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General introduction

Context

Origami, the ancient paper art that was originated from Japan, has drawn increasing attention among mathematicians, physicists, artists, and engineers to use it to obtain a sophisticated three-dimensional structures from simple twodimensional thin-film materials [ Demaine 07]. Origami-inspired engineering concepts in modern science and technology are a relatively known sector that has achieved great success. Especially, as indicated by [Rus 18], origami robots are autonomous machines with advanced flexibility and adaptability, and are recently intended for a variety of applications ranging from robotic manipulators [ Sareh 18] to locomotion robots [ Lee 16], at various scales from meter-scale [ Melancon 21] to micrometer-scale [ Han 22]. In recent times, the introduction of smart materials in origami robots has enhanced their performance to new levels [ Firouzeh 15]. Additionally, energy-efficient origami-based mechanisms a-k-a non-rigid origami [Li 19a] presently exploit bistability from buckling effects or bio-inspired kinematics based on the curvature of moving fly trap leaves, requiring transient energy input for folding structures with attached micro-actuators [Faber 18]. The introduction of non-rigidity in robots enables advantages such as fast shape-changing and shapelocking [ Zhai 20]. However, even though non-rigid origami as a concept has considerable potential, as a science and engineering tool, it is still a relatively new field with many open challenges that need to be addressed [Meloni 21b]. Engineers often encounter several recurrent challenges when employing origami concepts to address the demanding requirements of various applications. These predicaments include: How can one identify the optimal design that enables effective actuation of an origami robot? What are the most suitable materials, including their appropriate thickness, to employ in the structural composition? Which actuator is the most appropriate choice for the given origami design? How to integrate the actuators on the origami structures? The process of addressing these inquiries can prove immensely challenging and exceedingly difficult across various levels of complexity. Furthermore, in order to make a complete crossover from just being an art form to becoming a fully-fledged reconfigurable robot, we need improved understanding of origami's folding behavior as well as a better understanding on design of corresponding actuator. Three main points are identified that are holding origami from making a complete crossover:

1. A better understanding of non-rigid origami-based structures: most origami tools and approaches usually focus on the kinematic behavior of shapechanging, while the non-rigid origamis subject finite deformation on pan-els and crease; therefore, the design and production of non-origami-based engineering devices lack essential information that must be investigated to determine the appropriate origami pattern, fabrication material, suitable actuation system, etc.

2. Origami-oriented actuation system: to fully realize the potential of origamibased robots and enhance their capabilities, it is mandatory to develop better actuation systems that are self-contained, lightweight, compact, and capable of providing reversible reconfiguration through both global and local strategies. To this end, SMA actuators will be considered in this work.

3. An improved design tool for SMA: most, if not all, SMA approaches and methodologies available today cannot quantitatively describe the actuation performance that relies on the shear-strain-based shape-memory effect. This information is crucial for identifying the appropriate design based on given technical requirement.

Ultimately, this work is positioned in the context of the growing need and demand for origami-inspired reconfigurable robots. This thesis presents a study of SMAbased actuation of an non-rigid origami-inspired reconfigurable robot investigated in project ANR Origabot.

Funding and academic context

This PhD thesis was carried out, as part of the ANR Origabot project which funded this research work. A short description of it is given below:

Origabot project: Locomotion relies on the ability to control the orientation and amplitude of forces applied to a body to generate an efficient motion. The OrigaBot project investigates the application of origami-based structures in robotics, specifically in unmanned aerial vehicles (UAVs). The core of the OrigaBot project is the development of new deformable bodies that not only restrict the orientation of forces but also enable precise control of their direction via activated morphing structures (see Figure 1 a). It is in this general context that the French National Research Agency backed Origabot project is positioned. By designing novel multi-modal robots featuring innovative morphing mechanisms, the unique potential of a new class of actuated origami-based structures for efficient locomotion, developed by the OrigaBot project, is illustrated, and this new expertise on origami-based design is introduced into France by developing aspects that have not been properly covered so far, where embedding actuated bistable structures into an origami-based frame on the scale envisaged here is considered a completely novel project. The OrigaBot project regroups 3 academic institutions in France to conduct research on this subject. 1. The ISM (Institute of Movement Science) 1 leads sensing and controlling system of Origabot.

2. The ICube laboratory (Engineering science, computer science and imaging laboratory) 2 leads the development of origami structure for the OrigaBot.

3. The FEMTO-ST institute (Franche-Comté Électronique Mécanique Thermique et Optique -Sciences et Technologies) 3 leads the Smart actuators development for origami based robot.

The project involves three PhD students, one from each institution, who are dedicated to advancing knowledge and innovation in this exciting area of study. The thesis of John Berre at ICube investigates the design and manufacture of the Kresling tower and the kineto-static behavior modification. The thesis of Evandro Bernardes at ISM contributes to the modelization of aerodynamic behavior of a mono-spinner drone with a Kresling-tower structure, a method for converting quaternions into Euler angles, and an investigation of an alternative solution like a bendy straw.

Contributions and publications

Contributions The potential of Origabot is indeed exciting; however, realizing this potential requires addressing several challenges. One such challenge is the design of an actuator that meets the technical requirements for the stroke and effort, which correspond to the complex kineto-static behavior during origami's shape-changing. While SMAs have been chosen as the preferred actuator for Origabots, their electro-thermo-mechanical behavior remains a complex and not yet fully understood topic. Despite the rich literature on SMA modelling, the available information is often incomplete and non-uniform, particularly in relation to actuation. Another challenge relates to force-displacement characterization of the Kresling tower, which is often limited to folding and disregards the cyclic effect, particularly for materials other than paper. In response to these challenges, this work will present four chapters that aim to comprehensively address them:

-Chapter I introduces the origami engineering and origami-based active structures, and it addresses all the challenges and achievements in this emerging field of engineering. Based on the state of the art, it provides a comprehensive vision and an accurate synthesis of origami engineering. It includes the definition, mathematical tools and algorithms, application fields, manufacturing, material considerations and actuation method. In addition, in order to provid a survey and classification of current approaches that can be applied to origami robots in order to achieve shape-changing, a summary of different aspects related to SMA-based actuators for bi-directional rotation motion (BRM) is provided. Lastly, it summarizes the state of the art and discusses the open challenges and obstacles concerning the development of non-rigid origami-based robots.

-Chapter II proposes a method that employs experimental and numerical analysis to determine the technical requirements for actuating a self-foldable origami robot using the Kresling tower configuration and engineering materials. The method considers origami and kirigami configurations based on mountain aperture and contributes by developing a characterization method, quantitatively describing nonlinear folding and deployment, and identifying technical requirements for BRM-based actuation of meso-scale origami robots.

-Chapter III presents a comprehensive approach for developing BRM actuators based on T-SMAs, which includes modeling, characterization, and design. Focusing on the SME-based torsional actuation, a reduced-order model using Brinson's transformation kinetics with high computational efficiency is developed, which accurately describe the actuators' torsional behavior corresponding to a complex thermo-mechanical history. Additionally, three electro-thermo-mechanical experiments are performed to characterize the actuation performance of millimeter-sized SMA-based torsional actuators. Furthermore, a design methodology is established for BRM actuators that utilize antagonist T-SMAs, and both forward and backward design methods are proposed for optimizing performance and fabricating prototypes based on specific requirements.

-Chapter IV describes the development of the actuation system for Origabot, including the development of a BRM-based actuation system for a bistable robot structure that is capable of shape-changing, shape-locking; the devel-opment of a paper-based Kresling tower with advanced mechanical properties powered by T-SMA-based actuation, and the design of T-SMA-driven shape-changing actuators for global and local actuation strategies.

-Lastly, the concluding chapter provides a summary of the work, with some perspectives suggested by the contributions.

Mentoring and supervising

During this thesis work, two internships were co-supervised on various research aspects related to Origabot actuation. These fruitful collaborations contribute in a major way in the number and diversity of the subjects addressed in this work. The detailed contribution of each of these collaborators will be given in the respective chapter/section, however a brief summary is given below:

-Malik Umar Saeed, 4-month internship (2021): design and characterization of an active hinge using SMA and SMP.

- Lee 20, Zhang 21a, Ze 22], where requirements due to shape-changing with compact actuation are very high. In order to provide an introduction and synthesis of the state of the art of the relatively new fast growing field of origami engineering. This chapter covers the definition, mathematical tools and algorithms, application fields, manufacturing and material considerations, actuation methods, and conclusion.

Yining

I.1 Definition and fundamentals

Origami is the art of paper folding, which dates back to the 14th century and is known to be introduced by the Japanese [ Demaine 07]. The term origami refers to something very specific: Japanese paper folding, which allows making real-life objects just by folding a piece of paper. It provides a means of transforming thin tessellated panels into 3D form with many unique and desirable structural properties such as auxetics, tunable stiffness, and multistability. Origami has achieved great technical and creative triumphs in the last ten years [Li 19b]. Using origami, engineers can access new and exciting ways to fabricate, assemble, store, and deploy different devices and structures. As indicated in [Demaine 07,Li 19b], the introduction of origami into engineering offers a variety of advantages such as: 1) space requirements reduction; 2) large size variation; 3) tunable stiffness; 4) system complexities reduction; 5) improved energy efficiency; 6) advanced mechanical properties; 7) possibility of having an integrated actuation and control system (smart materials). Some basic notations and concepts in origami should be known and defined prior to the discussion of origami engineering. An origami pattern is an origami diagram that depicts all or the majority of the finished model's creases in a single image. Practically speaking, the crease pattern is, essentially, a minimal description of the origami figure. In origami, the commonly used terminology in the field of origami are mountain fold (a fold that results in a Λ shape), valley fold (a fold that results in a V shape), crease (the line left behind after folding a flat sheet of paper. ), X-ray line (hidden fold lines and/or crease), crease pattern (all of the crease lines left on a flat piece of paper after folding), and vertex (a point where multiple crease lines intersected) [ Benouhiba 20 The intrinsic geometry of origami makes it an ideal subject for mathematical study [ Demaine 07]. In the mid-1970s, mathematicians extended the definition that a 3D shape can be, in theory, folded using traditional origami [Huffman 76]. These discoveries induced new approaches that involved materials other than paper for manufacturing, assembling, and morphing devices and structures based on origami principles. Moreover, conventional origami design usually considers three different geometric characteristics [Li 19b] : 1) the developability, meaning that origami is able to deploy to a flat sheet. For example, as shown in I.1a, a simple degree-4 vertex being developable means all relevant sector angles follow a rule that θ A + θ B + θ C + θ D = 2π. 2) the flat-foldability, meaning that thin sheet-based origami can be folded into another flat configuration. For example, as shown in Figure I.1c, the sector angles need to follow the relationship as θ A -θ B +θ C -θ D = 0 to attain such characteristic. 3) the rigid-foldability, meaning that the origami is not subjected to any deformation on the panels during folding. Thus the structure can be considered as rigid panels that rotate around the hinge-like creases. In this case, one can use a spherical trigonometry-based kinematic equation to describe a rigid-folding [Huffman 76]. For example, as shown in Figure I.1b, the kinematic relationship is given by,

cos ρ AB = cos ρ BC + sin 2 ρ BC sin θ A sin θ B 1 -cos θ ξ (I.1)
where ρ ij are the the dihedral crease folding angles between corresponding panels, and the angle θ ξ is defined as

cos θ ξ = -cos θ A cos θ B -sin θ A sin θ B cos ρ BC (I.2)
. A summary of conventional origami tessellations with relevant properties is given in Table I.1. Generally, the design starts by the selection of origami pattern that has the potential to accommodate application requirements regarding the origami characteristics. Though these geometric characteristics are often required in conventional origami design for rigid-origami-based applications, they are not all sufficient for designs that need mechanical performance. Specific design requirements may induce modification of selected patterns, thus intentionally leading to a violation of the flat-foldability and rigid-foldability. Such origami is named 'non-rigid origami,' and the panels yield ineligible deformation while inducing nontrial mechanical behavior during shape-changing: following this strategy, advanced mechanical properties such as variable stiffness [Li 19a] and multi-stability [Silverberg 15] have earned large attention recently. However, simulation tools are mandatory to describe the kinematics, mechanics, and multiphysics of origami.

The modeling techniques classified according to rigidity of the panels are provided in the following subsections.

Table I.1 -A summary of well-known origami patterns and corresponding characteristics. This table is inspired by [Meloni 21a, Benouhiba 20]. 
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I.2 Modelling methods and tools

Regarding origami-based engineering applications, methods, tools, and software are required to achieve design resolution. The previous section primarily summarized the common knowledge about origami definitions and fundamentals. As mentioned in the literature review [Benouhiba 20], existing computer-aided design software is not necessarily useful for origami designs and their different challenges. Such challenges require unique methods and tools, including crease pattern identification, folding motion prediction, and corresponding mechanical behavior description. The origami panels exhibit bending, twisting, and stretching facing the external loads. However, the analytical models need simplifications to reveal the underlying physical principles without unnecessary complexities. To this end, a vast amount of tools have been developed in the last two decades can be found in the literature to achieve the design resolution. Globally, three approaches have been introduced to the community based on the assumptions of panel deformation [Li 19b]: 1) approaches based on 'rigid-panels' assumption aka 'rigid origami' [ Tachi 10]; 2) approaches based on deformable panels and elastic hinges [Filipov 17]; 3) approaches based on finite element methods that can handle complex behavior [van Manen 20]. This section reviews some prior works according Kim 18] to each approach.

I.2.1 Rigid-origami approach

The Rigid-origami approach requires the aforementioned rigid-foldable characteristics of an origami pattern. The term 'rigid origami' refers to a type of origami that may be folded while maintaining the flatness of panels and straightness of crease lines [ Demaine 07]. On the basis of the folding angles, the folding kinematics constraining equations can be derived. Additional constraints can be introduced to ensure its developability and flat-foldability if necessary [Balkcom 04, Turner 16]. Since the mechanical aspect is neglected, studies have mainly attempted to explain the complex kinematic relationship applied to the design and to the identification of origami patterns. For example, Robert J Lang's Tree maker [tre 22] allows for the identification of 2D folds according to sophisticated 3D folds; Freeform [Tachi 10] enables the simulation of continuous folding and deployment motions between unfolded and folded configurations. Peraza-Hernandez's Origami simulator [Peraza Hernandez 16] used imposed elementary folding angles as input to obtain the folding configurations. It is worth mentioning that higher-order geometric continuity to folds to increase the description of folding kinematic of thick materials1 . Besides the aforementioned tools and software, various tools that are based on this approach can be found in the literature [Benouhiba 20,Meloni 21a] Int 22]. However, these tools are majorly based on a geometrical analysis, thus becoming insufficient for origami-based engineering applications. For example, the identification of origami pattern might induces design that requires time consuming complicated folding process [Zhang 22a] or even unfeasible structure [Meloni 21a] since the crease can not provide enough strain due to material nature.

I.2.2 Lattice framework ('Bar and Hinge') approach

The folding behavior and functionality can be described using the aforementioned rigid-origami tools. However, it has been shown that such an approach is not sufficient to describe non-trivial behaviors such as variable sitffness [Kaufmann 22], multistability [Lu 22], and self-locking [Fang 18a]. Consequently, a large and growing body of literature has investigated the folding behavior of nonrigid origamis [Meloni 21a]. One approach for the development of origami models is to leverage the use of a lattice framework. The lattice framework (aka 'Bar and Hinge') approach treats the continuous origami sheets as an equivalent lattice system to describe the quasi-static and dynamic behavior of the system [ Kidambi 20, Xia 22]. The stretchable truss elements can be adopted with the pin joint to describe the in-plane strain, and torsional stiffness is assigned to the folds to describe folding stiffness or slight bending on the panels (see Figure I.3). This method was firstly introduced by [Guest 94], and have been frequently applied [Cai 16,Nayakanti 18, Yasuda 17]. The model is capable of providing a qualitative prediction of the multi-stable behavior by minimizing total strain energy. However, additional nonlinear elements are mandatory to obtain a quantitative description [ Masana 19]. Regarding this approach, three tools are frequently mentioned in the literature: 1) 'origami simulator' [ Ghassaei 18], 2) 'Tessellatica' [Tes 22a], and 3) 'Merlin2' [Liu 19a]. The first and the second compute the nodal displacement based on imposed folding kinematics regarding the mechanical constraint based on small strain assumption. Consequently, the capacity for the description of the folding behavior of non-rigid-origami is limited. To overcome this limitation, Paulino's Group develops an origami model 'Merlin2' [Liu 19a] based on a large deformation formulation. This model starts with total potential energy that accumulates the strain energy and relies on three types of elements with large deformation. Thanks to the nonlinear formulation on the stretchable and torsional elements, Merlin is proven capable of accurately describing the entire deformation process of non-rigid origami structure subjected to an imposed load [Liu 17a] in a global manner.

I.2.3 Finite element approach

FE models are another popular method for modelling the mechanics engineering structures inspired by origami. Besides the Bar and hinge model, complex local behavior (i.e., local buckling [ Nayakanti 18], self-contact [Fang 18a], stress concentration [ Woodruff 20]) and multi-physics (i.e., fluidics [Ze 22] or acoustic [Benouhiba 21]) can be captured using FEA model. Generally, shell elements are the general choice of model construction, while the modeling of a crease is less trivial: the raw sheet materials are intentionally thinned to create the crease, and folding can further weaken the material's strength. For example, [Smit 16] used 'S3' shell elements and torsional bar elements to obtain a qualitative description of a bistable origami bellow inspired by waterbomb pattern; [ Nayakanti 18] proposed a model that uses 'STRI3' shell elements and torsional springs2 to quantitatively describe the folding behavior of a Kresling pattern-based kirigami; [ Ze 22] performed computational fluid dynamics simulations to characterize the locomotion capacity and suction capacity in the water of a spinning origami robot. [ Grey 21] presented an approach to optimize the actuator positioning by investigating the local folding behavior on creases. Besides using 2D shell elements, 3D elements provide a delicate description according to the material thickness direction. For example, an FEA model consisting of 3D tetrahedral elements [ Benouhiba 17] provides a quantitative description of the dynamic behavior of Helmholtz resonators3 . The comparison showed a good agreement between the simulation and experimental results; [Jules 20] introduced a temperature gradient through material thickness direction to obtain rest angles of PET-based curved origami based on accordion pattern via thermal expansion. [Fang 18b] simulated the folding behavior of an origami-based structure using tetra-4 elements to describe the self-locking effect during shape-changing; [van Manen 20] developed a model using 3D elements with hyper-elastic laws to obtain a quantitative description of self-folding behavior of a millimeter-size structure (see Figure I.2). Although FEA approaches provide significant advantages in terms of fidelity and generality, they also have drawbacks when applied to the modeling of origami structures [Peraza Hernandez 19]. Firstly, the complexity and generality of FEA obliterate the mathematical insights afforded by conventional origami approaches. Usually, the kinematic variables of FEA models and the very high number of degrees of freedom do not collaborate well with traditional origami. In addition, FEA is not as computationally efficient as other methods, which makes it challenging to model origami structures with a high degree of complexity in terms of the number of folds or the length of the folding sequence.

I.3 Origami-based design in different fields

In this section, one introduces applications inspired by origami as well as shapechanging strategy in different fields. A variety of applications in the robotics domain are first presented, as the shape-changing requirements are critical in this domain. In a second step, origami structures designed for other domains, such as vibro-acoustic, aerospace, meta-materials, biomedical, or sensing, are presented.

I.3.1 Robotics

The field of robotics has demonstrated an interest in origami mechatronics for enhancing robot performance. Origami robots, whose morphology and function are generated by folding, are robots consisting of discrete facets and creases. Compared with conventional rigid robots, origami robots exhibit inherent compliance through their foldable structures and simplify the design and fabrication processes by avoiding the assembly of machinery parts through folding. In contrast with soft robots, origami robots can be made from rigid materials without losing their shape-morphing capacity, demonstrating soft-rigid hybrid structures and functions. Various works in the literature have applied origami engineering to design and manufacture robotic systems. This subsection details the origamiinspired robotic applications regarding different objectives such as shape-shifting, manipulation, locomotion, and micro-robots.

I.3.1.a Shape shifting

Since origami robots exhibit better morphability than soft actuators or rigid robotic links, shape-shifting should be the most proper, and straightforward application. The origami-inspired design enables a foldable structure to be lightweight, compact, and scalable while maintaining its kinematic behavior. The first example is Manen's millimeter-sized self-folding sheet [van Manen 20] (see Figure I.4). To achieve that aim, a conception based on a bi-lame structure that consists of an elastic layer with an elastoplastic layer is introduced. The material's permanent deformation may result from a multistable polymer sheet or plastic deformation of kirigami4 metal foil (see The shape-changing can be achieved using one DOF actuation: Firstly, the two layers exhibit a uni-axial strain according to a mechanical force. Then, once the force is released, the elastic layer tends to return to its normal length, while the other layer resists this recovery due to plastic deformation. Thanks to the outof-plane deformation, the local bending deformation that is produced by the inconsistency between the tendencies of the two layers, the shape-changing between 2D-flat and 3D states are attainable. A 3D FEA model that adopted incomprehensible hyperelastic and elastoplastic laws is used to obtain a quantitative quasi-static description of self-folding kinematic (see Figure I.2), resulting in a precise prediction of the self-folding hinge with an angle up to 100 degrees. Based on the design of 90-degree hinges, a millimeter-sized complex structure is realized using a two-step uni-axial tensile force. However, despite being a precise and relatively straightforward method to fabricate the down-scaled complex structure, some limitations should be considered: 1) the self-folding angle majorly relies on the uni-axial stretching force thus, one needs delicate control of mechanical stimulus; 2) the folding angle is limited to 100 degrees due to the nature of the material; 3) since the deformation due to the stretching step is permanent, only one-way shape-changing can be obtained. The work by Hawkes et al. [Hawkes 10] entitled programmable matter by folding is another example of this type of device. Their design consists of a two-dimensional sheet that is tessellated using a basic origami pattern; it has 32 hard triangular panels joined by flexible material (silicone) (see Figure I.5). It also has a thin SMA foil-based 5 actuation mechanism capable of 180-degree folds. Copper traces are embedded in the panels to enable the electrical power supply. Thus the preannealed bending SMAs can be thermally activated using Joule heating. In order to guarantee the device is in its folded state, magnets are employed. When an active temperature is attained, the Joule-heated SMA bending actuators will fold the activated regions, followed by the magnets implanted within the sheet-like device holding them in place. Due to the fact that SMA actuators are actuated independently, sequential folding is possible. Various origami structures, such as a boat and a paper airplane, were created within less than 25 seconds (see Figure I.6). Additionally, it is worth noting that the structure can perform 'reversible self-folding' motion. Practically speaking, deployment using external force is required once the structure is folded.

Regarding the similar shape-changing strategy, [ Tolley 14] developed active origami structures using shape-memory composite. Based on 2D flat origami patterns, a shape memory polymer (SMP) was fabricated in a tri-layers sandwich form 6 . Uniform heating is required to activate the self-folding process following the manufacture of the laminate. Oven-heating the laminate causes the SMP layer to contract, resulting in the laminate being bent toward the top side (see Figure I.6). Laser cutting creates a large void in the top layer, which causes bending to occur toward the top. Moreover, the dimension of the gap determines both the direction and the angle of the curve. However, as indicated in [ Benouhiba 20], despite being an efficient and straightforward method that requires just inexpensive materials and equipment, it has several drawbacks, such as: 1) the uniformly heating requires delicate thermal control; 2) external thermal-mechanical process is mandatory to 'reset' the 2D shape; 3) complex pattern design may lead to incomplete fold or fabrication difficulties; and 4) the angle range in the literature is 5. the thickness of SMA foil is 100µm. 6. SMP layer, a top paper layer, and a bottom paper layer, with the SMP layer in the middle. Kim 16], the block enables shape-blocking thanks to its bi-stability that is induced by structural distortion 7 without any help from an actuator. Additionally, the shape-changing is obtained using torsional SMA wires [ Koh 14] in an antagonist fashion. The proposed system is capable of realizing a variety of configurations as a result of its well-organized and unit-reconfigurable components. In the same manner, as a three-dimensional (3D) morphing pixel, the latter consists of origami modules that can convert from a flat shape to a cube shape and vice versa within three seconds (see Figure I.15a). This hybrid solution combines modular and folding approaches to provide shape-shifting without requiring a complex communication system between modules. As a demonstration, the blocks are assembled using embedded magnet electrodes. Thus blocks can be straightforwardly replaced and rearranged (see Figure I.15b). Even though the system showed excellent potential for various reconfigurable material-based 7. As indicated in [ Koh 14], the distortion highlights the geometrical frustration of a folding simulation while assuming the origami is perfectly rigid. Indicator using similar definition can be found in [ applications, several limitations need to be taken into account: 1) material performance in a vertical arrangement is limited due to the nature of T-SMA (Such limits are detected as three blocks experimentally); 2) the present system's shape transformation versatility is restricted since only height is varied during folding; 3) reliability issue is due to the uncertainty induced by the manual fabrication of origamis and actuators. Briefly, the mesoscale robots for shape-changing are usually developed based on the rigid-origami pattern while collaborating with advanced-material-based creases (local actuation) to improve the shape-changing complexities or accuracy. Additionally, the applications highlight the potential of active materials for manufacturing active hinges.

I.3.1.b Robot for manipulation

Another useful functionality introduced by origami-based engineering is robotic manipulation, which relies on primary advantages such as space requirement reduction and complex shape-changing kinematics. The robots need to accomplish complex tasks to manipulate objects with different conditions, such as mass, shape complexity, and fragility under specific working spaces. The first example is S.-J. Kim's drone with a self-foldable low-profile robotic arm [ Kim 18]. As shown in Figure I.8, the retracted arm is designed based on a flat-foldable origami pattern. The essential concept underlying the robotic arm is the origami principle of perpendicular folding, in which two perpendicular fold lines restrict each other's movement. Using this principle, a hexagonal origami consists of reinforced PET plates as panels and nylon film as hinges that weights less than 30g but can sustain a compressive load of more than 12 kg at a fully deployed state. After deployment, the structure can be unlocked robot [Teoh 18]. The robot is intended to be able to capture aquatic organisms without causing any harm to them in the process, using a limited number of actuators. To this end, a pattern according to a rigid-origami ball is chosen. The robot comprises five "petals" made of 3D-printed polymer that are fastened to rotating joints and joined together to form a framework. One dof actuation-driven folding kinematic is obtained thanks to a rigid origami model(see I. introduced by [ Lee 20]. The pattern design is based on a rigid-origami pattern entitled 'Twisted tower' that provides a coupling between translation and rotation while ensuring the rigid foldability. 3D printable materials such as TangoPlus or Agilus30 are adopted to reinforce the creases; thus the structure exhibits a monostable behavior globally [Liu 17b]. The robot consists of three origami-inspired tubes that are actuated by one cable-servo mechanism. In this case, the monofilament cord is routed through the fillet holes in a zigzag pattern to provide a passive bending-twisting motion. Resulting in a cylinder form finger with 26.6 mm in diameter and 130 mm in length at a fully deployed state (see Figure I.10).

The structure is capable of providing a bending angle of up to 180°using cabledriven at a performance condition of 100 mm and 2.76 N and recalling its deployed state by simply releasing the actuation. It is worth noting that that all the fingers exhibit bending and passive twisting via actuation; thus, the robot hand can maintain the same physical contact with an external object even when the finger is twisted. The grasping capacity highlights the advantage of reduction of control complexity and processing time when handling irregular objects. However, the author indicated that the stiffness and fatigue properties of the printed structure are highly sensitive to thermal and humidity conditions [ Lee 20]. Regarding the structure architecture, the concentration of large strain on the hinge seems unavoidable since the constraint is induced by the rigid-foldability. A design model that considers the complexity of origami structure and the large-strain-induced behavior is proven challenging. Globally, the combination of rigid-origami patterns and global actuation is identified as a common choice for origami-inspired manipulation robots. Conventional actuators and rigid materials are adopted to ensure manipulation accuracy.

I.3.1.c Robot for locomotion

Over the years, numerous soft robotic systems employing structures similar to insects have been proposed for locomotion objectives. Ants use quick mandible snaps to catch prey; Spiders walk and run by continuously flipping forward; Caterpillars use sequential contraction of segments to perform peristaltic crawling. Therefore, origami robots with multi-DoF have been applied for locomotion.

The first example of a locomotion robot is Felton's self-foldable centimeter-sized crawling robot [Felton 14]. Inspired by a rigid origami pattern, the authors propose a crawling robot that begins as a flat sheet with integrated circuitry and is able to transform to a programmed 3D shape automatically. As shown in Fig- ure I.11, a prototype of a robot is fabricated based on an origami pattern in which the construction begins as a flat shape memory composite to attain the self-folding along embedded hinges. Implanted heating sources control the hinges, and their arrangement and dimension govern the 3D mechanism's final shape. It is worth mentioning that the composite is 3D-printed using antagonistic prestretched polystyrene (PSPS) with a passive paper to obtain the bidirectional self-foldable hinge at a temperature of 89 °C. Thanks to the joule effect, the hinge can provide a maximum fold angle of 120 degrees, and the robot needs an electric power of 18.5 W (2.5 A with 7.4 V) for 260 seconds to attain the 4-step 2D to 3D transformation. The robot can fold itself in four minutes and walk away autonomously using elec-tric motors, demonstrating the potential for both complicated self-folding devices and self-controlled, autonomous assembly. However, as indicated in the article, two limitations, such as the fabrication time and energy efficiency issue, should be taken into account.

Thermal stimulus

Locomotion by motors Fully deployed Self-folding by SMP hinges Another work based on the combination of rigid origami and smart composites is Zhakypov's Tribot. The robot is considered as an origami with three rigid panels and only one hinge. The author uses PCB to fabricate rigid panels to support the structure and to embed the integrated circuits. Two types of SMAs are used to obtain different folding motions: bending SMA for continuous folding and SMA spring for discrete folding. The robot is capable of providing multi-locomotion such as crawling, revolving and jumping by controlling the folding speed in between two panels. The 50 mm in-length robot is capable of providing a jump height of 45 mm under an electric power of 3.7 W while having a claw step of 5 mm.

SMA spring

Bending SMA PCB panels Miyashita 15] present an untethered millimeter-sized Origami Robot capable of multi-locomotion is a third example of origami-based robotics. The design of the robot was inspired by a potential application in which tiny sheets of material would be injected into the human body, navigate to an intervention location, fold themselves up, and then dissipate after completing their jobs. The self-folding sheets is fabricated using three layers of polyvinyl chloride as a thermally contact middle layer, covered by polystyrene as an outer layer. A cubic neodymium magnet is integrated on the sheet to control the robot, resulting in a self-folded sheet that weighs 0.31 g, and spans 1.7 cm square in size (see Figure I.13a). Once the robot is subjected to heating, the temperature increase will cause the PVC layer to contract, which triggers the self-folding process, resulting in a 2D-3D transformation. It is noteworthy that a maximum folding angle of 150 degrees is obtained along a single hinge. This miniature origami robot is powered by a cubic neodymium magnet and four electromagnetic coils beneath its surface that provide the essential magnet fields for its operation. Each coil was positioned in a corner beneath the robot's operational area, resulting in a capacity to provide linear motion at a velocity of four body lengths per second (see Figure I.13b). After doing its assigned task, the robot is dissolved in an embedded tank. However, one needs to remind the limitation of the operating area. In this case, the electromagnetic coil system provides a circular form zone with a diameter of 20 cm and a 0.6 mT magnetic strength that requires 100W power. Another example is a Specifically, the circular variant of this pattern, known as magic-ball, was used here. However, the pattern was altered at the edges due to the requirement for spokes that connect the wheel frame to a shaft. The design is firstly presented in [Lee 13b], wheels are fabricated using reinforced paper, and the shape-changing is obtained using an SMA coil spring. The actuator is then modified in [ Lee 17]:

The wheel was equipped with a DC motor, sliding shaft, and wire. When the motor rotates, it winds the wire, which then pulls the sliding shaft, increasing the diameter of the wheel (see Figure I.15b). In contrast, as the motor unwinds the wire, a rubber band attached to the wheel assists in restoring its previous form. However, after switching to the mechanism discussed above, a high diameter changing ratio of around 55% is obtained. The design is then scaled up for a passenger vehicle that requires higher high-load capacity ). An advanced functional mode such as 'target-suction' and 'liquid-delivery' is introduced thanks to origami design. The former is induced by the cuts of mountain crease, resulting in a capacity of sucking a 100 µm sized glass bubble in the hole region while rotating (see Figure I.16b). The latter is induced by the cooperation between the magnetic plates and the origami body. Thanks to the monostable behavior induced by the robot body, the structure can pump liquid at the target location under a magnetic field of 200 mT (equivalent to a torque of 0.5 Nmm or a force of 0.06 N). As indicated in the article, the robot shows the highest ratio between the swim speed and the robot dimension. However, one needs to remind that the robot requires accurate control of the magnetic field to obtain these exciting capacities. For example, customized Helmholtz coils are used to obtain the robot swimming, in this case, to generate a uniform 3D magnetic field within a space of 160 mm by 120 mm by 80 mm. A diameter of 50 mm and a thickness of 25 mm permanent magnet is required to obtain the folding of the structure. Generally, two combinations are found for the development of locomotion robots. The former uses stiff material as a robot body based on rigid-origami patterns, while local actuation on the hinges provides the locomotion induced by global shape-changing. The latter utilizes advanced properties that rely on non-rigid origami while conventional actuation methods are performed.

I.3.1.d Micro robots

Millimeter-sized origami-inspired robotic applications have drawn more attention recently. Within the field of 2D photolithography-based microfabrication procedures, origami provides remarkable advancements in the development of 3D systems and assemblies, enabling the folding of functional microscale robotic systems. The first example is tetherless microgrippers that are presented in the work of [ Leong 09](see Figure I.17). Among other functionalities, these microgrippers can be used to capture and retrieve objects and conduct biopsies. The microgrippers were fabricated using standard cleanroom/fabrication technology. As shown in Figure I.17a, a rigid-origami tessellation is used to trigger the close of the microgripper. The active creases can provide a self-bending motion that relies on a global thermal stimulus or chemical stimulus, thanks to its multi-layer structure. A magnetic field was utilized in order to guide in vivo the grippers to their desired target remotely. Once they reach the target, the locking mechanism can be activated either by heat (40 to 60 °C) or by using a variety of different chemicals, including organic chemicals. They start with an opening of 700 µm as their initial (open) state, then when closed, they are down to only 190 µm. These small tetherless grippers illustrate the development of biocompatible and autonomous microdevices for minimally invasive biomedical applications.

The next example is a multi-modal-locomotion-enabled wireless Submillimeterscale terrestrial robot detailed by [ Han 22]. As shown in The self-bendable actuator is adopted on their rigid-origami-based pattern to obtain locomotion capacity such as crawling, walking, turning, and jumping. It is worth mentioning that the reduction of robot size induces an increase in heat dissipation ability and increases the robot bandwidth. Moreover, the range of motion modalities is expended thanks to the introduction of an origami-based tessellation strategy. However, one needs to indicate that the design constraints rely on actuation accuracy and subsequent folding motion needs to be taken into account.

For example, the peekytoe crab's legs require a sequential activation to obtain the locomotion toward a specific direction. The disordered activation of creases can lead to a loss of optical contact during shape-changing.

I.3.2 Other fields

This subsection presents some prior origami-inspired applications in other field than robotics. Aerospace applications need structures that can be stored inside the constrained confines of space vehicles and have a final deployed size ranging from . 'Hana' is Japanese for flower, and 'flex' refers to the flexible substrate to which the solar panels are affixed. One of the most significant advantages is that more rings may be added to the base unit without affecting the height of the stowed geometry and with just a minor increase in diameter.

The system is intended to be deployed by a perimeter truss that is motorized. An analytical investigation is performed to prove that technical requirements such as the deployed stiffness, deployed strength, stowed volume-specific power, and mass-specific power is fulfilled. Although having a good deployment ratio compared with conventional planar arrays, Hanaflex is made up of a greater number of segments, which may result in limitations: 1) the increase in system complexity induces an increase in the system's weight and risk of failure; 2) The deployment of the system is irreversible since the lack of knowledge on wiring during folding.

Acoustics is also one of the intended applications for origami-based devices. For example, sound absorption at medium and low frequencies requires a considerable length of an acoustic resonator. Consequently, compact acoustic resonators with variable resonance frequencies are in high demand. To this end, [ Benouhiba 17] introduced an investigation of the acoustic behavior of a novel, adaptive-passive Helmholtz resonator. The device is inspired by a water-bomb pattern that can provide a large range of volume variation, thus obtaining a larger resonate bandwidth than conventional devices. The experimental results have shown that the resonator was capable of shifting the low frequencies of 81 Hz from 138 to 219 Hz at a high frequency. As indicated in the article, the introduction of origami-based shape-changing to such a device enables very high tunability and minimal geometrical variation: an 80% of average absorption was obtained by applying only 28% diameter variation. [ Benouhiba 20] presents a study focusing on the actuation system of the device. A method that consists of actuation technical requirements identification, actuation system design, and control system is provided. A servomotor-driven, vision-sensing-based, PID-controlled active Helmholtz resonator is fabricated. The experimental result shows that the device is capable of obtaining a 6mm diameter variation with a relative error lower than 3.5%. The next example is T. Jule's [ Jules 20] multi-stable mechanical memory struc- ture. The structure, which consists of multiple units entitled 'Barrel', that is modified based on a bistable Kresling tower: two mirrored identical bistable Kresling towers are embedded to neutralize the rotation during shape-changing. As reported in the article, the folding and deployment of customized origami below thus can be actuated using a uni-axial load with three properties: 1) neutralization of global twisting under loading, 2) guarantee of bistable configuration for each barrel, 3) use of a single parameter to drive the unit design. Since the unit barrel exhibits a high non-linear bistable behavior with hysteresis during folding and deployment, the author uses a Preisach mode to obtain a quasistatic-transition diagram of a stack of barrels with different geometry configurations. Assuming that the design parameter induced distinct bi-stable response as well as mechanical properties, the structure is capable of holding any number of modules as long as their patterns are all different. A prototype that enables 16 distinct states is realized using Kresling pattern for different geometry configurations. The structure is realized using thin Mylar sheets as panels and thin adhesive tapes as creases.

In fact, thanks to the different actuation conditions and hysteresis behavior, the structure is capable of providing a programmable multi-stable shape-changing that is driven by a specific load path. As shown in Figure I.21, the transition graph on the top corresponds to convection from state 0000 to state 0101: each ordered bit 1 corresponds to the folded state, and 0 corresponds to the deployed state.

The experimental results are shown in the bottom image. The author establishes a linear relationship for the prediction of height according to stable configurations. A work using a similar actuation method can be found in [ Melancon 22]. However, these designs of unit origami modules are based on a pure experimental experience to attain a considerable difference in actuation technical requirements for each origami unit. Regarding both works, only one geometrical parameter is chosen experimentally for this objective. The lack of knowledge of mechanical behavior modeling of non-rigid origami becomes a significant limitation for the origami design resolution [Jules 20, Melancon 22]. 

I.4 Actuation method

Though origami is widely implemented in various domains, it is impractical to perform manipulations externally to obtain structural reconfiguration, especially for remote applications at a small scale such as Origabot. Consequently, the ability that can provide folding/unfolding motion without external manipulation becomes essential. Integrating active materials to obtain shape-changing is one strategy for the development of self-folding systems since such material substances transform diverse forms of energy into mechanical work [Lagoudas 08]. This section details some prior efforts on active origami and especially the approaches using shape memory alloys.

I.4.1 Actuation of active origami

Self-folding is a rather significant part of origami structures; therefore, we cannot talk about origami structures without mentioning self-folding. In the work of [Peraza Hernandez 14], the state-of-the-art of active origami and the corresponding actuation methods are systematically reviewed and analyzed. As indicated in the article, the re-configuration of an active origami can be obtained by self-folding techniques and methods, such as thermally-induced, optically-induced, chemically-induced, and electric field-induced techniques (see Table I.2). In fact, when considering self-folding from a flat to a deformed configuration using active materials, several critical design drivers should be considered, such as energy density, simple geometry, and especially the actuators' compactness since systems at reference configurations are often essential. Moreover, origami devices tend to have substantial deformations (folding/unfolding at creases) that require relatively large folding effort, restricting the selection of actuators and materials. To overcome this challenge, the thermally activated SMAs become the best candidates for origami-based robots applications since their unique advantages such as: (1) high energy density, (2) reasonable operational strain [ Wei 98] relying on SME, (3) bio-compatibility, (4) and long life 9 [Hu 21b]. For this reason, the following states-of-the-art for origami actuation is restricted to SMA-based devices. 

I.4.2 SMA for active origami

Shape memory alloys (SMAs) are a family of smart materials capable of sustaining large inelastic strains, depending on prior loading history, that can be recovered by heating or unloading. The composition of SMAs significantly influences their mechanical performance: the iron-based and copper-based SMAs are known as low-cost candidates, but their applications are limited by their instabilities, and poor thermomechanical performance [ Lagoudas 08]. The Ni-Ti-based SMAs are the most conventional SMA materials and are much more applied by 9. up to 10 6 action cycles under a strain of 1% [Ikuta 90] engineers than other SMAs, thanks to their outstanding mechanical properties. M Jani et al. categorized the shape change effect into three shape memory characteristics [Mohd Jani 14]: 1) one-way shape memory effect (OWSME), which implies a material characteristic to recover a residual strain with temperature increasing. 2) two-way shape memory effect (TWSME) that implies a tendency of the material to undergo mechanical strains with temperature cycling even when it is not prestrained, and 3) pseudoelasticity (PE) refers to a situation where large strains, in excess of the elastic limit, are completely recovered upon unloading at a constant temperature. The OWSME-based actuators are usually more powerful, reliable and are widely implemented in many engineering applications [Mohd Jani 14].

I.4.2.a SME and PE behavior

SMAs can exist in two distinct phases with three different crystal structures 10 and therefore different properties (see Figure I.22). The former is the hightemperature phase called austenite, and the latter is the low-temperature phase called martensite [ Lagoudas 08]. The difference in crystal structure between these two phases induces changes in mechanical behaviour. Furthermore, the core of the SME is constituted by a shear lattice dislocation due to thermal or magnetic active phase transformation. The thermally activated SMAs normally exhibit 10. twinned martensite, detwinned martensite, and austenite 11. The data is reported in [Shaw 08], the diameter and free length of the nitinol specimen is 1.02 mm and 63.5 mm.

-Shape Memory Effect (SME): The process is considered starts at 'martensitefinish-temperature' ( 0 ⃝). This state refers to twinned martensite induced by a stress-free cooling process from the parent state or 'shape memory' ( 4 ⃝) corresponds to pure austenite. A detwinning of martensite ( 0 ⃝ to 1 ⃝) occurs when the twinned martensite subjects to a slow isothermal load at a low temperature. A reorientation process is initiated, resulting in the growth of certain favorably oriented martensitic variant. After the elastic unloading ( 1 ⃝ to 2 ⃝), the detwinned martensitic state is retained with a large residual strain, refers to a 'prestrained state' ( 2 ⃝) of SMA. When the SMA is heated above the 'austenite-start-temperature' ( 3 ⃝), the parent state begins to regain, and the strain recovered due to the phase transformation from detwinned martensite to austenite is termed as the transformation strain. The process finishes at the 'austenite-finish-temperature' ( 4⃝). Subsequent cooling to martensite will again result in the formation of self-accommodated twinned martensitic variants with no associated shape change, and the whole cycle of the SME ( 0 ⃝ to 4 ⃝) can be repeated.

-PseudoElasticity (PE): The pseudoelastic behavior of SMAs is associated with stress-induced transformation, which leads to strain generation during loading and subsequent strain recovery upon unloading at a high temperature. The process is considered to start at a temperature above the 'austenite-finish-temperature' ( 5 ⃝ in this case), refers to a state that stable austenite exists. When a mechanical load is applied, the parent phase undergoes austenite elastic loading until a specific stress level ( 6⃝). Then a reorientation process starts, leading to the formation of oriented martensitic variants induced by stress. When the stress is released gradually by unloading, the martensite elastically unloads along the path until a certain stress ( 8 ⃝). Continuing decreasing stress induces reversal transformation (M → A). The end of the transformation back into pure austenite is denoted by the point ( 9 ⃝) at which the unloading curve rejoins the elastic region of austenite. The material then austenite elastically unloads to its initial state ( 5 ⃝≡10 ⃝).

I.4.2.b SMA-based elementary actuators

SMAs made of NiTi have attracted wide interest in both research and industry due to crystal realignment, which is also the case for torsional motion actuators that are considered in this subsection, as they require both shape memory effect and high torque output. The performance of SMA actuators is primarily related to their metal composition and geometry. Briefly, straight wires in tension offer small linear motion and high force; torsion bars and tubes exhibit large rotation and small torque; cantilever strips for large displacement and small force; helical elements provide large linear motion and small force. It is worth noting that the coil form design offers more design parameters than other simpler geometries. For example, for an SMA torsional coil spring actuator, a common category of actuator, the turns number, and diameter of the coil dictate its motion capacity, and the diameter of the wire relates to the output torque. A larger diameter leads to a higher output torque compared to the thinner one. However, beyond their linear actuation in spring or tendon forms, there is little variety research for actuation in torsional motion, which are useful for origami robots. SMA-based elementary actuators can be classified into three categories: -Linear SMAs (L-SMA) (see Figure I.23a): wires are a common form of actuators [ Paik 10]. However, their limited recoverable strain in the range of 4-8% requires them to have lengths up to 25 times longer than their intended stroke length [ Rodrigue 17]. A common way to increase output stroke without enlarging an actuator's dimensions is to wind SMA wires around a cylindrical surface, resulting in a coil form actuator. The design consists in accumulating the normal deformation of the wire to global shear deformation of actuator in a single-coil form or double coil form [Kim 15b]. Moreover, novel arrangements and compliant mechanisms can be found to convert elementary linear strain to global torsional motion [ Rodrigue 15]. As indicated in [ Rodrigue 17], the optimization of actuators' configuration for increasing their deformation range is the major challenge according to the structure size and the implementation of power source. Practically speaking, the actuators must be small enough to be embedded within the substrate material while sufficiently powerful to achieve folding. These characteristics make the integration of normal-motion-driven SMAs for self-folding structure a challenging engineering issue. -Bending SMAs (B-SMA) (see in Figure I.23b): SMA bending actuators have been developed for robotics [Zhakypov 16,Firouzeh 15] and medical applications [Sheng 17, Abadie 09] for years, due to their small form factors, convenience in actuation, and compatibility with medical imaging. Large residual tensile and compression strains are locally distributed on the two sides of actuators in order to generate the torsional motion due to SME. Like a conventional fold, bending sheets provide a continuous bending deformation rather than having a rotation between two separate elements [Hawkes 10, Firouzeh 13]. Bending wires use single or multiple bending wires [Shin 16], beams [Wang 16] or cantilevers [Abadie 09] to reach this goal. However, the design is limited by the SMAs material properties. It was shown that deformation of a U-shaped metal sheet to its initial flatform is not possible [Firouzeh 13] and requires extra curvature to achieve the desired folding angle. Consequently, additional machining processes such as laser cutting and SMAs layer's pre-annealing are necessary [Paik To sum up, normal-strain-driven actuators offer different advantages such as simplicity of manufacturing, simplicity of multi-physical modelling, suitability for conventional cooling. However, the requirement of operational space and complexity of supplementary mechanism limits the capacity of this design. Bending-elements offer the same level of motion and allow the possibility of size reduction of actuators but require supplementary fabrication. Torsional elements have shown an interesting potential due to their larger angular motion-range and larger output torque within a limited space. Regarding origami-inspired structures, which require large torsional actuation within very limited operational space [ Hawkes 10] at folding creases, these characteristics makes them appropriate candidates for origami-inspired robotics [Koh 14, Kim 15a].

I.4.2.c Passive and active actuators for bi-directional motion

Conventional SMAs can only achieve unidirectional actuation. Consequently, it is necessary to provide an external force to carry out a repeatable bi-directional motion. According to the nature of this force, two classes of SMA actuators can be defined: passive bias type SMAs actuator and active bias type SMAs actuator [ Georges 13]. The former one, composed of an SMA element and a bias load (constant mass, linear or nonlinear stiffness spring), offers the simplicity of modelling and manufacturing but its performance (dynamic response and motion range) is highly dependent on the choice of passive element. The latter one, which consists of two antagonistic SMA elements, has faster speed of response than the former one, but requires more power [Hu 21b] and the output torque is restricted by the stiffness of the antagonistic components. Table I.4 and Figure I.24 provide an overview of the principles, dimensions, performance, heating and cooling strategies, models used for design and controlling issues for a large number of SMA-based BRM actuators. As shown in the table, it is trivial that T-SMAs provide larger motion range than B-SMAs for a given angle, regarding the same diameter/thickness. Thus becomes an excellent candidate for an application that needs a large rotation angle within limited operational space, such as origamiinspired robotics. Nonetheless, As indicated in [Hu 21b], to enhance this exciting approach, several challenges need to be addressed. Development and improvement of analytical tools for actuators prediction constitute the first challenge. Indeed, very efficient multi-physical reduced-order models have been developed for actuators based on simple geometries, but rigorous analyses are required so that they can be applied for reliably capturing the thermo-mechanical response of actuators with complex geometries. Moreover, in addition to the non-linearities associated to the material behavior, origami structures involve highly nonlinear behaviors due to the changes in geometry, that should be considered in the upcoming development of these design tools. The second challenge is related to BRM actuators design. The stress-strain plane using the austenite curve of the active element and the hosting structure is frequently mentioned as a valuable and effective tool. Previous works show that this method is acceptable not only for a passive biased SMA actuator but also for an- tagonist configuration. However, the method is based on a fixed dimension SMA element and the studies usually focus on designing the bias element (for example, a passive biased spring with different stiffness). Regarding the technical demands for origami robots, working conditions such as actuators' dimension, arrangement method, and temperature conditions need to be addressed: design tools based on inverse problem that takes all those factors into account would constitute an added-value for the community. The characterization of torsional actuators constitutes another challenge that needs to be addressed. Although a few experimental methods are available (as detailed in section III.2) for torsional SMA elements, the results according to millimetersized actuators which are required for a wide variety of origami-based robots are still very limited compared to actuators in centimetre-size. The results of SMA tests highly rely on specific factors such as temperature controlling, loading methods, and measurement techniques. Thus, an investigation of the phenomena that can lead to testing problems and technical solutions for accurate qualifications for millimeter-size actuators is challenging. On the other hand, the characterization results of existing BRM actuators usually focus on SMA elements performances and system motion range. Those results are not sufficient for self-folding structures that need both output torque and angle stroke to achieve shape-changing. Thus, the strategies and methods for system output torque measurement are still in demand. The next challenge is related on actuators' activation and cooling. The Joule effect-based heating has become a standard method for SMA activation. The electro-thermal effect-based heating and thermal conduction heating have shown better performance in terms of activation time or energy efficiency, regarding specific actuator geometries. On the other hand, many researchers have identified the low cooling rate as the main drawback of SMA-based actuators. Specific improvement can be found in the literature, but a systematical investigation of cooling methods for SMA-based torsional actuators is still in demand. Challenges related to the control of BRM actuators are still pressing. The combination of SMA constitutive model and PID control was proven suitable and applied as a common controlling method for BRM actuators. Moreover, compared to this approach, the sliding-model-controller (SMC) with or without SMAs' physical model showed improvements in response time and control accuracy, respecting the linear SMA element. Finally, studies that couple the SMC and bending or torsional motion-driven SMAs are required.

I.4.3 Overview of Kresling tower actuation

This subsection presents an overview recent advancements in the application of robotics at the mesoscale to serve as a reference for designing actuation mechanisms based on the Kresling pattern, which are shown in Figure I.25. As shown in the figure, the shape-shifting can be obtained through both global and local actuation methods, using variety of actuators such as cable motors (a, b, c), air pressure (d), magnets (e), and SMAs (f, g). However, it is important to note that the a compromise between structure's bistability and reconfigurational ability needs to be taken into account. For example, a robotic arm based on monostable kresling modular can recall its full unfold state by simplely release the cable motor [Liu 17b] while supplementary component is necessary in b) and c): self-deploying motion are obtained using passive elastic components in [ Lee 16, Bhovad 19, Kim 18], and active component in [Lee 13a]. Practically speaking, the pulling actuator is a common choice for linear actuation using cable motor since its assembly simplicity, and can be integrated apart from the structure. However, the actuation system is limited by the lack of pushing force, thus becomes unsuitable for bistable kresling units. In addition to cable-motor-based actuation, reverse folding can also be achieved through pneumatic or magnetic actuation. However, it is important to consider the compactness and working space limitations associated with these actuation methods, as discussed previously. It is worth indicating that the work introduced in [ Ze 22] highlights the potential of BRM-based actuation for reversal folding.

However, several challenges need to be considered regarding the actuation of miniature structures using conventional actuators. For example, electric motors are often too large to be used in miniature systems and consume a large amount of power that challenges system power supply capacity. As the system's size decreases, the actuator's size must also decrease to maintain the system's functionality. Moreover, space constraints due to actuation systems such as adaptors, sensing, and controlling components become more complex. In addition to the active-Kresling-origami, which is driven by global actuation, high power density actuators such as SMAs have become mandatory to enlarge the design space of downsizing origami robots. For example, self-deployable Kresling towers based on bending SMAs [ Nayakanti 18] or torsional SMAs [Kim 15a] have been introduced recently regarding a local actuation strategy. These towers employ three B-SMAs or eighteen T-SMAs for self-deployment-based shape-changing induced by shape memory effect, sharing a global thermal activation process, which requires environmental thermal controlling. Although a considerable increase in the structure's mechanical performance is obtained, the local actuation requires a relatively large actuator number and complexity due to controlling of actuators.

I.5 Summary and conclusion

The current state of origami engineering in general and origami-based active structures, in particular, is summarized in this section. Although origami is an ancient art, it is still a new engineering domain that has yet to prove its worthiness/effectiveness before becoming a full-fledged engineering field. The intricate geometry and kinematics of folding allow for attaining numerous desired and even unconventional material properties, such as complex shape-changing capacity, on-demand tunable stiffness, multistability, vibration management, and meta-material. Based on the literature, the advancements discussed here are the available analytical tools for describing origamis' folding behavior, the choice of material, and the according to actuation methods in the field of origami engineer-ing. Regarding the existing analytical tools, three approaches can be found in the literature based on the assumption of the deformation of the panels and creases. Although numerous origami algorithms and design tools are induced assuming negligible deformation and zero thickness for panels and creases, almost all are only applicable to kinematic description and become insufficient for origami-based engineering applications. Despite the favorable properties provided by rigid folding, investigations on non-rigid origami that provide a correlation between folding motions and material behavior could foster the development of a new generation of origami [Meloni 21a]. However, the introduction of mechanical behavior is proven to be a highly challenging problem. Although a large number of origami mechanics models are available, none of them offer the desirable combination of great computational efficiency and analytical precision. The lattice-frame-based models can qualitatively describe origami mechanics with high computational efficiency. However, very few of them are experimentally validated. Such lack can be explained by large bending occurs on the panels [ Filipov 17]. On the other hand, the finite element simulation shows its capacity to describe accurately quasi-static folding kinematic of certain non-rigid origami [Smit 16, Jules 20, van Manen 20, Nayakanti 16] and dynamic behavior of rigid origami [Babaee 16,Benouhiba 20, Ze 22]. However, this method is computationally expensive, particularly because there are no elements designed explicitly for origami problems. Indeed, the lack of an accurate and computationally efficient model needs to be investigated to advance the state of the art [Li 19a]. The next challenge is a further study into the material choice for origami-inspired robots. Introducing novel material significantly improves the origami's structural performance while reducing the complexity of manufacture and actuation. However, these advantages are usually demonstrated using paper, which is insufficient for robotics applications. For example, a mesoscale soft robot usually needs to provide a robust locomotion sustaining external condition in terms of force, temperature, humidity, and friction. Especially a system known as "Kresling tower" has garnered particular attention due to its unique properties. Structures based on this pattern exhibit one DOF with linked rotation and translation leading to helical motion, a highly nonlinear hysteretic behavior, and the elimination of rigid foldability. Furthermore, the Kresling tower has been demonstrated to be an excellent choice for active-origami-based robots due to the shape-changing capability, which is repeatable and programmable. In contrast, the vast majority of previously published results have focused on paper-based origami structures, which are simple to fold but have inferior shear stress properties and are easily damaged. While a few studies on the performance of engineering material-based Kresling towers have been performed, the majority of research has focused on the fabrication of such folding structures. Consequently, studies on non-rigid origami using novel materials need to be addressed to the community. Research on the actuation of origami structures faces its own unique challenges. The compactness and inherent compliance of origami structures enable a more natural and effective integration of smart materials as actuation systems [Be-nouhiba 20]. Actuation using smart materials shows outstanding performance subjecting different external stimuli thermally [ Tolley 14], pneumatically [Melancon 22], electrically [Hawkes 10], magnetically [Miyashita 15], optically [ Lei 22], or chemically [ Neyrinck 18]. Moreover, two actuation strategies, such as global and local actuation are used to obtain the folding and deployment of origami regarding the pattern specialties. For example, a conventional flat-foldable origami requires multiple-dofs actuation on specific creases. In contrast, non-rigid origami can be actuated globally and locally thanks to the geometrical constraints. For instance, the thermally activated bidirecitonal rotation motion (BRM)-based shape memory materials are proven the best choice for mesoscale origami-based locomotion robots thanks to their high actuation performance. However, limitations due to material nature need to be taken into account. For example, the shape memory materials-based actuator usually provides one-way folding or deployment motion and requires the use of an external force to obtain a reversible shape-changing. The challenges are identified as 1) multi-physical model; 2) actuator designing; 3) characterization of torsional behavior of SMAs for mesoscale robotics; 4) sensing and controlling; and 5) activation and cooling.

Chapter II Folding behavior of non rigid origami structure Kresling tower, is known as a cylindrical form multistable origami structure (see Figure A.1) with excellent shape-changing capacity and thus earned attention recently. This multistable structure exhibits helical motion with a highly nonlinear hysteretic behavior, and its rigid foldability is completely removed. Since the vast majority of previous works of active origami were performed based on paper, which is unsuitable for robotics applications, polypropylene (PP) is implemented in this study. Although a few published results have focused on the performance of engineering-material-based Kresling towers, the empirical literature has concentrated on manufacturing techniques rather than actuation systems. Indeed, a complete study for structure's mechanical behavior is necessary for identification of technical requirements for origami robotics. The objective of this chapter is to establish a method based on experimental and numerical analyses to determine the technical requirements for the actuation of a 'self-foldable' origami robot based on Kresling tower made with engineering materials. Both origami and kirigami configurations are considered (according mountain aperture). The main contributions of this chapter are: 1) the development of a charaterization method of an engineering-material based Kresling tower, 2) the quantitative description of highly nonlinear folding and deployment in a quasi-static manner, and 3) the identification of technical requirements for BRM-based actuation of mesoscale origami robots. Specifically, the remainder of this chapter is organized as follows: Section 1 introduces the design and fabrication of the origami structures, Section 2 introduces the proposed methods in terms of numerical and experimental analyses of the studied structure, Section 3 presents the folding behavior of modified Kresling towers, and a discussion relying on the actuation of the multistable Kresling tower and the conclusion are drawn in Section 4.

II.1 Design and fabrication

The geometrical design method is based on the use of four independent geometrical parameters. Even if paper is widely used for origami making, this material is not suitable for engineering applications as it can present phenomena of delamination or tearing leading to a premature wear of the structure. Recently, the polymers such as polyethylene terephthalate (PET) [ Jules 20] or polypropylene (PP) [Sareh 18] are begin to be applied to robot body manufacture to overcome this problem. In [ Francis 13], an experimental protocol measuring the performance of materials to realize the kinematics of a pin joint indicates that PP has the best result among tested polymers. It is worth indicating that PP has been selected as the material for this study but the proposed method is valid for other materials. Subsection II.1.1 presents the geometrical model of the kresling tower, Subsection II.1.2 the structure fabrication.

II.1.1 Origami pattern design

Generally speaking, a Kresling tower is built by taking a thin flat foldable material and tessellating it into n parallelograms each composed by two similar triangles. The relevant geometrical parameters in the literature of a Kresling tower are given in Figure II.1, where R denotes the circumscribed radius; H i the tower height at stable states; ϕ i the relative rotation angle at stable states; a the polygon side length; ℓ, b and c the diagonal length, side length and height of parallelograms, respectively. λθ is the angle between ℓ and a with λ the planar angle ratio and θ the angle between one polygon side and the nearest diagonal, respectively. Four independent geometry parameters are required to geometrically determine the configuration of a Kresling tower. Table II.1 presents the existing experimental data using a set of variables (n, R, b, ℓ) that is converted from the data in the literature. As shown in Figure II.1c, the origami part is shaped The panel are in Al-alloy and the crease are in Irathane configuration corresponds to a tower without cutting (M A = 0%), while kirigami refers to a tower where the mount folds have been cut (M A = 100%), as is the cases mentioned in Table II.1. The PP sheets are laser-cut with a Speedy 300 machine from Trotec company. The pattern is designed with dashed lines to realize fold lines [ Berre 21]. These dashed lines are configured with a 1:1 stroke rate and the width corresponds to the minimal laser spot (around 0.3 mm diameter). As
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Figure II.2 -Illustration of a 2D design for the origami pattern, the MA represents the length ratio according to the released part. The dashed lines correspond to the folds hinges realization, and the red rounded corners represent the released zones using laser cutting.

for the kirigami type Kresling tower that completely releases the mount crease, the origami type sample requires a gluing operation to obtain a closed cylindrical-form structure. Gluing tabs are therefore added to the pattern, minimizing their surface to limit the overlap on the gluing areas [ Berre 21]. When these tabs are prepared, they are sanded and degreased before a surface plasma treatment by corona effect. 

II.2 Proposed identification method

This section introduces the identification method for an engineering materialbased non-rigid origami regarding the rotational actuation. Following this objective, both numerical modeling and experimental testing are performed to examine the mechanical response to a bi-directional rotational motion (BRM) load. Three tests for the experimental characterization are proposed to cover the main required features. To precisely describe the folding behavior (kinematic and mechanical behavior), a model implements a reduced-order 'bar and hinge model,' and the model parameter identification process is presented.

II.2.1 Numerical analysis

Generally, the Kresling tower consistently exhibits hysteretical behavior with multi-stability when subjected to external loads. Many efforts have been made to describe this complex behavior, usually using either finite element-based approaches or lattice framework-based approaches (see section I.2.2). Besides the FEA, the latter can provide accurate prediction while being computationally efficient [ Filipov 17]. Such approach represents origami as a truss comprised of bar and torsional spring elements. Pin-jointed bar elements are arranged along creases and across panels. Compressible or extendible elements define in-plane facet stretching or shrinking. Torsional springs represent out-of-plane crease folding and facet bending. For example, the quasi-static folding behavior is considered either dominated only by the bending of the creases [ Huang 22,Zhang 22b] or only by the in-plane deformation of panels [Cai 16, Li 20, Masana 19]. However, limitations on mechanical behavior description should be considered. For example, a linear elastic tensile-based model induces overestimation on threshold force [ Masana 19] and a torsional stiffness spring-based model induces underestimation on the structural stiffness [ Huang 22]. Beyond all these reduced-order origami models, Merlin2 is frequently mentioned and found useful for describing paper-based Kresling tower's behavior since its formulation considers both aforementioned components. This subsection presents the modeling of folding behavior of a PP-based Kresling tower. The structures in origami (MA=0%) and kirigami (MA=100%) are studied for model validation. The model is then used in section II.3 to analyze other configurations.

II.2.1.a 'Bar and hinge' framework

The Merlin2 [Liu 18] is adopted in this study because of its relatively high accuracy and high efficiency in predicting the quasi-static folding behavior. This model is based on the formulation of the total potential energy (Π) using a set of independent state variables (u,f ), where u represents the displacement and f presents the external force. The total potential energy accumulates the strain energy relying on stretching of panels edges and hinges (U S ), bending of hinges (U B ), and folding hinges (U F ). The explicit form of the total potential energy is given by Π

(u) = U S (u) + U B (u) + U F (u) -f T u. (II.1)
Using virtual work principle, the equilibrium is obtained when the sum of potential energy according to each of its individual parts becomes zero. Merlin2 uses nonlinear constitutive laws since linear elastic models do not accurately describe the observed material behavior. For stretching bars, an Ogden hyperelastic model is implemented. The stored energy of the i-th bar is given by:

U i S = ALW (E x ) (II.2) with E x = 1 L -e e u + 1 2 u T 1 L 2 I 3×3 -I 3×3 -I 3×3 I 3×3 u (II.3) where u = [u 1 , v 1 , w 1 , u 2 , v 2 , w 2 ]
T is the nodal displacement, A is the bar's cross area, L is the bar's length, and W is the energy density as a function of the one-dimensional Green-Lagrange strain E x . The model can describe the complex elastic behavior from ductile material to rubber-like material (Figure II.4a). For folding hinges, a rotational spring with a tangent equation-based elastic constitutive model is considered to describe mechanical behavior of creases and small bending on the panels (see Figure II.4b). Thus these elements share the same formulation with different stiffness coefficient. The stored energy of the i-th rotation spring is given by:

U i F = ψ F (θ); M = dψ F (θ) dθ , k = LK = dM dθ (II.4)
where ψ B is the stored energy function of a bending hinge, M is the resistant moment, k is the tangent rotational modulus. As shown in Figure II.4b, the dehedral angle and the reaction moment exhibit a non linear relationship in a bilinear manner. Extremely high stiffness occurs when the folding angle approaches 0 or 2π, and thus prevents the local penetration of panels:

as θ → 0 =⇒ k → ∞ and as θ → 2π =⇒ k → ∞. (II.5)
The secondary image shows a experimental result (reaction effort during folding) reported in [ Jules 20]. It is trivial that the model can capture the folding behavior of a single folds in engineering material. To ensure a stable solution scheme, a modified generalized displacement control method combined with a variant of arclength method is used as a solver to overcome the highly geometric nonlinearity due to shape-changing. This results in a reduced-order model that enables the description of the complex folding kinematics and advanced mechanical behaviors of non-rigid origami. The construction of the numerical model is presented in the following subsection.

II.2.1.b Modelling of Kresling tower

The numerical model implemented in Merlin2 consists of panels joined together by torsional bars along the fold creases. The model parameters that are assigned are shown in Figure II.5b. This reduced-order approach provides two types of torsional elements: the folding bar elements and the bending bar elements. The former relies on the folding crease with relatively large twisting angles, the latter is usually carried out to describe bending on the panel. As reported in [ Nayakanti 18], such elements are useful for describing the bending on non-triangle panels, thus are capable of capturing complex behavior such as kinking or degradation on the crease. Regarding the current geometrical design, the pattern is already tessellated in triangle panels, and no kinking behavior has been observed during the study. Thus the bending behavior is neglected in this case, and it is assumed that all the deformation is induced either by the stretching of panels or the folding of creases. The torsional bars follow a non-linear torque-angle relationship with a user-defined stiffness constant of K f . Besides the torsional element, the truss elements adopt an Ogden-2 material model for hyperelastic behavior.

As shown in equations (II.6) and (II.7), this model is configurated using three parameters: C 0 , α 1 , α 2 represent respectively the initial tangent modulus, the first material constant, and the second material constant:
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S X = 2 j=1 µ j λ α j -2 j (II.6) C 0 = C(λ 1 = 1) = 2 j=1 µ j α j (II.7)
where S X denotes the 2nd Piola-Kirchhoff stress, λ j denotes the principal stretches, µ j is the material constant relies on the stress-free state (S X = 2 j=1 µ j = 0). Since the mountain crease are tailored for two types, the relevant tensile stiffness and torsional stiffness are different. Two parameters β 1 = K m s /K s and β 2 = K m f /K f are used to capture the influence of opening on the axial and torsional stiffness. Regarding the boundary conditions and loading, all the dofs at the bottom of the structure are constrained (black arrows in Figure II.5a), and an imposed axial displacement is applied on the degrees of freedom in the transverse direction on the top of the structure (magenta arrows in Figure II.5a). An imposed displacement path is defined as 0% to 60% of tower height in incremental form. The equilibrium path is investigated using a modified generalized displacement control method (MGDCM)-based solver to describe the snap-through and snap-back behaviors [ Liu 18]. Moreover, the torque-angle experimental curve can be converted into equivalent force and displacement using the derivation of the stored energy. The model is therefore updated using an optimization algorithm to identify model parameters based on the experimental results. To this end, a nonlinear leastsquares optimization method using a Levenberg-Marquardt algorithm is carried out for parameter identification.

II.2.2 Experimental characterizations

The design of actuators requires a fine understanding of the structure's mechanical behavior. The Kresling towers exhibit a translation-rotation-coupled motion and a bistable behavior during shape-changing. Moreover, the mechanical response of origami is sensitive to factors such as material properties [ Melancon 22] and geometric design [Li 19b]. For example, the bending stiffness of rigid origami can be alternated by tuning the thickness at the single folds [Zhang 21b]; the folding response of a paper-based Kresling tower can be adjusted between monostable and bistable behavior by tailoring the geometric parameters [Yasuda 17, Masana 19]. Regarding the experimental characterization of Kresling tower, an imposed translation motion/strain driven 'folding' or 'folding-deployment' test is usually carried out for characterization (see Table II.1). Especially, the tests require the release of the coupled rotational dof. Based on this condition, a variety of methods were carried out: the rotation can be released using a ball joint [ Guest 96], a slide plate [ Novelino 20], a bearing mechanism [Masana 19, Nayakanti 18], or it can be neutralized using two symmetric towers [ Jules 20]. However, the rotation induced by the 'Snap-through' effect can not be controlled. Thus the moment of inertia of the origami supports affects the mechanical response of the structure. To overcome this problem, the test needs rigorous controlling of the coupled rotational and translation degrees of freedom in a quasi-static manner. Moreover, BRMbased actuation reduces actuation requirements in terms of actuation stroke and operational space compared with translation mode, while it has not been investigated in detail. Consequently, the response of the Kresling tower under various mechanical conditions has been thoroughly characterized. To this end, three experimental tests and a numerical analysis are proposed to investigate the technical requirements of the engineering-material-based Kresling tower:

1. a cyclic test to identify the necessary cycle number for stabilizing the behavior of the structure, 2. a bidirectional rotation motion (BRM) test for the quasi-static characterization of the structure, 3. an actuation test for performance assessment during shape-changing. 

II.2.2.a Benchmark and test routine

The experimental setup consists of an aluminum frame that integrates two rigid plates. The bottom plate connected its with support is fixed with the force cell of a tensile machine (Instron 2530-1KN, 0.001% for full range on measurement). The top plate is movable and its movement is controlled by the tensile machine (Instron electropulse E-10000) (see in Figure II.7a). The machine can provide a translation-twisting motion while sensing the response with a certain velocity. Both plates are attached to the machine with metallic clamping tools to avoid errors during the state transition. Acrylic plates with a hole with the same shape as the corresponding tower bottom is used to maintain the sample; thus, the blocking tabs are tightened using screws to ensure reproducibility of the position state of each sample (see Figure II.6). The tensile machine has measure limits of 60mm for translation and 32π rad for rotation. An example of test routine is shown in Figure II.7b. ϕ 0 , ϕ 1 , ϕ max , φ, F, M, M * are the reference rotation angle, the intermedia angle around the state transition during deployment, the maximum angle during folding, the rotation rate, the axial reaction force, the axial reaction torque, and the maximum reaction torque, respectively. The base of the tower is fixed. The rotation angle of the top of the tower is imposed by the machine. In order to allow the free translation motion in a quasi-static manner, the vertical reaction force is regulated at 0 N (see Figure II.6). Hence, when the top platform is rotated clockwise, the distance between the two plates is reduced, and the required torque for twisting can be recorded accordingly. Once the structure has been fully folded (Step 3 ), the test is reversed and a deployment motion can be performed. The test is carried out in a cyclic manner, (a)

Step 1

Step 2

Step 3

Step and the cycle number is determined regarding the test objective that will be presented in the following. It is worth reminding that the structure stiffness largely changes due to the 'snap-though' effect, and the outbreak of the state transition evolves during the cycling. Consequently, using a zero reaction torque detection during the deployment process can help the machine to achieve accurate motion control. The experimental data are then processed using a high-order polynomial interpolation method to compare with the aforementioned bar-hinge model. As shown in Figure II.8, seven properties are selected to characterize the structure's performance:

4 If i=N Initialization ϕ 0 Folding ϕ 0 → ϕ 1 at φ Deployment ϕ 1 → ϕ max at φ Deployment ϕ max → ϕ 0 at φ F = 0N M = 0 N m if ϕ = ϕmax keep F = 0N if M = M * keep F = 0N
-The hysteresis area Γ corresponding to the dissipated energy according to one fold-deployment cycle (the grey area in Figure II.8).

-Threshold efforts during shape changing M f old , M deploy , M ϕmax , where M f old is the folding threshold effort, M deploy is the deploying threshold effort, and M ϕmax is the effort that corresponds to a maximum imposed position after a full folding.

-The stiffness for shape-blocking, K f old is the stiffness corresponds to folding, and K f old is the stiffness according to deploying.

-The bistable portion BP = ϕ 2 -ϕ 1 . ϕ 1 corresponds to the position that refers to the folded stable configuration, ϕ 2 is the position that refers to the deployed stable configuration. The following subsections details the proposed characterizations and corresponding results.

II.2.2.b Origami behavior stabilization

Regardless of the particular material parameter being characterized, one must always consider the importance of material history dependence that affects the origami's behavior. When a new origami structure is subjected to a load path in a repeatable manner, the mechanical response will generally change with each cycle during a certain number of cycles before being stabilized. For example, a Kresling tower in paper needs more than 300 cycles to be stabilized [Novelino 20], and similar observations for single folding hinge using engineering materials have been reported in [Francis 13,Wagner 20]. Regarding the non-rigid origami in engineering material such as PP, no existing test routine can be found in the literature. A test routine with controlled coupled two-dofs motions is performed in a cycling manner. A sample with intermediate geometry configuration (M A = 50%) is tested using a cycle number of one thousand to detect the necessary cycle number for stabilization. In this case, the tower is subjected to bi-directional rotation with a stroke of ± 80 degrees at a constant rotation rate of 5 deg/s. The reference angle is defined according to the initial equilibrium state of the tower at unfolded state. of stable positions induced by the stabilization effect are observed. For example, a 67% reduction of M f old , a 52% reduction of M deploy , 57% reduction of hysteresis, a 62% reduction of K f old , a 59% reduction of K deploy and a 50% increase of M ϕmax are observed. An influence on bistable portion is detected as a 13% reduction that mainly induced by a shifting of ϕ 2 is found. The torques during folding and deploying are therefore selected to detect quantitatively the necessary cycles for folding behavior stabilization. The evolution is shown in the bottom part of Figure II.9.

Comparing the torque for first and one-thousandth cycle, a reduction of 67% for folding and a reduction of 52% for deployment are observed. The response according to the first cycle yields a considerable difference compared to subsequent cycles.

As shown in the figure, these experimental data can be interpolated using a twoterm power series model. It is worth noting that the derivative of these functions achieves almost zero when the cycle number is close to 200. It is also observed that the threshold torque always occurs during folding, and the ratio becomes constant after stabilization. Additionally, either panel kinking nor degradation has been observed on the structure after one thousand cycles. Consequently, the evolution can be explained by the contribution of the formation of folding creases. Regarding the behavior after stabilization, the tower requires 0.3 Nm as threshold torque (M f old ) to achieve the shape-changing, while the initial value was 0.7 Nm. Regarding the same rotation angle, the maximum torque according to ϕ max increases from 0.65 Nm to 1.2 Nm. It is worth noting that the threshold torque during folding is three times larger than during deployment. Assuming that an actuator provides similar output power in two directions, the maximum torque during folding M f old can be used as a criteria value for the actuation technical requirement.

II.2.2.c BRM test

A BRM test is carried out to characterize the bistable behavior of the Kresling tower in PP. As shown in Figure II.7a, a load cell is used to record the reaction torque of the sample during folding and deployment. The aforementioned test indicates that the structure needs a certain cycle number to reach a steady state. Therefore, to ensure the repeatability of results, all the samples are subjected to the detected cycle number as a pre-conditioning. Four stabilized samples, including two samples for origami and kirigami configurations are then characterized using the aforementioned routine. Each sample is subjected to thirty cycles of BRM-driven imposed rotation with a constant rotation rate of ±4 deg/s. However, since the compliance of the kirigami samples is larger, a rotation rate of ±1 deg/s is applied to ensure the control accuracy, thus providing three times more data using the same acquisition frequency (see in Table II.2). The torque-angle relationship of the stabilized Kresling tower is shown in Figure II.8. Globally, both types of Kresling tower exhibit a bistable behavior with hysteresis: during folding, the torque first increases until reaching a threshold value; after attaining this value, the structure snaps, yielding a negative stiffness. The torque thus decreases to a minimum value according to a nonzero local minimum potential energy state. Then, the structure strengthens with continued fold induced by monotonically in- creasing torque. Therefore, only one zero-torque point can be observed during folding according to the unfolded state. On the other hand, the structure exhibits three zero torque points during deployment. Regarding the deployment process that begins from a fully folded state at the maximum imposed rotation angle, during the load release, the structure recovers its equilibrium with relatively high and quasi-constant stiffness. Thus a first equilibrium point is obtained. If the twisting is continued, the structure induces a typical bistable behavior: the structure attains maximum potential energy at the second zero torque point. It then achieves its second equilibrium point according to its unfolded state. It is worth mentioning that the coupling between rotation and transverse displacement is different between origami and kirigami configurations. 1. The hysteresis is reduced with a ratio of 50%.

2. The stiffness decrease according to folding and deployment has been observed. Compared to the origami, the stiffness of the kirigami is reduced by a factor of 3. it is worth reminding that the distinction of stiffness according to two stable states is well observed.

3. The threshold torque during folding is decreased with a proportion of 64%.

4. A 10 % reduction of bistable portions has also been observed regarding the same test conditions. Briefly, the release of mountain creases induces a modification in the Kresling tower's global mechanical characteristics in terms of hysteresis, shape-blocking stiffness, threshold torque, and bistable portion. Moreover, the distinction for threshold torque and stiffness relying on the folding and deployment are observed. The folding of the structure requires globally 60% higher actuation torque than for deployment. It is worth indicating that the development of an origami robot usually needs to consider two requirements: shape-changing robustness and actuation conditions (limits for actuation effort and stroke). These two requirements are sometimes contradictory. A higher shape-changing stiffness induces a robust folding process, but meanwhile, the increase of actuator performance reduces the structure's deformability. Therefore, the trade-off needs to be addressed during the robot design. 

II.2.2.d Actuation test

The objective of the actuation test is to characterize the origami's response regarding different actuation states. In this case, a displacement-based BRM actuation test with varying rotation angle is applied on a Kresling tower in origami configuration. The test is carried out using the same setup as the previous section but a different test routine. The course is applied at a rotation rate of 4 deg/s, and the test is repeated four times for each angle. Six angles that belong to 50% and 90% of the bistable portion of the origami are investigated in the BRM test. Figure II.12 summarizes the actuation test results with six different actuation loading angles. The grey points present the experimental data of all test cycles, the solid lines in red correspond to the filtered folding response, and the solid blue lines show the filtered deployment response. The structure exhibits a hysteresis loop behavior according to different actuation angles. It is clear that the location of the equilibrium point according to folded state relies on the folding history. For different actuation loading angles, repeatable and distinct folded conditions are observed. The structure requires to be activated with a sufficient torque (above the threshold torque) and sufficient ending activation angle (above 50 degrees) to achieve the folded stable state. Otherwise, the structures exhibit monostable behavior during shape-changing even if the criteria torque is attained. Hence the characterization requires an actuation angle large enough to ensure the observation of the bistable behavior. On the other hand, a shift of the folding state position is observed. The maximum load angle can explain this phenomenon during folding. After attaining a loading angle (above 50 degrees), the structure recalls its stable folded state in a quasi-elastic manner. Therefore, the localization of folded states becomes predictable. Moreover, the origami Kresling tower provides a linear coupling between displacement and angle. Consequently, graphical methods or asymmetric algebraic models that are constructed using experimental data (for example, a minor hysteresis loop model [Vaiana 21]) can be utilized to achieve a specific folded state. 

II.2.3 Parameter identifications

Previous subsection presents the identification results corresponding to the experimental tests. Based on these results, a 'Bar and Hinge' reduced-order model is implemented to describe the nonlinear hysteretic behavior and bistability to support the development of PP-based origami/kirigami robots. The experimental data of the BRM test are translated to force-displacement relationships using the derivation of the strain energy. Therefore, the criteria torque for folding, the folding stiffness, and the first stable point deployment are converted to a set of equivalent force F and displacement information U and then used as a reference for the optimization (see section II.2.1.b). The material parameter of PP, are identified with equations (II.6) and (II.7), using the tensile results reported in [ Richaud 18]. The three parameters are defined as C 0 = 0.5 GPa, α 1 = 0.5, and α 2 = 1. The four-parameter-based optimization is launched to determine each parameter's variation interval 1 . The results shows that the bar section area A and the torsional stiffness constant k f converges to a constant set of value of A = 1.65 × 10 -6 m 2 and k f = 0.06 N m rad•m . The optimization results are summarized in Table II.4. The model is shown to be able to provide an accurate description of all the aforementioned technical requirements of an actuator, such as criteria force during folding, bistable portion, and folding stiffness. However, one needs to indicate that discrepancies are observed according to deployment stiffness. The model provides obvious underestimations for deployment stiffness compared to the experiment while the evolution tendency is correct. This discrepancy probably originates from the contact between panels and high-nonlinear folding behavior using thick material. To investigate the effect of material prop- erties, a simulation is performed with the same geometrical design using paper's material parameters. These parameters are identified by [Novelino 20] on a series of paper-based kirigami type Kresling towers with c ∈ [16.66, 20.99] mm with constant R (see Table II.1). The comparison shows that the introduction of PP provides large increases in mechanical performance while the bistable portion is at the same level. Especially, the Origami configuration provides even twenty-times larger stiffness and ten-times larger criteria force than the kirigami. Additionally, Table II.1 summarizes the available experimental data of Kresling pattern-based origami/kirigami structures in the literature. Their mechanical performance and corresponding characterization methods are compared to the PP-based Kresling tower analyzed in this work. While the available origami face challenges in the way discussed earlier, the PP-based Kresling tower proposed here outperforms existing structures. Regarding the folding process of structure, Figure II.13 shows a simulation result using identified model parameters for an origami Kresling tower. It is clear that the model accurately describes the folding process. Thus, the model can provide an accurate prediction of folding kinematic at certain creases. Consequently, technical requirements, such as final folding angle and criteria force on the specific crease, can be accurately investigated using the proposed model.

II.3 Modified Kresling tower

This section details the tuning of actuation requirements induced by the modification on the Kresling tower. In this case, three configurations between Origami (MA=0%) and Kirigami (MA=100%) configuration are investigated using the proposed method. To this end, modification with MA = 25%, 50%, 75% (see II.1.2) are introduced to obtain a comprehensive comparison, regarding the releasing of mountain creases. Considering the MA as a new design parameter, numerical characterizations are launched to describe the influences on the structure's actuation technical requirements and folding kinematics via the proposed origami model. The actuation technical requirements are identified using the proposed method. Figure II.14 duplicates the torque-angle relation-ship of the stabilized origami according to different MAs. Two samples according to each configuration are used to capture the influence on folding mechanical response, and folding kinematics relies on releasing mountain creases.

II.3.1 Folding behavior

As shown in II.14, bistable behavior with hysteresis has been observed for all five configurations. Using the seamless configuration as a reference for comparison, modifications of the structure's mechanical performance induced by increasing MA on the mountain creases are observed (see Table II.5). Additionally, mechanical performance tuning is constrained between the values corresponding to the Origami and kirigami types. Despite the Kirigami type, increasing the MAs induces an impact on the Kresling tower's global mechanical performances up to 40% while not affecting the bistable portion. Using the numerical model, the identified values of β 1 and β 2 and corresponding technical requirements are shown in Table II.5: the releasing of mountain creases induces the diminish of panel stiffness and of folding stiffness (see Table II.5 -Summary of tuning of actuation technical requirements rely of modification on the mount creases. 
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II.3.2 Folding kinematic

The characterization results are used to analyze the relationship between the rotation angle ϕ and transverse displacement w. As shown in Table II.6, the coupling between the movement of two dofs yields a quasi-linear relationship for major configuration of test samples. The angle ϕ ∈ [0, 78] degrees can be fit using a function of displacement w ∈ [0, 25] mm: it is trivial that the linear function is sufficient to describe the coupling between the angle and displacement for the towers except for the fully opened one: a constant value of the slope is found around -3.1 with R-square coefficient greater than 0.998. 

II.4 Discussion and conclusion

II.4.1 Actuation strategy: comparison with state-of-theart

As shown in Table II.5, the shape-changing of aforementioned cylindrical origami structure can be obtained using: 1) a bi-directional actuation force of 23 N with a translation stroke of 20 mm; or torque of 0.43 Nm with a rotational stroke of 60 degrees. Practically speaking, the inducing of engineering material provides large improvement of structure bi-stability for shape-blocking. In contrast, the actuation for shape-changing faces a challenge: the actuator needs to be sufficiently compact to be integrated into the structure. The translation actuation requires a stroke equivalent to 37% of its fully deployed length, while the compressing force is 20 times larger than the paper-based structure. For example, [ Kaufmann 22] used three cable motor2 to fold a centimeter-size kresling tower; more than ±30 kPa is applied in [ Melancon 22] to fold a structure in same scale; 200 mT magnetic field is required to obtain a Untethered shape-changing of a 5 mm height Kresling tower in kirigami type [ Ze 22]. Beyond the aforementioned conventional actuation methods, smart materials like shape memory alloys are excellent candidates thanks to their unique advantages in high energy density with large recoverable II.4. Discussion and conclusion strain [Hu 21b]. However, SMA-based tensile wires usually require a length up to 25 times higher than their intended stroke length [Hu 21b]. A spring can increase the stroke while reducing the output force [ Fang 17]. On the other hand, torsional actuators provide better potential for such structures according to the stroke requirement [Hu 22b]. For instance, millimeter-sized bending SMAs can provide a BRM motion with ± 100 degrees [ Kim 19], and two torsional SMAs can provide a BRM motion with a stroke up to ± 180 degrees in a similar scale [ Kim 16].

II.4.2 Actuation of multistable Kresling tower as a perspective

Connecting two or more bistable units either in series or in parallel or combined will create a multistable structure with multiple stable configurations in either 1D chains [Nayakanti 18,Jules 20] or 3D volumetric shapes [ Melancon 22]. Practically speaking, multistable structures can be obtained by combining multiple modular Kresling towers whose deformation can be controlled by single dof global actuation. The two stable configuration switches with distinct stiffness in the bistable origami structures, thus an assembly of N bistable origami units, the multistable structure could ideally achieve 2 N stables states. More importantly, when bistable origami structures are constructed from smart soft materials, they could potentially seamlessly integrate sensing, actuation, and computation into the compliant bodies to add autonomy and intelligence to soft robots [ Sitti 21]. Prior works use different geometrical configurations or different materials to obtain distinct energy barriers according to folding. Consequently, each element induces individual criteria force Actuation requirements
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Figure II.15 -Summary of mechanical performance tuning according to modification of the mountain creases. The values are normalized by the performance corresponding to origami type provided in Table II.5. for folding and deployment, enabling a controllable multi-stable structure driven by a 'loading-path' depending model, regardless of the arranged order of bistable units [ Nayakanti 18]. However, the change of the geometrical parameters induces variations in criteria force and bistable portion simultaneously [ Masana 19], while a modification on the mount creases induces a large variety of criteria force with a limited impact on the bistable portion (see Figure II.15). Consequently, the proposed numerical model can be used as an efficient tool to design inversely multifunctional origami robots using relatively thicker material (0.5 mm to 0.13 mm) other than paper3 . However, as indicated in [Li 19b], the origami dimension range limits the design space since the model parameter identification is required at the early study stage. Therefore, further research on strategies focused on the control of creases is required to obtain a simple and efficient design of Kresling tower-based multifunctional origami robots.

II.4.3 Conclusion

This chapter presents a method to obtain the technical requirements for the actuation of non-rigid origami fabricated by engineering material. The proposed method is applied to PP-based Kresling tower. Using the method, five versions (between origami and kirigami) of Kresling tower are thoroughly characterized using three experiments. The results of the origami stabilization test show that a Kresling tower using PP requires at least two hundred full folding and deployment cycles to provide a repeatable mechanical response. The BRM test address the stabilized mechanical and kinematic behavior during the shape-changing of different origami types regarding the same geometric design. The results show the opening of mountain creases induces large modifications to the Kresling tower's global mechanical performance while the bistable portion is slightly impacted. The actuation test results show that the structure's shape-changing requires not only the criteria force but also the final folding angle to achieve the bistable shape-changing. Toward the actuation of origami robot using PP-based Kresling tower, three technical requirements are identified for 'self-actuation' application: 1) threshold torque for folding, 2) shape-blocking stiffness for folding, and 3) bistable portion associated to the actuators output limits of both effort and stroke. Besides the experimental approach, a numerical model using the 'bar-hinge' approach is proposed to describe the effect of crease releasing on the three criteria demands for BRM actuator. The model is found to be sufficient for the actuation technical requirement construction while offering a precise prediction of folding kinematic. This chapter proposes the development of a BRM actuator based on Torsional SMA (T-SMA). The torsional behavior of millimeter-sized SMA is investigated numerically using two phenomenological models and characterized experimentally using three tests in order to determine the model parameters. The main contributions of this chapter are: 1) the development of an enhanced reduced-order model for T-SMA's thermomechanical response under arbitrary loading path, 2) a generalized characterization method for T-SMA actuation performance relies on shape memory effect (SME) at a millimetre-scale, and, 3) the development of an inverse design model for BRM actuator using antagonist T-SMAs. This chapter is structured as follows: Section 1 details the development of 1D and 3D T-SMA's thermo-mechanical model. Section 2 details the characterizations of different SMA's torsional behavior and identification of model parameters for the proposed model. Section 3 details the proposed design methods of the BRM actuator using numerical method. Conclusions are drawn in section 4.

III.1 Multi-physical model of T-SMAs

To give an acceptable description of SMA-based actuation, constitutive models need to describe at least pseudoelasticity (PE) and shape memory effect (SME), which include the evolution, orientation, and reorientation of martensitic variants. the various phase evolution and transformation conditions can be described using empirically derived phase diagram (see two examples in Figure III.1). The thermomechanical behavior is then described using a constitutive relationship based on the phase fraction determined from the explicit evolution kinetic. This results in simplified models, and thus plays an important role for SMAs-based engineering within SMA's behavior modelling context [Paiva 06]. A brief summary of the phenomenological models is provided in Table III first to adopt this kind of approach for SMA to describe the PE behavior using martensitic fraction (ξ) as the internal variable based on an exponential relation introduced in [ Koistinen 59]. Using strain and temperature as control variables, material functions were constructed. The phase evolution kinetic has been further modified by [Liang 90] to obtain a better fit with experimental data using a cosine form function. However, as indicated in [ Sayyaadi 12], these models agree well in the description of PE but the description of SME is limited. Based on the previous frame of these works, the model proposed by Brinson contributes to the SME description and the variation of material stiffness (see Table III Mirzaeifar 10] converted τ and γ into von Mises stress and deviatoric strain σ V M and ϵ V M . Such difference have direct impact on the definition of the torsional terms Ω τ in the transformation tensor that dominates the stress due to transformation in the constitutive equations, thus leads to large differences on the simulation results, regarding the same modelling conditions. Besides these reduced-order models, 3D constitutive models using the FEM approach via 'COMSOL' or 'ABAQUS' are often mentioned in studies [ Barbarino 15]. Although accurate and capable, due to the high hysteresis induced behavior and large strain during phase transition, finite element simulation can lead to a very high computational cost. This section details the implementation and validation of two phase-diagrambased phenomenological models with non-constant material parameters: the three- 

III.1.1 Lagoudas model: 3D SMA model

The Lagoudas model is firstly implemented using commercial software since it is relatively straightforward to construct, and it can be used as a reference to validate the reduced-order model.

III.1.1.a Constitutive formulation

This constitutive model starts with the definition of the Gibbs energy G. Which is described by the set of independent state variables (σ, T, ξ, ε t ) which are the stress, the temperature, the martensitic volume fraction, and the transformation strain, respectively. The explicit form of the Gibbs free energy is given by

G (σ, T, ξ, ε t ) = - 1 2ρ σ : S : σ - 1 ρ σ : α (T -T 0 ) + ε t + c (T -T 0 ) -T ln T T 0 -s 0 T + u 0 + 1 ρ f (ξ)
(III.1) where ρ is the mass density, S the effective compliance tensor, α the effective thermal expansion coefficient, c the effective specific heat, s 0 the effective specific entropy, ε t the transformation strain, and u 0 the effective internal energy reference state. The effective compliance tensor S is determined using a parallel Voigt model of properties according to two pure phases and the martensitic volume fraction ξ via the following expression:

S(ξ) = ξS M + (1 -ξ)S A = S A + ξ∆S (III.2)
where the subscripts A and M denote the austenitic and martensitic phases, respectively. The symbol ∆(•) indicates the difference between the pure martensitic and austenitic phases. Other material parameters α; c; s 0 ; u 0 are averaged this way. To describe the interaction kinematic between the martensitic and austenitic phases, a hardening function f (ξ) is introduced. As indicated in [ Lagoudas 08], the hardening function can be written into different forms according to the same state variable set: 1) exponential form [Tanaka 86], 2) cosine form [Liang 90], and 3) polynomial form [ Lagoudas 08]. For example, a hardening function in cosine form is given by,

f (ξ) =    ξ 0 -ρ∆s 0 a M c [π -cos -1 (2ξ -1)] dξ + (µ c 1 + µ c 2 ) ξ; ξ > 0 ξ 0 -ρ∆s 0 a A c [π -cos -1 (2ξ -1)] dξ + (µ c 1 -µ c 2 ) ξ; ξ < 0 (III.3)
where a M c , a A c , µ c 1 , µ c 2 are transformation strain hardening model parameters. The inequality of martensitic volume fraction rate ξ denotes the phase transformation direction. For example, ξ > 0 presents a forward phase transformation (A → M ), and vice versa. The constitutive relation is determined using Gibbs free energy as

ε = -ρ ∂G ∂σ = S : σ + α (T -T 0 ) + ε t , (III.4)
based on the assumption that any change in the material's current state relies on a change of the martensite volume fraction. The evolution equation of transformation strain is obtained as, εt = Λ ξ (III.5)

where Λ is the normalized transformation tensor that changes principal directions depending on the direction of the martensitic transformation. The expression is given as

Λ = 3 2 H σ ′ σ′ ; ξ > 0 H ε tr εtr ; ξ < 0 (III.6)
where H, σ ′ , σ′ , ε tr , εtr are the maximum transformation strain, the deviatoric stress tensor, the von Mises equivalent stress, the transformation strain tensor at the reversal point and the effective transformation strain, respectively.

III.1.1.b Numerical implementation

An FEA-based geometrico-quasi-static model is constructed using an SMA torsional rod in the commercial software COMSOL. The aforementioned constitutive laws using a cosine form hardening function is implemented. As the diameter of the rod is small with respect to its length, only a representative (unit) segment of an SMA rod is considered [ Lagoudas 08]. Model features including geometry parameters (diameter and length) and material properties are chosen to compare those reported in experimental studies performed by [Chapman 11], thus providing an experimental baseline for this study. The rods that were characterized in this work had three different diameters measuring around 0.5 mm and a constant length of 10.16 mm. The pseudo-elastic behavior of each sample at room temperature was characterized. It is worth mentioning that, due to the non-uniform shear stress distribution, the angle versus torque relationship relies on the material properties and the geometry. Compared to an SMA with a tensile test, the return of elastic behavior after a complete phase transformation is less obvious. Figure III.2 shows the finite element mesh for the torque rod model with a total number of 655 elements. A fixed constraint boundary condition is applied on the rod's bottom surface. An applied moment via rigid body connector formulation around the circular center is applied on the other side of the rod. Since the SMAs' behavior significantly depends on its thermo-mechanical loading path due to its high hysteresis, the loading path and the temperature history are prescribed into a continuation form driven by an increment parameter (see Figure III.2). It is worth reminding that a global equation couples the total applied moment, and the rigid body rotation is embedded to reduce the computation time. Instead of using direct force increment, which requires a large number of increments with elastic behavior (for example, see Figure B.8b), a displacement increment can significantly reduce the increment total number while offering an accurate prediction. Figure III.3b shows the spatial evolution of von Mises stress and the martensitic volume fraction in the cross-section of SMA rods corresponds to maximum imposed angle ϕ max . As also reported in the work of [Doaré 12], the torsional SMA actuator undergoes large shear strains at the outer ends while it tends to zero at the center. This explains the increase of von Mises stress through the radial direction. When torque is increased, starting from an austenitic state, the SMA will undergo a phase transformation process that proceeds in three zones (see Figure III.3): 1) the zone around the center where the maximum shear stress in a cross-section is either smaller than or equal to the initial shear stress value for forward phase transformation (ξ = 0); 2) the maximum shear stress is in between the range of transformation stress, the zone consists of a mixture of austenite and martensite phases (0 ≤ ξ ≤ 1); and 3) the zone corresponds to a maximum shear stress in a cross section of the rod in excess of the shear stress for fully forward phase transformation (ξ = 1). Practically speaking, even if the applied rotation tended to infinity, a complete transformation would not be obtained for the whole structure.

A comparison between experimental results and simulation results is shown in capture the influence of sample dimension to the angle versus torque pseudo-elastic relationship. Moreover, the criteria point, such as the begin and finish points according to both M → A, and A → M transformations, are accurately captured.

The FE model can capture the influence of sample dimension on the angle versus torque pseudo-elastic relationship. Moreover, the criteria points, such as the start and finish points according to both M → A, A → M transformations, and the corresponding changes of torsional stiffness, are accurately described. Therefore, this model is consequently utilized for designing the BRM actuation using antagonist arrangement in the following. It is worth reminding that the current model shares the majority of model parameters with those reported in [Chapman 11]. However, parameters such as C A , C M , ϵ L are modified1 to improve the fit result, regarding the experimental data (see Table III 

III.1.2 Brinson model: 1D SMA model

The constitutive laws based on a two-phase zone diagram approach have limits to describe the unique thermomechanical shape memory effect. A separation of martensite volume factor was introduced by L.C Brinson [Brinson 93] to describe the SME according to tensile load. The model description capacity is improved in [ Chung 07] and known as the 'modified Brinson model' by the community. In this work, the modified Brinson model is enhanced by adopting the 'switching point' and by modifying the transformation tensor to describe the SMAs' torsional response relies on a complex thermomechanical path.

III.1.2.a Constitutive formulation

III.1.2.a.1 Constitutive law

The derivation of the constitutive law is similar to Tanaka's approach, and the Helmholtz free energy is chosen for describing the principle of mechanical energy balance and Clausius-Duhem inequality [Brin- son 93].

ρ U -σL + ∂qsur ∂x -ρq = 0 ρ Ṡ -ρ q T + ∂ ∂x qsur T ⩾ 0 (III.7)
where U, σ, L, q and q sur represents the internal energy density, the Cauchy stress tensor, the rate of deformation tensor, the heat production term, and the heat flux, respectively, and S, T, x and ρ represent the entropy density, temperature, the material coordinate and the density in the current configuration, respectively. Based on the reasoning given by [Tanaka 86], it is further assumed that the thermomechanical behavior is completely described by the set of variables (ϵ, ξ, T ) where ϵ is the Green strain and ξ is martensitic fraction, varying from zero (complete austenite) to one (complete martensite). The evolution kinetics in this model is a cosine function of stress, and temperature [ Brinson 93]. Using the definition of Helmholtz's free energy Φ = U -T S, equation (III.7), in the reference configuration, takes the following form:

σ ρ o - ∂Φ ∂ϵ ε -S + ∂Φ ∂T Ṫ - ∂Φ ∂ξ ξ - 1 ρ o T q sur cof F ∂T ∂X ⩾ 0 (III.8)
where σ is the second Piola-Kirchoff stress tensor, cof F is the cofactor of the deformation gradient tensor F , and ρ 0 the density and X is the material coordinate in the reference configuration. A sufficient condition for equation (III.8) to hold for every choice of ε, Ṫ , their coefficients must vanish, thus yielding

σ = ρ o ∂Φ(ϵ, ξ, T ) ∂ϵ = σ(ϵ, ξ, T ) (III.9) S = - ∂Φ ∂T (III.10)
From first principles, Eq. III.9 can be rewritten as

dσ = ∂σ ∂ϵ dϵ + ∂σ ∂ξ dξ + ∂σ ∂T dT (III.11)
[ Brinson 93] considers first that only the stress-induced martensite ξ S contributes to the recovery stress and hence defines the transformation tensor Ω to obtain the recovery stress. This model expands the Liang and Rogers model [Liang 90] accounting for the formation of two martensite variants: 1) Twinned martensite induced by decreasing of temperature ξ T , which forms while cooling below M s under stress free conditions. (in twinned martensite, twin domains exist at a grain size whose crystallographic characteristics differ only for the local orientation) and 2) Detwinned martensite ξ S , which forms while cooling below M s if stress above a certain threshold is applied to the material. Under this condition, all domains orient themselves according to the direction of the applied loads, and the material exhibits typical large, plastic-like strain. The reorientation process is called detwinning because it implies the disappearance of all twin variants. The differential form and the integration form of the constitutive equation are:

dσ = E(ξ)dϵ + Ω(ξ)dξ S + ΘdT (III.12) σ -σ 0 = E(ξ)ϵ -E (ξ 0 ) ϵ 0 + Ω(ξ)ξ S -Ω (ξ 0 ) ξ S 0 + Θ (T -T 0 ) (III.13)
where E, Ω are Young's modulus, the transformation tensor that are in function of ξ, respectively. ϵ l , Θ represent the maximum residual strain and thermal expansion coefficient, which are material properties characterized experimentally (detail refers to B.1). The integration form is usually used for engineering applications since the differential form has a mathematical incompatibility issue [ Buravalla 07].

The implementation of the proposed model is therefore based on equation (III.13).

The torsional characteristics of a cylindrical specimen under pure torsion is a onedimensional problem, although there are discrepancies between the torsional and extensional characteristics. In the torsion case for the SMA, material properties such as strains, stresses, volume fractions, and corresponding shear modulus are a function of an element's radial location. Consequently, in order to build a torsion model in one dimension, four assumptions must be made: 1) all the elements are subject pure shear stress; 2) each radial station operates independently of its surroundings; 3) all axial radial elements undergo the same angular deformation; 4) the temperature is distributed uniformly on the entire sample. A reduced-order mechanical model is given from the equilibrium equations of the SMA rod with a circular cross-section:

γ = θr L (III.14) τ = M r J , and 
J = πr 4 2 (III.15)
where the τ, γ, r, L, M, J are the shear stress, shear strain, rod radius, rod length, the applied torque, and inertia moment of cross section, respectively. This work introduces a modification that relies on the transformation tensor in equation (III.13) to obtain a quantitative description for T-SMAs. The constitutive formulation of SMA's torsional behavior is given as

τ -τ 0 = G(ξ)γ -G (ξ 0 ) γ 0 + Ω τ (ξ)ξ S -Ω τ (ξ 0 ) ξ S 0 + Θ τ (T -T 0 ) ξ = ξ S + ξ T G(ξ) = G A + ξ(G M -G A ) Ω τ (ξ) = -γ L G(ξ) (III.16)
where the γ L , G, Ω τ are the maximum residual shear strain, the shear modulus, and the shear term in the transformation tensor, respectively. One needs to indicate that the modification is related to the transformation tensor to enhance the description ability, regarding the definitions in the literature [Liang 92,Chapman 11]. Inspired by [Mirzaeifar 10], the second deviatoric stress σ V M and transformation strain invariant ϵ L are given as,

ϵ L = γ L √ 3 , and 
σ V M = √ 3τ (III.17)
The following subsection details the implementation of the modified Brinson model for SMA's torsional behavior.

III.1.2.b Numerical implementation

III.1.2.b.1 Transformation kinetics

As mentioned above, the formulations related to martensite transformation are the most important factors in the constitutive equations. The Brinson model is able to simulate the shape memory effect and the pseudoelasticity for an entire temperature region by separating the martensite into stress-induced martensite and temperature-induced martensite by adopting a nonlinear critical stress-temperature diagram. The transformation kinetic equations link the evolution of the martensite volume fraction to stress and temperature. Due to the history-dependent feature of the material's high nonlinear behavior, the choice of transformation kinetics is crucial for the robust performance of the overall constitutive response of the SMA material. For example, it is indicated in the work of [Chung 07] that a shortcoming occurs in Brinson model during specific thermo-mechanical conditions. However, it is claimed that such evolution kinetic is insufficient for developing SMA-based applications under arbitrary loading encountered in a realistic operating environment [Bekker 97]. Since the SMAs response highly depends on the thermo-mechanical loading history, the loading sequence of the physical conditions significantly affects the phase transformation and the actuator's response. Consequently, additional model parameters are adopted to describe these phenomena [Gao 07, Poorasadion 14]. Here, a kinematic function inspired by [Poorasadion 14] and [ Gao 07] is developed based on a comparison of different kinetic functions. These functions are first validated using the extensional constitutive bahavior using data provided in [ Concilio 21], and then is used for torsional behavior description using equation (III.16). For more details about model verification and validation, the reader is invited to refer to Appendix in which the section B. In the first increment, the initial conditions, ie. a set of state variable χ = {τ, γ, T } and a set of ξ = {ξ S , ξ T }, need to be defined, according to the material state. Since the material states strictly rely on the loading history, it is recommended to begin at either zone 5 (pure austenite with elastic behavior) or zone 9 (pure martensite with elastic behavior). In the j-th increment, the state vectors ( {χ, ξ, ξ 0 } j-1 ) computed in the previous increment and the increment (∆χ j = {∆M, ∆T } j ) according to current step are used as an inputs. These information are then converted into transformation direction ϱ, and the localization in the {σ V M , T } phase diagram to select the kinematic function. It is then necessary to check if the current state is a switching point. This is performed based on two conditions: 1) Γ enters or leaves the transformation zone [i], in the direction of The grey curve presents an arbitrary loading path. The material parameters are from [ Brinson 93] transformation, n i ; 2) Γ remains inside the transformation zone [i] but there is a change in the direction according to n i . Based on the determined conditions, the evolution of ξ is described using a specific formulation summarized in Table III.3. Finally, the shear strain γ is computed by,

M f σ cr s σ cr f M f A s A f n 2 n 8 n 6 n 4 C A C M Switching points M → A transformation A → M detwinning Thermo-mechanical path
γ = (τ -τ 0 + γ L (G(ξ)ξ S -G(ξ 0 )ξ S 0 ) + G(ξ 0 )γ 0 ) G(ξ) (III.18)
The whole process is described in FIgure III.5.

III.1.2.c 1D Model validation for torsional rods

To examine the effectiveness of the modifed 1D model in capturing torsional behavior, a comparison between the aforementioned two different models is performed. It is worth reminding that this comparison is complementary to any other one already published as these two models share the equivalent material parameters to validate the reduced-order model in an explicit manner. To this end,

Table III.3 -The transformation kinetics functions of 1D modified Brinson model

Zone

n ξ S ξ T F n A → M 2 n 2 1-F2 2 + ξ S0 1+F2 2 ξ T 0 1-ξS 1-ξS0 F 2 = cos π(σ-σ cr s -C M (T -Ms)) σ cr f -σ cr s 6 n 6 ξ S0 1-ξ0 2 (1 -F 6 ) + ξ T 0 F 6 = cos π T -Ms M f -Ms 8 n 8 1-F8 2 + ξ S0 1+F8 2 ξ T 0 1-ξS 1-ξS0 F 8 = cos π σ-σ cr S σ cr f -σ cr S 7 n 8 , n 6 1-F8 2 + ξ S0 1+F8 2 1-ξ0 2 (1 -F 6 ) + ξ T 0 × 1-ξS 1-ξS0 F 8 , F 6 M → A 4 n 4 ξ S0 -ξS0 ξ0 (ξ 0 -F 4 ) ξ T 0 -ξT 0 ξ0 (ξ 0 -F 4 ) F 4 = ξ0 2 cos a A T -A s -σ C A + 1
a unification of mechanical parameters definition is carried out; a comparison of torque-angle relationship according to these models is then performed; a discussion of the reduced-order model's capacity is then provided. 

III.1.2.c.1 Unification of material parameters

χ 1 = {τ, γ, T } 1
Martensite fraction: No transformation, ∆ξ=0

ξ j-1 = {ξ S , ξ T } j-1 Switching points: ξ j-1 0 = {ξ S0 , ξ T 0 } j-1 Previous state: χ j-1 = {τ, γ, T } j-1 Input increment: ∆χ j = {∆τ, ∆T } j
Equation III.17 while the partial transformation is obtained for wires with larger diameters. Furthermore, the shear modulus during the elastic release is accurately reproduced since the ξ state is precisely described. Moreover, a good agreement of complex behaviors such as the elastic behavior according to loading and unloading path; the prediction of transformation start and finishing criteria; the hysteresis size according to the PE loops are obtained. However, an overestimation of the start criteria is observed (see {C M , C A } in Table III.4). The non-uniformity strain distribution in the cross-section can explain the shortcoming. Although the shortcoming in the description capacity on localized constitutive behavior, the presented 1D model shows an excellent ability to describe the complex behavior of a T-SMA-based actuator while dramatically reducing the computation time. For example, Table III.5 summarizes a result of a comparison of computational cost of optimization using these model. To optimize of a three variables set {C M , C A , ϵ L } under same conditions that described in section III.1.1.b, the FEA model requires 9 hours2 while the proposed model requires around 5 minutes. The following paragraph discusses the influence of material parameters on PE behavior.
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III.1.2.c.3 Discussion

The discussion aims to highlight the importance of modification of the transformation tensor relies on the SMA's Torsional behavior. Although the phenomenological approach is claimed as the most straightforward approach for SMA modelling. The proposed reduced-order model requires six parameters for the mechanical behavior and six parameters associated to the thermomechanical behavior. In fact, non-trivial effects can be induced by varying material parameters. To illustrate this, the 1D model is used here as a guideline to uncover the influence of material parameters on the SMA's torsional behavior. In Figure III.7a, red curves correspond to a change of 10% in σ cr , and blue dashed lines correspond to a change in C M and C A at same scale, with respect to the previous data (black dash line): a slight change on material parameters induces minor discrepancies for the thinner rod while large discrepancies are observed for thicker ones. This phenomena can be explained by the low level phase transformation Koh 14], and blues curves correspond to Ω τ = Ω √ 3 that are introduced in [Liang 97, Davidson 96]. The former definition leads to qualitative description while providing a similar transformation level as the result produced by the proposed model. The latter provides a under estimation of transformation criteria stress while the saturation of phase transformation are observed for all of three cases. However, although the tendency of influence dimension is captured, a considerable discrepancy of hysteresis size is observed. Generally speaking, the proposed modification in the transformation tensor increases the description abilities, regarding SMA's torsional behavior. parameters in Table III.4. Corresponding to the continuous thermomechanical input, the SME and PE behavior are described. Similar as the thermomechanical history presented in subsubsection I.4.2.a on page 33, all the ten critical steps according the SME and PE are accurately captured. Figure III.8b illustrates the response history, it is worth reminding that the description of martensite detwinning ( 0 ⃝ to 2 ⃝) requires the separation of ξ since the sum of ξ S and ξ T is equal to a constant during the loading cycle. To sum up, based on the equivalent material parameters, the simulation results of 3D FEA model based on [ Lagoudas 08], and a modified 1D model based on [Brinson 93] are compared. The former is capable of providing an accurate description of SMA's PE-based torque-angle relationship while offers the advantages on modelling simplicity and description of local stress distribution. However, the 3D approach requires higher computational cost. Moreover, the model requires a predefined transformation direction corresponding to the material state, and limitations on the description ability of temperature-induced martensite detwinning-based SME are observed. Conversely, the proposed 1D model is capable to reproducing the actuator's global behavior for different dimensions while a large reduction on the computation cost is obtained (see Table III.5). Additionally, the adoption of switching point enables a correct selection of transformation kinetic functions to obtain an accurate and continuous evolution of martensite rate under an arbitrary thermomechanical loading path. However, since the non-uniformly strain distribution on the cross-section is not took into acount, a shortcoming as a overestimation of 12.4% of forward transformation criteria is observed (see Figure III.3b).

III.2 Torsional behavior of SMA-based actuators

Stress, strain, and temperature govern the behavior of SMAs. Material characterization requires the investigation of the relationship between two of these variables, while the third is maintained constant. Important material parameters required for analytical models must be identified through a systematic series of testing. The thermo-mechanical properties of SMAs are influenced by a number of variables, including the wire manufacturing process, sample dimension, prestrain level, temperature, annealing, and training state [ Lagoudas 08]. SMA wire is known as the most conventional form used in applications; thus, most characterization methods focus on the uni-axial behavior of such material [ Concilio 21]. However, the torsional behavior of SMA requires further investigation since no relevant standard is found to the author's knowledge. Regarding the experimental characterization of torsional SMAs, two characterization approaches are frequently mentioned in the literature: the isotherm tests and isobaric tests. The former is performed by maintaining a constant temperature and sweeping the strain up and down while measuring the axial load response, relying on the PE and detwinning of martensite. The latter is performed by holding constant stress and sweeping temperature up and down while measuring the strain response, relying on the SME of SMAs [ Churchill 09]. Focusing on characterizations of SMAs in a millimeter scale, controlling thermo-mechanical behavior is challenging compared to the conventional tensile test, for which the control of temperature can be achieved using a thermocouple, and a constant force can be applied by simply hanging a masse to obtain a uniform distribution of linear strain. The thermomechanical control becomes challenging for torsion since large shear strain occurs during the test. Consequently, the reported experimental tests are usually performed at a larger scale [Stroud 20] or focus only on the PE-SMA at room temperature [Prahlad 07,Chapman 11,Doaré 12,Rao 14, Andani 14], and no experimental data of SME-based T-SMA can be found in the literature. As indicated in Chapter I, origami robots typically employ SME-based actuators to achieve BRM-based folding motion. Therefore, a systematic investigation of the torsional behavior of millimeter-scale SMA is required to uncover the potential of T-SMAs to origami structure actuation. Table III.6 summarize some recent cut-edge torsional actuation element for meso-scale robotic application using SMA. Besides the linear 2.667 1 the actuation range of bending element is determined using total angle divided by deflection curvature length. 2 the torque density is determined using output torque divided by the actuation volume. and bending-based SMA that have been well characterized, the performance of torisonal SMA actuator need to be investigated. For example, [ Shim 15] introduced a 0.2 mm diameter SMA coated in a PDMS matrix, it is resulting in an actuator with 0.0037 mNm/mm3 . [ Kim 16] introduced the actuator consists of 0.2 mm diameter antagonist SMA to provides a torque of 1.44 mNm 3 . Moreover, since the modelling and according material parameter are not detailed in these works, a systematic investigation of torsinal behavior of SMA in millimeter-size is proven necessary for origabot.

This section focus on the testing of two millimeter-scale nitinol alloy samples: flexinol, provided by Dynalloy, and SMA flat foil, provided by William Gregor Ltd. The presentation of the design and fabrication of characterized elementary T-SMAs is provided. Subsequently, a detailed characterization of millimeter-sized SME-based T-SMAs using three different tests is introduced and highlights the T-SMAs actuation performance in terms of torque density. Finally, the identified model parameters using the reduced order model proposed in the previous section are presented.

III.2.1 Design and fabrication of elementary T-SMAs

Molding and training are known as the conventional method for actuator fabrication. SMAs can be maintained in a rigid model while subjecting a specific heat treatment to establish the 'shape memory' according to the pure austenite state 4 . However, as indicated in [Lagoudas 08, Chapter 2], the thermal treatment due to material processing significantly alters the material behavior. For example, the processing configuration, such as thermal treatment method and du-ration [ Churchill 09], induces variation on the thermomechanical parameters (see Table III.4), regarding the same material. Besides the fabrication of SMAs, the integration of material on the hosting structure needs to be taken into account. The actuator can be integrated into the structure using clamping mechanisms 5 or joint directly using welding techniques [ Kim 19]. However, it is worth noting that complexities rely on the latter, such as low strength, formation of intermetallic compounds inter metallic compounds (IMCs), and variation of thermomechanical properties [ Mehta 19]. In this work, the torsional samples are fabricated considering two SMAs: the former uses SMAs wires (Dynalloy flexinol No.3-401) with a dimension of 0.5mm diameter and 5.4mm length, and the latter are machined from SMAs foils (William Gregor Ltd NT-FL-002). It is worth reminding that the SMA wires are received with a memory of coil form and thus require the 'molding and training' 6 while the SMA foil is received with a memory of 'flat shape', thus providing manufacture simplicity and dof on actuator design.

III.2.2 Charaterization of T-SMAs

As shown in Figure III.9, an experimental setup is introduced to capture the torsional behavior of SME-SMAs at the millimeter scale. It consists of a torque sensor for (FUTEK TDD400) measuring the applied torque on T-SMA; a motion controller (Dynamixel XM430-W210-R) with a linear rail for providing a pure torsional load; drill chucks (Donau Elektronik 1504) are applied to clamp the SMA wires; a programmable electric generator (Keysight Agilent E3632A) for resistiveheating the SMA, and an IR camera (FLIR AX5) for capturing the temperature of the SMA. Two independent closed-loops with PI-controller were implemented via Matlab to ensure the quasi-static thermomechanical conditions (see Figure C.3). It is worth indicating that additional tools are mandatory for the test with large rotational angles. For example, an external shell (3D printed) avoids the optical perturbation due to the test environment; a slip ring conductor (PES SRH1235-6-002) provides a stable electrical supply with large rotation angles. The following subsubsection details the validation of the proposed experimental setup. Additional information about the setup and the results are given in Appendix A.

III.2.2.a Experiment description

Two samples with a dimension of 0.5mm diameter and 5.4mm length are tested. To this end, an isotherm test is performed to obtain a repeatable torsional thermomechanical response. Moreover, seven temperatures between room temperature 5. for example, adhesive matrix [Abadie 09], screws [Zhakypov 16], and rivets [Koh 14] 6. Two samples (Dynalloy) with a dimension of 0.5mm diameter and 5.4mm length are fabricated. The material is received with a memory of coil form with a yellow surface color. Consequently, the material is maintained straight and subjected to a 30-min oven heating at 430°C followed by water quenching at room temperature. It results in a straight wire with a blue surface color that relies on the oxidation of the external surface during heating. The results from this test at room temperature is shown using the black dash line. As described in Figure III.8, the material yields an elastic stiffness until it achieves a 4Nmm torque, then detwinning starts and finishes at 10 mNm. A considerable twisting angle is observed after an elastic release (80 degrees). Subsequently, load provides an elastic response with similar stiffness; thus, a typical elastoplastic behavior with small hysteresis is attained at room temperature. Regarding the PE behavior at higher temperatures, The variations induced thermal stimulus on the start and finish criteria point of both M→A and A→M transformation are well observed. One important difference is that in the SME T-SMAs, the PE behaviors showed a smaller hysteresis compared to existing data of PE T-SMAs in the literature [Prahlad 07, Atulasimha 12]. Generally, the proposed experimental setup is proven capable of characterizing the torsional behavior of an SME-based T-SMA wire at a millimeter-scale with high accuracy and high repeatability. 

III.2.2.b Different behavior of T-SMAs

The T-SMAs manufactured based on material purchased from William Gregor Ltd are characterized using the proposed experimental setup. The tested samples are manufactured with a dimension of 0.5 × 0.5 × 15.4mm 3 to obtain torsional response with a large twisting angle 8 . The samples are fabricated using electrical discharge machining (EDM) (see Figure C.3) from a flat SMA foil. Moreover, uncertainty due to thermal treatment is eliminated since the foil is received with a shape memory of a flat state. Due to the non-uniform distribution of strain according to the torsional situation, it is critical to note that the experimental results report directly the torque-angle-temperature relationship rather than strain-stresstemperature.

III.2.2.b.1 Room temperature test

The first test is performed at T < M f to describe the behavior corresponding to the detwinning of martensite. Usually, the start and finish criteria stress is not known beforehand but determined during the test [Lagoudas 08, Chapter 2]. Moreover, the room temperature test identifies the criteria stress according to the start of permanent strain [Chopra 13, Chapter 3]. To this end, the procedure to obtain the response of a typical inelastic torsional loading and unloading case consisted of the twenty steps in the threshold torque increasing progressively from 1 mNm to 40 mNm. As shown in 

III.2.2.b.2 Isotherm tests

The T-SMA's PE behavior is characterized for six different temperatures . The test was performed using joule heating to maintain the sample at a temperature well above A f . The sample subjects triangle form cyclic loading with a threshold torque of 25 mNm, while one hundred cycle are applied (see Figure C.8). Figure III.12 shows an example of test results at 85°C. It is observed that the mechanical properties of the wire deviate as the number of cycles increases: during the initial few cycles, the wire does not recover its angle entirely upon unloading, leaving a residual angle; the residual angle and relevant pseudoelastic hysteresis decreases as the number of cycles increases; After around ten cycles, there is no significant change in the properties of the sample, and the sample shows a complete recovery of angle when brought down to the zero torque condition. Minor dislocations can explain the properties evolution and other irregularities inherent in the sample fabrication [Chopra 13,Chapter 3]. This process refers to the 'stabilization' thermomechanical behavior of material. Figure III.13 summarize the T-SMAs' PE behavior 9 : all the sample provide a complete PE loop while the modification on the transformation criteria induced by temperature is observed. However, unlike the result presented in section III.2.2.a, the stiffness according to unloading exhibits a higher value than the one according to pure martensite state. This phenomenon refers to an incomplete transformation due to applied stress. It should be mentioned that regarding a similar level of temperature increase, a considerable difference in terms of localization of criteria stresses is observed. Comparing the result in section III.2.2.a, large variation of behavior relies on material is observed. For example, according to a 25 • C temperature difference, the SMAs from [Dynalloy] yield a considerable increase of criteria stress of M → A transformation while the SMAs from [WG] yield a relatively stabler behavior. Consequently, a lower stress influence coefficient C M leads to a thermomechanical behavior with a higher stability while the actuation performance is limited. 

III.2.2.b.3 Isobaric tests

As indicated previously, the SME is sensible to the materials' thermo-mechanical history. Consequently, understanding the recovery behavior of a pre-twisted specimen is crucial for designing a torsional actuator. The actuation characteristics of the T-SMAs are obtained by testing the isobaric behavior (a-k-a TWSME, see Figure III.1) of a sample against constant torques cyclically. To this end, four applied torques are maintained using a close-loop PI controller. The sample temperature was ramped with 50 cycles by controlling the applied current using a PI controller based on the thermal map from IR camera (see Figure C.5). The experimental setup is installed in a thermally controlled chamber at around 23°C to obtain a stable cooling rate. The heating rate was maintained at less than 10 °C/min for all the reported tests (see 7.5 mNm. From an entire recovery state at a temperature above 80°C, cooling of material induces a considerable rotation angle from 54°C down to 36 °C, and then reaches a maximum rotation angle at 28°C; subsequently, heating induces a recovery of the large rotation angle between 42°C and 70°C, and the recovery is completely obtained at a temperature above 100°C. The material shows a recovery capacity with a repeatable recovery angle of 183 degrees. Additionally, the evolution of rotational angle at pure martensite and pure austenite state are shown in Figure C.10. As shown in the figure, the material shows a stable recovery capacity without changing during the cycling. Multiple isobaric tests were performed at various torque levels, from 5 mNm up to 10 mNm, and the results are shown in Figure III.15: the increasing applied torque induces an increase of full criteria temperatures and an increase of hysteresis area. Using a graphical method intro-duced in [Lagoudas 08, Chapter 2], an average increase of 10 °C for cooling and an increase of 7°C for heating is characterized while an increase of 116% hysteresis area is obtained, regarding the data corresponding to 5 mNm. 

III.2.3 Parameter identification

The SMA characteristic parameters such as transformation temperatures, Young's moduli, or critical stresses, are associated with the SMA material's composition [ Liu 21]. Upon selection of an SMA material, the aforementioned parameters exhibit relative consistency across successive batches. However, the characteristic parameters for previously described SMA material are not available in the manufacturer's datasheet. The geometrical tool is a common option [ Lagoudas 08] for identifying thermomechanical parameters, while numerical models are typically used for identifying mechanical properties (see Table III.4). However, these works are usually performed based on SMA's extensional data, and very limited information can be found in the literature for torsion. Additionally, as shown in Figure III.7, the differences rely on constitutive equation construction can lead to inaccurate description or even unrealistic model parameters 10 . As indicated in subsubection III.1.1.b, due to nonuniform strain distribution, higher discrepancies corresponding to T-SMA thermomechanical response are observed, with respect to the one of L-SMA, respectively. This subsection details the identification of material parameters using the proposed 1D model based on the previous experimental results. To this end, a nonlinear least-squares optimization method based on a Levenberg-Marquardt algorithm is carried out for parameter identification. The mechanical parameters are identified based on the room temperature test results using the proposed reduced-order model, regarding the experimental results reported in subsubsection III.2.2.b.1 and III.2.2.b.2 ; then the identification of thermomechanical parameters is performed using geometrical tool and numerical model based on the experimental results reported in subsubsection III.2.2.b.3 (see Table III.7).

Table III.7 -Identified model parameters for the T-SMA actuator material based on experimental results reported in subsection III.2.2.b.

Mechanical

Thermomechanical Symbol (units) values Symbol (units) values Symbol (units) values

E A (GPa) 40 M f ( • C) 0 C M (MPa/ • C) 11 E M (GPa) 34 M s ( • C) 24 C A (MPa/ • C) 9 σ cr s (MPa) 158 A s ( • C) 25 ϵ L (-) 0.0703 σ cr f (MPa) 431 A f ( • C) 59 α (MPa/ • C) -

Mechanical properties

The experimental results of the room temperature and isobaric tests are used to identify the mechanical properties (see Table III.4) of T-SMAs. For a torsional rod with square cross-section a-k-a a prismatic bar, a reduced-order mechanical model is given from the equilibrium equations of the T-SMA as where M , h, b, C rect the applied torque, the height, the width and the nondimensional parameter11 according to the cross section of the torsional rod [Hibbeler 11,USa 13], respectively. The Young's moduli E A and E M are determinated using the initial elastic respsonse of room temperature test and isotherm test using equation III. 19 and III.17 under the assumption of mechanical response under pure material phase, respectively. To identify the set of mechnical parameters {σ cr s , σ cr f , ϵ L }, the experimental points (torque vs angle) corresponding to elastic release are used as a reference for the optimization. The initial point for the optimization considers the value reported in Table III 16 shows a comparison between experimental data and the description provided by the proposed model. The grey dashed line corresponds to the description of the torsional response during the cyclic loading. Regarding the loading path shown in Figure C.6, different behaviors in terms of elastic behavior before detwinning, inelastic behavior during detwinning, and elastic behavior after a complete detwinning are precisely captured; the stress criteria according to start and finish point of detwinning of martensite is also accurately captured. Consequently, the localization of the elastic releases is precisely described. It is noteworthy that discrepancies according to behavior due to the restart of partial stress-driven martensite detwinning is observed. This phenomena can be explained by the definition of the MBM while considering the material yields mono-crystalline behavior, thus only two criteria stress {σ cr s , σ cr f } are used to describe the starting and finishing point of material hardening. Additionally, the orange line describes the torsional response according to a conventional 'loading-unloading' ramp form input. The model yielded a good correlation with the experimental data.

τ = C rect M (h)(b) 2 , with h/b 1 1.5 2 3 4 6 10 ∞ C rect 4.
.4. Figure III.

Thermomechanical properties

Given the consistent T-SMA actuation response, constant torque thermal cycling was completed for a range of applied torque, and the proposed one-dimensional constitutive model was calibrated to best predict material response as a function of torque and temperature. It is worth to indicate that the effect of the thermal expansion coefficient α is assumed to be negligible relative to the transformation response. Based on the parameters identified previously, the thermo-mechanical parameters C A , C M and four criteria temperatures are optimized to minimize the error between model prediction and experimental response 12 . Figure III.17 shows a comparison between the experimental data and mode description using the calibrated parameters, and the corresponding material properties are given in Table III.7. As shown in the figure, the model is capable of providing an accurate prediction of actuation strokes with different torques. The tendency to increase criteria temperature and increase hysteresis area is correctly predicted. However, it is worth indicating that discrep-12. The optimization uses the temperature obtained by graphical method as a beginning point using the 'Levenberg Marquardt' algorithm.

ancies such as overestimation of criteria temperatures 13 and underestimation of hysteresis area 14 are observed. The nonlinear stress distribution can explain these discrepancies during phase transformation. 

III.3 Forward and backward design method

Variety of actuators using SMA were introduced in last decades for origami robots: uni-directional rotational motion [Hawkes 10, Nayakanti 18] and bi-directional rotational motion (BRM) [Firouzeh 15, Kim 21]. The torsional-SMA-based actuators (T-SMAs) showed an exciting potential for the BRM actuation of meso-scale origami robotics. Concerning the SMA design, the stress-strain/force-displacement diagram on which the austenite curve of the active element and the hosting structure is frequently mentioned as a valuable and effective tool [ Ameduri 15]. Previous works have shown that this method is acceptable not only for a single SMA device but also for antagonist designing [Hu 21b]. However, the method is based on a fixed dimension of the SMA element, thus most of the published works focus on designing the bias element 15 . In fact, the actuation performance of SMAs is described by its 'M→A curve' so-called 'Austenite curve' (for example, see red lines in Figure III.18), which can be identified and modeled using the method described in previous sections. As previously discussed, in order to characterize the torsional pseudoelastic behavior of a shape memory alloy (SMA), 3D finite element analysis 13. An average increase of 22°C for cooling and an average increase of 23°C for heating are obtained using the proposed model.

14. An average increase of 76% of hysteresis area is obtained using the proposed model. (FEA) methods possess comparable capabilities while additionally affording benefits in terms of the local distribution of shear strain. The 3D models are therefore chosen for actuator design. This section presents a design method based on the 3D FEA model towards the BRM actuation using T-SMAs. The actuation performance is examined through a parametric study to evaluate the influence of specific design parameters. Subsequently, a backward design method is developed to identify the design parameters required to fulfill a BRM-based predefined actuation requirement.

III.3.1 Forward modelling

This section provides a parametric study to characterize the actuation performance induced by a set of design parameters. In this case, a system consisting of two identical antagonists, so-called 'active-biased' SMA elements [Hu 21b], is considered in this work. Two characteristics such as the output torque and the rotational motion range are considered as actuation requirement of a SMA-based BRM actuator. To this end, three design inputs are taken into account:

1. The dimension of elementary SMA: radius r and length L of an torsional SMA element. As indicated in section III.1.2.a, the former relies on the output torque (see equation III.15) of elementary SMA, and the latter relies on the corresponding rotational angle (see equation III.14).

2. The arrangement of two actuators: a position angle θ between two SMA elements is defined to describe the prestrain/pre-twisting state with respect of the antagonist design. The position angle θ induces the strain that the SMA torsional rod undergoes when the actuation system to be activated is in its original position and the elementary SMA is in the passive state. For a prescribed prestrain of both SMA elements, the motion range of the actuator is determined by the intersection of the austenite characteristics of the activated SMA element and the total payload torque (see Figure III.18).

3. The maximum working temperature: conventional SMA designing usually uses a straight form curve with Young's modulus corresponding to the pure austenitic phase [Koh 14, Ameduri 15]. However, the SMAs' phase transition temperature highly depends on the applied stress. Thus a biased SMA requires a higher temperature to achieve the transition. The overheating is indicated in the literature as a risk of degradation of SMA components and structure material [Mohd Jani 14]. The Origabot employs polyester material with low thermal stability for functional origami. Hence, the maximum temperature T must be considered.

The actuation performance based on SME of an SMA at a specific temperature is accurately described by its 'Austenite curve', which can be modeled using the method described in III.1.1. Here, a torque-angle-radius16 iso-temperature surface is introduced in order to address the influence of the parameters as mentioned above on actuator performance. Regarding the material parameter (see Table B.2 ) obtained in [Hu 22b], a parametric analysis is performed via the unit length SMA model based on variable radius and temperature. Twelve different radii between 0.25 mm to 0.5 mm and three temperatures above the finish transition temperature A f are considered. According to the average martensite volume fraction rate ξ, thirty-six M→A curves are obtained. Those curves are then interpolated nonlinearly using mathematical tools 17 . It is worth reminding that the implemented constitutive model does not consider the stress-induced reorientation (detwinning) of the martensite phase at low temperatures. Consequently, a virtual passive surface with modified material properties is realized to provide a mechanical response (see Figure III.19) similar to characterization results. The intersection curve between the active iso-temperature surfaces and virtual passive surfaces is used to predict the actuator performance according to actuator dimension and positioning angle at a specific temperature. Given that the antagonistic SMAs possess identical dimensions and prestrain states, a single active surface in the clockwise direction and a passive surface in the anti-clockwise direction are adequate. The working flow is given in the following:

1. The active curves are placed at the origin point, and the passive curves are placed with a particular position angle. The two surfaces are then implemented using a grid density of 1000×1000 points.

2. The primary zone around the intersection curve is then determined using the mesh of the previous step (see zones highlighted by red grid lines in 3. The two localized surfaces are interpolated using mathematical tools in the primary zone. A local nonlinear solver is then used to detect the intersection point analytically according to every radius increment. 

A f + 20 • C, A f + 50 • C and A f + 70 • C.
the relation between the motion range, the actuator radius, and the large position angles yields a highly nonlinear relationship. For a position angle less than 12 deg/mm, the motion range is dominated by the position angle. However, for a BRM actuator with a position angle larger than 12 deg/mm (equivalent to 180 degrees with a 15 mm length actuator), local optimum of motion range is obtained with a radius equal to 0.3 mm for all three cases. Regarding the technical demand for self-folding application, the folding stiffness belongs from 0.106 mNm/mm/rad to 2.1 mNm/mm/rad [Filipov 17] (for example the stiffness are [0.037,0.7330] Nmm/deg for 20 mm length hinge). Even with a small radius, a BRM actuator is capable of providing a typical 'open-close' selffolding motion. However, origami structures that induce geometrical nonlinearity (as described in chapter II), or material nonlinearity (for example, 'thick-panelorigamis' and 'polymer-based origamis' [Meloni 21b]) require higher actuation performance. An inverse design methodology is introduced to design a BRM actuator in a general manner.

III.3.2 Design of BRM SMA by an inverse method

A methodology for designing the BRM actuator is developed regarding the technical requirement according to origami robots. This method couples the aforementioned forward model and loop-form mechanical feature to identify the actuator dimensions for an origami structure capable of shape-changing. The proposed design methodology is shown in Figure III.23:

1. the technical requirements for shape-changing need to be defined first, locally or globally. According to each shape morphing strategy, the necessary output torque and rotational stroke can be determined using experimental characterization of prototype or model prediction (see Chapter I).

2. A proper SMA adapted to an application should be selected. This selection should be based on system constraints and requirements 18 ; A material parameter identification process is required if such information is not provided by the supplier.

3. After the selection of SMA material, the properties mentioned in Table III.7 are mandatory for the performance prediction.

4. In the backward design block, the torque-angle-radius iso-temperature surfaces presented in III.3.1 are established to identify the dimension of SMA element and the position angle that fulfills the system requirement.

5. A characterization on the whole system to validate the designing of the actuator, the design process will be finished if the technical requirements are attained. If it is not the case, the design loop will re-begin at actuator dimensions for another iteration with modification on design parameters.

These are the indications for the design process for the design of an antagonistic BRM actuator using T-SMA; all the considerations are valid for both commercial torsional wires or home made samples. 

III.4 Conclusion

This chapter presents a comprehensive method to develop of T-SMAs-based BRM actuator, including T-SMAs modelling, characterization, and design. Starting from the modeling of SMA torsional behavior, a reduced-order model based on the 1D Brinson model is implemented and validated. To improve the model fidelity, a modification on the SMA transformation strain tensor and an additional switching point is applied. The model is then compared to a 3D FEA model based on Lagoudas constitutive law. The result shows that the proposed 1D model is capable of reproducing the actuator's PE behavior for varied dimensions at a reduction of computation cost up to 120 times. The introduction of the switching point allows correct transformation kinetic function selection for exact and continuous ξ evolution under a complex thermomechanical loading path such as martensite detwinning and SME-based actuation. To characterize the actuation performance of T-SMAs, a benchmark for millimeter-sized SME-based T-SMAs is carried out. Two different types of SMAs are thoroughly characterized using three experiments, and the material parameters calibrated using the proposed 1D model are provided. The room temperature and PE-behavior test report the complex T-SMAs inelastic behavior at different temperatures: a sample with a dimension of 0.5 × 0.5 × 15.4 mm can provide a residual angle with stroke up to 300 degrees while providing a complete PE loop with stoke up to 220 degrees. The isobaric test first reports the millimeter-sized SME-based T-SMAs actuation performance to the community. The results show that the samples are capable of providing a rotational actuation with a torque of up to 10 mNm with a stroke higher than 180 degrees. A methodology has been established for the design of a BRM actuator activated by antagonist T-SMAs based on a unit-length T-SMA FEA model. Design inputs such as actuator dimension, arrangement condition and work temperatures are considered to meet the actuator requirements (motion range and output torque). The forward design method has been proposed, a parametric analysis is performed and the results showed that tuning of elements' radius and position angle induces a performance modification. Alternatively, the inverse design method, a loop-form mechanical design feature is introduced for prototype fabrication and characterization of the BRM actuator on specific application requirements. This chapter details the development of the actuation system of Origabot. The main contributions are: 1) the development of a BRM-based actuation system for a bistable robot body that is capable of shape-changing and shape-locking; 2) the development of paper-based Kresling tower with advanced mechanical properties under T-SMA-based actuation; 3) the design of shape-changing robot driven by T-SMAs in global and local manner. This chapter is organized as follows: Section 1 details the development of a servo-motor-based compact BRM actuation system, Section 2 presents the development and performance evaluation of an enhanced paper-based kresling tower, Section 3 introduces the design of BRM actuators based on T-SMAs using proposed backward method, and Conclusions are drawn in section 4.

IV.1 Actuation system for Origabot

Origabot requires an actuation system that exhibits shape-changing and shapelocking abilities based on the bistable behavior. Actuation mechanisms are one of the key functional components of any robotic systems. They play crucial roles in robot performance, including power, velocity, and efficiency, and have direct effects on robot physically performance. Chapter II summarized the existing actuation design based on Kresling pattern, regarding application objectives. Table IV.1 provides a summary of existing actuation systems with corresponding information to offer a guideline of Origabot's actuation design. Generally speaking, conventional actuators such as air pumps, magnets, and cable motors are used for shape-changing actuator of structures under global actuation; B-SMA and T-SMA are adopted as self-deployable structures with local actuation. Although the conventional actuator provides simplicities in assembly and control, the structure's actuation requirement needs to be carefully considered. As indicated in [Zhai 20], bistable structures provide advantages over monostable structures such as faster shape-changing, lower energy consumption, and shape-locking ability1 . However, limitations such as higher activation effort and control complexities are proven challenging a reduction of force and a reduction of a bistable portion (see section 3). Based on the proposed model, the current Origabot with a ϕ of 86 degrees requires a set of actuation efforts of [12 N, 35 mm] using transverse actuation or a [250 mNm, 55 degree] using BRM actuation. Comparing the reported actuation system in the literature, the work of [ Melancon 22] enables both reversal folding and shape-locking by introducing a pneumatic actuation system. However, the actuation mechanism required for Origabot to open Kresling tower for drone, requires a complete sealing condition to prevent gas leakage, making it unfeasible to incorporate mountain apertures. [ Ze 22] highlights the possibility of utilizing BRM-based global actuation to obtain shape-changing of Kresling patterns, despite the absence of shape-locking function. However, this approach requires a 3D magnetic field with a volume 2.5 × 10 4 times greater than the sample and a field strength up to 2.4 × 10 4 mT3 for actuation, making it unfeasible for the current application. Hence, the actuation mechanism needs to be designed with consideration of several critical factors:

-the mechanism must possess the ability to generate large deformations, specifically, either translation or rotation with a substantial stroke, which can result in a significant reduction in volume;

-it is essential to have a simple system that employs the lowest number of actuators possible, as this not only reduces the integration complexities but also facilitates easier control;

-in consideration of the potential application of the actuation mechanism in aerial robotics, prioritization of a lightweight design is imperative to prevent impeding mobility.

-to optimize the shape-shifting/shape-locking function, it is advisable to design it with a low required energy by generated deformation/volume variation ratio.

Such a design will promote more efficient shape-shifting/shape-locking, which is crucial to obtain a reconfigurable robots. This section details the design, fabrication, and performance evaluation of Origabot. The design and fabrication process is first presented, and the robot performance evaluation is then detailed.

IV.1.1 Actuation mechanism design

Generally, a Kresling tower requires a one DOF actuation in a global manner while releasing the motion according to the corresponding DOF. A PP-based Kresling tower exhibits monostable and bistable response under global actuation, regarding the loading condition. Inspired by the work of [ Ze 22], an actuation system based on BRM is introduced to enable the shape-changing and shape-locking of a structure regarding PP-based Kresling tower. The subsequent subsections expound upon the development process and performance evaluation of the structure. The design of a servo-motor-driven actuation mechanism are presented.

IV.1.1.a Mechanism design Figure IV.1b shows the normalized mechanical response of a bistable Kresling tower. Assuming the tower is fully folded, it has potential energy higher than in the deployed state. Practically speaking, when a small displacement is applied to the structure, it will undergo small deformation initially; when it reaches a state according to maximum strain energy, it surpasses the energy barrier between two states, causing the structure to snap through rapidly to the deployed state. It results in a fast shape-changing and shape-locking ability. The actuation system design prerequisites for the Kresling tower comprise three crucial elements.

-Actuation kinematics: The Kresling tower exhibits a monostable behavior during folding and a bistable behavior during deployment. This motion requires a stroke of 70 degrees for folding and of -35 degrees for deployment to activate the snap-through effect.

-Actuator dimension: The compactness of the actuator system is a crucial factor to consider for integration into the tower. Figure IV.2 shows the two stable states using the proposed origami. A 60% reduction of internal diameter is observed between the fully deployed and fully folded states, which results in a minimum internal diameter of 17.85 mm as a space constraint of the actuator.

-Actuator performance: Regarding the current origami configuration, the Origabot requires a maximum torque of 0.43 Nm with a stroke that is larger than ±59 degrees.

Hence, the actuator must be designed to produce a 'twist-release' form of actuation, have a compact design that adapts to the space constraint of the tower, and have an actuation performance to meet the requirements of the Origabot system. To this end, the proposed origami model is used to describe the geometrical con- The crucial aspect of the design is to transmit the applied torque effectively while being able to be activated during the occurrence of the 'snap-through effect.' The actuation system is composed of three components:

1. based on the proposed origami model, a Pololu HP 2373 servomotor has been selected as the BRM actuator. This motor operates at 6 V and has physical dimensions of 12×10×15 mm 3 , enabling its integration into the origami structure while providing an output torque of 20 mNm with a 1.6 A 2. a pair of 3D printed frames are designed to support the origami structure, according to actuation strategy detailed in chapter II. The lower part (see green part) functions as a fixture for the servomotor and serves as the actuation mechanism while connecting the lower frame with a bearing frame, thus enabling bi-directional folding and deploying movements.

3. a customized 'twist-slip' frame has been proposed to address the design requirements of the system (see Figure IV.3). The 3D printed adaptor4 incorporates two gear tooth symmetrically arranged around the rotation axis to accommodate the helical motion resulting from the Kresling tower.

Figure IV.3 shows two design parameters θ 1 and θ 2 that follow the relationship of π -(θ 1 + θ 2 ) > ϕ to enable the free rotation according to the bistable portion ϕ. As indicated in chapter II, the bistable portion ϕ can be affected by the maximum folding angle that relies on the hysteresis induced by shape-changing: a larger final folding angle induces an increase of ϕ. However, a slight increase of ϕ requires an additional torque due to quasi-elastic behavior at a fully folded state. Consequently, the minimum folding angle is used in this case for an efficient actuation.

IV.1.2 Performance evaluation

This section details the performance evaluation of the Origabot under BRM actuation. To this end, the experimental setup proposed in chapter II is used to evaluate the shape-locking ability, and an experimental test bench is developed to characterize the shape-changing ability regarding the proposed BRM actuator.

Figure IV.4 shows the experimental test bench of the shape-changing test. According to the design requirement of the Origabot system, the upper part of the robot body is installed on a fixed support with linear rail, and the bottom part is constrained on a fixed support. As shown in the figure, the servomotor's motion is controlled by a closed-loop (Pololu 2590) PID controller; the corresponding translation is captured using a 'GenTL' camera (IDS U3-3040CP Rev.2.2). Two experimental tests are conducted to validate the Origabot's performance: 1) a shape-changing test is performed with BRM angles at different actuation velocities while highlighting the fast deploying capacity induced by bistability; 2) a shapelocking test is performed to investigate the performance of robot payload capacity, passively and actively. The following subsubsections detail the self-folding and self- deployment driven proposed actuator while highlights the dynamic performance during deploying; the shape-locking capacity is then investigated; finally, advance mechanical behavior introduced by the proposed actuator is discussed.

IV.1.2.a Shape-changing ability

To investigate the robot's shape-changing ability, a Kresling tower that shares the same geometrical design as characterized in chapter II is considered. As concluded previously, the introduction of the mountain aperture on the origami structure leads to a reduction of hysteresis area and criteria force while the bistable portion is not impacted. Consequently, a trained Kresling tower with a MA=90% is implemented using PP to increase the actuation efficiency (for fabrication details, please refers to II.1.2). As investigated previously, the robot enables conversion between twisting and translation in a helical manner. The rotational angle and the output translation yield a linear relationship under a quasi-static loading condition. The proposed actuation mechanism is tested to investigate shape-changing capacities (such as shape-changing rate) corresponding to the morphing dynamics and shape-changing range related to the morphing kinematics. According to the design parameters of the 'twisting-slip' adaptor, to address the morphing repeatability, three maximum folding angles are defined as {95, 105, 115} degrees. With the values 95 degrees and 105 degrees, the system does not reach bistability. These configurations are refered as 'monostable' in the results presented below, while the 115 degrees is refered as bistable. Additionally, two different actuation rates are defined at 80 and 95 deg/s to investigates the effect of actuation velocity on robot performance. different actuation velocities for the two first maximum folding angles. The test is launched with forty cycles at an acquisition rate of 6 Hz. The original data is filtered using a smooth function with 'loess' method using a moving windows rate of 0.005 5 . In Figure IV.5, the red dashed line represents the folding motion, and the blue dashed line corresponds to deploying motion. Starting from the initial position (0 degree), the servomotor rotates freely without deforming the structure, resulting in a horizontal line in the plot. The twisting mode is triggered once the actuator achieves a 60 degrees angle (see Figure IV.5d), the structure then deforms by reducing its length by 7 mm. Figure IV.5 (a) and (b) represents the unfolded state, the partially folded state according to 95 degrees, and the structure requires around 1.5 seconds as the average time for folding. The deploying process begins from a partially folded state at the imposed rotation angle; the structure recovers its equilibrium during the load release. Since the deploying process can be obtained by unloading to the applied torque, thus the average deploying time is captured at around 0.9 second. Figure IV.5c shows the folded state according to the imposed rotation angle of 105 degrees. However, the motor is configured at a maximum freeload rotation rate of 95 degree/s, the structure requires an average time of 2.3 seconds for folding and 0.9 second for deploying. It is worth noting that an excellent superposition between the curves associated to the reversal folding process is obtained. Practically speaking, the deformation rate completely depends on the actuator's rotation rate. On the other hand, similar dof-coupling 6 slopes as those reported in chapter I are obtained for both tests, regardless of the rotation rate. Besides the monostable shape-changing associated to the chosen maximum folding angles limited to 105 degrees, Figure IV.6 summarizes the experimental results according to a maximum folding angle of 115 degrees. Now the bistable behavior can be observed. One crucial difference comparing the previous test is that a distinction between the folding and deploying path due to the introduction of a slipping stroke in the actuation system. Additionally, the folding path shares a similar slope according to folding, and a more significant slope corresponds to deploying, indicating a large ratio between coupled dofs, which corresponds to the previous test. As described in Figure IV.3, once a criteria folding angle achieves the trigger value (see point (b)), the structure locks its shape (see point (c)) at a fully folded state. The actuator needs to rotate in the opposite direction to deploy the structure in a bistable manner. The tower's deploying dynamic is captured in Figure IV.6. The actuator regains contact with the tower at an angle of 20.6 degrees, then keeps twisting the structure for 7.8 degrees that activates the 'snap-though' based deploying. At the same time, the structure deforms to its fully deployed state by itself, and the contact between the actuator and the tower is lost again. It is important to note that the deploying process requires only 0.3 seconds to regain the fully deployed state. Generally, the proposed motion-based actuation system can provide an accurate shape-changing. The following subsubsection reports the shape-locking characteristics of Origabot.

5. The 'loess' is a local regression using weighted linear least squares and a 2nd-degree polynomial model 6. The rotation and displacement yield a linear relationship with slope of 3.0532 mm/degree 

IV.1.2.b Shape-locking ability

Since the PP-based Kresling tower yields monostable behavior for folding and bistable behavior for deploying, the structure provides instinctive mechanical properties (for more details, please refer to Chapter II) and different shapes. At the same time, the advantages of high deploying speed induced by the snap-through effect are obtained. Besides the shape-shifting ability, shape-locking ability of a structure is the ability to maintain a desired shape or configuration without needing continuous external energy input, which is proven useful for reconfigurable antennas [Zhang 22c], mechanical switches [ Yasuda 17] or Origabot as a reconfigurable robotics application. This subsubsection details the experimental test of shape-locking performance using the proposed characterization test bench. To characterize the structure's shape-locking capacities, the actuation mechanism is fully folded or deployed the tower at first, then is set to an equilibrium position (in the dead zone) to ensure the release of the two coupling dofs on the two sides of the structure. Practically speaking, the shape maintaining is obtained by structure's bistable behavior. The tower is then set on the test bench, and a camera is used to capture the deformation state for 10 hours. As shown in Figure IV.7a, the tower is proven capable of maintaining its shape for long duration. As concluded in chapter II, the proposed numerical model has limitations on predicting mechanical performance for deployment. Therefore, a BRM test is launched to investigate the shape-locking capacity at fully deployed state. Additionally, based on the proposed setup, a bidirectional linear motion (BLM) test is carried out to investigate the shape-locking ability under pure linear motion-based external force, and the results are shown in Figure IV.7b. Although the bearings exhibits negligible resistance force, it is worth noting that the test is launched without the actuation system. The experimental results according to both tests are summarized in the table in Figure IV.7: the structure yields a deploying stiffness of 1.13 Nm/rad, and the criteria torque of 0.103 Nm for deploying regarding a rotational external effort, while a linear effort requires 7.15 N force with a siffness of 3 N/mm for deploying. Generally, the structure shows an excellent passive shape-locking capacity that relies on the non-structure's non-rigidity. The following section discusses the potential of enhancing Origabot's mechanical performance and the scaling effect on the selection of the actuation system.

IV.1.3 Discussion

Tunable tower behaviour via actuation system The presented structure exhibits a mixed behavior between monostable and bistable ones, allowing shapelocking ability thanks to its bistability. However, when comparing it to the conventional task of shape-locking, the Origabot faces more challenging issues regarding multi-modal locomotion. It needs to overcome unpredictable collisions or harsh environmental conditions, making it difficult to maintain its shape. On the other hand, the bistable deploying mechanism provides advantages in terms of energy efficiency and high-speed shape-changing. However, controlling it poses some difficulties. To this end, an active actuation mode is introduced to enhance the Origabot's mechanical performance to address this issue. For example, as described in Figure IV.5, blocking the folding angle at a low value transforms the bistable structure into a monostable one (see [mon 22]). Additionally, the structure exhibits quasi-elastic behavior with considerable stiffness after reaching its stable state. Practically speaking, the structure exhibits high monotonic stiffness to prevent further deformation. Active blocking at stable states leads to a highly stiff mode (see [mon 22]). It is important to note that these modes are obtained using motion-based controlling methods in this work, thanks to the structure's quasi-linear rotation-translation coupling relationship.

Scaling effect on the selection of actuation system Current results demonstrate that the servo motor is capable of folding the Origabot while being compact enough to be integrated inside of the structure. As stated in the classification presented by [Sakama 22], the selected servomotor displays exceptional characteristics, boasting a power density of 66.67 W/Kg that ranks it among the top performers within its class. However, alternative actuator with higher power density becomes necessary for smaller Kresling tower.

IV.2 T-SMA actuated Kresling tower

The previous section demonstrated the capacity of shape-changing and shapelocking of PP-based Origabot using a conventional actuator such as a servomotor. However, limitations due to actuator size for downsizing application is observed and discussed. Chapter III shows that the T-SMAs provides high actuation performance for rotational motion, thus becomes an excellent solution for miniature Origabot. As show in Table IV.1 on page 104, local actuation strategy using SMAs is a common choice for deployable Kresling tower while complexity of thermal controlling need to be taken into account. Moreover, besides local activation methods, the global actuation strategy shows its potential, while the actuation based on smart material requires to be investigated. In order to demonstrate the potential of T-SMA for the actuation solution of downsized Origabot, this section details the development of a paper-based active Kresling tower capable of self-shape-changing in chapter 4 is fabricated to achieve the self-folding of the structure. As indicated previously, the Kresling tower requires a larger criteria effort for folding than for deploying. Thus the self-folding motion is selected to demonstrate the actuator capacity. Briefly, the fabrication of the origami structure and the corresponding T-SMA is first detailed, and the result of performance evaluation is then reported.

IV.2.1 Design and fabrication

In order to highlight the potential of active origami using smart material, this section details the design and fabrication of a paper-based Kresling tower that is actuated by a T-SMA. The origami sample is fabricated following the design shown in Figure IV.9. Regarding the design of a paper-based origami tower using a set of parameters of [n, a, H 0 , ϕ] (see Figure II.1 on page 45), the structure bi-stability is insensible to variation of n and a [ Masana 19]; a large variation on structure's stability is obtained by tuning the parameter corresponding to the relative rotational angle ϕ and initial height H 0 . The origami tower is made of 0.10 mm paper to ensure thermal applicability (the temperature of the T-SMA may go up to 80 °C). The film thickness (0.1 mm) ensures enough folding stiffness and the existence of bistability in the structure and meanwhile provides a reasonable criteria torque for folding. The origami tower is about 55 mm in axial length (between two end frames); in the fully folded configuration, the sample is 32 mm in axial length. Hence theoretically, the origami tower prototype could achieve a 35 % H 1 axial deformation while a torque of 11.77 mNm while considering the model parameters provided in [Liu 18] manufactured to highlight the T-SMA actuation capacity. It is worth noting that the rigid transmission device can be optimized to facilitate its integration within a structure and its cooperation with a 'twist-snap' mechanism, which is not the objective of this work. As shown in Figure IV.10, the experimental setup shares a similar strategy as introduced in IV.1.2 for folding while a tensile force is applied on the moveable frame for deploying. The structure is attached to a copper wire pulled by a pulley actuated by a servo motor (Dynamixel WM230). The T-SMA (WG ltd) actuator is attached with a rigid torque transducer that is constrained on the fixed support. Joule-heating under constant current with a fixed duration is selected as the activation method. Three sensors are used for data acquisition: 1) an IR camera (FLIR AX5, 25 Hz) is used for continuous temperature capturing; 2) a vision camera (IDS U3-3040CP,5 Hz) is used for the structure's motion acquisition8 ; and 3) a tensile force cell (Phidget 50N & 1046 encoder, 25 Hz) captures the applied force during shape-changing. The next subsection details the performance characterization of the active-origami-based structure.

IV.2.2 Performance evaluation

This subsection details the experimental evolution of the self-actuated structure based on Kresling pattern. In this work, two cyclic tests are designed for performance evaluation:

1. A folding test is launched to characterize shape-changing performance and corresponding thermo-mechnical behavior. the test begins at its fully folded state at room temperature; then subjects the sample to a tensile motion equivalent to 40% of H 1 at a constant deformation rate of 1%/s; once the maximum deploying is achieved, a complete unloading process under the same deformation rate is performed; a constant current is then applied on the T-SMA actuator while the folding is activated. Finally, the tower recalls its fully folded states and the test is re-performed for the next cycle, performed after 60 seconds to ensure the room temperature is achieved.

2. A behavior-shifting test is launched to investigate the monostable behavior under three constant applied currents. Begin from a fully folded state, a constant current is applied on the tower for 30 seconds to ensure a stable thermal condition without applied force. The tower is then subjected to a loading-unloading linear actuation for 20 cycles to characterize the influence of global structure behavior from the T-SMA.

The following subsubsections detail the experimental results according to these tests.

IV.2.2.a Folding test

.11 summarizes the force vs. displacement relationship according to the structure's deploying process. Grey areas represent the experimental data, and the blue line represents the filtered data. As shown in the Figure, starting from a fully folded state (point A), the tower exhibits an elastic behavior until a force of 0.5 N; Continuing deploying the tower leads to a considerable deformation until a force around 2.2 N; the structure strengthens with continued deploy induced by monotonically increasing force up to a stiffness 300% higher than the one according to the initial state, and reaches a maximum deploying force of 4 N (point B). Once unload the applied force, a folding occurs in a quasi-elastic manner until an equilibrium state according to a fully deployed state (point C) is reached without external force. In Figure IV.12, the axial deformation time history according to 7 A is illustrated repeatability for applied current values larger than 4.5A. Although a lower current may be unable to fold the tower to the fully folded state, the tower still provides a relatively large axial deformation with an acceptable error.

IV.2.2.b Behavior-shifting test

T-SMAs exhibit inelastic and PE behavior regarding their thermo-mechanical loading path, thus providing self-foldability to the proposed structure. As indicated previously, the proposed system can provide a large self-recoverable deformation based on the cooperation between the origami structure and the SME induced by the T-SMA. Moreover, as indicated in section IV.1.3, the actuation system can enhance the structure's performance. Since the proposed T-SMAs are demonstrated capable of fully folding the structure thanks to the SME at a high temperature, such actuator can provide a pseudo-elastic behavior based on the reversible transformation between Martensite and Austenite. Moreover, a temperature sufficiently high enables a shifting of PE loops of SMA, thus becoming capable of maintaining its initial shape once the applied load is released, referring to a monostable behavior with a variable criteria force at constant temperature. Figure IV.8 on page 115 illustrates an example of shape-changing of the proposed structure in a monostable manner, while applying a constant current. It is clear that the structure can recall its fully folded shape after being subjected to a large deployment. Figure IV.13 summarizes the displacement vs. force relationship with three different currents between 3.5 A and 4 A. The blue lines represent the filtered experimental data during deploying, and red lines represent the filtered experimental data during folding. Generally, monostable behavior with hysteresis area is observed for all three currents. Comparing the structure with a non-activated T-SMA that exhibits an elastic limit of 0.5 N, the structure is capable of holding a force up to 6 N without any degradation. This results in a behavior shifting from bistable to monostable behavior while largely enhancing the global stiffness of the structure. It is worth recalling that the folding motion requires a greater effort than deploying. Thus, the proposed T-SMA can ensure self-deploying by reversing the pre-twisting direction of T-SMA.

IV.2.3 Discussion

Thermal-mechanical modeling Figure IV.14 summarizes the temperature history of embed T-SMA that explains the aforementioned phenomena. A higher applied current leads to higher actuation speed while the cooling time reminds the same, regarding a constant ambient temperature. As indicated in previous work [Hu 21b], the Joule-effect based thermo-electrical behavior is described using a thermal balance equation, which is given as,

ρV C dT dt + ∆H dξ dt = ϕ s -ϕ dissipation = I 2 R -hS(T -T amb ) (IV.1)
where ϕ s , ϕ dissipation , ∆H, C, h, ρ, λ, S, V, l, ξ, I, R, T amb are the thermal source flux, the thermal dissipation flux, latent heat rely on the phase transition of SMA, the thermal capacity, the convective heat transfer coefficient, the actuator's density, the thermal conductivity density, the surface area of the SMA wire of actuator, the actuator's volume, activation length, the martensite factor, the input current, the electrical resistance and the temperature of the surroundings, respectively. A simulation result of this model is summarized in the minor image of Figure IV.14.

It is trivial that the model provides a qualitative description of the characterized thermal history. However, an identification of material parameters in terms of h and ∆H is required for a quantitative description and is considered as a perspective of this approach. It is worth indicating that large currents increase the motion repeatability while the influence due to latent heating becomes insensible, comparing the results corresponding to lower currents. Consequently, simple regulation strategies can be used with high electrical power-based activation since the terms due to latent heat can be neglected. Briefly, the proposed cyclic test proves that the structure is capable of providing a considerable axial deformation, shape-locking, and self-folding motion, driven by a Joule-effect-heating T-SMA via constant currents. The system is proven capable of producing a shape-changing between the two stable states with high repeatability under a electrical power supply, regardless of the additional sensing component. Generally, the proposed structure demonstrates the capacity of T-SMA for shape- changing, shape-blocking, and behavior-shifting of a down-sized Origabot. The following section provides the conception of the BRM actuator using antagonistic T-SMA for Origabot.

IV.3 Design of active hinge on Kresling tower using antagonist T-SMAs

The previous sections detailed the global actuation method for Origabot while highlighting the potential of SMAs for the actuation of miniature non-rigid origami regarding a global actuation strategy. However, as shown in Table IV.1, two actuation strategies can be found in the litterature: 1) global actuation involves applying forces uniformly to the entire structure, resulting in a uniform shape change. This approach is useful for creating simple shapes and achieving uniform shape changes. 2) local actuation involves applying forces to the hinges of the origami structure, which results in localized changes in shape. This approach is useful for creating complex and intricate shapes that cannot be achieved using global actuation alone. Generally speaking, the former induces advantages in controlling simplicity and shape-changing prediction, thus becomes a common choice for self-constrained origami structures such as non-rigid origami. However, the limitations of the relatively high-level criteria effort are proven challenging. On the other hand, the latter provides advantages in creating complex and intricate shapes while reducing the actuation requirements for individual actuators. However, this approach increases the control and prediction complexities that lead to a considerable increase in computational cost [ Grey 21]. The preceding sections have indicated that the Kresling tower made of polypropylene features a relatively uncomplicated folding mechanism with high precision. The present section endeavors to develop a BRMbased actuator utilizing T-SMAs in an antagonistic configuration. Initially, the actuation requisites for diverse actuation strategies are introduced, followed the design of actuators via the backward method introduced in Chapter III.

IV.3.1 Global and local actuation requirements for Origabot

The design of actuator for origami requires accurate understanding of structure's mechanical and kinematic behavior during folding and deploying, especially for non-rigid origami. Moreover, it is imperative to considering the constitutive behavior of panel and hinge in the actuation system design. For example, [ Grey 21] conducted a comparison of identification outcomes pertaining to the distribution of self-foldable hinges for a designated 3D shape-changing task 9 , utilizing both rigid and non-rigid formulations. The findings reveal that the rigid origami approach fails to achieve reduction in either the quantity of actuators or the actuation energy needed. Therefore, the selection to employ the proposed reduced order model, as presented in chapter II, within this investigation was determined by its relatively noteworthy accuracy and efficiency in describing the mechanical behavior and folding kinematics. elaborates the design of a BRM actuator using a backward method focusing on the identified actuation requirements.

IV.3.2 Design of SMA-based BRM actuator for Origabot

This subsection details the design of BRM actuators regarding the technical requirements illustrated in Table IV.3. To this end, the material parameters that identified in chapter III are adopted to the backward method presented in the same chapter. In this case, a BRM actuator composed by a pair of T-SMAs shares same dimension and same pre-strain state. The following set of design parameters [r, θ, L, T ] is considered: r is the radius of elementary T-SMA required to provide the output torque of the actuation system, θ is the relative positioning angle between the T-SMA that dominates the system rotational stroke according to a unit length, -L is the length of the elementary T-SMA that defines the motion stroke and system size, and -T work constraints the maximum work temperature to avoid the overheating of entire system. The design of the Origabot actuation system targets the folding torque and bistable portion criteria. To achieve this, the proposed FEA model generates iso-temperature surfaces for different T-SMA radius corresponding to T work and room temperature. The two surfaces are then used to generate the actuation system output performance map in function of θ by resolving the intersection line. Finally, the unit T-SMA's length L is considered to meet the BRM motion range and constraints according to system's operating space. The work temperature is considered at 159°C based on the experimental results reported in chapter III, and the melting temperature of pure polypropylene. For further information, please refer to chapter III. Figure IV.16 summarizes the actuator performance map regarding three temperature from 109°C to 159°C. Table IV.3 shows the design solution according to different actuation requirement. The actuator numbers, dimension of elementary T-SMA, the positioning angle, and the total occupied volume are illustrated to offer a comprehensive comparison. Regarding the global actuation strategy, the global actuation system requires a performance of [335 mNm, ± 54 deg] while the operation space is constrained at 18×18×34 mm 3 that is relatively large for a current actuator. However, as shown in the Figure, the current material is not capable of providing sufficient output by only one actuator. Consequently, multiple actuator in parallel is considered as a solution to meet the actuation requirement. Table IV.4 summarizes the design resolution according to characterized temperature. The design with the minimum volume occupation is shown in the Table, and it results in a increasing of work temperature leads to a reduction of actuation system volume. Besides the design resolution for global actuation strategy, the design solution which corresponds to two local actuation strategies are provided in Table IV.4. It is worth noting that, the local actuation on the valley creases seems a better 

IV.4 Conclusion

In this chapter, advances and contributions to the development of the actuation system of Origabot are presented. The BRM actuator, based on servomotor, is proposed and experimentally characterized with a Kresling tower made of PP, demonstrating the structure's shape-changing and shape-locking abilities with high repeatability. The results show that the robot can deploy quickly within 0.3 seconds, induced by the structure's bistable behavior. Based on the experimental results, the enhancement of the structure's mechanical behavior, such as behavior shifting and structure stiffening, actively induced by the BRM actuator, is discussed. To demonstrate the potential of T-SMA for downsized Origabot's actuation solution, a paper-based Kresling tower capable of shape-changing and behavior-shifting under T-SMA actuation is provided. Two experimental tests are conducted: the results of self-folding test show that the structure can provide shape-changing within 3 seconds with T-SMA actuation, and the result of behavior-shifting test demonstrated a transmission of the structure's behavior from bistable to monostable while enhancing the structure's mechanical performance. The last section of this chapter presents the design of a BRM-based actuator using T-SMAs in an antagonistic configuration, focusing on the actuation requirement of Origabot. Actuation requirements according to global and local actuation strategies are discussed, and the results show that the former strategy requires an actuator with performance 10 times better than the latter one. The design parameters are provided using the proposed backward design method. Overall, this chapter offers a comprehensive exploration of the actuation system of Origabot, including its design considerations.

General conclusions and perspectives

General conclusions and contributions

These PhD works are positioned in the context of the growing need and demand for Origami-inspired reconfigurable robots. This thesis presents a study of actuation of an origami-inspired reconfigurable robot introduced by project ANR «Origabot». The characterization, modelling and design of shape-changing origami robot driven by torsional shape memory alloy, using experimental and numerical characterization, developed especially for this application. The main goal consists in characterizing previously unknown non-rigid origami's kineto-static properties and SMAs' torsional thermo mechanical behavior, to actively contribute to the development of high performance reconfigurable robots. Through a literature review, a non-rigid origami based on Kresling pattern folding behavior is evidenced in contrast to a complete lack of actuation requirement for structure's shape-changing. The adoption of engineering materials, along with the use of mountain apertures, is identified as a major indicator for achieving high robot performance. However, evaluating the complex mechanical behavior that relies on shape-changing is essential for the development of robots. The thermally activated bidirectional rotation motion (BRM)-based shape memory materials proposes the best choice for mesoscale origami-based reconfigurable robots thanks to their high actuation performance, however the complex thermo-mechanical behavior according to torsional actuation requires to be characterized for actuator design. To ensure effective actuator design, a thorough characterization of the complex thermo-mechanical behavior of torsional SMA is required due to the inadequacy of existing literature data.

Folding behavior of non rigid origami structure:

A methodology is introduced for identifying the actuation requirement of a non-rigid origami made of engineering materials. The effectiveness of this methodology is illustrated through a case study of the Kresling tower at the scale of Origabot prototype. Five variations of the Kresling tower, employing origami and kirigami type, were characterized through three experiments. The proposed structure requires at least 200 folding cycles to exhibit a repeatable mechanical response, as discovered through the origami stabilization test. The BRM test demonstrated that the mountain apertures can greatly impact the tower's mechanical performance, such as 40% threshold effort and 25% shape-blocking stiffness according to shape-changing while minimally affecting its bistable portion (less than 0.1%). Furthermore, the actuation test shows that achieving bistable shape-changing requires both a specific torque and a final folding angle. Three technical requirements have been identified for actuating an origami robot using a PP-based Kresling tower: threshold torque, shape-blocking stiffness, and a bistable portion that constrains both the effort and stroke limits of the actuator. Along with an experimental approach, a numerical 'bar-hinge' model that considers the nonlinear constitutive behavior corresponds to stretching and shearing of thin sheet panels, and bending along prescribed fold lines, has been proposed to describe the effect of crease releasing on the three criteria demands for the BRM actuator. This model is suitable for constructing the actuation technical requirements and accurately predicting folding kinematics with high computational efficiency, comparing a finite element model.

SMA-based actuator for rotational motion:

A comprehensive method is introduced to develop T-SMAs-based BRM actuators, including modeling, characterization, and design. A reduced-order model, which is based on the 1D Brinson model and aimed at modeling the torsional behavior of SMAs, is implemented and validated in this study. To improve the model's accuracy, modifications are made to the SMA transformation strain tensor, and an additional switching point is incorporated. Upon comparison with a 3D FEA model based on Lagoudas constitutive law, the proposed 1D model is found to reduce computational costs by up to 120 times while also allowing for the precise selection of the transformation kinetic function through the incorporation of a switching point, thereby facilitating continuous and accurate ξ evolution under complex thermomechanical loading paths. To benchmark millimeter-sized SMA-based torsional actuators, two different types of SMAs are thoroughly characterized using three experiments. The results shown that a sample with dimensions of 0.5 × 0.5 × 15.4 mm 3 can provide a rotational actuation with a torque of up to 10 mNm and a stroke higher than 180 degrees. A design methodology for a BRM actuator utilizing antagonist T-SMAs based on a unit-length T-SMA FEA model has been established. Design inputs such as actuator dimension, arrangement pre-strain, and work temperatures are considered for meeting the actuator requirements. A forward design method with a parametric analysis and a backward design method with a loop-form mechanical design feature are proposed for performance optimization and prototype fabrication on specific application requirements.

Kresling tower actuation:

The development of Origabot's actuation system is provided implementing the proposed methodologies. Through experimental characterization, a PP-based Kresling tower, with an embedded servomotor-based BRM actuator, has demonstrated its capacity for fast shape-changing with high repeatability and shape-locking with high distinct stiffness. Furthermore, the BRM actuator has been proven capable of enhancing the mechanical behavior of structures, such as behavior shifting and quasi-rigid stiffening. However, limitations regarding low power density and space constraints are discussed with respect to its suitability for miniature applications. The potential of T-SMAs for downsized actuation solutions is demonstrated through a paper-based active Kresling tower capable of shape-changing and behavior-shifting using two experimental tests. Finally, the design of a BRM-based actuator utilizing T-SMAs in an antagonistic configuration is presented, focusing on Origabot's actuation requirement, with respect of actuation requirements according to global and local actuation strategies.

Perspectives

The presented work can constitute the foundations of many future developments, in the field of origami-inspired robots and SMA actuated shape-changing robots but also in the wider scale of soft robot using non rigid origami, divided into short terms and long terms.

Short terms

Some of these perspectives and future works are discussed below.

Folding behavior of non rigid origami structures:

The proposed methodology would allow for the investigation of shape-changing behavior of enhanced non-rigid origami using engineering materials. Additionally, it can provide properties of other non-rigid patterns, such as water bomb and miura-ori, within millimeter to centimeter scales, expanding the characterization of non-rigid origami's behavior to new applications. The tuning of mechanical performance, induced by modified origami patterns [Lu 22, Wang 23], can be numerically investigated using reduced modeling as a guideline and validated using experimental characterization. It also paves the way to novel fabrication techniques that allows mechanical behavior modification on panels [Benouhiba 20], hinges [Huang 22,Zhang 22c] to obtain a global performance in a programmable manner. Finally, the analytical description according to structure's deploying behavior can be developed and characterized expanding our knowledge and understanding of the robot's behavior.

SMA-based actuators for rotational motion:

The proposed reduced-order model presents a description of the torsional Shape Memory Effect (SME) of T-SMA by considering a linear distribution of strain along the radial direction of the cross-section. The model's accuracy can be improved by considering a nonlinear distribution of shear strain [Viet 19] or the temperature distribution due to the heat flux effect [ Mirzaeifar 12] in the radial direction of the cross-section. In contrast, novel design techniques contemplate actuation components with circular cross-sections. The suggested model enables identification of the optimal actuation performance via dimension and shape analysis of modular SMA actuator. Especially, the proposed setup enables a comprehensive assessment of T-SMA's actuation functionality via complementary characterizations, such as fatigue life, blocking torque, efficiency and power, and Two-way SME tests. The miniaturization of SMA-based actuators provides an alternative to the current cooling method of SME-based actuators and leads to a significant improvement in actuation bandwidth [ Lee 18]. Moreover, the implementation of novel materials such as shape memory polymers and dielectric elastomers enables the enhancement of mechanical performance on the folding hinges [ Malik 22]. The adoption of innovative fabrication methods, e.g., FIB [ Lei 22] or 3D printing [ Xue 22], demonstrates exceptional potential for micro-scale robotics application due to their multifarious advantages, like high power density and substantial recoverable strain. Implementing the suggested approach facilitates the creation and progress of actuators for such purposes.

Kresling tower actuation

The current study uses the proposed method to design a BRM-based actuation system for the Origabot, incorporating various actuation elements (T-SMA, B-SMA and L-SMA) and global/local actuation strategies. The present approach incorporates both mechanical and kinematic considerations with regard to the transformation of a robot's shape via multistable non-rigid origami. This method can be adapted for use in reconfigurable robots by reducing the complexities of the origami patterns employed, such as the rigid origami pattern proposed in [ Overvelde 16] or the monostable origami pattern discussed in [ Ze 22]. The current setup can be used to investigate the suitability of force-based actuators that rely on magnetic or electric fields as a global actuation strategy for the multistable Origabot. Additionally, the study proposes a T-SMA-based actuator design using the backward design method for local actuation and considers its experimental validation as a future perspective. The project will involve fabricating and characterizing an active hinge for local actuation strategy, as well as multiple T-SMA-based actuators for global actuation strategy, followed by an investigation into thermal control, energy efficiency, and actuation bandwidth. Moreover, a hybrid actuation strategy that combines the aforementioned strategies provides a balance between shape-changing capacity, robot compactness, and motion accuracy.

Long terms

Although origami robotics and mechatronics are considered to be rapidly advancing areas of research, numerous technical challenges persist despite the increasing number of works, including the present study. In the context of non-rigid origami-based structures, there is a need to develop more realistic physical models to enhance the design, performance evaluation, and fabrication processes. Despite existing approaches, which still rely on early-stage experimental characterization, this work has the potential to expand the design possibilities of non-rigid origami by incorporating engineering materials. In the case of advanced-material-based actuators, there is a requirement for tools that not only describe the actuation performance but also the behavior of the actuation process. Additionally, there is a need for a broader experimental database of shape memory materials to improve the understanding of their actuation behavior in relation to processing parameters, chemistry, form, and other factors. For active origami structures, tools are needed to design, model, and fabricate both rigid and non-rigid origami structures with embedded electronic components, allowing for performance evaluation in specific fields of interest. These structures should possess programmable material properties that enable reconfiguration and local alteration of mechanical properties according to technical requirements. Furthermore, control models should consider the hysteresis induced by both the origami hosting structure and the actuators, aiming to better guide and inform control algorithms during task planning and execution.

ξ s = 1 -ξ s0 2 cos π σ cr s -σ ct f (σ -σ cr f -C M (T -M s )) + 1 + ξ s0 2 ξ T = ξ T0 - ξ T0 1 -ξ s0 (ξ s -ξ so )
for T < M S and σ cr s < σ < σ cr 

ξ = ξ 0 2 cos π A f -A s T -A s - σ C A + 1 ξ s = ξ s0 - ξ s0 ξ 0 (ξ 0 -ξ) ξ T = ξ T - ξ T0 ξ 0 (ξ 0 -ξ) (B.3)
where constant C M and C A are material properties that describe the relationship of temperature and the critical stress to induce transformation, it is often assumed that C M abd C A have a continuously constant value over all temperature ranges. fact, under certain circumstances, the total martensite volume fraction may exceed 1: using initial conditions of ξ T0 = 0, ξ s0 = 0, T = M s , σ = σ cr s and final conditions of T = M f , σ = σ cr f in the Brinson model, the obtained results are ξ T = ξ s = 1 and ξ = ξ T + ξ s = 2. A modification concerning the dual transformation region is therefore introduced to satisfy the following prerequisites: 1) ξ must be smaller than or equal to 1. 2) ξ s must be 1 when σ = σ cr f . 3) ξ must be 1 when T = M f . 4) continuity with band 5. 

B.2.1..1

The additional switching point Currently, the majority of numerical implementations of 1D shape memory alloy material models concern specific structural or mechanical responses. The SMA constitutive law was usually implemented using a relative sample loading path under well-constrained thermal or mechanical conditions. However, as proven in the work of [Buravalla 11], enhanced kinetic functions are required to describe material behavior under realistic environmental conditions (see Figure B.3). [Bekker 97] firstly introduces a strategy with an internal variable entitled by 'switching point' based on a two-phase zone diagram. The critical point is to ensure that martensite volume fraction evolution occurs only when the loading path has a positive projection on the normal direction vector of the transformation zones. The idea is further extended to the general phase-diagram [Gao 07, Tabesh 10, Buravalla 11, Poorasadion 14] with different versions of kinetic functions. The kinetic functions reported in [ Gao 07], and in [ Poorasadion 14] are implemented via Matlab and compared with the MBM to construct the 1D torsional model based on BM. [Poorasadion 14] presents an improved FEA model based on the modified Brinson model. The model is improved to asymmetric behavior in tension and compression: the ξ S is decomposed into two parts according to tension and compression. Additionally, the author details an iterative algorithm that combines with between 'Newton-Raphson' method and a 'Bisection' method to obtain a robust resolution. However, the SMAs usually exhibit symmetric behavior according 

B.2.2 Gao's kinetic functions

B.2.3 Poorasadior's kinetic functions

B.3 Validation of Brinson model

This section presents three numerical cases that rely on the SMA's tensile behavior to validate the implementation of the kinematic formulations detailed in section III.1.2.b while computing the constitutive laws introduced in B.1. The objective is to reproduce the results reported in [Concilio 21, Chapter 8] using the proposed model while sharing the same model configurations, such as material parameters and the thermo-mechanical loading path. The model parameters is listed in Table B 1. Figure B.7 a) shows the results of the simulation of tensile loading followed by unloading at different temperatures below M s . The initial conditions were obtained assuming that the alloy was cooled from a pure austenite state ξ = 0 and then cooled to different temperatures in between M f and M s . Thus, different ξ T 0 values are considered for each test. During loading, the alloy exhibits different moduli of elasticity depending on the test temperature because of the difference in the initial martensite fractions. During unloading, the alloy is always in a pure martensite state; thus, the unloading stiffness becomes the same value.

2. Figure B.7 b) shows a numerical test of cyclic loading unloading on the SMA alloy for a test temperature equal to 10 • C, between M s and A s . First, a tensile force is applied to the alloy in complete austenite condition, ξ = 0, until a tension of about 150 MPa is reached. This tension is above the lower boundary for martensite formation at the test temperature σ cr s , marked with the blue line. Subsequently, a number of unloading-loading cycles with an amplitude of around 20 MPa have been applied. During the unloading legs of the cycles, the alloy followed a straight line because no variation of the martensite fraction was possible. In the loading leg, martensite production is activated as soon as tension above the σ cr s . At every repeated cycle, the slope of the unloading line changes, reflecting the evolution of the material's elastic modulus due to the changes in the alloy's composition (see equation B.1). 

B.5 The inverse design method

C.1 Experiment description

As suggested in [ Lagoudas 08], both samples are subjected to a training process with twenty PE cycles to stabilize the sample's response. It is worth indicating that the sample subjects free-load heating at a T = A f +30 °C to ensure the initial state of material [ Crews 12]. 
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Figure 1 -

 1 Figure 1 -An example of reconfigrable robot based a origami structure: a) General principle of shape-changing to control force orientation and enable locomotion. b) Shape-changing for multiple modes. Artistic illustration of an OrigaBot demonstrating a combination of aerial and terrestrial locomotion.

Figure

  Figure I.1 -A generic flat-foldable degree-4 vertex showing the definition of sector angles θ i and dihedral crease folding angle ρ ij .

Figure I. 2 -

 2 Figure I.2 -Overview of exisiting origami modelling methods for design resolution. The figure is inspired by [Benouhiba 20, van Manen 20, Bernardes 22, Filipov 17, Grey 19, Liu 17a,Kim 18] 

Figure I. 3 -

 3 Figure I.3 -An example of two well-known bar frame of lattice frame approach regarding a single hinge: a) a model based on the N4B5 element; b) a model based on the N5B8 element. The black solid lines correspond to the stretchable truss with tensile stiffness, the red arrows correspond to the torsional stiffness during folding, the blue arrows correspond to torsional stiffness according the out-of-plan bending strain.

  Figure I.4). As shown in Figure I.4, such structure is obtained by two different combinations of materials: 1) bilayer self-fold sheet consisting of a 0.3 mm thickness PDMS sheet and a 0.05 mm thickness titanium foil (see Figure I.4(a)-(c)). 2) bi-layer self-fold sheet consisting of a 0.3 mm thickness PDMS sheet and a 0.65 mm thickness polyolefin sheet (see Figure I.4(d)-(f)).

Figure

  Figure I.4 -Kirigami-enabled self-folding structures [van Manen 20], a complex self-folded multi-storey structure in: a)-c) plastically deforming (gray) kirigami elements; d)-f) multi-stable elements (red).

Figure

  Figure I.5 -32-tile self-folding sheet, capable of achieving two distinct shapes [Hawkes 10].

FigureFigure

  Figure I.6 -SMP-based Self-folded geometries prior to (up) and subsequent to (down) activation at 130 °C in an oven [Tolley 14]. All of those three-dimensional structures self-folded in less than four minutes.

Figure I. 8 -

 8 Figure I.8 -Illustration of an rigid-origami-inspired robotic arm that is foldable, self-folding and also highly-rigid [Kim 18].

Figure I. 9 -

 9 Figure I.9 -An example of Rotary-actuated rigid-origami-inspired sampling tool [Teoh 18]: a) a RAD-equipped sampling tools encompassing a jelly fish, b)-e) Capture sequences of interacting with a squid. Scale bars, 50 mm.

Figure I. 10 -

 10 Figure I.10 -Underactuated cable-driven robotic gripper with three compliant fingers fully open (left) and closed (right) [Lee 20].

Figure

  Figure I.11 -A 3D-printed self-folding inchworm robot [Felton 14]

Figure I. 12 -

 12 Figure I.12 -Different versions of a bi-modal locomotion origami robot of Paik's group [Zhakypov 15, Zhakypov 17, Zhakypov 18]

Figure I. 13 -Figure I. 14 -

 1314 Figure I.13 -Illustration of a untethered miniature origami robot [Miyashita 15]: a) robot design and the actuation methods; b) Self-folded robot (controlled by a magnetic field) walking on a palm.

Figure I. 15 -

 15 Figure I.15 -Examples of "reconfigurable wheel" [Lee 16, Lee Dae-Young 21]: a) fully folded and deployed state a wate-bomb pattern, b) meso-scale robot with the origami wheel c) a passenger vehicle with the origami wheel.

Figure I. 16 -

 16 Figure I.16 -Illustration of Ze's kirigami robot [Ze 22]: a) Schematic of magnetic folding actuated by a N52 magnet; b) Schematic of work principal of suction mode and release of small object; c) Image of a robot consists of a Kresling tower and a magnetic plate; d) image of a robot following a 3D spiral path in water.

Figure I. 17 -

 17 Figure I.17 -Thermally triggered origami-based tetherless microgripper [Leong 09] intended for biomedical applications: a) the origami pattern and shape-changing principle; b) -d) Sequence of optical microscopy images depicting the remotecontrolled, thermally triggered capture of a d=275 µm colored bead from among many uncolored beads; e) an example of a numerous deployed(shadows) micro grippers activated by global heating; f) Schematic diagram depicting remote, magnetically directed movement and capture of a bead on a substrate.

Figure I. 18 -

 18 Figure I.18 -Illustration of a Submillimeter-scale multimaterial terrestrial robot [Han 22]: a) the 3D overview of the robot; b) A photo of a 3D peekytoe crab resting on the edge of a coin; c) Directional locomotion from left to right.

  Figure I.19 -Zirbel's large Solar Array: a) a prototype of a 'Hanaflex' solar array [Zirbel 15], b) Simulation of an origami-based deployable solar array [Zirbel 13].

Figure I. 20 -

 20 Figure I.20 -An illustration of a flexible origami Helmholtz resonator [Benouhiba 20]: a) the origami pattern and the prototype. b) a simulation result for shape-changing under global actuation in one dof.

Figure I. 21 -

 21 Figure I.21 -Illustration of folding kinematic of a mechanical memory structure [Jules 20] with 2 4 stable configurations.

Figure I. 22 -

 22 Figure I.22 -An example of thermomechanical behavior of a tensile shape memory alloy and the corresponding crystal structures and microstructures: shape memory effect (SME) ( 0 ⃝ to 4 ⃝) and pseudoelastic behavior (PE) ( 5 ⃝ to 10 ⃝), the figure is inspired by [Shaw 08].

Figure I. 23 -

 23 Figure I.23 -Examples of elementary SMA for uni-directional torsional motion: a) Normal-motion-driven SMA element; b) Bending-motion-driven SMA element; c) Torsional-motion-driven SMA element.

Figure

  Figure I.24 -Performance of SMA-based BRM actuators from literature [Hu 21b]: a) relationship between the elements dimension and bidirectional motion range of actuators. Colors corresponds to actuator types. Surrounding colors show the boundaries of existing prototypes: For given angle, L-SMA require larger values in terms of SMA lengths; according to the same diameter/thickness of SMAs, T-SMAs offer larger angles than B-SMAs. b) publishing-time according to the presented works.

Figure

  Figure I.25 -Recently approaches for Kresling-origami actuation: a) a cablemotor driven soft robotic arm [Liu 17b]; b) a cable-motor driven soft robotic arm [Kaufmann 22]; c) a cable-motor driven locomotion robot [Bhovad 19]; d) two stable states of a Kresling bellow driven by pneumatic actuation [Melancon 22]; e) A spin swimming robot using magnetic actuation [Ze 22]; f) T-SMAs based self-deployment [Kim 15a]; g) B-SMAs based self-deployment [Nayakanti 18]

  Figure II.3 -An illustration of PP-based Kresling tower for different mountain apertures (MA).

Figure II. 4 -

 4 Figure II.4 -Nonlinear elastic constitutive model [Liu 18]: (a) normalized second Piola-Kirchhoff (PK2) stress versus principal stretch (λ 1 ) with different Ogden-2 parameters, (b) an example customerized constitutive model for single fold; the minor image shows an experimental data of a single PET hinge reported by [Jules 20].

Figure

  Figure II.5 -Numerical model used for Kresling tower in PP: a) illustration of the nonlinear bar-hinge model, where dash lines in black color represent the stretchable truss elements, blue solid lines correspond to the valley creases, and solid lines red are the mountain creases; b) model parameters for the nonlinear bar-hinge model.

  Figure II.6 -Customized crimping tools for experimental test: a sample is attached between the aluminum plates using screws; a pair of acrylic plates are embedded to ensure the boundary conditions of the tower.

Figure

  Figure II.7 -Benchmark and test routine: a) An example of Kresling tower characterization experimental setup. b) An example of test routine of a BRM-driven test of Kresling tower.

Figure

  Figure II.8 -An example of different mechanical properties of a PP-based modular Kresling tower. The red curve presents the folding mechanical response, and the blue curve presents the deploying mechanical response.

Figure

  Figure II.9 -Investigation of the stabilization of the mechanical properties during multiple BRM cycles: one thousand cycles at constant rotation rate are applied. The solid lines correspond to the cyclic mechanical response. The dashed lines compare the results according to the first and the last cycle. The reaction torques are captured to evaluate the response evolution: the mechanical response stabilizes around 200 cycles.

Figure II. 10 -

 10 Figure II.10 -Torque-angle relationship of stabilized Kresling towers: the green dots represent the original experimental data of different samples according to a) origami and b) kirigami. The solid red lines illustrate the filtered data during folding, and the solid blue lines show the filtered data during deployment. The yellow markers show the equilibrium points during the shape-changing.

Figure

  Figure II.11 -Summary of coupling between displacement and rotation for different types of origami: diamond markers present the experimental result for kirigami, and square markers show the experimental result for origami.

Figure II. 12 -

 12 Figure II.12 -The experimental results of actuation test with six final folding angles in a cyclic manner. The red solid lines correspond to fitted data for folding and the blue solid lines to the fitted data for deployment. The minor image shows an example of algebraic tool[Vaiana 21] capable of describing the minor hysteresis loop from structural response.

Figure II. 13 -

 13 Figure II.13 -An example of the folding process comparison according to Origami Kresling tower: the photos on top show the incremental state during folding. The images show the simulation results according to corresponding displacements. The model can provide an accurate description of the folding kinematics.

  Figure A.3).

Figure II. 14 -

 14 Figure II.14 -Folding-deploying behavior of PP-based Kresling tower: Applied torque in function of Angle for different MAs.

Figure

  Figure III.1 -An example of two well-known phase diagrams: a) a phase diagram consisting of two transformation zones used in [Tanaka 86, Liang 90, Lagoudas 08, Ivshin 94]; b) a phase diagram consisting of five transformation zones. These phase diagrams share the model parameters from [Brinson 93].

  dimensional Lagoudas model and the one-dimensional Brinson model (BM). The former is developed based on a two-active-zone diagram (see Figure III.1a), and later is developed based on a five-active-zone diagram (see Figure III.1b).

  Figure III.2 -An example of a FEA model of a pseudo-elastic SMA-based torsional element: black arrows represents the fixed constraints boundary conditions, and red and blue arrows represents the imposed twisting motion. The figure on the right presents the thermo-mechanical condition and the predefined transformation direction in function of a continuation parameter.

Figure

  Figure III.3 -Simulation results of a pseudo-elastic SMA-based torsional element: a) comparison between experimental results and simulation results, the experimental data is from [Chapman 11]; b) Evolution of von Mises stress (contours) and martensitic volume fraction 'ξ' (colormap) in SMA cross section.

  3 provides a kinetic functions verification, and III.16 details the model validation. The following paragraph details the implementation of the modified Brinson model for T-SMAs. III.1.2.b.2 Implementation Figure III.4 shows an example of a phase diagram used in this work. The diagram consists of forward transform zones (A → M zone) [2,6,7,8], inverse transformation zone (M → A zone) [4], and no transformation zone (dead zone) [1,3,5,9]. The solid grey curve corresponds to a continuous thermomechanical loading path Γ = {σ, T } with j increments, and the colorful arrow curves correspond to the active transformations according to Γ: blue curves correspond to forward transformation, and red curves correspond to inverse transformation. As indicated in [Bekker 97], the evolution of ξ occurs only when the loading path has a positive projection on the normal direction vector of the current transformation zones. Consequently, normal vector n i and local loading path direction ϱ are used to determine the activation of transformation. Moreover, switching points (blue and red point in Figure III.4) are adopted to update the initial value ξ 0 to obtain an evolutive description while ensuring continuity and accuracy. The secondary figure shows an example according to the opposite loading path. Practically speaking, the sign of all local directions ϱ becomes negative. Large discrepancies in terms of transformation location and the according updates of ξ 0 are observed according to the change in path direction. Consequently, a customized algorithm is developed so that the constitutive equation resolution can handle the complexity. The iterative resolution algorithm of the proposed 1D model for T-SMAs is summarized in Figure III.5.

Figure

  Figure III.4 -A typical one-dimensional phase diagram of shape memory alloys: the zones in color are the transformation strips. In contrast, other zones are 'passive regions' where no change in martensite fractions occurs. n i are unit normals to the phase boundaries depicting active transformation directions. n i are unit normals to the phase boundaries representing active transformation directions. The grey curve presents an arbitrary loading path. The material parameters are from [Brinson 93] 

0

  Zone detection: Figure III.4 Is current [σ, T ] ∈ [2 4 6 7 8]? Is ϱ × n i > 0; where ϱ = [∆σ , ∆T ] Transformation in zone i Is the switching point? Update ξ S0 and ξ T 0 Resolution of γ j Equation III.18

χFigure

  Figure III.5 -Algorithm for implementing MBM for T-SMAs

Figure

  Figure III.6 -Comparison of proposed 1D model vs. 3D FE Lagoudas model for SMA torsional behavior with different sample diameters (d 1 > d 2 > d 3 ): a) constitutive behavior according to different samples, and b) global comparison of torque-angle relationships. The figure is inspired by [Chapman 11].

Figure

  Figure III.7 -An illustration of the effect of change in material parameters. Black lines duplicates the 1D model simulation with data in Table III.4, colorful curves correspond to different material definition: a) modifications of σ cr s ,σ cr f and C M ,C A ; b) different definition of transformation tensor Ω τ in the literature.

Figure III. 8 -

 8 Figure III.8 -Simulation of thermomechanical behavior of SMA-based torsional actuator: a) SME ( 0 ⃝ to 4 ⃝) and PE ( 5 ⃝ to 10 ⃝); b) The torque (mNm), angle (degrees), temperature (°C), ξ and ξ S in function of loading path. The steps according to loading path refer to Figure I.22.

Figure

  Figure III.9 -Illustration of the proposed experimental setup to characterize the torsional behavior of SMAs for robotic applications.

Figure

  Figure III.10 -illustration of an isotherm test results: torsion test of two 0.5mm diameter and 5.4mm length wires undergoing five cycles at seven temperatures.

Figure

  Figure III.11 -Charaterization results of T-SMA samples of 0.5mm diameter and 15.4mm length at room temperature.

Figure

  Figure III.12 -Characterization results of T-SMA samples of 0.5 mm diameter and 15.4 mm length at T = 85 • C

Figure III. 13 -

 13 Figure III.13 -Illustration of an isotherm test results: torsion test of 0.5 mm diameter and 15.4 mm length wires undergoing cycles loading at six temperatures.

Figure III. 14 -

 14 Figure III.14 -An example of isobaric test result of T-SMA of diameter 0.5mm and length 15.4 mm with a constant applied torque of 7.5mm.

  Figure III.15 -Illustration of an isobaric test results: torsion test of 0.5mm diameter and 15.4mm length samples undergoing four torque levels.

  81 4.33 4.06 3.74 3.54 3.34 3.21 3.00 (III.19)

Figure III. 16 -

 16 Figure III.16 -Comparison of proposed model predictions using identified parameters for quasi-static test room temperature: the orange solid line corresponds to simple complete detwinning of martensite; the grey dash line corresponds to partial detwinning of martensite due to cyclic loading; stars represent the experimental points as the input of optimization process.

Figure III. 17 -

 17 Figure III.17 -Comparison of proposed torsional model predictions with isobaric test results: dash line represent the experimental results, and solid line represent the simulation results.

Figure III. 18 -

 18 Figure III.18 -Example of a stress-strain relation of a typical actuation system defined by two identical SMAs: a) the (B-D) presents the maximum of motion range. b) the F presents the maximum output stress of system at certain temperature.

Figure III. 20

 20 (a)).

Figure III. 19 -

 19 Figure III.19 -Examples of iso-temperature surfaces using identified parameters: a) the virtual passive surface at room temperature, and b) the unit length actuator performance at A f + 70 • C.

Figure III. 20

 20 Figure III.20 shows an example of the intersection curve between an iso-surface at a temperature of T = A f + 70 • C with a position angle of 14 deg/mm. The

III. 4

 4 Figure III.23 -A loop form inverse design method of SMA-based BRM actuator.
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Figure

  Figure IV.1 -Simulation of origabot's actuation requirements: a) forcedisplacement landscape of PP-based Kresling tower with H 1 = 59 mm with varying initial rotation angles ϕ, and b) an example of normalized mechanical response of Origabot.

Figure

  Figure IV.2 -Illustration of design constraints of the actuation mechanism using the proposed origami simulator.

Figure

  Figure IV.3 -Illustration of a 'twist-snap' actuation mechanism. Scale bar, 10 mm.

  Figure IV.4 -Illustration of the performance evaluation setup. Scale bar, 50 mm.

  Figure IV.5 summarizes the angle vs translation relationship under 5 -Illustration of experimental results of monostable folding and deploying at different velocity: a) fully deployed state; b) folding state at 95 degrees; c) folding state at 104 degrees; d) summary of angle vs displacement relationship under a ±95 degrees BRM actuation at 80 deg/s for 40 cycles; e) summary of angle vs displacement relationship under a ±95 degrees BRM actuation at 95 deg/s for 40 cycles. The minor image shows an example of folding behavior according to this test. Scale bars, 20 mm.

  6 -Illustration of experimental results of a bistable folding and deploying: a) -c) represent the shape-changing process according to folding; d) -e) represent the snap-though-effect induced deployment; f) summarizes the angle vs displacement relation-ship under a BRM-based cyclic actuation. Scale bars, 20 mm.

FilteredFigure

  Figure IV.7 -Shape-locking ability of origabot: a) shape locking test during 10 hrs; b) force vs displacement relationship characterized using proposed method.

Figure

  Figure IV.8 -Illustration of monostable mode of a multi-functional Kresling tower under a 4A current: a) deploying-folding process; b) the two stable states of the Kresling tower. Scale bars, 20 mm.
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Figure

  Figure IV.9 -Illustration of 2D patterns using different fabrication technique: a) LBM: Laser beam machining for origami, and EDM: electrical discharge machining for SMA; b) Example of manufactured samples correspond to patterns.

FigureFigure IV. 12 -

 12 Figure IV.11 -Force-displacement relationship of a foldable Kresling tower driven by T-SMA: the grey shadow band represents the original experimental data. The solid blue lines illustrate the filtered data during deploying.

Figure IV. 13 -

 13 Figure IV.13 -The force vs folding displacement relationship of the proposed Kresling tower with monostable folding-deploying behavior.

Figure IV. 14 -

 14 Figure IV.14 -Experimental heating a) and cooling b) history of the embeded T-SMA biased by a fully deployed Kresling tower: the minor figure shows a simulation result that considers the latent heat due to phase transformation: different lines correspond different applied currents [Hu 21b].

  Figure IV.15 summarizes the torque-angle relationships for different actuation strategies. For Origabot with mountain apertures, two ac-9. the work focus on a morphing Miura-ori sheet targeting a twisted shape.

  Figure IV.15 -Illustration of simulation result of Origabot: a) red line represents the torque vs. angle relationship according to global actuation strategy, blue dashed line represents the valley folding angle, and the blue dotted line represents the mount folds angle on the bottom; b) the torque vs. angle relationship according to local actuation strategy. The minor image shows an example of local folds.

Figure IV. 16 -

 16 Figure IV.16 -BRM actuator performance prediction using material parameters characterized in chapter III: OT for output torque; MR for Motion range; PA for position angle. (a) to (c) represent the output torque according to a temperature at 109°C, 129°C and 159°C; (d) to (f) represent the output torque according to a temperature at 109°C, 129°C and 159°C.

ξ

  T = ∆ + ξ s0 -ξ s ξ s0 -1 ∆ where if M f < T < M s and T < T 0 ∆ = 1 -ξ T0 2 cos (a M (T -M f )) else ∆ = ξ T0 (B.2) -Conversion to Austenite: for T > A S and C A (T -A f ) < σ < C A (T -A s )

B. 2

 2 Figure B.1 -An summary of the modified brinson model reported in [Chung 07].

  Figure B.2 shows the simulation results that were implemented via Matlab. It is observed that the error had been avoided.

Figure B. 2 -

 2 Figure B.2 -Implementation of modified Brinson model: evolution in the martensite volume fractions according to different loading path and different initial conditions. The excess of ξ is avoid (minor figure in magenta colors). The minor figure shows the excess of ξ reported in [Chung 07].

Figure B. 4

 4 Figure B.4 summarizes the implementation strategy of kinetic functions reported in [Gao 07]. As shown in the figure, The shaded regions are the transformation strips, while other regions are 'dead zones' where no change in martensite fractions occurs. The points denoted by 'B' to 'G' presents the intermediary point belong to arbitrary thermo-mechanical loading path, where C and G are the entrance and exit points respectively; F is the 'current point', D is a switching point where transformation stops and E is the most recent switching point, where transformation restarts and which carries the material history for the current point.

Figure B. 3 -

 3 Figure B.3 -Some drawbacks using the kinetic function from [Chung 07].

Figure B. 4

 4 Figure B.4 -A brief summary of the modified brinson model reported by [Gao 07].
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Figure B. 6 -

 6 Figure B.6 -Comparison kinetic in zone 7: illustration of decomposed martensite volume factor for different loading path and different initial condition.

ϵ

  Figure B.7 -Simulation of SMA's tensile response for different thermomechanical histories: a) detwinning of martensite at different temperatures; b) Progressive detwinning of martensite under cyclic loading; c) Partial and complete PE behavior at high temperatures.

Figure

  Figure B.8 -Simulation of PE behavior with SMA-based complex geometry via comsol: (a) a millimetre-scale linear spring for robotic applications; (b) a decimetre-scale torsional tube for aeronautical applications; (c) a micrometerscale planar spring for robotic applications. The geometrical data are reported from [Kim 15b] for (a), [Zhu 13] for (b), and [Lee 18] for (c).

Figure C. 2 -Figure C. 3 -Figure C. 4 -

 234 Figure C.1 -an example of experimental data of an applied torque-driven isotherm test:Ramp form loading/unloading torque with a maximum value of 26Nmm was cyclically applied at a rotation rate of 3 degree/s; blue dots correspond to experimental data and black dash line corresponds to fitted data.

FigureFigure C. 10 -

 10 Figure C.8 -An example of isotherm response of T-SMA at 85°C: the top image represents the applied torque history; the middle image represents the angle response history; the bottom image summarizes the torque-angle relationship.
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3 Origami-based design in different fields

  Wang, 6-month internship (2023): development and performance characterization of Origabot prototype.This chapter provides an introduction and synthesis of the state of significant research works on origami-based structures. It introduces and summarizes the fundamental knowledge in the field, as well as the standard tools and methods that can be utilized to design rigid/non-rigid origami structures, especially self-shapechanging origami structures. Additionally, applications according to different disciplines is provided, including acoustic [Benouhiba 21], aerospace [Morgan 16], metamaterials [Jules 20], and robotics [Miyashita 15, Kim 18, Teoh 18, Kim 18, Lee Dae-Young 21, Felton 14, Zhakypov 19, Kotikian 19, Zhang 21b, Wu 21, Kaufmann 22,
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  such as ORIPA [ORI 22d], Origamizer [Ori 22c], Ori-REVO [Ori 22b], ORI-REF [ORI 22a], EOS [EOS 22], Tess [Tes 22b], OMTO [OMT 22], PopupCAD [Pop 22], Interactive Robogami [

Table I .

 I 2 -A brief summary of actuation methods for active origamis, the table is inspired by [PerazaHernandez 14] 

	Activation 1	Fold concept 2	Material system	Thickness (µm) Applications 3 and domain 4
	Thermal	Extentional; Flex-	SMA; SMP; Thermorespon-	0.5 to 2000	[35]: PMS; ROS; MMS;
		ural;	Torisonal;	sive polymer; polymer-metal		MD;
		Multi-layer	bilayer		
	Chemical	Torsional;	Multi-	Hydrogel; Polymer degrada-	0.5 to 200	[13]: PMS;MMS
		layer		tion; pH responsive polymer	
	Optical	Multi-layer	Photo-reponsive	polymer;	1.0 to 1000	[3]: PMS; MMS
				GaAs-based alloys	
	Electrical	Extential;	Multi-	Dielectric-elastomer; Elec-	0.5 to 2000	[8]: PMS; ROS; MMS
		layer		troactive polymer	
	Actuator type		Stress	Strain (%)	Efficiency	Bandwidth	Work
				(MPa)		(%)	(Hz)	density
							(J/cm3)
	NiTi SMA			200	10	3	3	10
	Piezoceramic			35	0.2	50	5000	0.035
	Single crystal piezoelectric	300	1.7	90	5800	2.55
	Human Muscle		0.007-0.8	1-100	35	2-173	0.035
	Hydraulic			20	50	80	4	5
	Pneumatic			0.7	50	90	20	0.175
	Ionic polymer-metal composites	0.3	40	30	0.1-100	0.0024
	Dielectric electro-active polymer	2	100-380	60-90	1-10k	3.4

Table I.3 -Comparison of actuators performance, inspired from [

Bhandari 12

, Mohd Jani 14,

Wang 18] 

  10, Zhakypov 16]. -Torsional SMAs (see Figure I.23c): Torsional SMAs provide advantages such as energy efficiency and compactness comparing the aforementioned elements. Using this type of design, large recoverable shear deformation 12 can be obtained simply by gripping both ends without any extra mechanism. Different designs of elementary torsional actuators such as strips [Tobushi 13], bands [Shim 15], wires [Kim 15a,Wood 16], and springs [Sheng 17] are presented, regarding the technical requirements.

Table I .

 I 4 -Summary of existing SMA-based actuation system for BRM[Hu 21b] Elementary SMA type 1 Dimension 2 Performance 3 Heating & cooling 4 Model 5 Sensing & Controlling 6 LRM/BM, RLM, IM, FEM, EXP: Liang & Roger or Brinson model, Raniecki & Lexcellent model, Ikuta model, finite element model, model driven by experimental data 6 CM, TS, MS: controlling methods, temperature sensing methods, motion sensing methods 7 PID, SMC, PWMPID, CLC, OLC: proportional-integral-derivative controller, sliding mode controller, Pulse-width modulationbased PID controller, close-loop control, open-loop control 8 TC, TM, IRC: thermocouple, thermomister, infrared Camera 9 RE, VA, IP, BS, AM: rotary encoder, video acquisition, image processing, micro-bending-sensor, accelerometer

		D	L	MR	OT				CM 7	TS 8	MS 9
	L-SMA [Liu 19b]	-	80	90	-	JH	NAC	LRM/BM MOSFET TM	VA
	L-SMA [Khan 16]	0,076 85	60	-	JH	NAC	-	PID	-	RE
	T-SMA [Basaeri 14]	0,254 -	20	-	JH	NAC	LRM/BM -	-	RE
	T-SMA [Redmond 10]	0,038 -	20	-	JH	NAC	-	-	-	RE
	T-SMA [Song 07]	0,38	736	30	-	JH	FAC	-	PID	-	RE
	T-SMA [Takeda 12]	0,25	40	90	4	EH	NAC	EXP	-	-	-
	T-SMA [Yuan 17]	1	753	200	-	JH	-	-	-	-	IP
	L-SMA [Bundhoo 09]	0,035 385	80	2	JH	NAC	LRM/BM PWMPID TC	RE
	L-SMA [Kirsch 20]	0,025 550	31	-	JH	NAC	-	-	-	RE
	L-SMA [Guo 15]	0,25	370	30	-	JH	NAC	LRM/BM PI	-	RE
	L-SMA [Ruth 15]	1	700	60	1,4	JH	NAC	EXP	SMC	-	-
	L-SMA [Doroudchi 18]	0,2	500	40	-	JH	NAC	LRM/BM OLC	-	RE
	L-SMA [Ianagui 11]	0,2	150	14	2	JH	PEC	IM	CLC	-	RE
	L-SMA [Moghadam 19]	0,2	500	20	20	JH	NAC	LRM/BM SMC		RE
	L-SMA [Nespoli 10]	0,2	-	160	0,1	JH	NAC	-	-	-	-
	L-SMA [Moallem 08]	0,38	964,5 20	15	JH	NAC	LRM/BM PID		RE
	L-SMA [Lan 09]	0,125 -	14	-	JH	NAC	-	PID	-	RE
	L-SMA [De Sars 10]	0,22	-	10	17	JH	NAC	FEM	SMC	-	-
	L-SMA [Rodrigue 15]	0,15	100	120	-	JH	-	LRM/BM -	-	IP
	B-SMA [Firouzeh 15]	0,1	4,5	60	0,83	EH	NAC	EXP	CLC	IRC	BS
	B-SMA [Gilpin 14]	0,51	17	60	0,94	JH	HS	-	CLC	-	AM
	B-SMA [Abadie 09]	0,2	-	50	0,37	TEH	PEC	RLM	-	TC	VA
	B-SMA [Kuribayashi 89]	0,05	-	80	0,04	-	NAC	EXP	-	-	-
	B-SMA [Kim 19]	0,25	320	100	15	JH	NAC	EXP	PID	IRC	RE
	B-SMA [Wang 16]	0,15	190	90	-	JH	-	-	-	-	IP
	L-SMA [Wang 08]	0,2	76	240	-	JH	NLC	-	-	-	IP
	T-SMA [Sheng 17]	0,5	-	40	10	JH	NAC	LRM/BM PI	TM	VA
	T-SMA [Koh 14]	0,4	12	180	-	JH	NAC	LRM/BM -	IRC	IP
	T-SMA [Kim 16]	0,25	8	90	-	JH	NAC	LRM/BM -	-	IP

1 L-SMA, B-SMA, T-SMA: SMA wire or linear spring elements, SMA Bending elements, SMA torsional element 2 D, L (mm): SMA element's diameter or thickness, element's length 3 MR, OT: motion range (degree), output torque (mNm) for BRM actuation system 4 JH, EH, TEH, FAC, NAC, NLC, HS, PEC: Joule heating, external heater, Thompson effect heating, forced air convection, natural air convection, natural liquid convection, heat skin, Peltier effect cooling 5
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  Berre 21] is used to obtain the set of geometrical parameters for the 2D pattern. To this end, a set of four parameters according to the 3D configuration in terms of (n,R,H 1 ,H 2 ) are considered. Practically speaking, the tower is composed by two regular octagons with R = 30 mm radius with two stable heights H 1 = 29 mm and H 2 = 54 mm. The corresponding 2D pattern parameters are shown in TableII.1. In this study, both origami and kirigami towers sharing the same geometry configuration are considered (see Figure II.2). A parameter denoted MA(Mountain Apertures) is introduced to distinguish pattern type (see Figure II.2). The origami Table II.1 -Kresling towers properties available in literature R: circumscribed radius of the polygon. The two rows represent bounds of corresponding parameter 2 O: origami; K: Kirigami for the structure type 3 F: folding test; F-D: folding and deployment test 4 TF: threshold force 5 BP * : transverse bistable portion length [mm] 6

		Samples	Charaterization		Geo parameters 1			Mechanical performance
	Year	Mat	Type 2 Test 3 Cycling	n R (mm)		b/R		ℓ/R	TF (N) 4	BP * R 5
	1996 [Guest 96]	Al-alloy 6	O	F	No	8	65.38	-	0.76	-	1.38	-	15	-	-
	2018 [Nayakanti 18]	paper	K	F-D	Yes	7	38.5	1.30 1.57 1.70 1.78	2	4	0.94 1.30
	2019 [Masana 19]	paper	O	F	Yes	6	-	1.30 1.50 1.89 2.03 2.12 2.87 0.50 0.78
	2019 [Bhovad 19]	paper	K	F-D	Yes	8	39.20	1.30 1.68 1.78 1.96	2	5	1.02 1.27
	2020 [Novelino 20]	paper	K	F	Yes	6	13	1.33 1.61 1.89 1.98 0.16	0.9	0.50 0.84
	2021 [Jules 20]	PET	O	F-D	No	5	13.61	1.22 1.44 1.92 2.20	0.9	3.4	1.18 2.03
	This work	PP	O & K	F-D	Yes	8	30	-	1.87	-	2.17	-	22.6	-	0.57
	1 n: polygon side number;													
	II.1.2 Fabrication										

An example of modular Kresling origami: a) geometry of the Kresling tower for n = 5, b) zoom of Kresling tower in 2D flat state, c) geometrical configuration of the bistable kresling tower that is investigated in this work. from a 0.5 mm thick PP film using a Trotec laser cutting machine. The design method introduced in [

  The displacement-angle relationship during thirty cycles are shown in FigureII.11. The coupling of origami exhibits a quasi-linear relationship, while the one induced by kirigami is nonlinear. The angle ϕ ∈ [0, 78] degrees can be fitted using a function of displacement w ∈ [0, 25] mm given in TableII.2. It is trivial that the linear function is sufficient to describe the coupling between angle and displacement for origami, while a kirigami needs a quadratic function for the fitting. The structures are demonstrated capable of providing a volume reduction ratio up to 50% upon a pure twisting actuation. The torque-angle relationship for PP-based Kresling towers are summarized in Figure II.10. Additionally, using an origami structure as a reference for comparison, modifications of the structure's mechanical performance that are induced by the releasing of the mountain creases are observed (see TableII.5 on page 63):

Table II .

 II 2 -BRM test results: Coupling of rotation and displacement for stabilized Kresling tower.

		Polynomial order Polynomial coefficients 2	R	DOF Adjusted R-Square RSME 1
	Origami	1	-3.0532 1.8676 0.9989	22745	0.7124
	Krigami	2	-0.044 -4.0521 -0.2898 0.9994	90247	0.5398
	1 Polynomial coefficients ordered by descending powers		
	2 Root Mean Squared Error			

Table II .

 II 3 -Summary of mechanical performance of PP-based Kresling tower

		Γ	M f old	K f old	K deploy	M ϕ max	BP
	Unit	J	Nm	Nm/rad	Nm/rad	Nm	deg
	Origami (MA=0%)	0.297	0.430	6.938	2.934	1.878	59.26
	Krigami (MA=100%)	0.152	0.156	2.203	0.700	1.101	52.38

Table II .

 II 4 -Summary of BRM test results of Kresling tower using different material. The model is shown able to provide an accurate prediction of technical requirements for shape-changing.

	Type		Origami Kirigami Kirigami
	Material		PP	PP	paper
	Model parameter	β 1 β 2	1 3.416	0.220 2	0.5 0.01
	Criteria force (N)	Experiment Simulation	22.57 22.78	8.188 9.518	-2.2194
	Bistable portion (mm)	Experiment Simulation	19.42 20.81	17.10 19.89	-21.3125
	Folding stiffness (N/mm)	Experiment Simulation	13.42 16.06	4.595 4.958	-0.6235
	Deployment stiffness (N/mm)	Experiment Simulation	8.486 2.888	2.295 1.274	-0.2590

Table II .

 II 6 -folding kinematics of modified Kresling towers.

		Polynomial order Polynomial coefficients 1	R	DOF Adjusted R-Square RSME 2
	Origami	1	-3.0532 1.8676 0.9989	22745	0.7124
	25%	1	-3.0906 0.4173 0.9997	22806	0.3627
	50%	1	-3.0766 0.3275 0.9999	22751	0.2658
	75%	1	-3.0611 1.1548 0.9997	22748	0.3779
	Kirigami	2	-0.044 -4.0521 -0.2898 0.9994	90247	0.5398
	1 Polynomial coefficients ordered by descending powers		
	2 Root Mean Squared Error			

2 Torsional behavior of SMA-based actuators

  The next chapter detail the development of a design model for a BRM actuator based on Torsional Shape Memory Alloy (T-SMA) for Origabot.
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  .1.[Tanaka 86] was one of the TableIII.1 -A brief overview of phenomenological models, the table is inspired by [Buravalla 07, Sayyaadi 12,Concilio 21] 

	Model	Model for Elastic modulus	Transformation kinematic	Inner loop model		
			Exponential	No	No	No
	[Wu 98]	Reuss	tanh -1 Function	Yes	Yes	Yes
	[Ikeda 04]	Reuss	Polynomial Function Yes	Yes	Yes

  .2). It is noteworthy that the FEA model is mandatory to capture thermomechanical behavior of actuators with more design degrees of freedom. For example, FigureB.8 shows show three simulation results inspired by [Kim 15b, Zhu 13,Lee 18] for capacity illustration of the constructed model.

	Table III.2 -Identified material parameters compared with [Chapman 11].
	Ref	C A (M P a/°C)	Percentage deviation	C M (M P a/°C)	Percentage deviation	ϵ L	Percentage deviation
	[Chapman 11] 5.7	-	8.6	-	0.039 -
	This work	7.4551	23.5%	14.1909	39.4%	0.0413 5.6%

  As mentioned previously, one of the most important principles of this benchmark work is that all the material properties should be identical for all the cases. Even with similar-scaled and similar-featured constitutive SMA models, terminology and parametrization can induce large discrepancies. Briefly, Lagoudas model uses M f , M s , C M to describe the stress-induced transformation start and finish criteria while the Brinson model adds the two supplementary parameters σ cr s , σ cr f (see Figure III.1 on page 69). The material parameters used in these two models are reported in TableIII.4.

	Table III.4 -Equivalent SMA material parameters for different constitutive models
		Mechanical			Thermomechanical	
	Symbol	MBM	Lagoudas Units Symbols	MBM	Lagoudas	Unit
	E A	40	40	GPa	C M	9.4551	7.4551	MPa/ • C
	E M	30	30	GPa	C A	16.1909	14.1909 MPa/ • C
	v	0.33	0.33	-	A s	-23	-23	• C
	ϵ L	0.0413	0.0413	-	A f	-8	-8	• C
	σ cr s	78.6900	-	MPa	M f	-54.4448	-88	• C
	σ cr f	296.1573	-	MPa	M s	-77.4448	-65	• C
	III.1.2.c.2 Model comparison Figure III.6 shows the comparison between
	the results obtained with 1D and 3D models. Based on equation (III.14) and
	(III.15), the shear stress τ and shear strain γ can be converted to torque and angle
	relationship, regarding the sample dimensions detailed in subsubsection III.1.1.b.

To this end, a thermomechanical loading path converted from the 3D model results is used as an input of the 1D model. As shown in Figure III.6a, the two model share Martensite fraction: ξ 1 = {ξ S , ξ T } 1 State vector:

Table III .

 III 5 -A comparison of computational cost of SMA's torsional behavior using Comsol FEA model and the proposed reduced-order model. The optimization are driven via Matlab. Continuation steps number for one simulation 3 Total computation time for one optimization 4 Three simulations are ran for each iteration with different sample diameters and different final angles

	Approach		Optimization		Memory occupancy (kb) 1
		Steps 2 Total time (s) 3 Function counts number 4 AM	FM	PM
	FEA	40	3.24×10 4	107×3	42432 14984	12488
	reduced-order 4059	2.62×10 2	149×3	640 35216	464
	1 Memory occupancy condition according to one iteration. AM: Allocated Memory; FM: Freed
	Memory; PM: Peak Memory			
	2					

Table III .

 III 6 -A summary of some SMA-based cut-edge torsional actuation element; the table is inspired by[Zhakypov 16].

	SMA types	Material	Dimension	Range 1 Torque Torque density 2
	Unit	(mm)	l × w × h(mm) (deg/mm) (mNm) (mNm/mm 3 )
	B-wire [Kim 19]	d=1	80×22×1.6	2.6*	2	0.0199
	B-sheet [Zhakypov 18]	t=0.1	12×8×2.5	7.1*	34.1	0.1421
	T-strip [Tobushi 08]	t=0.25	60×5×0.25	3	70	0.9333
	T-spring [Sheng 15]	d=0.5	10×7.2×7.2	13.8	0.7	0.0014
	T-wire [Shim 15]	d=0.2	70×15×3	0.97	4	0.0037
			This work			
	T-wire [Dynalloy]	d=0.5	5×0.5×0.5	16	10	8
	T-wire [WG]	t=0.5	15×0.5×0.5	12	10	

Table IV .

 IV 1 -A summary of actuation systems of recent works.

	Reference	Strategy Functionality 1 Actuators		Kinematic 2 Modular dimension 3 Effort 4
	[Kim 15a]	Local	SD SL	T-SMA ×18 URM	H8.6 R14	-
	[Liu 17b]	Global	RF -	Motor	×4 ULM	H25.5 R26.74	-
	[Nayakanti 18] Local	SD SL	B-SMA ×3 URM	H48.3 R38.5	1.67 N
	[Bhovad 19]	Global	RF -	Motor	×1 ULM	H68	R39.2	0.9 N
	[Melancon 22] Global	RF SL	Pump	×1 -	H38	R35	40 kPa
	[Kaufmann 22] Global	SF SL	Motor	×3 ULM	H32	R30	-
	[Ze 22]	Global	RF -	Magnets ×2	BRM -	H4.8 R2	0.8 mNm 0.1 N
	Origabot	Global	RF SL	Motor	×1	BRM -	H59	R37	238 mNm 12 N
	1 RF: reversal folding; SF: self-folding; SD: self-deploying; SL: shape-locking;		
	2 ULM: unidirectional linear motion; URM: unidirectional rotational motion;		
	3 H: fully deployed height, R: circumscribed radius;					
	4 Maximum actuation effort reported;						

  Table IV.2. Comparing the axial deformation for deploying (blue lines in Figure IV.12) and folding (red lines in Figure IV.12), a significant difference in the slope of the a deformation rate is observed. For a 35% deformation of the sample, the T-SMA requires only 3.8 seconds to achieve the fully folded state. Additionally, Table IV.2 summarizes the cyclic test results corresponding to six applied current values. The table shows that the proposed T-SMA enables the folding with high Table IV.2 -A summary of self-folding performance evaluation results The values corresponds to applied constant current (average value and range).

	I 1	3.5 A	4 A	4.5 A	5.0 A	6.0 A	7.0 A
	Disp (mm) 15.29 ±2% 15.25 ±7% 18.37 ±1.5% 19.15 ±1.2% 19.32 ±1.5% 19.31 ±2%
	Time (s)	36.50 ±20% 29.10 ±16% 15.40 ±9%	9.65	±3%	5.65	±7%	3.80 ±4%
	1						

  Table IV.3. A single BRM actuator of [335 mNm, ± 54 deg] is needed for global actuation with a safety coefficient of 1.3. For local actuation, either eight BRM actuators on the valley creases of [32.5 mNm, ± 37 deg] or sixteen BRM actuators on the bottom mountain creases of [14.6 mNm, ± 77 deg] are necessary. The subsequent subsection Table IV.3 -Summary of actuation requirement for Origabot

		Units	Global actuation Local actuation Local actuation
	actuator number	-	1	8	16
	M f old	mNm	258.00	24.94	11.22
	K f old	mNm/rad	2173	523	105
	BP	deg	53.10	36.82	76.34
	Space	mm	18×18×34	1×1×80.14	1×1×30.65

Table IV .

 IV 4 -Summary of design resolution with a minimum total volume

	Temperature Number Radius T-SMA Length Position Angle Volume
	°C	-	mm	mm	deg/mm	mm 3
			Global actuation		
	109	5	0.4850	9.5830	5.6350	114.3771
	129	4	0.4750	7.6878	7.0241	36.1353
	159	3	0.4700	6.9477	7.7723	16.7416
			Local actuation, valley creases		
	109	8	0.3800	5.2269	7.0787	76.9752
	129	8	0.3500	3.9081	9.4675	26.8855
	159	8	0.3200	3.7693	9.8161	14.1800
			Local actuation, mountain creases	
	109	16	0.2950	8.5343	9.0224	193.0841
	129	16	0.2750	7.9586	9.6750	69.0822
	159	16	0.2550	8.2097	9.3791	37.4780

  .1. Figure B.7 duplicates the simulation SMA's tensile responses Table B.1 -Material parameters introduced in [Concilio 21]

	using the proposed 1D model under three thermomechanical conditions induced
	in [Concilio 21]:					
	Symbol (units) values Symbol (units) values Symbol (units) values
	E A (GPa)	40	M f ( • C)	-2.85 C M (MPa/ • C)	8
	E M (GPa)	30	M s ( • C)	5.9	C A (MPa/ • C)	8
	σ cr s (MPa)	100	A s ( • C)	34.5	ϵ L	0.067
	σ cr f (MPa)	170	A f ( • C)	49	α (MPa/ • C)	0.55

Table B .

 B 2 -Identified Model parameters of tested T-SMA samples: M: PE represents pseudo-elastic behaviors at temperatures above A f , and VP represents the virtual passive response at room temperature[Hu 22b].

		Model parameter			
	Symbols	Description	Values	Units
			PE	VP	
	E M	Elastic Modulus of Martensite	41	38	GPa
	E A	Elastic Modulus of Austenite	65	38	GPa
	M f	Martensite Finish Transformation Temperature	0	16	• C
	M s	Martensite Start Transformation Temperature	25	26	• C
	A s	Austenite Start Transformation Temperature	8	-	• C
	A f	Austenite Finish Transformation Temperature	33	-	• C
	C M	Stress Influence Coefficient of Martensite	31	25.5 MPa/ • C
	C A	Stress Influence Coefficient of austenite	30.3	25.5 MPa/ • C
	ϵ L	maximum transformation strain	0.0299 0.0299	
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An extension of the model enables it to consider mechanical loading behaviors [Peraza Hernandez 17]

The model is implemented using anisotropic elastic material with a total element number over 20 thousand. A user-defined penalty is applied to describe the evolution of stiffness during folding.

A Johnson-Champoux-Allard equivalent fluid model is implemented to investigate the acoustic device performance.

Kirigami is the extended version of origami that modifies the form of a single sheet of paper by coordinating the rotations of its interconnected panels.

wavelength: 520 nm, power: 188 mW, spot size: 2.5 mm

Physical phenomenon used for self-actuation

The definition of fold concepts refers to [PerazaHernandez 14] 

The number refers to reviewed application in [PerazaHernandez 14] 

PMS: Potential multi-purpose morphing structures; MMS: micromanipulation system; ROS: Robot Operating System; MD: medical devices

compared to a conventional torsional strain-based application, such as SMA linear springs [An 12] 

Bemonoc Low Speed DC Motor with Encoder with dimension: 13.97 × 8.89 × 8.13 cm 3 that is larger than the structure

Previous works usually performed using paper with 150 gsm (grams per square meter, thickness of 0.13 mm)[Novelino 20, Kaufmann 22, Liu 17a], sharing a dimension at a similar level.

The model is constructed via 'Comsol with matlab'; the model parameters is identified using 'Levenberg-Marquardt' algorithm with 100 random start points.

The reported computation time relies on one optimization process with a predefined starting point. The total computational cost would be increased by considering the model input uncertainty.

The actuation system is proven capable of fold a structure requires 144 mN•cm

For example, 'Omega' form bending actuators are obtained using rigid steel molds [Abadie 09,Zhakypov 16], SMA springs are fabricated by winding wire around a cylinder, torsional wires are obtained using 'pin-jag' form molds [Koh 14].

The rotation rate is defined with negligible stress-relaxation effect, following the method introduced in [Chopra 13, Chapter 3], respectively.

For exmaple, C M , C A from [Zhakypov 16], γ L from[Toi 04] 

In this case, the C rect is defined as 4.81 according to square form cross section

The angle here is a unit length rotation angle

in this case, the data are fitted using 'griddata' code via Matlab

Factors such as actuation requirements, surrounding and actuator temperatures, fatigue, energy consumption, and the working environment conditions.

A bistable gripping motion takes only 0.033 seconds, while a monostable one takes 0.5 seconds, regarding an origami gripper.

An bistable structure requires three times the force needed by the monostable structure, regarding an origami gripper.

[Ze 22] have used 200 mT to meet an actuation requirement of 0.1N.

The adapters are produced using an UltiMaker 3D printer, employing PLA (polylactic acid) as the primary fabrication material.

The displacement according to folding and deploying motion is normalized based on the fully normalized height H 1 to obtain an intuitive comprehension.

A slight discrepancy according to a computer lagging during the test is observed in result corresponds to 75°C.

B.1 The orignial Brinson models

The constitutive equation of the Brinson model is based on Tanaka's constitutive law and the state variables of stress σ, strain ϵ, temperature T , and martensite volume fraction ξ. The general form of the constitutive equation is as follows, for T > M s and

to the bi-directional twisting [ Doaré 12]. Consequently, only the transformation kinetic function according to tensile behavior is implemented to obtain a comprehensive understanding. A brief summary of the modified Brinson presented by [Poorasadion 14] is shown in 

B.2.4 Comparison of different kinetic functions in zone 7

Zone 7 is chosen to launch the comparison since the detwinning of martensite occurs simultaneously due to temperature decreasing and stress increasing. The aforementioned kinetic functions are implemented in this zone, regarding the same initial conditions and loading path are reported in [ Chung 07]. As shown in Figure B.6, the red markers represent the martensite factor due to stress, the blue one represents the martensite factor due to temperature, and the black markers correspond to the total martensite. Based on the comparison, the kinetics from [ Poorasadion 14] describe the evolution, in the same manner, comparing the one from [ Chung 07]. Moreover, the three kinetics provides the same description according to the forward transformation only due to temperature decreasing. However, discrepancies can be observed from [ Gao 07]. The evolution of martensite due to stress yields a good agreement with others, while the evolution due to temperature behaves differently. Consequently, the total martensite volume factors evolve in a non-monotonic manner according to the monotonic loading path. It is worth reminding that the Brinson model assumes the material stiffness using a Voigt model driven by ξ, regarding the equation III. 16. That means the material exhibits in a stiffen-soften manner. Though the existence of the discrepancy is observed, all three versions of kinetic functions provide a continuous evolution of ξ without the excess of 100% and provide the same prediction for the final states of ξ.

only a fraction or no martensite is transform into austenite, depending on the test temperature. Because the test temperature is above M s , only stress martensite forms.

Comparing the results reported in [Concilio 21, Chapter 8], the numerical model implemented in this work provides similar results with negligible numerical discrepancies. Such difference can be explained by the difference in the definition of kinetic functions, and the introduction of stress relies on thermal expansion. For example, [ Concilio 21] indicates that the updates of ξ 0 value occur only when the load path entering in the active zones, and the model introduced in III.1.2.b integrates the conception of switching point to describe to the evolution of ξ with higher complexities (see