schematic, the left and right input vertices must be constraint to move along

a single line. In this case, for simplicity, this constraint has been implemented using a rail.

For a future drone mounted setup, an additional stage can be added to perform this required

constraint, showing the advantage of the 2.5D design approach.

Sizing of the Biasing Compliant Mechanism

Based on the proposed design methodology, the goal of the mechanism is to create a kinematic

stage that also behaves as the passive biasing element for the SMA coil. The inherent stiffness

of the overall compliant mechanism due to the flexural hinges is harness to pre-stretch the

SMA for activation. Thus, in order to size the actuator and the corresponding biasing element,

an analytical model of the stiffness must be developed. Using the pseudo-rigid model, as

presented in the work by Henein (2005), the flexural hinges can be considered as torsional

spring with a constant angular stiffness, Kθ. As detailed in section 3.4.1, the stiffness of the
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compliant structure requires an expression for the relationship between angular position of

the flexural hinge and the contraction of the SMA, θ(∆x). In this case, this relationship can be

expressed as :

θ(∆x) = arccos

(
∆x

2Lh
+cos(θ0)

)
, (3.11)

with θ0 being the resting angle at which the mechanism is printer/fabricated as shown in

fig. 3.8(f).

As detailed in the methodology, the next step is to calculate the potential energy within the

system during deformation. Due to the symmetry of the mechanism, all the hinges store the

same potential energy. Here, the L3 stage has 8 hinges while the stages L1 and L2 have 4 hinges

each. Thus, the total potential energy of the whole mechanism is :

Utot(∆x) = 16 ·U (∆x) (3.12)

The force-displacement characteristic of the mechanism is then given by :

F (∆x) = ‖−∇Utot(∆x)‖ = ∂Utot(∆x)

∂∆x

= 8Kθ

Lh

(θ(∆x)−θ0)

sin(θ(∆x))
.

(3.13)

The resulting characteristic is plotted as shown in fig. 3.10. Furthermore, the model is validated

using experimental results obtained using a pull-tester. As the experimental results follow

the model quite closely, it validates the working hypothesis and approximations used during

the definition of the analytical model. As the force characteristic flattens unlike a traditional
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Figure 3.10: Validation of the analytical model of the biasing compliant mechanism using
experimental results obtained using a pull-tester. Here, the small discrepency arises due to
the creep present in the plastic structure as the mechanism returns to its original shape.

linear spring, the operating points of the actuator will offer higher strokes for a given SMA
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coil. Furthermore, as the curve also decreases in value near the low-temperature operating

point 1 , its implies that the gripper can exert higher gripping forces for objects with a larger

diameter. This shows that the current force-displacement characteristic of the proposed

compliant mechanism is well suited as a biasing element in an SMA actuator. Finally, in the

figure, some plastic deformation can be observed as the mechanism was deformed beyond

above its admissible range during the test. The flexural hinges exhibit a limited angular stroke

which is one of the limitations of such a design. However, the maximal admissible angle before

permanent plastic deformation can be estimated using the work by Henein (2005) as :

∆θadm
∼= 3πσadm

p
r

4E
p

e
, (3.14)

which in this context can be expressed :

∆xadm,+ = 2Lh (cos(θ0 +∆θadm)−cos(θ0))

∆xadm,− = 2Lh (cos(θ0 −∆θadm)−cos(θ0))
(3.15)

If Xeq = {x | x2 6 x 6 x1} is the set of possible operating points (see fig. 3.7) and Xel = {x | xoff +
∆xadm,+ 6 x 6 xoff +∆xadm,−} is the set of admissible positions for elastic deformation as

portrayed in equation eq. (3.15) and fig. 3.7. Then, based on the design methodology presented

in chapter 3, the set of feasible operating points for the actuatorXf is given by their intersection:

Xf =Xeq ∩Xel. (3.16)

One of the goals of the sizing methodology for the compliant mechanism is to maximise

the output stroke while avoiding permanent deformation during operation. Thus, the com-

pliant mechanism must be sized such that Xeq ⊆ Xel. This eliminates the need for precise

temperature and positional control of the SMA coil during activation to protect the flexural

hinges.

In this case, the output stroke of the gripper can be maximised by maximising the size Xf or by

having the operating points be located at positions where the curve of the stroke amplification

is high (from eq. eq. (3.8)). A trade-off exists as displacing Xf for higher stroke amplification

tends to reduce the overall size. Based on table 3.1, various additional trade-offs for the

proposed mandrel can be observed as summarised in table 3.2.

As seen in the table, an optimal solution can be estimated based on the design parameters.

However, in the case of Lh and b, increasing them will always result in an increased stroke

while increasing the overall size of the mechanism. This shows that there exists a trade-off

between the weight/size and the output stroke which will be critical to ascertain based on the

gripper specifications.
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Table 3.2: Additional trade-offs observed when sizing the flexural compliant mechanism
actuated by a given SMA wire or coil. Here, Smech and tmech are the surface area and the
thickness of the entire compliant mechanism, respectively.

Parameter Effects

e
r ↑ ∆θadm ↓⇒Xel ↓

e ↑ | e
r fixed Smech ↑

b ↑ tmech ↑
Kθ ↑⇒

{
Xeq ↑
Fgrip ↓

xoff ↑ Xeq ↑, Xel shifted away from Xeq

Lh ↑ Fgrip ↑, Smech ↑
θ0 ↓ γ(x) ↑, Fgrip ↓, Xel ↓

3.5.4 Implementation and Experimental Results

One of the main advantages of this integrated design is the simplicity of fabrication and

assembly. The entire compliant structure is printed from Nylon (PA 2200 Polyamide 12) using

selective laser sintering (SLS) as shown in fig. 3.11. As the mechanism consists of stacked

layers, the entire structure was printed as a single piece validating the simplicity of the novel

design approach.

In fig. 3.12, the validated analytical models are plotted against the force-displacement curves

of the SMA coil. This SMA model was estimated using experimental setup where the SMA coil

was maintained at a constant temperature using a PID control and a thermal camera, and

was then experimentally tested using the pull-tester. With the experimental data, a simplified

linear model of the cold and hot SMAs were determined using linear regression. Using these

analytical models and the sizing methodology detailed in section 3.4.1, the stroke of the final

mandrel gripper can be estimated. In this prototype, the design parameters used are e = 0.5

mm, r = 15 mm, b = 4 mm, Lh = 42.4 mm, xoff = 27.5 mm and θ0 = π
8 . Here, an estimated

linear output stroke of up to 4.5 mm is observed for each claw.

The gripping force, however, is dependant on the size of the gripped object. For an object of

diameter close to x1, the gripping force will be maximal. Using a pair of load cells attached to

two opposing claws, the gripping force was measured as shown in fig. 3.13. The load cells were

placed at different distances from the claws to simulated objects of varying sizes. The results

of the gripping force measurements can be seen in fig. 3.14. The gripper shows a force close to

constant for large span of SMA temperatures above its transition temperature of 80◦C . This

constant force behaviour is ideal for a gripper and greatly simplifies the control, preventing

any unintended damage to the gripped object. A maximum steady-state force of 1.78 N was

measured for the biggest payload size while using the smallest available SMA coil, whose wire

diameter is 0.2 mm. While this result is promising, it should be noted that the fabricated

prototype is sub-optimal and can be further optimised for greater forces, either by optimising
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20 mm

(a)

(b)

Figure 3.11: The working prototype of the biased-compliant SMA gripper (a) opened configu-
ration with a 0.2mm wire diameter SMA coil (framed in red), (b) closed configuration grasping
an object.

the compliant mechanism or by using thicker SMA coils. Increasing the wire diameter of the

SMA coil comes with higher gripping forces but comes at the cost of slower cooling time or

increased time delay between the opening and closing sequence of the gripper.

In the end, the final prototype, as seen in fig. 3.11, was measured to weigh only 17 g, which

implies that the gripper has a maximum force-density of around 105 N/kg. This shows that

proposed mandrel gripper can be ideal for lightweight applications such as drone deliveries.

Furthermore, this demonstrates the highly integrated nature of the gripper, thus, validating

the design methodology presented in chapter 3.
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Figure 3.12: The sizing diagram of the SMA mandrel based on the developed analytical model
of the compliant mechanism and the models of the SMA coils obtained from experimental
results. Here, based on the estimations a maximum stroke of 4.5 mm is observed.

Force
sensor

Biasing
Compliant

Mechanism

SMA
coil

Mandrel
prong

Figure 3.13: The experimental setup, using a pair of force sensors, to measure the gripping
force of two opposing jaws.

3.6 Summary and Conclusion

In this chapter, the traditional sizing methodology has been adapted to fit the case where

biasing springs are replaced with passive biasing compliant mechanism. This approach stems
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Figure 3.14: Results of the gripping force performed at different object diameters. The temper-
ature and force output were recorded in real-time using a thermal imaging camera and a force
sensor, respectively.

from the concept where the traditional SMA actuators consisting of an active element, a

biasing element and a kinematic stage is transformed into a more integrated solution where

the biasing element and the kinematic stage are combined and fully integrated.

Using pseudo-rigid body models described in the work by Henein (2005), the analytical

models of the compliant mechanisms are used to estimate the stroke and behaviour of the

novel SMA actuator. Using the simplified SMA curves, these alloys can be sized such that the

time response of the SMA actuator is minimized. These simplified curves can be obtained

using the models presented in chapter 2 or as in this case, obtained using a linear regression

of experimental data.

Furthermore, this novel approach to designing SMA actuators paired with compliant mecha-

nisms has been adapted for antagonistic SMA actuators. By altering the design methodology,

the often used antagonistic SMA actuators can be sized such that when paired with compliant

mechanisms, the actuator does not present any unintended behaviours and reduces the time

response. This methodology will be further validated using case studies in chapter 6.

Most SMA actuators that make use of kinematic stages to convert the linear motion of the

actuator into more complex behaviours, also integrate a passive spring in the design. By

applying the presented design approach, SMA actuators can be designed such that compliant

mechanisms can be used as biasing elements further improving the work density of the

actuator. In this chapter, the presented design methodology has been validated using a case

study featuring a 4-prong radial gripper. The methodology proposed a novel way to design

compact and integrated SMA actuators. Here, using the proposed approach and techniques,

a gripper powered by shape memory alloy coils were conceived and fabricated. The novel

methodology also proposed a simplified method with which the SMA and the biasing elements
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can be sized so as to harness the shape memory effect when a thermal load is applied to the

SMA. Finally, the gripper was fabricated using machining techniques that allowed a reduced

number of parts and a simplified assembly process, showing one of the key advantages of this

proposed integrated approach.

Finally, the four prong mandrel gripper is sized and fabricated. In this prototype, the gripper

consists of just an SMA coil and an entirely 3D printed kinematic stage. Based on the design

methodology, the kinematic stage is created using compliant flexure-based mechanisms

that, while acting as a motion conversion mechanism, also behaves as a biasing spring. The

kinematic stage conceived using topology optimization and improved using flexure-based

hinges is able to convert the shape memory effect of one SMA coil into a more complex

multi-output gripping motion. Based on the design approach presented in this chapter,

the compliant mechanism has been sized to optimize the stroke of the SMA actuator while

reducing the required SMA coil wire diameter. Using the established and validated analytical

models of the kinematic stage and the traditional simplified SMA models, the operating points

and the stroke of the gripper, around 4 mm, was estimated. The final prototype of this four

prong gripper weighs less than 17 g and is able to exert around 1.78 N of force, which leads to

a maximum force-weight density of around 105 N/kg compared to 41 N/kg for conventional

DC motor-based gripper as shown in the work by Lee et al. (2021). This shows that by using

the proposed design methodology, a lightweight and compact gripper can be fabricated for

applications such as drone-deliveries.

Now, with the design methodology for biasing kinematic stages validated, novel SMA actuators

can be create with highly integrated and compact features can be designed and sized. This

tendency to integrate the different subsystems of the conventional SMA actuator to create

actuator with higher work densities and fewer pieces to assemble can be further extrapolated

to other subsystems. In the next chapter, a novel approach to integrating the control and

the kinematic subsystems of the actuator to create mechanically intelligent SMA actuators is

presented.

Publications related to this chapter :

S. Thomas, G. Maquignaz, A. Thabuis, and Y. Perriard, “A Self-Biasing Shape Memory Al-

loy Gripper for Lightweight Applications,” in 2021 IEEE/RSJ International Conference on

Intelligent Robots and Systems (IROS 2021), Prague, Czech Republic, Sep. 2021, p. 6. doi:

10.1109/IROS51168.2021.9636155.
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4 Mechanical Approach to SMA Actua-
tor Control

4.1 Introduction

Shape Memory Alloys, often referred to as artificial muscles, are often used in applications

where a compact and lightweight solution is required. When paired with a biasing element

such as a spring or compliant mechanism, a lightweight reversible actuator can be fabricated.

By heating and cooling the active SMA element, a reversible back and forth motion can be

created.

Due to the complex nature of the shape memory effect, sensors or complex control strategies

are required for the accurate control of the SMA element, as shown in the work by Narayanan

and Elahinia (2016) and Mansour and Kim (2020). The overheating of the SMA can result in the

permanent reprogramming of the shape or the destruction of the SMA wire or coil. In the case

of smaller, more compact applications, the SMA elements used are thin wires or coil. In these

cases, using sensors that can measure the temperature can be quite difficult to implement due

to the low thermal mass of the SMA element. Recent work such as Sakagami et al. (2019), have

implemented sensorless systems where the change in resistivity or inductance is measured as

the SMA changes phase to create more compact control solutions. Here, due to the complex

nonlinear nature of the shape memory effect, complex control strategies and micro-controllers

to efficiently control the SMA and prevent overheating are required.

Often, when considering the volumetric work density of SMA actuators, the electronics, sen-

sors and control strategies are not taken into account. In certain applications, for example

untethered crawling robots, the control plays an important role in the final work-weight

density of the robot as seen in the work by Yuk et al. (2011). Often, due to the volume and

weight restrictions present in the design of mesoscale robotics, the electronics and control

systems cannot be integrated into the design and, thus, results in robots that are often tethered

and limited in their range as shown in the work by Shi et al. (2019) and Liang et al. (2020).

Improvements made in the sensorless and control strategies can, thus, have a major impact in

the final dimensions and weight of the SMA actuator.
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In this chapter, a novel design concept using mechanical intelligence is presented to further

integrate the discrete building blocks present in the traditional SMA actuator. By exploiting

the dependence of the mechanical behaviour of the SMA and its temperature, a mechanically

intelligent oscillator system can be developed such that the actuator is controlled using a

mechanical system rather than using electronics. This design language can be implemented

into SMA actuators to create a simple but effective solution to create a sensorless, micro-

controller-free control strategy that intrinsically prevents SMA overheating. Furthermore, in

this chapter, a crawling robot is conceived using this methodology to validate this novel design

approach.

4.2 Design Methodology for the Control System

As mentioned previously, due to the complex behaviour of SMAs, the sensors and control

strategies required to actuate an SMA actuator can be cumbersome and reduce the overall

work-weight density of the resulting robotic systems. The shape memory effect and the

corresponding phase transitions are directly dependant on the temperature of the alloy. By

exploiting this mechanical relationship between the temperature of SMA, the control system

can be integrated into the kinematic stage, as represented in fig. 4.1.

Active Element

Kinematic Stage

Control Stage

Biasing Element

Figure 4.1: Diagram of the adapted building blocks of the SMA actuator.

4.2.1 Working principle

A basic linear SMA actuator consists of an SMA and a biasing spring that when heated and

cooled, results in a simple back forth oscillating motion. By accurately controlling the tempera-

ture of the SMA above its transition temperature and below a critical overheating temperature,
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the SMA can be made to provide a reliable actuation. This reversible actuation results in a

back and forth mechanical movement of the biasing spring and the cyclical movement of the

kinematic stage, if any. The basic concept of this methodology consists of tying the mechanical

behaviour of the actuator into the control.

The SMA element in most cases is heated using Joule’s heating by simply passing a current

through the SMA and allowing the internal resistance of the SMA element to heat up by Joule’s

losses as shown in the work by Huang (2002). The cooling of the SMA generally consists of

passively extracting the heat from the active element using natural convection with the cooler

surrounding air. This simple strategy is often used in the control of SMA actuators due to

not requiring any additional mechanisms and thus, does not reduce the work-density of the

actuator while keeping the system compact.

Thus, by exploiting the mechanical response of the SMA to cut the current flow across it will

immediately cool the active element before it has a chance to overheat. In this manner, the

control of the SMA actuator is mechanically controlled by the shape memory effect. Here,

as a current is passed through the SMA wire or coil, it heats up the SMA resulting in a strain

recovery and the SMA returning to its original length. This change in length, after a certain

threshold, can be made to physically cut the electrical contact between the SMA element and

the power supply. This causes the immediate cooling of the SMA through heat exchange with

the surrounding air. As the SMA cools down, the biasing element will, once again, deform the

SMA which will re-establish the electrical contact across the SMA, restarting the oscillating

motion. Thus, this design strategy when integrated into the kinematic stage can render the

entire SMA actuator compact and electronics-free.

This approach, when properly implemented, can result in an robotic system where a reversible

actuation can be observed without the need for any electronics, micro-controllers or sensors,

preserving the work-weight density of the system. A mechanical control of the SMA element

can result in a system where the SMA element, due to the physical electrical contacts being

interrupted, can never overheat.

4.2.2 Implementation

The basic implementation of such as system consists of using a latch system or multi-stable

mechanism where after a certain stroke or force threshold results in a snap-through effect that

can be exploited to disconnect the electrical contacts across the SMA wire or coil. The rapid

bifurcation or spring back from a latch system is used to cut the flow of current across from

the SMA and the slow return of the SMA actuator due to cooling can be used to re-establish

the electrical connection to create this oscillating effect.

The implementation of this oscillator mechanism in the scope of a simple biased-spring SMA

actuator consists of a magnetic or mechanical latch system. A diagram of the working principle

of the proof-of-concept can be in fig. 4.2. The latch, here, consists of a magnet mounted on a
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Chapter 4. Mechanical Approach to SMA Actuator Control

leaf spring that is attracted to the end-effector of the bias-spring SMA actuator. The electrical

current, in this case, is made to flow across the conductive magnet and into the SMA coil. Thus,

only as the the magnet attaches to the end-effector of the SMA actuator will the SMA coil be

heated using Joule’s losses. Essentially, as the magnet and the SMA coil makes contact, the SMA

element is heated and reduces in size due to the shape memory effect. During this phase, the

magnet, which is mounted to a leaf spring, experiences a return force, FS, and will continue to

follow the actuator. Once, this force exceeds the attractive magnetic force, Fmag, between the

magnet and the SMA coil, the latch detaches and immediately returns to its original location.

This spring back occurs due to the resting return force of the leaf spring attached to the magnet.

This concept can be implemented in numerous ways including a mechanical latch mounted

on a passive spring. Once this snap-through occurs, the electrical connection and the current

across the SMA is cut and will only be re-established when the bias spring of the SMA deforms

the SMA coil and extends it back towards the latch as shown in fig. 4.3. In this manner, the

oscillating behaviour is observed without any sensors, micro-controllers or electronics.

Fe

SMA

Bias-Spring

Magnet

Leaf Spring

FSMAFBS

Fmag
FS

VCC

GND

Fe

SMA

Bias-Spring

Magnet

Leaf Spring

VCC

GND

Figure 4.2: Diagram showing the working principle of the magnetic latch system implemented
in the SMA oscillator.

As mentioned earlier, using a flexure-based mechanism permits the omission of a dedicated

spring in the design. As seen in fig. 4.4, a proof-of-concept of this design methodology is

implemented. Here, the linear stage is comprised of two parallel cantilever beams that also

behaves as leaf springs. These biasing leaf springs apply a tractional return force on the SMA

coil at a lower temperature while also preventing any unwanted degrees of freedom in the

other axis. Another leaf spring is used to apply the return spring force required in the magnetic

latch. Here, the SMA actuator is heated using the magnetic latch system and the snap-through
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Figure 4.3: A schematic of the working principle of the magnetic latch control system. This
diagram can be extended to represent any latch based system where there exists a snap-
through at a certain stroke.

of the latch occurs when the return force of the leaf spring exceeds the attractive force of

the magnet, Fsnap = FS > Fmag. Therefore, the required contraction of the SMA coil, ε, can be

controlled by sizing the leaf spring associated with the magnet.

ε= Fmag

Ks
(4.1)

where Ks is the rigidity of the leaf spring which depends on the dimensions of the cantilever

beams and can be calculated using the analytical model described in the works by Rubbert

et al. (2016) and Henein et al. (1998).

Figure 4.4: The integrated SMA control system implemented using a flexure-based magnetic
latch creating an SMA mechanical oscillator.
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SMA CoilMagnet

Bias Leaf SpringLeaf Spring

Figure 4.5: The close-up structure of the magnetic latch system that acts as the oscillating
electrical contact for the SMA coil. Here, the biasing leaf spring also act as a linear stage for
the actuator.

Here, in this proof-of-concept, the magnetic latch consists of a small magnet, with an attractive

force of 1.5 N, mounted on a thin leaf spring measuring 500µm×2.5mm×30mm. An M2

screw is used to clamp an electrically conductive wire to the magnet and acts as the ground

of the electrical circuit. The magnet latches onto another ferromagnetic M2 screw which is

mounted to the end-effector of the SMA actuator, as seen in fig. 4.5. The SMA is supplied by

Dynalloy, Inc (Irvine, CA) and is a 90◦C Flexinol® coil with wire diameter of 200 µm and an

outer diameter of 1.4 mm. The coil contains around 40 coils and with a solid length of 8 mm.

The SMA is mounted on a 3D printed support containing a flexure-based linear stage which

supports the free end of the SMA. The linear stage is 3D printed from PLA and consists of 2

parallel leaf springs with dimensions 500 µm x 10 mm x 30 mm.

This basic concept can be implemented using different methods. The latch system can be

replaced by a bistable mechanism and can then be paired with antagonistic SMA actuators.

Here, the control system can be linked to the snap-through of the bistable mechanism where

each stable position controls the heating of each SMA element. In this way, the first SMA can be

heated till the snap-through of the bistable mechanism which will then change the electrical

contact across the antagonistic SMA. This concept has been implemented and validated in

chapter 6.

4.2.3 Sizing of the oscillator

As mentioned previously, the thermomechanical behaviour of the SME is exploited to create

the mechanical control system. The sizing of the oscillator system is, thus, directly, dependant

on the thermal properties of the active element. The rise time or time till the snap-through

occurs, depends on the time required to heat the SMA using Joule’s heating. This implies that
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Figure 4.6: Effect of the current on the evolution of the SMA spring’s temperature. This shows
that the control system averts any risk of overheating.

the current supplied across the SMA dictates the rise time of the oscillator. The fall time or

time required to re-establish the electrical contact across the SMA depends on the cooling time

of the SMA wire or coil. In the case where the SMA is cooled using passive thermal exchange

with the surrounding air, the fall time can be controlled by adequately sizing the diameter of

the SMA wire or coil. The amplitude of the system, in this case, depends on the latch system

and can be sized using equation 4.1. Furthermore, the stroke of the SMA actuator can be

sized using the methods presented in chapter 3 so as to ensure that the actuator is capable

of deforming to the levels demanded by the oscillator amplitude. This will ensure that the

snap-through of the oscillator occurs before the SMA overheats.

The fall time of the control system can be calculated using a simple thermal model based on

the passive cooling of the SMA wire or coil. Here, the time constant, τc , of the system in which

the thermal exchange of heat from the surface of the SMA to the surround air is used to cool

down the SMA can be expressed as :

τc = ρcd/(kH) (4.2)

where ρ [kg/m3] is the density, c [J/(kgK)] is the specific heat capacity, d is the wire diameter,

k = 4 is the ratio between the surface area of heat exchange, AS and the volume of the active

element, V , and H [W/(m2K)] is the heat transfer coefficient. The thermal model of the wire
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can be expressed as :

T (t ) = TR + (T2 −TR )e−t/τ (4.3)

where TR is the ambient room temperature and t is time. Thus, the cooling time, tc , based on

the temperature gradient between the SMA and the surrounding air, can be expressed as :

tc = τc log
T2 −TR + T2−T1

2

T2 −TR − T2−T1
2

(4.4)

where the subscripts, 1 and 2, represents the operating points of the actuator as shown in

chapter 3. The physical properties of the SMA were obtained by consulting the data given by

the supplier at Dynalloy.
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Figure 4.7: Measurement of the heat transfer coefficient, H , using 250 µm wire diameter SMA
spring with a mandrel size of 0.5 mm.

Using a thermal camera with an optical zoom that allows for high spatial resolution and using

equation 4.3, least-squares minimization is used to fit this thermal model to the cooling time

of an SMA coil of 250 µm wire diameter. By doing so, the heat transfer coefficient, H , can be

estimated. Using the model and the estimated parameters, the time constant and cooling

times of other diameter SMA springs can be extrapolated. By extrapolating the cooling times of

different diameter SMA springs, these values can be used to size this oscillator control system

for other applications. In fig. 4.8, the cooling based on wire diameter of different SMA springs

can be seen. Using these values, the fall time of the oscillator can be estimated for any wire

diameter.
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Figure 4.8: Extrapolation of the cooling time based on wire diameter with H = 43.8 W/(m2K).

By calculating the time required to the heat the SMA wire using Joule’s heating, the rise time of

the oscillator, th , can be estimated. The known resistance of the SMA wire, R, and the current,

I , supplied to the system, which can be easily measured, can be used to calculate the heating

time based on the basic laws of electro-thermodynamics. In the case of small currents and a

slower rise time, the loss of heat with the surrounding air by convection must be taken into

account and can be estimated with the following equation :

th =
∫ T2

T1

ρV c

I 2R −H AS(T −TR )
dT (4.5)

In this model, the latent heat of transformation is not considered and the resistivity of the SMA

is considered to remain constant. These assumptions are not always valid but can still serve as

a reasonable approximation of the heating time. The work by Liu et al. (2021) has established

an extensive numerical model capable of predicting the heating times quite accurately but

requires extensive experimental testing of the material and environmental constants. This

complex nature of the heating model makes it difficult to obtain an accurate heating time.

Often, this complexity makes it difficult to size the current required to heat the SMA while

still preventing the SMA from overheating. Thus, when it comes to accurate control of the

SMA, a temperature sensor is required to prevent the destruction of the SMA coil or wire.

However, using the proposed integrated control strategy based on mechanical-intelligence, a

high current can be supplied to the SMA such that the heating time is drastically reduced and
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have the SMA automatically disconnect the contacts so as to ensure the safety of the SMA coil

or wire without requiring any sensors.

This control system was supplied with a constant current and left to oscillate for 2 minutes to

test the repeatability and consistency of the rise and fall times. The temperature of the SMA

coil was measured using a thermal camera with high spatial resolution and the stroke of the

SMA actuator was measured using a laser displacement sensor. In fig. 4.6, the temperature and

position fluctuations of the oscillator are shown. The rise time of the magnetic latch-based

control system, when supplied with 340 mA, was measured to be 3.8±0.18 s while the rise

time, when supplied with 840 mA, was measured to be 0.64±0.09 s. The cooling time, when

supplied with 340 mA and 840 mA, was found to be 5.71±0.09 s and 5.82±0.2 s, respectively.

Thus, the period of the oscillations for the two measurements were found to be 9.60±0.17 s

and 6.47±0.22 s which corresponds to a frequency of 0.10 Hz and 0.16 Hz.

The rise time and cooling times of the latch-based control system were measured by detecting

the peaks and troughs of the measured signals. The mean and standard deviation of these

values were then calculated. Furthermore, the cooling times with respect to the SMA geom-

etry predicted, in fig. 4.8, fits with the measured values, thus, validating the thermal model.

Furthermore, with respect to the varying current across the SMA, the cooling time remains

relatively constant. This implies that the cooling times can be predicted using the analytical

model and the value can be considered to remain constant, even while varying the current.

The implication being that the oscillating control system can be sized for a fixed fall time by

appropriately sizing the SMA wire dimensions.

Latch Control
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Power Supply
I

SMA

Room Temp.
TR , H

Snap-Through
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Fsnap

= F (xsnap)
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Figure 4.9: The generalised schematic of the mechanically-intelligent control strategy.

This magnetic latch system allowed the bias-spring SMA actuator to be actuated without any

sensors or risk of overheating the SMA. The latch enables the SMA to be heated during its

entire stroke. Additionally, a system using pogo pins, which are electric contacts consisting of

a plunger and a spring mounted inside a barrel, was also tested. This resulted in a behaviour
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where the bias-spring SMA actuator oscillated at the tip of the pin. This, unfortunately,

showcased the need for a latch system to rapidly bring the electric contact back to the starting

position such that the actuator can carry out its entire stroke during the cooling phase as

shown in fig. 4.3. A mechanical latch system based on friction and snap-fits can be designed

as a simpler alternative. This pogo pin solution had the unexpected effect of allowing the

SMA coil to be maintained at a stable temperature. This effect could be potentially used to

stabilise an SMA at a fixed temperature based on the stroke of the pogo pin. The behaviour

was not further explored in this work. However, as seen in fig. 4.9, a generalised approach

to creating the proposed mechanically-intelligent control strategy is described. The basic

principle consists of exploiting the snap-through of the latch system. Here, the latch system

is sized such that the force required to attain the snap-through is lower than the maximum

pull force of the SMA element. This resulting mechanically-intelligent oscillator can be sized

and its rise time and fall time can be estimated by using the geometrical dimensions of the

active SMA element and the supplied current. Using this principle, the control system of

the SMA actuator can be sized so as to allow a cyclical oscillation with a constant stroke and

frequency while preventing any chance of SMA overheating. Furthermore, as no sensors or

micro-controllers are present, the overall work density of the SMA actuator is conserved.

4.3 Validation of the Approach using a Case Study

As stated previously, the requirement of sensors and complex control strategies in certain

applications where compactness and being lightweight are required, pollute the overall work-

weight density of the robotic system. In this section, to validate the novel design methodology

for mechanically-intelligent control solutions, a lightweight and compact crawling robot

powered by shape memory alloys is designed and fabricated. Here, in the creation of an

untethered crawling robot, the presence of sensors or micro-controllers will play an important

role in the final work density of the system.

In this SMA driven crawling robot, the magnetic latch-based control system is implemented

so as to create a small scale robot that can be driven without any sensors or electronics. In

this mechanism, the high work density of the SMA is not compromised due to the lack of

large biasing-springs and control electronics when compared to examples such as the work by

Muralidharan et al. (2021).

4.3.1 Background and Biological Analysis

The mobile robot fabricated using this design approach is inspired by the gait of the inchworm.

This insect is not a type of worm but in-fact, a type of caterpillar. These inchworms are

known for their peculiar type of locomotion made possible by a looping motion called the

two-anchor crawling gait, as described in the work by Wang et al. (2014). Its gait consists of

attaching its forelegs and using the muscles located in its abdomen to pull the rest of its body,

as demonstrated in Plaut (2015).
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Figure 4.10: The gait analysis of an inchworm showing the change in the coefficient of friction
(µs) of the insect legs with respect to the ground by either gripping or sliding its legs.

The gait, as seen in fig. 4.10, consists of alternating between gripping or slipping against the

ground. Initially, the forelegs are made to slip while the abdominal muscles push against the

hing-legs which are now planted firmly on the ground. Nest, the forelegs are made to grip the

ground and the abdominal muscles pull the rest of the body while the hind-legs slide across

the ground. This pattern is repeating to allow the inchworm to crawl across the surface. The

presented mobile robot exploits this gait to create a similar crawling locomotion.

4.3.2 Working principle and Implementation of the Robot

The basic working principle of this mobile robots consists of implementing the design method-

ology presented in chapter 3 and the magnetic latch-based control system. Here, the linear

movement of the SMA oscillator is transformed into a rotation of a pair of legs such that the

tips or claws of the leg pulls the body of the insect robot across the ground.

As seen in fig. 4.11, the inchworm robot is entirely 3D printed in a single piece and is powered

using an SMA coil. The control system used in this design is based on the approach detailed

in section 4.2.2. The legs of the insect robot are attached to the end-effector of the SMA

actuator so as to harness the strain recovery when the SMA coil is heated using Joule’s heating.

Here, as detailed in chapter 3, the biasing element of the SMA actuator consists of a flexure-

based cantilever leaf spring. This biasing element also acts as a simple kinematic stage that

transforms the SMA linear strain recovery into a rotation of the robot legs.

The insect robot operates in a similar manner to the inchworm presented in section 4.3.1

where the claws alternate between high friction and low friction with respect to the ground.

By activating its artificial abdominal muscle consisting of the SMA coil, the insect robot is able

to crawl across the ground. Here, the alternating friction that occurs at the claws is due to the
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Figure 4.11: The implementation of the insect robot around the mechanical SMA oscillator.

design of the tips of the insect legs. The angle of the legs as the robot moves changes the angle

of contact with the ground surface. As the leg tip design is asymmetrical with the direction of

movement, the rotation of the legs cause alternating high and low friction. The behaviour is

similar to a ratchet system where one degree of freedom is allowed in the forward direction but

not in the backward direction. Here, the claw design allows rotation in the clockwise direction

but prevents some rotation in the anti-clockwise direction. As the SMA is heated, the insect

robot moves its forelegs away from the body. Then, when the SMA coil is stretch by the biasing

leaf spring during cooling, the forelegs grip the ground and drags the rest of the body along

the ground. By repeatedly heating and cooling the SMA, the insect robot can gradually move

across the ground. As detailed in this novel control strategy, the magnetic latch system allows

the SMA to oscillate and control the steps of the insect robot without any micro-controllers or

electronics.

4.3.3 Analytical model of the Biasing Compliant Mechanism

When sizing the design and SMA of the insect robot, an analytical model of the compliant

mechanism is required. This model allows dimensioning the SMA coil such that sufficient

stroke is observed during the shape memory effect. Here, the stroke of the SMA actuator or
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the contraction of the SMA coil corresponds to the estimated step length of the insect robot.

The crux of the design revolves around the flexure-based biasing element and kinematic stage

which, in this design, consists of a simple cantilever leaf spring. This flexural structure converts

the linear contraction of the SMA coil into the rotation of the insect legs while also serving as

the bias spring for SMA actuator allowing the coil to be stretched during the cooling phase

based on the design approach detailed in chapter 3.

↑µs ↓µs

P
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r2
L ′
SM

A

V
aL
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bLθ

Figure 4.12: The working principle of the insect robot showing the simplification of the
cantilever beam to a virtual rigid body pivot. The claw design changes the coefficient of
friction (µs) of the insect with respect to the ground allowing the robot to crawl.

The pseudo-rigid-body model, as described in the work by Howell et al. (2013), is used to

model flexure-based mechanisms such that the cantilever beam is simplified as traditional

rigid-body mechanisms. Thus, by simplifying the cantilever leaf spring as a virtual pivot, an

analytical model can be established to estimate the effect of the SMA coil contraction. In the

work by Zhang et al. (2007), the location of the virtual pivot can be estimated with relative

accuracy to a point at a distance of aL from the clamped end of the cantilever beam, where L

is the length of the beam, bL is the length of the rigid attachment point with the SMA coil and

a is:

a = 1+3b

3+6b
(4.6)

The pre-stretched SMA coil of length, L′
SM A , is attached to the biasing cantilever leaf spring

at the free end as shown in fig. 4.12. The position of cantilever tip, P (xP , yP ), as the SMA coil

contracts in length by ε, can be deduced by finding the intersection between the two circles

with radii, r1 and r2, and with centres at the virtual pivot V (xV , yV ) and fixed end of the SMA

coil S(xS , yS), respectively.
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where R is the Euclidean distance, |V S|, between the two circle centres, r1 = (1−a +b)L and

r2 = L′
SM A −ε representing the current length of the SMA coil.

As the insect legs are attached at the cantilever tip, the claw tips, C (xC , yC ), of the insect robot

can be estimated by using a series of simple translation and rotation transformations from the

cantilever tip based on the angles (α) and lengths (L) of the insect leg segments.

C (x, y) =

xP

yP

+ ∑
i=1

Li

cos(−π
2 −θ+∑

i=1αi )

sin(−π
2 −θ+∑

i=1αi )

 (4.8)

Thus, based on the contraction or strain recovery of the SMA coil (ε), the step length of the

insect, ∆C , can be estimated by taking the Euclidean distance between the claw tip location

before and after the SMA contraction. The position of the insect robot claw and the step length

based on the SMA coil contraction can be seen in fig. 4.13.

4.3.4 Implications of the Prototype

As detailed in the methodology, the analytical model of the inchworm robot that determines

the relationship between the contraction of the SMA during actuation and the estimated step

length was first calculated. This design was simulated using a commercial finite element

modelling (FEM) software which was then used to validate the analytical model, as shown

in fig. 4.13. Furthermore, the experimental results obtained from the inchworm prototype

were used to validate the model, as shown in the same figure. This comparison shows that the

pseudo-rigid body model used to model the design is quite accurate and can thus be used to

further optimise the step length in future iterations.

Due to the design being based on flexure-based structure, the inchworm could be fabricated

from a single 3D printed piece. The structure was printed from PLA filament using fused

deposition fabrication based on the parameters shown in table 4.1. Due to the novel control

system based on the magnetic latch, when connecting the robot to a 20 mAh battery, the robot

is able to crawl untethered , as shown in fig. 4.14, for an estimated 1.6 min. When allowed to

crawl on a flat surface, the average speed of the insect robot was measured to be 1.55 mms−1,

as shown in fig. 4.15. The efficiency of the leg design is highly dependant on the surface;

smoother surfaces cause the legs to slip and drastically changes the overall efficiency of the

design.
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Table 4.1: The design parameters of the inchworm robot.

Parameter Value

SMA dimensions
Coil: ∅1.37×12mm

Wire: ∅0.2mm

Biasing Leaf Spring 30×10×0.6mm

Magnet Leaf Spring 30×2.5×0.6mm

Magnet force 1 N

Battery Life 1.6 min @ 20 mAh

As stated, the principle advantage to the novel control system approach is the absence of

sensors or micro-controllers. Using this methodology, the total weight of the robot including

the battery weights 9.7 g. The insect robot is powered using only a single SMA coil. As with

most SMA actuators, the coil is heated using Joule’s heating by passing a current through it.
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Figure 4.13: Comparison of the leg tip displacement with respect to the contraction of the SMA
coil between the analytical model (AM) and Finite Element Model (FEM) simulation. Here,
the dotted and filled lines represent the FEM results and analytical model, respectively.
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1s

6s

Figure 4.14: The untethered gait of the insect robot with a step length of 8.4 mm. As predicted,
the snap-through of the magnetic latch halts the heating of the SMA coil.

Here, the heating consists of passing a 770 mA current for a duration of 750 ms with a power

of 1.7 W. As shown in fig. 4.13, the step length of the insect robot, represented by the black

dashed line, was measured to be 8 mm.

Often, in the case of mobile robots, especially bio-inspired robots, the cost of transport (CoT)

is calculated to compare the design and implementation. This factor allows the comparison of

mobile robots with varying structures, sizes and gaits. It can be calculated using the following

equation :

CoT = E

mg d
(4.9)

where E is the energy required to heat the SMA, m is the total mass of the robot including the
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Figure 4.15: The measured gait of the insect robot. The average speed of the robot measured
to be 1.55 mms−1. Here, the dotted step line represents the state of the SMA. A high value
denotes that the SMA coil is being heated while a low state denotes that the SMA coil is cooling
down.

battery, g is the acceleration due to gravity and d is the step length of the robot. Using the

equation, the CoT was calculated to be around 1620 Jkg−1m−1. This is comparable to other

untethered inchworm robots like in the work by Ji et al. (2019) whose CoT is measured to

be 1670 Jkg−1m−1. Furthermore, when compared to other SMA powered inchworm robots,

as shown in fig. 4.16 and fig. 4.17, this work has performances comparable to its tethered

alternatives. In the mesoscale range, this untethered inchworm robot is able to reach higher

work densities. This shows the advantage of the proposed design methodology and showcases

the advantage of a mechanically intelligent control strategy. The limitations of this robot arise

from the inefficiency in the claw design and the dependence on the friction with the ground.

The design, while being cheap and easily manufactured using 3D printing, it is limited by the

chosen PLA material. The material can be optimised to create thinner leaf springs and the

final size of the robot can be greatly reduced. In the future work, the optimisation of the claw

design can greatly improve the overall efficiency of the locomotion by preventing slipping.

4.4 Summary and Conclusion

In this chapter, a novel approach to design a mechanically intelligent control system is pre-

sented. In this methodology, the control stage of a traditional SMA actuator is integrated

into the kinematic stage of the actuator. This results in a control mechanism that uses the

thermomechanical behaviour of the SMA such that the system no longer requires any sensors

or electronics and is controlled entirely mechanically.

Furthermore, a basic implementation of such a system is presented using a magnetic latch-

based system. Using a magnet and flexure-based cantilever leaf springs, a magnetic latch was

designed and implemented where after a certain stroke threshold, results in an instantaneous
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Figure 4.16: The distribution of various different inchworm robots powered by smart materials
based on their total weight and speed (in Body Lengths (BL) per second).
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Figure 4.17: The compairson of various different smart material powered inchworm robots
with respect to the speed / weight ratio (in Body Lengths (BL) per second per gram).

snap-through. This rapid bifurcation is exploited to instantly and mechanically disconnect the

electrical contact across the SMA and thus, preventing any overheating. This design principle

was implemented by fabricating a basic SMA mechanical oscillator that requires no sensors or

electronics to oscillate.
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Lastly, the design methodology was validated using a case study consisting of an untethered

crawling insect robot powered by a single SMA coil. Here, based on the presented design

methodology, a biasing flexure-based SMA actuator was modelled and sized to power the

crawling robot. Furthermore, the control system presented in this chapter, was implemented

using the magnetic latch system so as to create a reversible control scheme for the SMA actua-

tor. The kinematic stage, which acts as the biasing element of the SMA actuator, is exploited

within the control system. Based on the results from the locomotion of the untethered insect

robot, a regular step size and walking speed is observed while weighing less than 10 g, thus, val-

idating the design approach presenting in this chapter. When compared to similar mesoscale

crawling robots, the mechanically intelligent design approach has allowed the speed-weight

ratio of the robot to be similar to other tethered alternatives.

Using the methodology presented in this chapter, a novel control system can be designed and

sized such that the SMA actuator can be controlled without the need for bulky sensors and

micro-controllers and without the risk of overheating the SMA element and greatly increasing

the volumetric work density of the actuator.

With the design principles presented in this chapter, the traditional discrete building blocks of

an SMA actuator are further integrated. In the follow chapter, the same principle of integration

can be extended to create actuators where the active SMA element acts as a kinematic stage.

Traditionally, the SMA elements are fabricated and designed using simple geometries such as

wires, coils and sheets. By extending the kinematic stages that convert or amplify the stroke

of the SMA elements to harness the shape memory effect directly, the work density of the

actuator can be further improved. In the next chapter, this design principle will be explored

along with tools and strategies to generate such integrated SMA actuators.
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Table 4.2: Comparison of the proposed mechanically-intelligent inchworm robot with various
different smart material based crawling robots based on their speed and weight

Smart Material
Technology

Tether Robot
length (BL)

[mm]

Speed
[mms−1]

Speed
[BLs−1]

Total
weight [g]

Speed /
weight

[BLs−1 per g]

SMA [This work] No 60 1.55 0.03 9.7 3×10−3

SMA [Meng et al. (2020)] No 280 0.95 0.0034 354 1×10−5

SMA [Kim et al. (2006)] No 50 0.17 0.0034 ∼3 1×10−3

SMA [Huang et al. (2018)] No 57 34 0.6 ∼20 3×10−2

ECF [Ueno et al. (2014)] Yes 23 5.2 0.23 1.9 1×10−1

SMA [Liang et al. (2020)] Yes 54 0.34 0.006 9.8 6×10−4

SMA [Mansour et al.
(2020)]

Yes 200 130 0.65 191 3×10−3

Pneumatic [Sheng et al.
(2020)]

Yes 66 10.5 0.16 29 5×10−3

DEA [Ji et al. (2019)] No 40 12 0.3 0.97 3×10−1

SMA [Koh and Cho
(2013)]

Yes 150 10 0.07 1.2 0.055

DEA [Cao et al. (2018)] No 200 4 0.02 252.6 8×10−5

Pneumatic actuator [Tol-
ley et al. (2014)]

No 650 5 0.008 ∼4000 2×10−6

IPMC [Must et al. (2015)] No 45 0.45 0.01 0.83 1×10−2
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5 Generation of Actuators Powered by
Compliant SMA Elements

5.1 Introduction

Smart materials, due to their integrated nature of reacting mechanically to a certain type

of stimulus, have become an integral part of designing complex and compact actuators. As

presented in chapter 3, integrating the traditional building blocks of the conventional smart

actuator can result in more compact designs. The behaviours of smart materials, however,

range from simple linear behaviours to highly complex multi-physical behaviours. Thus,

designing smart actuators with complex geometries are only feasible with certain types of

smart materials.

In the case of shape memory alloys, the shape memory effect is a complex non-linear be-

haviour that is reliant on multiple physical properties. This results in the active element,

present in SMA actuators, to often be in the shape of wires, coils or thin sheets. These 1-

dimensional structures are the most common type of implementation in SMA actuators due to

the fact that their behaviours when heated or cooled are more easily predictable. As stated, in

practice, when complex motions are required, the actuator is composed of complex kinematic

stages and a simple SMA wire or coil as shown in the work by Singh and Ananthasuresh (2013)

and Hwang and Higuchi (2016).

When taking inspiration from other more established smart materials, complex designs that

still exhibit the smart behaviours of the material are often generated using algorithm as shown

in the work by Ruiz and Sigmund (2018). Topology Optimization (TO) has been essential in

designing such complex designs that can take simple inputs and transform them into more

complex and useful outputs. These compliant mechanisms fabricated from smart materials

are compact and lightweight. However, combining this design methodology with SMAs can

be quite difficult and computationally expensive to implement due to the highly non-linear

nature of the Shape Memory Effect (SME).

In this chapter, a robust design methodology to design compliant SMA structures for powering

integrated smart actuators is presented. Furthermore, a qualitative factor is described that can
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be used to compare the various generated SMA topologies. Using Finite Element Modelling

(FEM), these topologies are simulated and shown to exhibit the shape memory effect.

While the conception of compliant SMA actuators are an attractive solution to creating com-

pact yet complex actuators, the high cost and limited fabrication methods that exist for

creating such actuators calls into question the feasibility of such a strategy. Numerous works

such as the work by Elahinia et al. (2018) shows the possibility of realising these compliant

smart structures and with the advent of additive manufacturing technologies, the proposed

design approach can be used to design and generate these novel compliant SMA actuators.

In most cases, however, the high cost of fabrication creates a limited implementation of the

strategy in a wide range of applications. In this chapter, the design approach to creating

compliant SMA smart structures is extended to reduce the fabrication costs by using designs

inspired by the art of kirigami.

Kirigami, which is the Japanese art of cutting paper to create intricate patterns, can be used

to create smart structures from thin sheets of SMA. These structures, using only a limited

quantity of SMA, can be fabricated using a laser cutter or water jet cutting. They can be used

to implement deployable structures that deform out of plane and exhibit novel outputs when

compared to a simple thin film of SMA. These kirigami structures have been employed in

works by Tang et al. (2017) and Shyu et al. (2015) to create stretchable or deployable structures

for use in mechanical applications. However, when using the design approach in this chapter,

these 2D structures, when fabricated in SMA, can be shown to exhibit the shape memory effect

and be used in creating advanced compliant smart actuators.

5.2 Designing Integrated Active Elements

When designing smart actuators that display complex output motions, they generally consist

of 1D SMA structures such as wires coupled with complex kinematic stages that transform the

simple linear motion into complex ones, as shown in the work by Modabberifar and Spenko

(2018) and Maffiodo et al. (2017). By extrapolating the methodology presented in chapter 3, it

is conceivable to imagine a scenario where the active SMA elements and the kinematic stages

are combined, as shown in fig. 5.1. Here, compliant structures fabricated from a monolithic

block of SMA can be used to create compact actuator that no longer require a kinematic stage

consisting of multiple pieces.

The challenges posed by this approach consist of the complex nature of the shape memory

effect. The behaviour, consisting of highly non-linear behaviour and comprised of multi-

physical variables, makes it hard to predict how the complex geometries will behave when

heated or cooled. Furthermore, implementing generative algorithms that design these com-

plex geometries, as implemented with other simpler smart materials, is difficult due to the

high computational costs required to simulate the shape memory effect.
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Figure 5.1: Diagram of the adapted building blocks of the SMA actuator based on integrating
the active element and the kinematic stage.

5.3 Generation using Topology Optimization

Due to the high computational costs of simulating the shape memory effect, it is quite difficult

to generate complex novel geometries even with poor mesh resolution. The basic principle

of the proposed approach is to generate novel designs made of SMAs with computer-aided

methods such as topology optimisation method (TOM). Here, the crux of the approach consists

of abstracting the temperature-dependent effects but appropriately formulating the design

problem so as to indirectly take into account the requirements of the shape memory effect.

When purely optimising for strain and assuming a standard elastic material, compliant mech-

anisms can be designed without considering the nonlinear nature of the material. Here, as

mentioned previously, the requirements of the shape memory effect consists of a certain

level of deformation during lower temperatures. Thus, the optimisation, when designing the

compliant structure that when exposed to a biasing element, prioritises the strain across the

entire structure as opposed to highly concentrated localised regions. As long as the material

undergoes sufficient deformation, above a critical strain threshold, will exhibit the shape

memory effect when heated to higher temperatures. The analysis is executed assuming small

and purely elastic deformation to reply on linear finite element analysis so as to significantly

reduce the computational time.
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Figure 5.2: Basic design problem for compliant mechanisms.

5.3.1 Density-Based Topology Optimization

The basic concept of topology optimisation consists of investigating the distribution of ma-

terial inside a discretised design space while trying to improve a certain specified objective

function. The design variables applied in this density-based approach optimisation are artifi-

cial densities ρ that describe the proportion of the material, 0 < ρmin ≤ ρ ≤ 1, an individual

domain space is filled with. The lower and upper bounds of density range are considered

as full materials representing fully empty or fully filled elements, respectively. While the

densities within the range are defined as intermediate materials. Here, this artificial density

variable is made continuous to use a gradient-based solver which has the advantage of lower

computational time compared to non-gradient based approaches, as shown in the work by

Sigmund (2011). In order to avoid mesh-dependent solutions and checker-board patterns, the

optimisation is regulated. This is achieved with a density filter that limits the length scale, rmin,

to a minimum inside the structure, as shown in the work by Bendsøe and Sigmund (2004).

Each iteration of the optimisation consists of the following steps. First, the filtered design

variables are mapped to a material property using the Material Interpolation Scheme (MIS).

This converts the artificial densities into a usable Young’s Modulus. Next, the well-known

Solid Isotropic Material Penalisation (SIMP), as shown in eq. (5.1) from the work by Bendsøe

and Sigmund (2004), is implemented. This scheme penalises intermediate materials so as to

prevent obtaining a geometry that cannot be manufactured. This is done using a penalty facor

n which continuously increases throughout the optimisation.

Ee = MIS(ρe ) = (E−E)ρn
e +E, (5.1)

with E, E the lower and upper bound of~E = [E, · · · ,ENE]T respectively corresponding to the

Young’s modulus of an "empty" element and a completely filled one. NE is the number of

elements inside the domain. When the material properties of each element are known, the

Stiffness matrix K of the corresponding structure is constructed. Next, Finite Element Analysis

(FEA) is performed to estimate the displacement U of each node under imposed external

loads F so as to solve the linear elasticity equation: KU = F. The chosen objective function

with its associated sensitivity (gradient of the objective function with respect to the design
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variable) is evaluated using these, aforementioned, displacements. For the following iteration,

the sensitivities can, then, be used by the solver to update the design variables. In this case,

the Optimality Criteria (OC) scheme from the work by Bendsøe and Sigmund (2004) is used as

the solver.

One of the main advantages to this approach to designing compliant SMA elements is the

fact that various Open-Source academic codes are available for implementing this structural

topology optimisation as shown in the work by Zhu et al. (2020) and Talischi et al. (2012). Due

to ignoring the thermal dependencies of the shape memory effect, the resulting FEA used is

similar to that of traditional compliant mechanisms and can thus be easily extended to such

generative algorithms by simply changing the objective functions and associated sensitivity.

5.3.2 Topology Optimization of Compliant Mechanisms

The basic principle behind designing a compliant mechanism, as illustrated in fig. 5.2, can be

formulated as : "Under an external input force and certain boundary conditions, what is the

distribution of material defining the compliant mechanism that transforms the input load to a

specific output one?"

At the input and output points, artificial springs are added to simulate the input work and

resistance to the output displacement of the workpiece, respectively, as shown in the work

by Alonso et al. (2014). In the final geometry, these springs are removed and are only present

during the design process. Regarding the objective function that governs the final design of

the compliant mechanism, a formulation that can be extended to Multi-Input Multi-Outputs

(MIMO), is implemented based on various strain energies as shown in the work by Alonso et al.

(2014).

An objective function based upon the mutual strain energy between the input and output is

chosen. This permits to distribute the strain throughout the structure and avoid to have only

de facto (single point) hinges responsible for the compliant behaviour. Ideally, the maximum

volume of the structure should be deformed to harvest as maximum work, when the alloy is

heated and experiences the shape memory effect. Here, the objective function is built using

three different types of strain energies. First, there is the input strain energy Sin, that is present

when only an input load Fin is applied and results in some nodal displacements Uin. Similarly,

the output strain energy Sout, is present when only a dummy unit load Fout is applied at the

output port resulting in nodal displacements Uout. Finally, the Mutual Potential Energy (MPE)

or mutual strain energy Smut can be built with the two previous nodal displacements. The

objective function is chosen as a ratio of these three energies due to its non-dimensional

aspect and due to the fact that the desired input and output displacements are indirectly

accounted for. Here, since the problem is formulated as a minimisation, a minus signed is
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placed before the chosen ratio to maximise the MPE as follows :

γ=− Smut

Sin +Sout
=− Uout

TKUint
1
2 Uout

TKUout + 1
2 Uin

TKUin
. (5.2)

Lastly, two separate FEAs are performed to evaluate the chosen objective: KUin = Fin and

KUout = Fout.

The current objective governing the design of the generated compliant mechanisms made

of conventional linear material, can be extended to generating design for mechanisms made

from SMAs. This is due to the fact that, as previously mentioned, the algorithm tends to

distribute the strain throughout the structure which will indirectly allow a large portion of

the material to be activated if made from SMA. The optimisation problem, as formulated in

eq. (5.3), consists of the minimisation of the objective function γ subject to the limitation of

the infill Vol∗ of the design domain’s volume, with Ve the volume of element e.

min
~ρ

: γ( ~Uin, ~Uout,~E)

s.t. : KUin = Fin

KUout = Fout (5.3)

Vol < Vol∗, with Vol = (
NE∑
e=1

ρe ·Ve )/(
NE∑
e=1

Ve )

~E = MIS(~ρ) 0 < ρmin 6 ρ6 1.

In fig. 5.3, the basic design problem is displayed using the common force inverter scenario.

Due to the symmetry of the problem, the domain space can be restricted to half the surface

while adding rolling supports at the symmetry axis. In fig. 5.4, the evolution of the optimisation

can be observed. Here the domain space is uniformly initialised with intermediate materials

such that the volume limitation is satisfied so as to have the design converge to a solution that

is only composed of full materials.

5.4 Testing using Benchmark problems

Before designing complex multi-output compliant SMA elements, the shape memory effect of

the generated geometries must be validated. In this regard, a common practice is to use some

traditional benchmark problems. The problems, while being simple problems, can be used

to validate the generated designs using a commercially available Finite Element Modelling

(FEM) software such as ANSYS®. Using an FEM, the shape memory effect of the generated

topologies can be simulated, verifying the efficiency of the algorithm for designing compliant

SMA mechanisms.
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The proposed design method is applied to three benchmark problems : an inverter, a crimper,

and a gripper. They are all fixed at their bottom and top left corners (which corresponds to

ideal pivots) but each have their own input and output forces. The design problems and the

resulting geometries are shown in fig. 5.3, fig. 5.5, and fig. 5.6 with the evolution of the inverter

design shown in fig. 5.4. This half domain space has been discretised into 104 elements and

the design variables are initialised uniformly with a volume fraction constraint of 30%. The

stiffness of each artificial spring is equal to 0.1 and the input forces are equal to 1. When run

on a Windows workstation with an Intel i7 3.6 GHz, 8-core processor and 32 GB of memory,

the complete process takes less than 1 minute to converge to a solution. It is important to

note that the computational time would have been significantly higher if a non-linear and

multi-physic analysis was executed. Due to the short computational time, this design method

can be extended to 3-Dimensional problems.

Figure 5.3: Inverter: Design problem (left), Interpolated final topology (right). Input force is
shown in red while the output force is shown green.

Figure 5.4: Evolution of the inverter design throughout the optimization. The grayscale
represent the value of the filtered artificial density.

Here, in the hopes of validating the shape memory effect, a four time-step simulation is

constructed. The four different simulated steps can be seen in fig. 5.7. Here, the figures

represent the results of the FEM simulation for each benchmark problem. The simulation

consists of first applying an input displacement which generates a displacement at the output,

εloaded. If the entire structure is sufficiently strained to undergo the detwinning process, as

explained in chapter 2, the structure will keep its deformed shape when the input displacement

constraint is released. However, as some areas of the compliant structure does not undergo

detwinning, a portion of the strain will be lost when the constraint is released. Thus, the
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Figure 5.5: Crimper: Design problem (left), Interpolated final topology (right). Input force is
shown in red while the output force is shown green.

Figure 5.6: Gripper: Design problem (left), Interpolated final topology (right). Input force is
shown in red while the output force is shown green.

observed strain at the output will decrease to εfree. During the third time step, the structure is

heated to activate the shape memory effect and force the structure to revert back to its original

shape where all the strain is recovered. Finally, the structure is allowed to cool down and

return the material back to its martensitic phase.

5.4.1 A Qualitative Measure of the SME

Since the topologies generated by the algorithm are widely different consisting of varying

inputs, outputs and geometries, a measure by which the results can be compared is required.

The final goal, being to integrate these compliant mechanisms as the active element in a

biased-spring SMA actuator, the measure should represent the degree to which work has been

stored by the biasing element. This measurement factor could be formulated as a measure of

the relative quantity of material activated (or detwinned) by the biasing element. This implies

that the larger the value of the factor is, the more optimal the biased-actuator will perform.

The amount of detwinned material in the geometry can be roughly estimated using the

principle that the deformed material behaves plastically. In other words, it is the volume of
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Figure 5.7: Results of the shape memory effect simulation of the Inverter design. Here, the
displacements are calculated relatively to the design domain size L. The displacements
observed between time steps 1 and 2 show a strain retention of αε = 77.6% confirming the
presence of the shape memory effect.

the material that is able to retain its shape after the load has been released. This factor, as

described in eq. (5.4), is expressed as the strain retention factor and is defined as the amount

of strain observed in the topology after the deformation load is released. This factor will vary

between 0 implying non of the material has been activated and the topology retains completely

back to its original shape when the load is released and 1 for a perfectly detwinned material

where the entirety of the strain is retained and can only be reverted back to its original shape

when heated. This strain retention factor can be calculated using :

αε = 1− εloaded −εfree

εloaded
, (5.4)

with εloaded and εfree representing the domain space normalised input displacement at time

step 1 and 2 respectively. It is important to note that this factor can never be equal to 1 as there

is some natural elastic spring back of the material even when fully detwinned and thus, is only

a qualitative measure of the shape memory capabilities of the topology. It is still an effective

way to compare the different topologies presented using the benchmark problems. The FEM

results of the strain retention of each benchmark problem can be seen in table 5.1. This

principle can be further extended to more complex designs where goal is to create compliant

SMA structures that can have multiple outputs using just a single input biasing element which
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Figure 5.8: Results of the shape memory effect simulation of the Crimper design showing a
strain retention of αε = 75.2%.

will be presented in future sections.

Table 5.1: The simulation results of the strain retention factor for each of the benchmark
problems: I Inverter; C Crimper; G Gripper

εx
loaded ε

y
loaded εx

free ε
y
free αx

ε α
y
ε

I 0.149 - 0.103 - 77.6% -

C −0.061 - −0.048 - - 75.2%

G 0.015 −0.085 0 −0.065 77.6% -

5.4.2 Experimental Validation of the Methodology

In the previous section, three benchmark problems were used to validate the presence of

the shape memory effect of topologically optimised compliant structures made from SMAs.

Furthermore, a qualitative measure was formulated so as to compare and assess the degree

to which these compliant structures would be ideal in creating biased-spring SMA actuators.

However, to truly verify the presence of the shape memory effect, an experimental prototype

can be fabricated.
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Figure 5.9: Results of the shape memory effect simulation of the Inverter design showing a
strain retention of αε = 77.6%.

For an accurate comparison between the FEM results and the experimental data, a prototype

of a benchmark problem is conceived. For the sake of simplicity, the inverter problem is chosen

due to the fact that there is only one input and output. When designing the inverter, ideal

pivots are used. However when creating the experimental prototype, these ideal pivots are

changed to a more realistic solution involving mounting holes. Based on these new boundary

conditions, the inverter problem is redesigned using the proposed topology optimisation

algorithm.

When fabricating the prototype, the cost of machining a monolithic block of NiTiNOL was

deemed unfeasible. With the advent of additive manufacturing of NiTiNOL as portrayed in

the work by Sabahi et al. (2020), the creation of such compliant mechanisms has become

cheaper and more feasible. However, in this case, as the topology generative is 2-Dimensional,

the inverter prototype was fabricated by laser cutting thin sheets of NiTiNOL (55.8 wt. % Ni).

This laser cut inverter structure was then sandwiched between two PMMA sheets to prevent

any unwanted buckling in the third dimension, as shown in fig. 5.10. This ensures that the

deformations observed within the structure resembles the simulation.

The advantages of such a implementation, to test the validity of the design methodology,

include the reduced cost of the prototype and more importantly, ensuring that the stress and

strain distribution within the 2D structure is identical to the simulated 3D structure. This
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Figure 5.10: The experimental setup of the laser-cut inverter prototype. The prototype is
fabricated from a thin SMA sheet and is sandwiched between PMMA sheets to prevent buckling.
The input load is applied with the help of the pull-tester while the input displacement and
force are measured. The output displacement is recorded and measured using a camera.

implies that the output displacement of the inverter prototype will closely resemble that of

the simulated structure. The main disadvantage of this implementation comes from the fact

that the PMMA sheets cause lots of friction with the compliant structure. This implies that

force requirements at the input will be higher than expected. As we sandwich the PMMA

sheets more tightly around the compliant structure, the output displacements will be more

accurate while increasing the friction and force requirements to create the aforementioned

output displacement. Thus, a trade-off is present but the strain retention factor, as described in

eq. (5.4), is only dependent on the the displacement and not the force requirements. Therefore,

the prototype was fabricated to maximise the input and output fidelity rather than the force

requirement. Here, a pull-tester is used to measure the displacement of the input and the

force requirements.

The goal of this section is to experimentally validate the proposed design methodology. The

prototype of the compliant SMA benchmark problem was realised and must be compared to

the results of the simulation. As described before, the strain retention factor was developed to

compare the various generated topologies and to have a qualitative analysis of the structure

to be used as a bias-spring SMA actuator. Thus, this factor can also be used to compare

the experimental prototype of the modified inverter mechanism and its corresponding FEM

simulation.
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Figure 5.11: The experimental results of the inverter prototype are obtained using a pull-tester
and a strain retention of 84.3% is observed.

In fig. 5.11, the pull-tester results can be seen. The strain retention is measured by applying an

initial strain to the input of the prototype using the pull-tester. By then reversing the direction

of the pull-tester and measuring the reaction force, the point at which the reaction force

descends below 0 N will define the strain that is retained by the structure after the initial load

is released. We assume that as the pull-tester observes a value below −0.2 N, the structure

has overcome the internal friction with the PMMA sheets and is now bending the input of the

prototype rather than returning to its original shape. Based on the values observed using the

pull-tester, a strain retention of 84.2% is measured as shown in table 5.2. When comparing

to the results of the simulation of the same modified inverter topology of 78.9%, the shape

memory effect capabilities of topologies generated by this design approach is validated. The

difference in the strain retention between the experimental and FEM results can be accounted

by the friction present in the physical implementation.

Table 5.2: Comparison between the FEM and experimental results of the modified inverter
benchmark problem.

xloaded [mm] xfree [mm] αε [%]

FEM 2.0 1.58 78.9

Expt. 2.0 1.68 84.3

5.5 Proposed Induction Heating Strategy

Due to the complex geometries of the generated topologies, simply passing a current through

the structure by attaching electrodes to the ends is no longer possible. In the case of the

inverter prototype, electrodes must be attached at multiple points so as to allow the current to

flow through all the areas of the geometry.

Various works have been established where surface mounted coils have been installed to

function as a heating coil that raise the temperature of the SMA structures for localised

heating, as shown in the work by Paik et al. (2010). This can be quite cumbersome due to
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possible risks of delamination while the SMA contracts and dilates during actuation. Another

option would be to use hot air as a medium to increase the temperature of the SMA structure,

perhaps with tools such as hot air guns. These external heating structure drastically reduce

the work density of the resulting actuator and are thus, rarely used in small and compact

applications.

Due to the complex geometry of the inverter prototype, the current paths for Joule’s heating

are no longer unique, nor trivial anymore. Here, in this case, multiple electrodes with multiple

external wires are required to heat the structure. Thus, here, the proposed heating solution

consists of a contactless, wireless strategy where a current is induced within the SMA structures

using external induction coils.

5.5.1 Magnetic Induction Heating

The basic working principle of the proposed heating methodology and its application in the

inverter mechanism can be seen in fig. 5.12. By passing an alternating current at a high fre-

quency through the primary coil and generates a magnetic field. When any electric conductor,

the SMA structure in this case, is placed inside the generated magnetic field, a secondary

electric current, Iinduced, is induced inside the structure. This induced current will generate

Joule’s losses, PJoules, heating the SMA :

PJoules = RSMA · I 2
induced = V 2

emf

RSMA
. (5.5)

The magnitude of the current is based on the electromotive force, Vemf, generated by the

primary coil, and the effective resistance, RSMA, of the path taken by the induced current. The

coupling between the primary coil and the SMA piece, as described in eq. (5.6), dictates the

electromotive force.

V 2
emf =

(
− dΨ

dt

)2 =
(
−2π f L · Iprim

)2
(5.6)

whereΨ is the total flux linkage between the primary and SMA side, f is the working frequency,

Iprim is the RMS value of the primary current and L is the mutual inductance between the

primary coil and the SMA structure. As a voltage source is used to power the system, the

input current is maximised and the resistance of the primary coil is minimised. This is further

increased by creating a resonating circuit where a capacitor is connected to the primary coil.

When designing the heating solution for maximum induced current, as shown in eq. (5.6), a

large working frequency is desired. However, when working with alternating currents at high

frequencies, undesirable effects such as skin and proximity effects, arise which increase the

resistance of the primary coil. Furthermore, the parasitic capacitance of the impedance of the

coil will take over above a certain critical frequency, cancelling the inductive effect. By limiting

the working frequency, a favourable balance between the losses at the primary coil and the

induced current at the resonant value can be maintained. The mutual inductance between the

primary coil and the SMA structure can be maximised for a large area of influence and a large
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Figure 5.12: Working principle of the induction heating strategy - (a) General principle, (b)
2D view of the coil designed for the deformed inverter, with the direction of the generated
magnetic flux normal to the plane, (c) 3D view of the induction system for the inverter problem.

number of turns. However, the area of influence cannot be increased as it is constrained by the

shape of the generated SMA topology while the number of turns is limited by the associated

increase in resistance which in turn reduces the magnitude of the input current. Thus, based

on the application, the sizing of the primary coil comes with various trade-offs.

5.5.2 Fabrication and Results of Primary Coil

Due to the complex shape of the generated SMA topologies, the shape of the primary coil

must be designed so as to induce a current path across the deformed regions of the compliant

mechanism. Currently, the fabrication of the primary coil is performed by hand using nails

and a wooden plate. The nails are used to create the shape based on the desired current path

and a wire is wound around the nails to fabricate the coil. Once constructed, varnish is used

to maintain the shape of the primary coil when the nails are removed. As shown in fig. 5.13,

two types of primary coils are constructed using 25 turns a standard monolithic wire with a

copper diameter of 0.30mm, and another composed of 15 turns of a Litz wire composed of

300 strands with a diameter of 0.040mm each. As shown in fig. 5.13, the resistance of tbe wire

increases significantly with the frequency due to the skin and proximity effects. This implies

that a thinner effective cross-section is preferred, as in the case of the Litz wire.

As mentioned previously, the working frequency plays an important role in this proposed

heating system. A trade-off is present where a higher value increases the heating but also

increase the parasitic capacitance of the coil, limiting the impedance above a critical frequency,

f mono
c = 17MHz and f litz

c = 41MHz for the coil made of monolithic and Litz wire, respectively.

As shown, despite the lower inductance of the Litz coil, better heating performance is achieved

due to the working frequency and higher primary current when compared to the monolithic

wire.

Here a working frequency of around 4 Mhz has been chosen so as to ensure that it sits safely

below the critical frequency. At this frequency, the inductance of the coil is L = 7.4 µH and its

resistance R = 0.4Ω. A capacitor of C = 230 pF is attached in series with the primary coil to

create an LC circuit with a resonating frequency f = (2π
p

LC )−1 = 3.86 MHz. Here, the input
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Figure 5.13: A comparison of primary coils with different wire types. As the impedance
becomes mainly capacitive over its critical frequency, the inductance’s values after f mono

c =
17MHz and f litz

c = 41MHz are removed for the monolithic and Litz wire respectively.

source is constructed using a half-bridge inverter based on GaN transistors (EPC9024). With

the Litz coil, a primary current of I = 1.5 A is generated at the working frequency while dissi-

pating 0.9 W of heat. This increased temperature is negligible and implies a stable operation.

However, the coil made from the monolithic wire would result in higher temperatures at the

primary resulting in a change in resistance and inductance values.

The fig. 5.14 illustrates the implementation of the contactless inductive heating system for the

compliant SMA prototype as well as the temperature distribution across the SMA structure

using the FLUKE® Ti25 thermal camera. A glass plate is placed between primary coil and

the SMA to avoid any heating through convection. Using the proposed heating system, the

SMA inverter prototype was heated above 120◦C validating the system as an active heating

system. Furthermore, as the structure reverts back to its original shape, this further validates

the presence of the shape memory effect.

In this implementation of the prototype, the penetration depth does not limit the excitation
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Figure 5.14: Implementation of induction heating system. When activated, it resulted in the
heating of the SMA structure, reverting the deformed structure back to its original shape.

frequency as the structure is composed of a thin film of SMA. In the case of a working frequency

of 10 MHz, the penetration depth is larger than the 100 µm thick SMA sheet. However, in a

real world application where the compliant structure is created from a thick monolithic block

of SMA or 3D printed, the penetration depth would be an additional parameter to account for

when sizing the input frequency.

5.6 Designing Multi-Output Compliant SMA Actuators

The proposed design methodology consisting of using topology optimisation to design com-

pliant SMA mechanisms was validated using a FEM simulations and experimental results

using standard benchmark problems. Furthermore, as the generative design algorithm used

made abstraction of the shape memory effect, the designs of the compliant mechanisms were

generated with a relatively low computational time. Due to the cost of NiTiNOL and advanced

manufacturing techniques, prototype of the proposed design could not be fabricated but

advanced additive manufacturing methods that avoid waste of material such subtractive

methods such as machining has become possible as shown in the work by Alagha et al. (2021)

and Zhu et al. (2021). With these techniques, complex compliant SMA actuators could be

fabricated in the near future. Thus, the proposed design methodology could be a great tool in

creating novel biased-spring SMA actuators.
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5.6.1 Generated Multi-Output SMA Actuators

In this section, various novel multi-output actuators fabricated from compliant SMA topolo-

gies are generated based on the proposed design methodology. These topologies, similar to the

benchmark problems in section 5.4, were simulated and their corresponding strain retention

factors were measured, as shown in fig. 5.16. The rhombus structure is a multi-directional

mechanism where the axes move in opposing directions. They elongate in the y-axis and

contract in the x-axis. The other structures, named the 8-point mandrel, the 4-point mandrel

+ and the 4-point mandrel +, perform as outer-mandrels for gripping objects. The evolution

of the topology during the generative optimisation process for the 4-point mandrel + is shown

in fig. 5.15. In a similar way to the benchmark problems, these topologies are generated while

making abstraction of the shape memory effect and while neglecting the nonlinear nature of

the alloy so as to drastically reduce the computational time, which took less than 2 min per

design.

Figure 5.15: 4-point Mandrel + : Evolution throughout the optimization. The grayscale
represents the value of the filtered artificial density. The input force is shown in red and the
output force in green.

Using the FEM simulation of these multi-output compliant mechanisms and the strain re-

tention factor, the presence of the shape memory effect within the generated topologies is

validated. A fixed input strain of 10% is applied at each input, where the bias-spring is attached,

to have comparable results for each design. The results of the FEM simulation of the design are

presented in table 5.3. The obtained strain retention factor for each actuator topology shows

that the majority of the strain applied by the biasing spring is retained and will be recovered

when heated using the proposed induction heating methodology. This implies that this design

methodology could be an attractive tool for designing novel multi-output biased-spring SMA

actuators.

108



5.6 Designing Multi-Output Compliant SMA Actuators

Figure 5.16: Using the novel design methodology, multi-output bias-spring SMA actuators are
generated making use of compliant SMA structures, shown with normalised stress distribution
in the deformed state. The input forces are shown in red and the output forces in green. The
artificial springs present in the topology optimisation are shown in brown while the bias-
springs of the actuators are shown in grey.
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Table 5.3: Results of the strain retention factor for each of the generated multi-output compli-
ant SMA structures.

εx
loaded ε

y
loaded εx

free ε
y
free αx

ε

1 : 0.051 1 : 0 1 : 0.042 1 : 0

R
h

o
m
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u

s
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5.7 Kirigami inspired Compliant SMA Actuators

Using topology optimization, various compliant SMA actuators can be designed with the

intent to combine the functions of the kinematic stage and the active element. However, due

to the current limitations of fabrication and its costs, the feasibility of such an actuator, in the

current sense, is unlikely. As additive manufacturing of SMAs becomes more accessible, the

advantages of designing compliant SMA structures such as increasing the overall work density

of the actuator, will become more apparent and attractive.

Kirigami, the Japanese art of cutting paper to create intricate structure, has gained traction

in various engineering fields to create stretchable structure as shown in the work by Tang

et al. (2017). While designing 3D compliant structure made of SMA is expensive, this kirigami

approach can be extended to SMAs to create compliant structures that when cut in a specific

manner, can exhibit surprising mechanical behaviours.

When designing actuators, a key detail to keep in mind is the life cycle of the device. In

common industrial applications, the number of cycles to fatigue of traditional grippers can

exceed 106 cycles. In the case of SMA actuators, this number is much lower and is directly

related to the structural fatigue of the material. The determining factors regarding the fatigue

life of SMAs are the strain amplitude and the type of strain applied to the material. The work
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by Runciman et al. (2011) looks at the fatigue lifetime of NiTiNOL based on different loading

conditions, such as torsion, tension and bending. They conclude that SMAs tend to have a

much longer life cycle when loading under torsion or bending when compared to tension.

The results show that with a fixed strain amplitude of 1%, in tension, the number of cycles to

failure is less than 103 whereas in bending or torsion, the number of cycles to failure is around

105.

The availability of NiTiNOL in different geometries such as springs, wires and sheets, has

allowed the creation of multiple classes of SMA actuators that exploit their respective advan-

tages. As mentioned in previous sections, the simplest approach would be to use the alloy

in the shape of a wire paired with a biasing spring to drive an actuator where the stress and

strain of the material corresponds directly to the stroke and force output of the actuator. In

these cases, SMA wires are elongated under pure traction and are then heated to recover the

strain and provide the force output as shown in the works by Kyung et al. (2008), Welsch et al.

(2018), Haibin et al. (2018), and Andrianesis and Tzes (2015). Here, the stroke of the actuator

can not exceed 1% without compromising its fatigue life. Thus, in cases where a larger stroke

is required, the geometry of the wire is adapted to form a spring which can provide stroke

above 100% as implemented in the works by Ikuta (1990) and Zhakypov et al. (2018). Here, the

material no longer deforms in traction but rather in torsion, thereby increasing its fatigue life

but while compromising the force output. This implies that there is a trade-off to be made

between the force output, and the stroke and fatigue life.

Since SMAs are available in the form of sheets which can be machined using laser cutters into

complex geometries, different kinds of SMA actuator systems exploit the longer fatigue life of

SMAs in flexion to create novel grippers as shown in the works by Kohl et al. (2002), Benard

et al. (1998), Zhakypov et al. (2018). The major advantage to using sheets instead of wires is

the fact that they provide a much higher force output. The difference in force output between

sheets and wires can be reduced by placing multiple wires in parallel to generate forces in

the same order of magnitude as sheets. Thus in applications, where a higher force output is

required, the use of SMA sheets or multiple wires in parallel can be a viable solution.

When working with thin wires, placing them in parallel to augment the overall force output

also increases the complexity of the system greatly. The manufacturing and assembly of such

a system can be difficult. Furthermore, it is also impossible to uniformly deform all the wires

equally, resulting in some wires being inactive during the shape memory effect. Thus, in cases

where a higher force output is required, the design space can become limited to just using

sheets. For maximum force output, the sheet can be elongated in pure traction but only up to

about 1%. In applications where a large stroke and force output is required, the SMA sheets

in its original state is no longer viable. Traditionally, this limitation is overcome by adding a

kinematic stage to amplify the stroke of the SMA actuator but comes with the cost of reduced

overall work density of the final actuator.

In this section, a novel approach will look at a new kirigami-based approach to designing SMA
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sheets in order to obtain an actuator that can provide higher force output while being able

to also provide high strokes. Kirigami is a variation of origami that involves the cutting of

the substrate to create different shapes and behaviours. The pattern presented in this paper

is based on the work by Shyu et al. (2015) where a nanocomposite substrate is patterned to

create a stretchable element. This approach allows an SMA sheet to reach strains over 100%

without losing its capacity to deliver a high force output.

5.7.1 Proposed Patterns

The pattern plays the most important role when creating a kirigami-inspired SMA actuator.

The pattern when cut into the SMA sheet creates a meta-material that alters the mechanical

properties from the original material. Based on the pattern used, various different behaviours

such as stroke amplification or movement conversion can be imparted into the sheet. In this

work, as seen in fig. 5.17, two patterns are explored. TheΩ-pattern, taken from the work by

Shyu et al. (2015), provides an amplification of the stroke while also deforming the SMA in

flexion which is favourable for the overall fatigue of the material. The second pattern consists

of the Lotus-pattern which allows the material to rotate around its centre. Furthermore, if

fabricated using SMA and actuated, this pattern can be used to an active smart pivot.

(a)Ω-pattern (b) Lotus-pattern

Figure 5.17: The proposed kirigami patterns for the SMA actuator where (a) allows for a large
stroke linear elongation while (b) allows a rotation around its centre.

These patterned structures make use of out-of-plane deformation to create the desired me-

chanical properties such as stroke amplification. These highly stretchable sheets, when

exposed to an imposed force or moment, make use of the out-of-plane deformation of each

individual pattern to elongate beyond the capabilities of the material on its own. Due to the

fact that these deformations are irregular and can be sophistic to predict, an FEM model

where the large deformations of the individual patterns are simulated can be an essential

tool in determining the resulting behaviour of the metamaterial. In fig. 5.18, the proposed

kirigami-inspired patterns are simulated showing their highly extensible nature and their

respective out-of-plane deformations.

The FEM simulation was constructed such that rolling supports are placed on the sides to
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F (∆x)

M(∆θ)

Figure 5.18: The out-of-plane deformation of theΩ-pattern and the Lotus-pattern using an
FEM model.

simulate the adjacent patterns. In the case the Ω-pattern, one end of the pattern is fixed

while an elongation is applied at the opposite end while measuring the reaction force of the

pattern. Similarly, in the Lotus-pattern, the outer circumference is fixed while a rotation is

applied on the inside circumference and the reaction moment is measured. The primary

goal of simulated these proposed patterns is to establish a force-elongation profile so as to

determine the rigidity of the metamaterial as shown in fig. 5.19.
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Figure 5.19: Deformation profile of the proposed Lotus-pattern (right) and theΩ-pattern (left)
from the FEM simulation.

As seen in the work by Shyu et al. (2015) and the work by Firouzeh and Paik (2015), the force-

displacement characteristics of the patterns are highly non-linear. However, the characteristic

shows two distinct regions which can be simplified linearly. Initially, the metamaterial is highly

rigid and requires a large force to create some deformation. This behaviour can be explained

by the buckling load required to create the out-of-plane deformation. Initially, the individual

beams present in the patterns are compressed axially as the structure is force to elongate. As

soon as the buckling load is reached, these beams will buckle and deviate from the plane

create a slight deformation. This deviation allows each beam to deform from the plane which

drastically reduces the stiffness of the metamaterial creating the second region of rigidity. This
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principle can be also extended to other kirigami-inspired patterns such as the lotus-pattern

and other out-of-plane deforming patterns presented in Shyu et al. (2015). In the case of the

Ω-pattern, the individual beams, post-buckling, are deformed in flexion and undergoes large

deformations. The deflection and deformations of the individual patterns can be used to

deduce the rigidity of the final resulting metamaterial.

The design of a basic SMA actuator consists of estimating the output stroke of the actuator

based on the force-displacement curves of the SMA and the biasing element as shown in the

work by Dragoni and Spaggiari (2021). By establishing the aforementioned force-displacement

curves of the SMA kirigami-patterns and the biasing element, the intersection of these curves

represent the operating points of the actuator. However, due to the highly complex multi-

physic behaviour of the shape memory effect, these alloys are often simplified and represented

as having two separate force-displacement curves: the high temperature and low temperature

states as described in chapter 2. The intersection of these curves will, thus, represent the

operating points of the actuator before and after actuation and can then be used to obtain the

final stroke of the actuator. It is, therefore, quite pertinent to elaborate the force-displacement

curves of the biasing element and the active SMA element as shown later in fig. 5.23.

5.7.2 Case Study: Modelling of theΩ-Pattern

In this section, the active SMA element of the actuator consists of a thin sheet of SMA. As shown

in the work by Morikawa et al. (2018), thin sheets of metal when machined with repeated

kirigami-inspired patterns can result in structures that can provide higher strokes and create

stretchable structures. In this approach, by making use of this concept, an SMA structure can

be created such that higher actuation strokes can be achieved when compared to an actuator

made from just the thin sheet. Here, in this section, the Ω-pattern presented in the work

by Shyu et al. (2015) as illustrated in fig. 5.17a, is used to create the kirigami-inspired SMA

element. This pattern, in the original study, has not been fully studied but presents a valuable

resource when created an SMA actuator due to the fact that the pattern allows the stretching

of the sheet using out-of-plane flexion. As mentioned earlier, flexural stress in SMAs results in

better fatigue life and thus, is advantageous when fabricating an actuator and thus, makes it

an ideal pattern for creating a long lasting large displacement linear actuator.

The Ω-pattern has been parametrised as shown in fig. 5.20. The stretchable nature of the

patterned sheet changes its mechanical properties when compared to the sheet on its own.

Thus, based on these parameters, the stiffness of this resulting metamaterial is sized in this

section. The stiffness of the structure can be estimated by calculating the resulting elongation

based on the imposed force at one of the extremities. Here, the Young’s modulus of the base

material is considered linear whereas in the case of an active SMA element, this assumption

can be consequential but nevertheless the resulting study can prove to be useful in determining

the effects of the various parameters.
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Figure 5.20: Parametrisation of theΩ-pattern with the thickness of the sheet denoted by t .

Simplifying the Out-of-plane Deformation

The stretchability or stroke amplification of this 2D structure is due to the out-of-plane de-

formation of the generated beams in the pattern as shown in fig. 5.21. This out-of-plane

deflection causes a displacement of the extremities resulting in an increased effective length

of the structure which can be viewed as an elongation of the metamaterial. As seen in the

figure, the pattern can be reduced to two buckling beams coupled by an undeformed beam.

These deflected beams, referred to as the buckling beam, is denoted with the subscript BB.

While the rigid beam is referred to as the coupling beam and is denoted with the subscript CB

as shown in fig. 5.20.

When examining the deformation behaviour in fig. 5.21, as the force is applied to one end,

the initial deformation occurs when the buckling beams approach a critical load and buckles

out-of-plane. This critical load can be calculated by using the Euler’s critical load as given by

(5.7), with the column effective length factor K = 2.

Pcr = π2E IBB

K lBB
(5.7)

Once the beams buckle, the deflection of the beams continues as the coupling beam applies

a moment, M , around its centre, as denoted by P in fig. 5.21. Thus, the buckling beam

is deflected out-of-plane due to this applied moment caused by the imposed force at the

extremities. This deflection can thus be calculated using (5.8).

θ = MlCB

E IBB
(5.8)

with M = F lCB/2 as the coupling beam rotates around the pivot P located at half its length, F

denotes the applied force at the extremity of the pattern and E I denotes the flexural rigidity of
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Figure 5.21: A visualisation of the out-of-plane deformation of the Ω-pattern based on the
FEM model. Here, only half the pattern is simulated to reduce the computational time of the
FEM simulation.

the beam. This deflection of the buckling beam can be converted to a translation of the ends

of the beams using (5.9).

∆x = lCB

2
(1−cosθ) (5.9)

Estimating the Apparent Young’s Modulus

As previously stated, by machining specific patterns into a sheet of material, the resulting

structure exhibits mechanical properties different to the material on its own. Thus, this

resulting structure can be viewed as a new metamaterial with an apparent stiffness and

Young’s modulus.

The resulting virtual rigidity of the metamaterial can be estimated by measuring the slope of

the force-displacement curves. Thus, the apparent stiffness of theΩ-pattern can be estimated

using the above equations as follows :

kΩ = ∂

∂x
(F +Pcr) (5.10)

The analytical model of the pattern is validated using a finite element method (FEM) simula-

116



5.7 Kirigami inspired Compliant SMA Actuators

0.0 0.2 0.4 0.6
Elongation∆x [mm]

0.0

0.5

1.0

1.5

2.0

2.5

R
ea

ct
io

n
Fo

rc
e

F
[N

]
FEM Results

Analytical Model

Buckling Load Pcr

kΩ,AM = 898.3 N/m

kΩ,FEM = 812.8 N/m

Figure 5.22: Comparison of the analytical model and the FEM results of theΩ-pattern. The
stiffness of the metamaterial is calculated using an exponentially weighted linear regression.
Here, the dimensions of the pattern are based on the values shown in table 5.4.

tion. As shown in fig. 5.21, only half the pattern is simulated due to the symmetry of the pattern

and to cut down on the computational cost of the simulation. Here, in the FEM simulation, one

end of the sheet is fixed while a displacement is imposed on the opposite end of the pattern to

observe and measure the reaction force required for the displacement. The resulting apparent

stiffness of the pattern can be estimated by using an exponentially weighted linear regression

fit. The weighted regression allows the fit to ignore the initial buckling load and obtain the

slope of the linear section of the force-displacement curve after the initial buckling condition.

The comparison between the analytical model and the FEM results can be seen in fig. 5.22.

Based on the figure, the results of the FEM simulation are quite similar to the analytical model,

showing that the approximations made during the description of the model are valid. Here,

the parameters and dimensions used in the simulation of the pattern can be seen in table 5.4

which are also the same values used in the analytical model during the comparison.

Table 5.4: The dimensions of the simulatedΩ-pattern.

Parameter Value Parameter Value

W 5 mm lBB 4.7 mm

L 10 mm φ 120◦

α 0.8 w 1.1 mm

lCB 6.3 mm t 100 µm

β 0.27 lbulk 1 mm

Material CuBe (TM08) E 1.25 GPa

The apparent Young’s modulus of the metamaterial, EΩ, can be calculated using the rigidity

and the geometrical dimensions of the sheet where the force, F , can be transformed into stress
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usingσ= F /W · t and the elongation,∆x, can be transformed into strain using ε=∆x/L. Thus,

using these equations and the analytical model of theΩ-pattern, this virtual Young’s modulus

can be easily sized for the required specifications of the use case scenario.

5.7.3 Implementation of a Kirigami-inspired Linear Actuator

As previously mentioned, a basic SMA actuator consists of the active SMA element, the

biasing element and the kinematic stage. In this section, however, the active element is

based on the proposed kirigami-inspired SMA element. The goal of the kirigami structure

is to modify the mechanical properties of the SMA sheet such that the stroke amplification

can be implemented. In this section, a prototype is fabricated using the kirigami-inspired

SMA actuator paired with a flexure-based biasing element. As shown in chapter 4, a flexure-

based linear stage has been used to constrain the movement of the SMA element such that the

actuator has a linear stroke and does not result in any undesired buckling. As the flexure-based

linear guide presents with an inherent stiffness, this structure is used as a biasing spring for the

activation of the active SMA element. Essentially, the flexure allows the subsystem to function

as both the kinematic stage and as the biasing element preventing the degradation of the work

density of the active material. Furthermore, the kirigami-based actuator allows for a stroke

amplification of the SMA element without requiring an additional kinematic stage.

The design of a basic SMA linear actuator consists of estimating the output stroke of the

actuator based on the force-displacement curves of the SMA and the biasing element as

presented in chapter 3. As stated in the sizing methodology, the force-displacement curves

of the kirigami-inspired SMA element can be used to determine the operating points of the

actuator and estimate the final stroke. In fig. 5.23, the schematic of the sizing methodology

when considering the highly non-linear SMA kirigami structure and the flexure-based biasing

element.

The kirigami-inspired SMA element can be easily fabricated by using a thin sheet of the

alloy and cutting the desired pattern using laser cutting or water-jet cutting. The SMA sheet

has been purchased from Memry Corporation and is composed of NiTiNOL. The primary

advantage to this methodology consists in the fact that based on the pattern imbued into

the sheet, various novel mechanical properties can be imparted into the material, in this

case, stroke amplification. Using theΩ-pattern, compared to a simple rectangular sheet of

the material, the structure can be made to reach elongations up to 100% as opposed to the

traditional 4 - 8%. This stroke amplification can be achieved using multiple springs arranged

in parallel, but with the proposed kirigami pattern, the same amplification can be achieved

with a single piece and reduced assembly. Furthermore, as the pattern consists of beams that

deform out-of-plane in flexion, the fatigue life of the material is conserved compared to if the

sheet were elongated in pure traction.

The rigidity of the resulting metamaterial produced from a passive material such as Copper

Berryllium can be determined using the analytical model of theΩ-pattern, as confirmed in
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Figure 5.23: A schematic of the working principle and sizing methodology of the kirigami-
inspired SMA actuator.

fig. 5.22. When building the kirigami-based active SMA element for the actuator, however, the

analytical model must be updated for the shape memory effect’s non-linear behavior, and

only then can it be used to establish the actuator. The prototype in this section makes use of

the flexure-based biasing element whose stiffness can be sized using the work by Henein et al.

(1998).

In order to understand the effects of using an active non-linear material such as the SMA on the

properties of the metamaterial, a singleΩ-pattern is cut in a small sheet of the SMA as opposed

to the passive linear material. As plotted in fig. 5.24, the results of the pull-tester can be seen

and the mechanical behaviour of the single (1×1) unit pattern test is observed. Here, one can

deduce that the highly non-linear behaviour of the SMA active material has a large effect on

the properties of the resulting metamaterial. This highly extensible nature of the pattern is

attractive for large stroke linear applications. This non-linearity in the metamaterial force-

displacement curve can be attributed to the non-linear nature of the SMA at low temperatures.

In order to further understand the effects of the kirigami patterns on the metamaterial, the

metamaterials containing the unit pattern in series (2×1) and parallel (1×2) are tested and

whose force-displacement curves are shown fig. 5.24. As one can see from the experimental

results obtained from the pull-tester, adding patterns in series or in parallel can be exploited

to vary the stiffness of the resulting metamaterial and can be used to size the active material

based on the requirements of the actuator.

The kirigami SMA actuator is fabricated by laser cutting the repeatingΩ-pattern into the 100

µm thin NiTiNOL sheet. Using 5 patterns arranged in series, the structure is conceived to

have increased output strokes. The kirigami structure can extend by 20 mm displacement

an elongation up to 60%. As observed in fig. 5.25, pairing this active metamaterial with the

linear stage flexure, a lightweight compliant linear actuator is designed and fabricated using
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Figure 5.24: Results of the pull-tester of the single Ω-pattern sample cut from a 100 µm
NiTiNOL sheet showing the force-displacement curve of the metamaterial.

3D printing. The actuator is actuated by simply passing a current across the ends of the SMA

element. The internal resistance of the kirigami-based metamaterial allows Joule’s losses

to raise the temperature and activate the shape memory effect. As the material cools down

passively, the biasing flexure spring deforms the metamaterial back to its deformed state.

This proof-of-concept prototype is able to produce large strokes due to the mechanical prop-

erties of the proposed kirigami SMA structure as opposed to a simple SMA sheet. As detailed

in chapter 3, this large stroke linear actuator is paired with a flexure-based biasing element

allowing the structure to be lightweight and compact. With a 9.6 mm wide SMA sheet, the

final prototype is able to produce pulling forces equivalent to multiple springs attached in

parallel with considerably less complexity and assembly time. The kirigami-inspired SMA

linear actuator, fabricated from the 100 µm SMA sheet, is able to produce strokes up to 5 mm

and apply a pulling force of 2.1 N as opposed to the 0.4 N of pull-force for a 200 µm diameter

SMA spring. This shows the advantage of this proposed methodology and shows the possibility

of preventing the work density deterioration of the SMA actuator.

5.8 Summary and Conclusion

In this chapter, a design methodology, consisting of integrating the kinematic stage and active

element to create a compact SMA actuator, is proposed. Using topology optimization and a

novel approach to generate topologies while making abstraction of the shape memory effect

is detailed. By implementing such a generative algorithm, the computational time to design

novel topologies has been drastically reduced. This has the implication to extending such a

design algorithm to 3D structures.
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(a)

15 mm

(b)

Figure 5.25: A linear actuator powered by a kirigami-inspired SMA active element. Here, using
flexure-based structures, the final dimensions and complexity of the system has been further
optimised.

The design approach using topology optimisation was tested using benchmark problems with

a standard input and output parameters to create various topologies that can be fabricated

from SMAs. The presence of the shape memory effect and the feasibility of the topologies to be

used in SMA actuators was validated using a FEM simulation and an experimental prototype.

Furthermore, a qualitative measure called the strain retention factor was proposed as a means

to compare the various topologies that can be generated using such an approach.

As these novel structures can be complex, the heating of such geometries using simple Joule’s

heating is no longer trivial. A novel heating solution was proposed and fabricated so as to

activate the shape memory effect of the fabricated topologies. Furthermore, using this design

approach and generative design algorithm, various multi-output biased-spring SMA actuators,

that can be actuated using only a single biasing spring, were proposed.

These SMA structures were designed within a 2D space with the intention of fabricating the

structure from a 3D monolithic block of SMA. As the design algorithm was implemented with

a volume constraint to preserve material, fabricating the structure with subtractive methods

such as machining will result in large amounts of wasted material. However, due to the current

cost limitations of additive manufacturing processes that exist for SMA, the feasibility of such

a compliant SMA structure is limited.

Lastly, the same methodology where structures composed of complex patterns that exhibit

surprising mechanical behaviours, can be be seen in kirigami-inspired mechanisms. By ex-

tending this same design principle to SMA actuators, patterns can be cut into thin SMA sheets

such that useful mechanical properties such as a rotational stroke or stroke amplification can
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be imparted into the actuator without the need for cumbersome external kinematic stages.

In this chapter, a proof-of-concept kirigami-inspired SMA linear actuator was designed and

sized based on the proposed methodology. This prototype was able to produce forces up to 2.1

N and strokes up to 5 mm. When compared to similar SMA springs that are able to produce

similar levels of elongation, multiple springs in parallel are required to reach the same levels

of force shown in this proof-of-concept. This shows the potential of SMA actuators designed

using the proposed strategy in maintaining the high work density of the alloy.

Using this design principle, compliant SMA active elements can be designed and fabricated so

as to appropriate the functions of the kinematic stage within the SMA actuator. This allows

for the creation of compact SMA actuators that retain their high work energy density while

still displaying the complex output and mechanical behaviours required by the application

specifications.

Using these proposed design methodologies, in the next chapter, the work aims to validate the

methodology using a case study. In this following chapter, a bistable SMA-powered robotic

gripper is designed using the novel methodologies such that a compact and lightweight gripper

is fabricated while sizing the SMA elements to optimize for the fastest time responses.
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6 Validation using a Novel SMA Gripper
System

6.1 Introduction

In chapter 1, by exploring the different domains in which SMA actuators are used, the various

design criteria and priorities were outlined. By comparing the various design strategies of

SMA actuators in their respective applications, the miniaturisation and integration of SMA

actuators was deemed to be critical in designing robotic systems powered by smart materials.

In the previous chapters, various design methodologies were presented to further integrate

the different subsystems present in a conventional SMA actuator. This strategy was explored

in order to create miniature robotic systems powered by SMA actuators. In this chapter, the

goal is to explore the design methodology presented earlier so as to implement and validate

them using a case study.

Here, in this work, the presented design methodologies are implemented in tandem to design

and size a novel robotic system powered by an SMA actuator. The sizing methodology and

design parameters of conventional SMA actuators were adapted and is used in this chapter

to create a more compact and integrated solution so as to miniaturise the final prototype. As

stated previously, in this final chapter, the novel design methodologies are validated using

a case study. This case study employs the strategies and analytical models described and

defined in the previous chapters to adequately size a compact and lightweight gripper. By

creating such a work dense SMA powered gripper, the different models are validated while

also validating the basic premise of the described methodologies.

As mentioned previously, the primary advantage of SMAs being their relatively high work

density when compared to other smart materials, they can be exploited to create powerful

actuators for applications where low weight and compactness are required. In this context, a

common application for SMAs are in actuators used to power grippers for drones or pick and

place machine as shown in the works by Lu et al. (2019), Lee et al. (2019) and Modabberifar and

Spenko (2018). Their lightweight nature makes them ideal for drone-based applications and

the active nature of the material makes them ideal for clean-room applications as opposed

to traditional pneumatic solutions. Here, the primary criteria to take into account are the
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overall dimensions, weight and time responses of the gripper. When designing SMA grippers,

the main drawback is the large cooling time required resulting in a poor bandwidth. In the

case where passive cooling is employed, this drawback is further pronounced and can only be

limited by the optimal design of the SMA geometry. Using the design methodology presented

earlier, the force and stroke requirements of the application can be taken in account such

that the sizing of the SMA actuator can result in a gripper that is still highly integrated while

retaining a reasonably fast time response.

In the context of pick and place machines or bistable grippers in general, the primary focus

of the design centres around the rigid volume and weight constraints. Furthermore, the

bandwidth of the resulting gripper, in certain use cases, can impose a rigid constraint as

well. Here, the bistable gripper is designed and sized, using the proposed integrated design

methodology, such that the resulting gripper remains within a small foot print and uses the

thinnest SMA coils so as to retain an efficient time response with respect to the resulting

gripping force. By creating such a bistable gripper, where a compact and integrated solution is

obtained while also obtaining a reasonably fast time response, the design methodologies can

be validated.

6.2 A Case Study of an SMA-Powered Bistable Gripper

The core ideology behind SMA actuators has been to create miniature and compact systems

that could potentially replace the current traditional solutions. In this work, the basic concept

has been to discover methods by which the high work dense nature of SMAs can be conserved

when designing actuators.

This section has been primarily motivated by the need to replace traditional pneumatic pick

and place grippers that require large compressors to operate. These conventional pneumatic

grippers, as they operate using compressed air and are a source of dust, are incompatible

with clean-room applications. These pneumatic grippers are bistable grippers that fit within a

small footprint with the disadvantage of requiring a wired connection to a large air compressor.

The motivation behind this section is to replace such a gripper and create a compact and

lightweight solution that can be compatible with clean-room applications.

Recently, SMAs have been paired with bistable elements to create actuator as shown in the

work by Meng et al. (2020) and Scholtes et al. (2020). A simple but effective way to create a

bistable element is to axially compress a beam such that they buckled. This buckled beam,

which can be easily fabricated in varying dimensions, now can exist in two stable positions.

The main advantage of using a bistable system is the fact that they require no additional energy

to remain in these stable positions. They only require power when switching from one stable

configuration to another. Thus, this behaviour can be further advantageous for designing

grippers that often tend to remain in an open or closed position for extended periods of time

such as drone-deliveries as shown in the work by Zhang et al. (2020). As stated in previous

examples, a fully compliant system can reduce the assembly complexity and weight while also
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preserving the life cycle if properly designed. Furthermore, a compliant bistable SMA-driven

gripper can be the ideal candidate to replace the current pneumatic solution for clean-room

pick and place applications.

When compared to other bistable SMA-powered systems as shown in the work by Scholtes et al.

(2021), this work presents a novel decoupled compliant system accompanied with a simplified

sizing methodology. The bistable element prevents the gripper from requiring any energy

while grasping whereas the SMA element allows the gripper to achieve high forces without

increasing the weight of the system. However, the main drawback of the system consists of

the long cooling time required by the SMA elements. In this work and what is often lacking in

similar proposed designs, the analytical models and sizing methodology are implemented and

validated such that the geometry of the SMA element is optimised so as to reduce the passive

cooling time and enable the gripper to have a higher bandwidth.

6.3 Working Principle and Operation

In this design, the basic concept consists of combining antagonistic SMAs with a bistable com-

pliant mechanism based on the proposed design methodology as described in section 3.4.2.

Using a buckled beam, a simple bistable compliant mechanism can be designed such that no

energy is required to remain in the open or closed position of the gripper. As previously stated,

the behaviour of SMAs are difficult to model accurately and predicting the shape memory

effect can be quite difficult. Similarly, multistable mechanisms with snap-through behaviours

are incredibly difficult to model mathematically and therefore, a system pairing both SMAs

and buckled beam are used but are, often, not adequately sized. Commonly, as displayed

in the works by Scholtes et al. (2021) and Welsch et al. (2018), the authors present a similar

mechanism but lack the methodology to appropriately size the SMA. The SMAs used in such

systems are often oversized and present with higher cooling times degrading the time response

and work density. However, in this work, using the proposed design methodology, the SMA

buckled beam bistable gripper will be sized using the simplified models so as to create a

gripper with reduced cooling times.

The basic principle of the presented gripper consists of using a pair of SMAs as external triggers

to switch the buckled beam from one of its stable configurations to the other. In fig. 6.1, a

simple diagram of the system can be observed. Here, as mentioned, the buckled beam which is

axially compressed exhibits the bistability and behaves as the compliant bistable mechanism.

The buckled beam is mounted at both ends using two supporting pivots and the snap-through

is triggered by heating one of the two SMA coils. The initially straight beam, which can be

fabricated as such, is buckled by bringing together the support pivots. Here, one of the pivots

is considered the input pivot and connected to the pair of SMA coils. The remaining pivot is

considered the output and is connect to the jaws of the gripper.

The SMA coils, when heated, will contract and revert back to their original size. The input

pivot is adapted to host a lever arm. As the SMA coils are allowed to contract, being attached
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to the lever arm, will cause the rotation of the input pivot. Here, the integrated lever arm acts

converts the linear contraction of the SMA into the rotation of the input pivot. The lever arm

can be sized to increase or decrease the force and stroke output of the SMA coil with respect to

the input pivot. This rotation of the input pivot will, after a certain angular stroke, triggers the

rapid snap-through of the buckled beam switching it to its alternate stable position. Similarly,

by heating the antagonistic SMA, the buckled beam can be made to switch back to its original

stable position. Thus, by alternately heating either of the two SMAs, the compliant system can

be made to switch back and forth between its two stable positions. As the SMA cools down,

the complaint system requires no additional energy from the SMA coils to remain in the stable

configurations and only requires energy when forcing the snap-through to occur.

Antagonistic SMA

SMA

L
ev
er

ar
m

Buckled BeamOutput Pivot

Input Pivot

1st Stable state Unstable state 2nd Stable state

Figure 6.1: The schematic of the bistable SMA actuator composed on a buckled beam and a
pair of SMA coils.

Compared to other bistable SMA actuators such as the work by Scholtes et al. (2021), the real

advantage of the proposed kinematic stage, using a buckled beam supported by pivots, is that

the gripping output is independent of the actuation input up to the point of snap-through.

This decoupling of the input and output stage prevents the actuation of the SMA from applying

unnecessary forces on the grasped object. From the stable to unstable position of the buckled

beam, the input lever makes a near full stroke while the output pivot barely rotates. As soon as

the unstable position is exceeded, rapid snap-through occurs and the output pivot switches

instantaneously to the other stable stage, allowing for a rapid grasping or releasing motion.

Finally, in regards to the control of such a system, the SMAs are heated by passing a current

across them to generate heat using Joule’s losses. The internal resistance of the SMA coil is

used to reach the transformation temperature of the SMA and generate the forces require

to switch the bistable element. However, as the SMA coils are heated, there runs a risk of

overheating and destroying the SMA. In conventional SMA actuators, a temperature sensor

is used to control the heating of the SMA and prevent any unwanted damage to the actuator.

This additional sensor, when combined with the micro-controller required to process the

control logic, results in a significant addition to the overall weight and footprint to the system,

degrading the work density of the material. Furthermore, in the case of sub-millimetre thin
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SMA wires or coils, temperature sensors are difficult and expensive to integrate within the

system. However, based on the design methodology presented in chapter 4, the kinematic

stage of the actuator and the control can be integrated to create a mechanically-intelligent

control system that can prevent the overheating of the SMA without any additional sensors

or micro-controllers. In this proposed mechanism, the bistable element is used to trigger

the electrical connection across the SMA. As the first SMA coil heats up, this triggers the

buckled beam to snap and cut the electrical connection across this first SMA and establish

the connection across the second antagonistic SMA. This prevents the SMA from overheating

while also creating a control system that can mechanically choose the appropriate SMA coil to

heat for activation. This mechanically-intelligent design, as proposed in the earlier chapter,

allows a more compact and integrated footprint for the final design of the gripper prototype.

Active Element

Kinematic Stage

Control Stage

Biasing Element

Figure 6.2: Diagram of the adapted building blocks of the bistable SMA-powered robotic
gripper.

As shown in fig. 6.2, the different design methodologies presented in this work are combined to

create a more highly integrated SMA actuator that reduces the overall footprint of the system

while allowing for a relatively fast time response. Here, the kinematic stage, as proposed in

chapter 3, acts as a biasing element and transforms the behaviour of the antagonistic SMA ac-

tuator into a bistable motion with rapid activation while also, as proposed in chapter 4, acts as

the control strategy for the mechanical intelligence of the actuator. This allows the integration

of the kinematic stage into the core of the SMA actuator where this motion conversion stage,

which acts as the gripping mechanism, is an integral part of the SMA actuator.
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6.4 Design of the Bistable Kinematic Stage

The next step, as proposed by the design methodology, consists of defining the relationship

between the contraction of the SMA and the kinematic stage. In this section, the analytical

model of the snap-through behaviour of the proposed bistable buckled beam is described

and this model can then be used to design and size the buckled beam and the SMA coils so as

to create a rapidly switching gripper with any required force and stroke specifications. This

section is a result of the collaboration with Loic Tissot-Daguette (Instant-Lab, EPFL).

6.4.1 Analytical Model of the Buckled Beam

A beam theory model is proposed in this section to size the bistable buckled beam mechanism

for the kinematic stage. In fig. 6.3, a schematic view of the buckled beam is shown. The initially

flat beam buckles when compressed by a distance of∆l by the preloading stage attached to the

input pivot. The SMA is considered to apply an input torque of Min at the input pivot. As the

final prototype of the kinematic stage is composed completely of flexure-based mechanisms,

the pivots also present with an inherent angular stiffness, Kin and Kout at the input and output

pivot, respectively. This stiffness must be taken into account when sizing the SMA element

for the actuator. The buckled beam has a flexural rigidity of E I and an initial length before

compression of L. As the flexure-based pivots are not ideal, the extremities of the beam start

at a distance of p from the centre of rotation of the pivots as shown in fig. 6.3.

Based on the hypothesis described in the work by Tissot-Daguette et al. (2021) and the Euler-

Bernoulli beam theory, the beam deflection can be described using the following equation:

y(x) =
(

A sinkx +B(coskx −1)+C
x

l

)
lθin (6.1)

with k = p
P/(E I ). The boundary conditions and the consequent analytical model of the

buckled beam system, as developed by Loic Tissot-Daguette, has been illustrated in detail in

appendix A.

The input moment required by the bistable mechanism, to be supplied by the SMA coils, can

be described as seen in the following eq. (6.2).

Min
∼= Ml +Kinθin +V p −P pθin

= E I

l

(
(kl )2 (

p (C −1)− A sinkl −B coskl
)+εl

)
θin

(6.2)

where εl = Kin/(E I /l ). Here, the input angle can be expressed as :

θin =±
√
∆l

l

√
1

H
(6.3)

where, the deflections parameters, A, B , C , ∆l , and H , are defined in appendix A. Using
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Figure 6.3: The diagram of the bistable mechanism (a) As-fabricated, (b) buckled and (c)
free-body diagram of the buckling beam. (Illustration by Loic Tissot-Daguette)

these equations, the moment and angular stroke requirements of the bistable element can

be estimated as shown in fig. 6.5. These values can then be utilised in sizing the bistable

element so as to fit the requirements of the project specifications while also verifying that the

SMA active element can sufficiently provide the required moment and stroke to trigger the

snap-through of the buckled beam.

6.4.2 Design and Fabrication of Kinematic Stage

With the help of this analytical model, a flexure-based kinematic stage can be designed and

sized accordingly. In this case, cross-spring pivots, as shown in fig. 6.4, are used for the input

and output pivots that mount the buckled beam. Based on the work by Henein (2005), their

angular stiffness can be estimated using the equation below

Kp =
2Ebh3

p

3Lp
, (6.4)
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where hp and Lp are the thickness and the total diagonal length of the cross blades, respectively.

The interface between the SMA coils and the kinematic stage consists of a lever arm that can be

sized to adapt the force and stroke requirements of the SMA so as to trigger the snap-through

of the buckled beam. The preloading screw, as observed in fig. 6.4 (b), is used to displace

the preloading stage by ∆l so as to cause the buckling of the initially straight beam. This

buckling creates the bistability observed within the kinematic stage. In this gripper, the jaws

are designed to move towards the centre symmetrically in a parallel motion. This jaw guidance

mechanism, linked to the output pivot, is comprised of a reverse motion linkage of lever

length, r , and two linear stages to ensure that the jaws move is opposite directions with the

same amplitude, xout, when the gripper is triggered to open. The angular stiffness, Kout of the

jaw guidance mechanism perceived at the output pivot was estimated using FEM simulations

for small values of the output angle, θout. As the gripper is triggered to close, xout drops to zero

and θout is approximated to zero. Due to the reaction torque experience by the output pivot

coming from the buckled beam, a gripping force, Fout, is applied by each jaw onto the payload.

These jaws can be interchanged to accommodate differing sizes and types of payload, allowing

the gripper to be used in a wide variety of scenarios.

(a) (b) (c)

Figure 6.4: (a) Schematic view of the bistable mechanism as fabricated. Gripper with mounted
jaws and the beam preloaded, (b) in open stable equilibrium and (c) in closed unstable
equilibrium. (Designed and illustrated by Loic Tissot-Daguette)

The gripping requirements of the gripper, as deduced by Loic Tissot-Daguette, can be esti-

mated using the following equations, as shown in fig. 6.5.

xout
∼= rθout = (Akl +C )rθin (6.5)
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Fout = M0 −V p

2r
=−E I

l

(
B +C p

)
(kl )

2

2r
θin (6.6)

where Kout tends to infinity when Fout is calculated as the object is considered to be infinitely

rigid. In this case, the specifications of the gripper are sized with a jaw stroke, xout, of 1.5 mm

and a gripping force, Fout, of 1 N.

The flexure-based kinematic stage was fabricated from Bohler K390 steel due to its high yield

strength to Young’s modulus ratio (σy /E). The prototype of the mechanism was fabricated

using wire-cut electrical discharge machining (EDM) which allows a minimal thickness of

50 µm for the blades with a tolerance of a few µm. The design parameters of the fabricated

prototype can be found in table 6.1.

Table 6.1: A summary of the design parameters for the flexure-based bistable mechanism.

Parameter Value

E 220 GPa
Material (Böhler K390)

σy 2300 MPa

Structure Width b 10 mm

Preloading Stage ∆l 1.25 mm

h 150 µm

L 40 mmBuckled Beam

p 2 mm

hp 60 µm

Lp 11.2 mmInput Pivot

Kin = Kp 28.3 Nmm/rad

r 14 mm
Jaw Guidance

Kout 205 Nmm/rad

ε0 12.8
Relative Stiffness

εl 1.77

6.4.3 Testing and Validation of the Kinematic Stage

For the validation of the bistable mechanism and the analytical model, a finite element

method (FEM) 2D static study was implemented, with the efforts of Loic Tissot-Daguette,

using the commercial software, Comsol Multiphysics 5.4. The material was, first, verified to

determine whether the compliant structure can withstand the internal stresses during its

maximal deformation. This determines the maximal admissible deformation to verify if the

material is sufficient. Numerical simulations of the force-displacement characteristics of

the mechanism were established to verify the analytical model as shown in fig. 6.5. As the

numerical results fit the analytical model quite well, its implies that this model can be used

to adequately size the SMA actuator as described in the sizing methodology proposed in
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chapter 3.

Furthermore, a test bench was constructed to validate the analytical model with experimental

results. The test bench consists of a manual micrometer linear stage to push the input lever

arm, θin and measure the required force using the Kistler Model 9207 force sensor for the

input torque, Min. Lastly, another force sensor is placed between the two jaws to measure the

gripping force, Fout.

The experimental results of the mechanical behaviour of the gripper are portrayed in fig. 6.5.

Based on the equations 6.2-6.6, the analytical model is traced out with the parameter kl

ranging from 1.4π (near stable position) to 2.4π (near unstable position) for the opening

sequence and from 1.3π (near stable position) to 2.2π (near unstable position) for the closing

sequence. Here, l is approximated as L−∆l . The FEM results are also presented in the same

figure to display the minor discrepancies present between the analytical, numerical model

and experimental results.

As shown in fig. 6.5, the gripper is in its stable states when the input lever angle is at −20◦ and

at 21◦, which corresponds to its open and closed positions, respectively. The snap-through

occurs when the lever angle exceeds the unstable position which corresponds to −16◦ when

the gripper is open and 17◦ when the gripper is closed. As the snap-through occurs, a rapid

change between the open and closed gripper positions are observed. Furthermore, the high

hysteresis of the bistable mechanism helps keep the gripper in a fixed state against any external

perturbations such as accelerations and shocks to the gripper frame.

The output force and displacements also always stay positive. This implies that the gripper will

continuously apply a gripping force during the opening transition and will always be open for

the closing transition. However, during these transitions the output force and displacement

increase by nearly 50%.

6.5 Sizing of the Actuator using the Proposed Methodology

The goal of this section is to validate the sizing methodology presented in section 3.4.2 by

sizing the SMA coils for the proposed bistable gripper. The sizing of the SMA coils is a critical

part in designing this proposed bistable gripper as the active element must have sufficient

pull force to switch the bistable element while not being too rigid to overwrite the required

bistability. In this design, the SMA coils are heated using Joule’s heating and cooled passively.

This implies that the cooling time of the SMA coil is directly and principally determined by the

wire thickness of the coil. The thinnest wire diameter provided by the supplier was 200 µm

and thus, the sizing methodology was applied to size the mechanism to work with such a thin

SMA coil. Furthermore, by utilising the thinnest SMA coil available, the time between opening

and closing sequences is minimised.

As mentioned in fig. 6.4, a lever arm is used to convert the linear motion of the SMA actuator
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Figure 6.5: Validation of the analytical model of the bistable mechanism against the finite
element model and experimental results. (Data courtesy of Loic Tissot-Daguette)
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to a rotational output of the input pivot of the kinematic stage. By increasing the length of

this lever arm, the required force to switch the stable state of the buckled beam within the

kinematic stage can be controlled. However, increasing the lever arm length also increases the

required stroke to trigger the snap-through.

Using the simplified sizing methodology presented in chapter 3, the operating points of the

SMA actuator are determine by estimating the intersection between the force-displacement

curve of the SMA and the kinematic stage. As the SMA is activated, the coil must overcome the

switching requirements of the bistable mechanism as well as the detwinning requirements of

the antagonistic SMA. In this case, the analytical model of the buckled beam developed in the

previous sections is added to the curve of the antagonistic SMA to determine the biasing curve.

The operating points are, thus, estimated by obtaining the intersection between the high

temperature SMA curve and the combined buckled beam and cold temperature antagonistic

SMA curve as shown in fig. 6.6 as 1 and 2 . It is important to note that both SMA must be

cool to re-initiate the switching sequence to prevent both SMAs applying a pulling force on

the kinematic stage at the same time. This operating point where both SMAs are cooled is

represented in the figure as 1′ .
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Figure 6.6: An estimation of the operating points of the bistable mechanism based on the
adapted sizing methodology. Here, the lever arm is assumed to have a length of 12 mm and
the SMA coils are pre-stretched by 7.5 mm when attached to the lever.
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As stated earlier, an important parameter in sizing the SMA actuator is the length of the lever

arm which can be used to adapt the switching requirements of the buckled beam. The linear

SMA model, obtained using a pull-tester while maintaining the coil at a fixed temperature

using a PID controller and a thermal camera as a feedback loop, can be used to determine

the capabilities of the SMA coil. By sizing the lever arm, the curve of the bistable kinematic

stage can be transformed such that the resulting force-displacement curve only intersects the

SMA curve at two points preventing any undesired operating points. Furthermore, another

important parameter to consider in the sizing strategy is the initial preloading deformation of

the SMA coil. By adjusting this parameter, the SMA can be preloaded to recover more strain

when heating but this comes at the cost of increased restoring force for the detwinning of

the antagonistic SMA which is added to the force requirements of the activated SMA. This

parameter can be visualised in fig. 6.6 as a shift in the SMA curve along the x-axis. The final

sizing parameters of the lever arm and the SMA are summarized in table 6.2.

Table 6.2: The design parameters of the SMA actuator. The SMA coils were supplied by
Dynalloy, Inc.

Parameter Value

SMA dimensions
Coil: ∅1.37×12mm

Wire: ∅0.2mm

Transition temperature 90 ◦C

Lever arm 12mm

SMA prestretch 7.5mm

Cooling time 2.83s

The implementation of the lever arm and the SMA pre-stretching mechanism can be seen

in fig. 6.7. This interface between the SMA coils and the bistable kinematic stage, shown in

white, is fabricated from polyoxymethylene (POM) using laser cutting. This interface acts as a

thermally and electrically insulated layer. Here, the interface consists of two parallel leaf spring

stages that allow the preloading of the SMA using a screw and a trapped nut. This interface is

constructed as a layer which can be mounted on top of the kinematic stage. Making use of

this 2.5D design, an additional interface layer can be mounted on the opposing side to double

the amount of SMAs coils, effectively doubling the pulling force of the SMA actuator without

increasing the cooling time.

As previously stated, the main advantage of the proposed sizing methodology is the ability to

adequately size the SMA elements based on the require force-displacement requirements of

the bistable kinematic stage. This allows the gripper to employ the thinnest SMA coils and

thus, when passively cooled, results in the shortest cooling time. As presented in section 4.2.3,

the cooling time of the SMA can be estimated using a simple thermal model. As shown in the

model, the cooling time can be further optimised by increasing the thermal gradient between
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Figure 6.7: The assembly of the bistable gripper. Here, in white, the interface layer between
the SMA actuator and the bistable mechanism can be seen.

the SMA and the ambient temperature. Thus, by employing SMA coils with high transition

temperature, the cooling time can be further reduced. Additionally, as shown in the sizing

of the SMA, the antagonistic cold SMA provides some additional force requirements when

triggering the system. Thus, using the sizing methodology, the temperature of the antagonistic

cold SMA can be sized such that the system operates at a temperature above ambient, further

increasing the bandwidth of the gripper. It is important to note, however, that the temperature

of the antagonistic SMA must be below Mf. In the case of the proposed bistable SMA gripper,

using 200 µm SMA coils and a transition temperature of 90 ◦C, a cooling time of 2.83 s was

obtained.

6.6 Actuation using the Mechanically-Intelligent Control Strategy

As explained previously, the principle behind the operating of the gripper consists of alternately

heating the SMA coils by passing a current through them and cooling the coils passively by

heat exchange with the surrounding air. Here, the basic working principle of the control is to

heat the first SMA coil till the buckled beam switches and then leave sufficient time to cool the

coil. Once, the temperature of the coil decreases sufficiently, the opposing antagonistic SMA is

heated.
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Thus, the heating and cooling time of the SMA coils are critical parameters to consider when

implementing the control. By reducing these parameters, the time required between the

opening and closing sequences can be minimised, implying that the time response of the grip-

per can be increased. Based on the methodology of an integrated control scheme presented

in chapter 4, the mechanical behaviour of the SMA and the kinematic stage is exploited to

control the SMA and prevent any overheating. In this design, the bistability of the buckled

beam is used to cut the current flow across the corresponding SMA to prevent overheating.

The electrical contact across the SMA is implemented using a limit switch. This Honeywell

SX, 5A, 1CO, 0.2N limit switch is used to pass a current across the coils as it is rated for high

current. Furthermore, the limit switch, activated by the buckled beam snap-through, is used

to detect the state of the output pivot and cut the electrical contacts across the SMA coils, as

shown in fig. 6.7 and fig. 6.10.
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Figure 6.8: The jaw position and SMA current readings during the opening and closing se-
quences of the gripper showing that the current across the SMA is instantly cut when the
gripper switches between its stable positions.

The basic strategy consists of heating the SMA by passing the current through the limit switch

and into the SMA. The SMA coil is supplied with a pulse of high current which is automatically

cut when the buckled beam switches and activates the limit switch as shown in fig. 6.8.

Similarly, another pulse of current is sent across the antagonistic SMA. This ensures that

the absolute minimum energy is used to heat the SMA and the minimum heating time is

obtained. The width of the pulse can be increased to accommodate the cooling time as once

the limit switch is activated, no more current is physically allowed to flow through the SMA

coil. Therefore, this strategy requires no control logic for the activation of the gripper. Ideally,

due to the conductive nature of the kinematic stage, the limit switch mechanism could be

implemented within the kinematic stage to further integrate the solution. In this case, using a

small form factor limit switch reduced the complexity of the design while still fitting withing
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the imposed volume constraints.

As previously mentioned, the activation of the gripper is controlled by supplying one of the

SMA coils with a pulse of current so as to heat the alloy. An H-bridge circuit is used to supply

the current to either of the two SMA coils to activate the gripper in the required direction. A

current pulse of 3 s is supplied to each SMA through the limit switch such that the required

cooling time is also taken into account. The wiring of the gripper can be seen in fig. 6.9.

RSMA,1 RSMA,2

VCC

Limit
Switch

Triggered by
Buckled Beam

Figure 6.9: The electrical circuit diagram of the bistable SMA gripper based on the proposed
control strategy.

The measurements presented in fig. 6.8 shows that by using the limit switch design, the gripper

switches state and cuts the current across the SMA immediately ensuring that the minimum

heating time is obtained and preventing any overheating of the SMA coil. The figure shows

the opening and closing sequence of the gripper as the current passes through the coils. The

gripper switches very quickly between states, thanks to the buckled beam snap-through.

However, it can be observed that the jaws vibrate after the gripper opening around the stable

open position. This is due to the fact that the compliant gripper dissipates the energy of the

closed to open snap-through very gradually. A damping mechanism could be added to the

gripper output to decrease the jaw vibration. During actuation testing, the buckled beam was

not fully preloaded showing that the gripper stroke can be adjusted. Similarly, adjusting the

preload should allow adapting the gripping force to a given application.

6.7 Specifications of the Final Prototype

Based on the design methodology, the final prototype consists of a flexure-based bistable

mechanism that acts as the kinematic stage for the SMA actuator. As mentioned previously,
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this stage was fabricated using electrical discharge machining from a monolithic block of

Bohler K390 steel, as shown in fig. 6.10. As the entire stage is created from a monolithic block,

the system consists of only a single piece and thus, does not require any complex micro-

assembly, displaying one of the key advantages of the use of flexure-based structures and this

design methodology.

The SMA elements are integrated into the kinematic stage using a 2.5D design where an

interface layer is used to actuate the input pivot of the kinematic stage. Using the design

methodology, the pair of SMA coils, arranged in an antagonistic manner, is sized such that the

thinnest SMA coils are used so as to keep the cooling time below 3 s. The design methodology

takes into account the inherent stiffness of the bistable structure and sizes the SMAs such

that there are no unintended operating points during the activation and snap-through of the

gripper system. The final gripper has a stroke of 2.5 mm per jaw and has a gripping force of

around 1.4 N.

Furthermore, the bistable mechanism and the thermoelastic behaviour of the SMA is ex-

ploited to create the mechanically-intelligent control strategy based on the proposed design

methodology. In the final prototype, the current flowing the limit switch and into the SMA

is controlled by the state of the buckled beam. The kinematic stage is able to cut the current

across the SMA in less than 10 ms. Thus, with the use of these proposed design methodologies,

the entire kinematic stage with the integrated SMA actuator fits within a volume constraint of

110×34×26 mm.

10 mm

Figure 6.10: The fabricated prototype of the bistable gripper with the wiring circuit presented
on the left.
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6.7.1 Comparison of the Proposed Gripper

Due to the complex nature of the bistable mechanism, the literature on bistable grippers

powered by smart materials is limited. However, a comparison of the proposed gripper

with other bistable grippers shows the innovative aspects and the advantages of the design

methodology. In most cases, as shown in the work by Zhang et al. (2020) and Scholtes et al.

(2021), the bistable gripper requires no holding energy but however also does not provide any

gripping force. As the stable state exists at 0 N, the gripping force depends on the size of the

object and in the case of the aforementioned works, the grasped object is retained only using

friction. In the case of bistable grippers using other smart materials, as shown in table 6.3, they

often provide lower gripping force. The proposed gripper is able to provide a constant gripping

force and stroke and has been sized to show comparable bandwidth. Thus, it is clear to see

the primary advantages of the proposed methodology. Additionally, the presented gripper,

when compared to other works, is able to produce fixed gripping forces and strokes while also

using a compliant structure to provide a parallel gripping motion, compact footprint and a

decoupled input-output actuation. Furthermore, the sizing strategy can be adapted to fit the

various specifications of the application and the grasped object.

Table 6.3: Comparison of the proposed bistable gripper against other smart material powered
bistable grippers.

Material Total
Weight [g]

Gripping
Force [N]

Bandwidth
[Hz]

Switching
Force [N]

Stroke
[mm]

This work SMA 135 1.4 0.33 7.8 5

Scholtes et al.
(2021)

SMA 150 - 0.75 - 3

Zhang et al.
(2020)

DC
Motor

8 0 0.5 0.4 20

Wang et al.
(2018)

DEA - 0 - 0.05 5.65

Liu et al. (2017) PZT - 0.6 - 0.15 0.2

Lerner et al.
(2020)

SMP 6.8 0.2 0.008 0.5 25

6.8 Summary and Conclusion

In this chapter, the design methodology presented in this work was validated using a case study.

The described methodology proposed novel ways to design actuators that were compact and

integrated. Using the various strategies proposed in the previous chapters, a gripper powered

by shape memory alloys is designed and sized such that the resulting gripper presents with

a relatively high time response while maintaining a low footprint. Furthermore, using the
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simplified sizing methodology presented in this work has been implemented in this chapter

to create a gripper with reduced cooling times and faster time responses. The methodology

allowed the conception of a gripper that can be fabricated and assembled with a reduced

number of parts, showing one of the primary advantages of the proposed design methodology.

In this final case study, a bistable SMA-powered gripper was designed and experimentally

validated. Here, the prototype of the gripper consists of a bistable kinematic stage paired with

an antagonistic SMA actuator. Furthermore, the kinematic stage and the shape memory effect

has been exploited to create an integrated mechanical control that is able to perfectly control

the temperature of the SMA coils without any micro-controllers or control logic. The bistable

kinematic stage was conceived using flexure-based hinges and sized using the proposed

methodology from chapter 3. Here, using the validated analytical models of the bistable

element, the operating points of the final gripper were estimated and the final behaviour was

verified to not present any unexpected operating points. Using the sizing methodology, the

SMA coils and the kinematic stage were sized such that the thinnest wires could be used so

as to increase the overall time response of the gripper. The prototype, while being able to

apply a constant gripping force, could easily be adjusted to show different types of gripping

behaviours and be made to grasp various sizes of objects which showcases one of the key

advantages when compared to other bistable gripper solutions. Furthermore, by using the

integrated mechanical control strategy as presented in chapter 4, this case study was able to

validate the proposed approach. Here, using the bistable element to mechanically control

the electrical contacts across the SMA coils, the gripper is able to be actuated without the use

of temperature sensors or complex control schemes. Finally, the entire prototype, which fits

in a foot print of 110×34×26 mm, exhibits a stroke and gripping force of 2.5 mm and 1.4

N, showing the strength of the design strategy in creating compact actuators for application

such as industrial pick-and-place grippers. Furthermore, using the novel sizing strategy, the

bandwidth of the gripper was optimised such that the cooling time required by the SMA coils

is as low as 2.8 s.

As seen with the illustration in fig. 6.2, the gripper, while being already highly integrated,

there is still room to create a system that can incorporate all the subsystems of the actuator.

Currently, the gripper is lightweight and compact and the use of SMA coils as the active

element has allowed the gripper to have a short cooling time while being able to attain large

strokes. The high elongation of the SMA coil allows it to adequately supply the required

angular stroke of the bistable mechanism. However, a lever arm is still required to convert the

linear movement into a rotational one. In future work, with the goal of further integration,

a kirigami-inspired SMA structure, as shown in section 5.7, can be designed to provide a

rotational output and be directly integrated into the kinematic stage. Furthermore, using

the proposed sizing methodology, the SMA structure and the kinematic stage can be sized

such that the resulting gripper has the required stroke, force output and bandwidth of the

application specifications.

The gripper, presented in this chapter, is powered using shape memory alloys and are designed
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using the different design methodologies presented in this work. These gripper, which can

be used in industrial or drone related application, can be further optimised for their specific

use cases but can also serve as an example for designing future grippers with differing specifi-

cations. Furthermore, future work could include using kirigami inspired SMA elements, to

remove the need for a lever arm and further reduce the footprint and assembly time of the

proposed gripper.

Publications related to this chapter :

S. Thomas, L. Tissot-Daguette, et al., “Microgripper Device”, European Patent Application,

21150579.7 - 1016

S. Thomas, L. Tissot-Daguette, T. Martinez, C. Baur, and Y. Perriard, “Design and Modelling of

a Flexure-based Bistable Gripper Powered by Shape Memory Alloys,” Sensors and Actuators A:

Physical, p. 8, 2022. (pending)

S. Thomas, P. Peralta, R. Mottet, M. Lehmann, Y. Civet, and Y. Perriard, “Analysis and Re-

duction of Time Response in Thermally Activated Shape Memory Alloys,” in 2018 21st Inter-

national Conference on Electrical Machines and Systems (ICEMS), Oct. 2018, p. 7. doi:

10.23919/ICEMS.2018.8549332.
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In this thesis, the goal of the work was to develop and demonstrate an novel approach to

designing highly integrate and energy dense SMA-powered actuators. Initially, the research

objective focused on the traditional methodologies and models when designing and sizing

SMA actuators. Furthermore, the common types of implementations of such actuator were

considered and their sizing methodologies were studied to deduce the various areas in which

the work densities could be improved. This objective led to the development of a systematic

design strategy that allowed creating integrated SMA-based actuators that improved the overall

work density by transforming traditionally discrete subsystems into integrated multifunctional

ones. Additionally, the traditional analytical and sizing models were adjusted to create an

adapted sizing methodology so as to create actuators for any application.

In this work, multiple case studies were presented that were designed and fabricated based on

the proposed integrated SMA actuator design methodology. These include :

• A multi-output lightweight gripper ideal for drone-based applications. This system

consists of a compliant kinematic stage that also behaves as a biasing element for the

SMA actuator and displays a high force-weight density.

• A highly lightweight untethered mechanically-controlled SMA inchworm robot that is

able to produce a constant gait without the use of any sensors or control electronics.

• A simple kirigami-inspired linear actuator that behaves as a proof-of-concept for a

high force-high stroke output actuator. This actuator manages to remain lightweight,

compact and retain its high energy work density.

• A bistable gripper powered by a pair of antagonistic SMA helical springs capable of

providing a gripping force without the need for any additional energy.

Contribution Statement

This thesis aimed to contribute and explore the answers to the following key research ques-

tions:
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How can the work density degradation of SMAs be prevented when designing actuators?

In this work, various SMA-based actuators were studied from the major domains in which

SMAs are employed. This study showed the key design considerations and criteria used in

the design of SMA-powered actuators, the major one being the work density. This study

also showed that in most cases, the traditional approach consists of creating an actuator

where the key subsystems are discrete and lack integration. This results in the degradation of

the work density as passive materials are added to the actuator without adding to the work

output. This works answers the research question by proposing a holistic design methodology

where the key subsystems present within an SMA actuator are integrated where the novel

subsystems become multifunctional. In this thesis, a design methodology is presented to

create SMA-based actuators that employ this holistic approach. This integration strategy has

been employed on the various key elements of the SMA actuator such as the biasing element,

kinematic and control stage. In each case, a case study is presented that makes use of this

novel approach in the hopes to validate the design and sizing methodology. Furthermore, the

key findings of this research question has led to numerous scientific publications and has

contributed to the field by presenting novel techniques in designing SMA-powered actuators.

How can the traditional sizing methodology be adapted for integrated SMA actuators?

This work demonstrates that by taking a holistic approach to creating SMA actuators can be

beneficial when considering the work density of the resulting system. However, due to the

multi-physical nature of the SME and the complex kinematic stages required, sizing such

systems can be difficult. This works presents the traditional sizing methodology employed in

SMA actuator designs and adapts the models such that they can be implemented in the pro-

posed integrated SMA actuators. This sizing methodology allows the actuator to be designed

in such a way that the least amount of the active material is required to drive the system. In

most cases and in the case of the actuators presented in this work, the active SMA material

is cooled passively using heat transfer with the surrounding air. Thus, the bandwidth of the

resulting actuator depends directly on the cooling time required to return the SMA material

back to the M phase. Thus, the sizing methodology presented and validated using various case

studies, in this thesis, has allowed the actuator to be sized so as to maximize the bandwidth.

Furthermore, the various adapted sizing methodologies have been described in the context of

different SMA-powered actuators and published in various scientific publications.

Can a generative design approach be used to create and validate compliant SMA structures?

The aforementioned integrated subsystem approach, in this work, was extended to other areas

of the SMA actuator. Creating or generating compliant SMA actuators is proposed as a way to

combine the functionality of the active material and the kinematic stage into one subsystem so

as to further improve the work density of the final system. However, due to the complex nature

of the SME creating complex geometries and predicting the resulting behaviour once heated

can be difficult and computational expensive. Often, when a large design space is present with

multiple variables, topology optimization can be used to algorithmically generate complex
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structures. In this work, topology optimization was presented and adapted to produce multi-

output complaint SMA structures that can be be algorithmically generated with a relatively low

computational cost. Furthermore, this work describes and validates a qualitative factor that

can be used to test the efficiency of the generated design within the context of an SMA actuator.

This simple algorithm was validated experimentally and has been published in a research

publication so as to allow the creation of future 3D printed multi-output SMA actuators.

Future Implications

This work has established a methodology that allows future engineers to create highly inte-

grated and work dense SMA-powered actuators. With the advent of 3D printing technology

and additive manufacturing of Ni-Ti based alloys, complex SMA structures can be fabricated

and have already begun to show up on the forefront of research. Using the methodology and

generative algorithms presented in this work, future researchers can exploit the approach to

create multi-output and compact SMA-powered actuators capable of performing complex

tasks.

Furthermore, the use of compliant structures paired with SMAs has been shown in this work to

allow the creation of complex, yet, lightweight actuators. In future work, this design approach

can be used to design and size lightweight actuators for various applications based on the

required project specifications. In this work, the identified subsystems present in a traditional

SMA-based actuator have been integrated so as create multi-functional elements and thus,

reduce the overall work density degradation. This concept can be however extended to further

incorporate the actuator into the entire robotic system for a greater holistic approach. In

the case of a drone-ready gripper, the entire actuator can be integrated within the frame of

the drone to further improve the work density of the system and render the robotic system

even more lightweight or compact. Additionally, active cooling as a relevant subsystem in the

actuator design has not been taken into account and can be another avenue of integration

that can be considered to further extend this work while also increasing the bandwidth of the

resulting actuator.

Lastly, in this work, the control strategy used for the proposed SMA-powered systems were

simple without the use of any sensors. Furthermore, a mechanical control strategy was

proposed that removed the need for control electronics or sensor further increasing the

work density of the system. However, in future work, the sensorless control of the SMA

element could be taken into account to allow the more complex SMA structures to also benefit

from the removed sensors within the system, thereby, preventing work density degradation.

Further developments in SMA manufacturing technologies can be harnessed with the use

of the proposed design methodologies to create highly integrated, compact and lightweight

actuators.
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A Analytical Modelling of Buckled Beam
Mechanism

The bistable mechanism consists of an initially flat beam which, when compressed by a

distance ∆l , buckles and forms a structure that exists in two stable positions. In the case of the

actuator, which consists of a pair of SMA coils and the buckled beam itself, is considered to

require an input torque Min at the input pivot to switch between its two stable states.

As the entire kinematic stage is comprised of flexure-based mechanisms, as shown in fig. 6.4,

the pivots that support the buckled beam present with an inherent angular stiffness, Kin and

Kout at the input and output pivot, respectively. The buckled beam is considered to have a

flexural rigidity of E I and an initial length before compression of L. The distance between

the centre of the flexural pivots and the beam is considered to be offset by a distance of p, as

shown in fig. 6.3.

Based on the hypothesis described in the work by Tissot-Daguette et al. (2021) and the Euler-

Bernoulli beam theory, the beam deflection can be described using the following equation:

y(x) =
(

A sinkx +B(coskx −1)+C
x

l

)
lθin (A.1)

with k =p
P/(E I ) and the boundary conditions of the supported beam are as follows

y(0) = 0

y ′(0) ∼= θout

M0
∼= Koutθout +V p −P pθout

y(l ) ∼=−p(θout +θin)

y ′(l ) ∼= θin
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Appendix A. Analytical Modelling of Buckled Beam Mechanism

Furthermore, the deflection parameters of eq. (A.1) are given by

A =
(1+2p)kl +ε0

(
p sinkl − coskl−1

kl

)
kl

(
kl coskl − sinkl − (

p2 +p
)

(kl )2 sinkl +ε0

(
sinkl +2 coskl−1

kl

)) (A.2)

B =
p(1+2p)(kl )2 +ε0

(
p (coskl −1)+ sinkl

kl −1
)

kl
(
kl coskl − sinkl − (

p2 +p
)

(kl )2 sinkl +ε0

(
sinkl +2 coskl−1

kl

)) (A.3)

C =
p2(kl )2 sinkl −2pkl coskl − sinkl −ε0

(
p sinkl − coskl−1

kl

)
kl coskl − sinkl − (

p2 +p
)

(kl )2 sinkl +ε0

(
sinkl +2 coskl−1

kl

) (A.4)

where p = p/l and ε0 = Kout/(E I /l ). When considering the beam’s arc length as constant, the

end-shorting, ∆l , can be approximated using the following expression

∆l ∼= p

2
(θ2

in +θ2
out)+

∫ l

0

y ′(x)2

2
d x = Hlθ2

in (A.5)

Here, the coefficient H is expressed as

H =
(

A2 +B 2
)

(kl )2

4
+

(
A2 −B 2

)
kl sin2kl

8
+ ABkl (cos2kl −1)

4

+ AC sinkl +BC (coskl −1)+ C 2

2
+ p

2

(
(Akl +C )2 +1

)
(A.6)

By rearranging eq. (A.5), the input angle can be expressed as

θin =±
√
∆l

l

√
1

H
(A.7)

Finally, the input moment can be described as the following eq. (A.8)

Min
∼= Ml +Kinθin +V p −P pθin

= E I

l

(
(kl )2 (

p (C −1)− A sinkl −B coskl
)+εl

)
θin

(A.8)

where εl = Kin/(E I /l ). These equations, as developed by Loic Tissot-Daguette, are used to

obtain the moment and angular stroke requirements of the bistable element when sizing the

SMA elements for the bistable gripper.
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