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General introduction

In the last two decades, research on very small-scale objects and materials has driven rapid technological development. These technologies have enabled the miniaturization of electronic and optical devices, which has advanced at an astonishing rate in space, medicine, telecommunications, and many other fields. Moreover, the sudden appearance of a corona virus that changed people's way of life in a matter of years has revealed more unknown challenges in a world smaller than the micrometer. People are urgently seeking to deepen their exploration of the world, especially at the nanoscale, where the size of objects of interest ranges approximately from 1 nm to 100 nm [ ISO 15]. The study, the discovery, and the understanding of objects, components or matter where size-and structuredependent properties and phenomena manifest at the nanoscale have established a discipline called Nanoscience. It has been further standardized and systematized in the last decade. The application of nanoscience knowledge to manipulate and control matter predominantly at the nanoscale derives Nanotechnology. Applications of nanotechnologies are expected to impact every aspect of life and enable dramatic advances in communication, health, manufacturing, materials, and knowledge-based technologies [ ISO 15]. However, the enormous scale difference from the human-accessible macroscale makes conducting research at the nanoscale a multidisciplinary challenge. Industry and researchers are trying from various aspects to develop suitable tools and methods to assist in the development and application of nanotechnology.

The current reliance on Electron Microscope (EM) for observation at the nanoscale has created a strong demand for developing modalities to enable interaction in the nanoscale in Scanning Electron Microscope (SEM)s. Robotics is one of the solutions that enables interaction at small scales in SEMs. The robotic systems allow one to locate, manipulate, and characterize very small objects to discover some of their properties, or to assemble them together to create new structures. Nanorobotics is a robotics technology that enables intervention at the nanoscale [ Weir 05]. While the need to use robots at the nanoscale seems obvious, achieving tasks at this scale using robots is indeed a disruptive approach. Nanorobotic solutions capable of performing complex tasks in SEMs have been introduced to meet the growing demand. However, interacting at this scale in the electron microscope environment is a very complex multidisciplinary challenge. Current commercially available robotics solutions, such as nanopositioning systems, have significant limitations for applications in SEM due to their large size difference from the target dimension, which results in drastic limitations of their workspace but also their positioning accuracy (the presence of imperfections is detrimental to their accuracy). For this reason, the paradigm of motion generation at the nanoscale is investigated in this PhD thesis, and conduct to propose the basis of a new type of nanorobotic principle.

The work of this thesis is part of a research effort seeking innovative nanorobotic structures. It was carried out within the Team of Robotics, Manipulation and Instrumentation at Micro-nanoscales (ROBIMSS) of the Department of Automation and MicroMechatronics Systems (AS2M) of the FEMTO-ST Institute. This thesis consists of an introduction, five chapters, conclusions and perspectives of this work.

In Chapter I, an overview of current approaches to exploring the world at the nanoscale in Scanning Electron Microscope (SEM) is presented. The needs, problematics and challenges of intervening and studying matter at these scales are presented. Some pioneering work enabled the use of commercially available nanopositioning robots in SEM, and the cutting-edge advances that resulted from these efforts are presented. From these existing methods and techniques, several key limitations are also identified that drastically limit the use of robots at the nanoscale, notably the difficulty of producing repeatable and large workspace motion in the very constrained space of the SEM. The analysis of the state-of-theart coupled with discussion on several specific works conduct to the proposition to investigate a new approach in this PhD thesis. It is based on applying threedimensional (3D) microstructures to nanorobotics research in order to cope with the huge limitations of existing solutions. Inspired by microfabrication, Micro Electro-Mechanical Systems (MEMS), origami and Lab-on-Fiber (LOF) techniques, the aim of this approach is to fabricate ultra-compact origami structures with integrated actuation within the sub-100 µm space at the tip of the optical fibers. The motion transformation capability of origami structures is expected to enable a new paradigm of nanorobotics motion.

The observation and fabrication functionalities at the nanoscale provided by the advanced SEM workstation are presented in Chapter II. A fabrication method for folding origami joints on the nanoscale based on these functionalities is presented. The fabrication process of the origami joints is studied for the purpose of using such joints for making robotic structures. Thin membranes of silica with nanometer scale thickness are used to fabricate these origami joints thanks to their desired elastic properties. The silica origami joints are made with the desired characteristics in a controlled and repeatable way for the first time.

To obtain sub-100 µm origami polyarticulated structures capable of transferring motion, an elastic material thin film needs to be folded from 2D to 3D, thus conferring nanoscale reproducibility and large workspace to such structures. In Chapter III, a polyarticulated structure composed of silica origami joints is presented as a case study to investigate its potential in terms of elastic behavior, motion repeatability and workspace. Inspired by Lab-on-Fiber technology, the assembly of such origami structure mounted at the tip of an optical fiber is investigated to enable it's actuation by opto-thermal principle. In Chapter IV, actuators capable of being used at the tip of an optical fiber and capable of being integrated within an origami structure are designed and fabricated. Experimental investigations are conducted to study the actuation response of the actuators. Finally, in Chapter V, the results of this thesis are demonstrated by the case study of an origami microgripper integrated actuation with an overall size smaller than 50 µm at the tip of an tapered optical fiber. These works together aim at establishing for the first time the interest of novel polyarticulated structures proposed as a basis for the next nanorobotics generation.

Introduction

When one discusses spatial dimensions, the length that one can observe with the naked eye is often defined as the macroscale, which means greater than 0.1 mm. Less than this length is the microscale and the nanoscale. The objects under these scales are really amazing but very difficult to access for human beings, there exists a lot of unknown knowledge in such a world that attracts people to further explore and discover. To be able to venture in this world, people need the appropriate tools and methods. In the Section I.1 of this chapter, an overview of the current approaches to exploring the world at the micro-and nanoscales will be presented. Because of their unique and powerful visualization capabilities, Electron Microscope (EM)s are extensively applied in this scale of research.

As the most widely used EM, Scanning Electron Microscope (SEM)s provide rapid imaging with nanometer resolution and large scanning areas. Through the integration of various components into workstations, SEMs are diversifying their functionalities, developing nanofabrication aspects based on their original nanoscale visualization capability. Efforts allow bringing robots into these SEM workstations to try to combine these different functionalities to achieve more complex object fabrication. Section I.2 will show some concepts that have been achieved by presenting the current state of the art. The limitations and challenges in extending these results to more applications will also be analyzed.

In Section I.3, robotics will be discussed as a recently introduced key technology to overcome these barriers. The characteristics and limitations of available solutions will be presented and analyzed in this section. The issues that need to be addressed in this thesis study will be further clarified by these analyses.

The approach proposed in this thesis will then be explained in Section I.4. It consists in making a new generation of nanorobotic structures to meet the strong needs at the nanoscale. It will be realized by making ultra-compact robotic structures, which aim to provide large and dexterous manipulability in SEM. The implementation of such nanorobotic structures will be investigated in the existing robotics and manufacturing technologies.

I.1 Overview and context of nanorobotics in SEM

There are many objects that exist at these tiny scales, whether they are on the microscale or the nanoscale (refer Fig. I.1). Not only various biological objects are at this scale, such as cells, pollens, viruses, nature fibers [ Govilas 22] and microorganisms, there exist also an increasing number of various synthetic objects, such as transistors, polymer nanocomposites, nano-antennas, nanopowders, and nanotubes [ Clevy 19]. In the state-of-the-art studies, one refers objects with at least one dimension less than 100 micrometers as micro-objects [Avci 15, Destgeer 15]. Similarly, a Nano-object is defined as an object with one or more dimensions less than 100 nanometers, i.e. in the nanoscale [ ISO 11, ISO 15]. The following listed terms are commonly used in the literature to denote different forms of nano-objects.

• Nanoparticles are nano-objects with all three dimensions in the nanoscale.

• Nanofibres are nano-objects with two dimensions in the nanoscale and the third dimension significantly larger.

• Nanoplates are nano-objects with one dimension in the nanoscale and the two other dimensions significantly larger.

The variety of technological applications at the nanoscale is extremely vast because of the extraordinary physical phenomena of matter at that scale that are very distinct from those at the larger scale [ Bhattacharyya 09]. For instance in the medical field, recent advances have led to molecular imaging, molecular diagnosis, and targeted therapy [ Nie 07]; in bio-engineering, Micro Electro-Mechanical Systems (MEMS) and Nano Electro-Mechanical Systems (NEMS) has led to important research results in drug delivery, cell sorting and DNA analysis [ Wang 07]. In addition, nanotechnology has numerous applications in minimally invasive surgery [ Mariappan 19], telecommunications and networks [ Minoli 06] and space technology [ Sinha 22].

To advance the application of nanotechnology, researchers and industrialists need to study and work with these micro-and nano-objects. The fundamental tool that provides the visualization modalities of these objects is the Microscope. Microscopes are categorized as Optical Microscope (OM) and Electron Microscope (EM). The latter can be further subdivided into two types, Transmission Electron Microscopes (TEM) and Scanning Electron Microscope (SEM), depending on their working principle. The most versatile and most widely used EM is the Chapter I. Nanorobotics in SEM Scanning Electron Microscope (SEM), which is six times more widespread than the Transmission Electron Microscopes (TEM). Several market analyses [Cision PR Newswire 21, Grand view research 18, Research and markets 21] highlight that EMs are widely used in various fields such as material sciences, life sciences, semiconductors, agriculture and nanotechnology, for their unique and powerful micro-and nanoscale visualization capabilities. As commercially available EMs can now offer highly innovative and effective quality control through their high magnification visualization capabilities relative to OMs. The broad interest in EMs implies that the relevant market size is currently about 2.5 billion USD globally. These market analyses also expect the global EM market would be doubled by 2027.

There is a major difference between optical microscopy and electron microscopy, that is the source of illumination applied to the sample. This simple fact has major repercussions on the components and operation of each microscope, as well as its applications. A comparison of Optical Microscopes and Electron Microscopes is given in Table I Optical Microscopes use visible light with a wavelength range of 400 nm to 750 nm for imaging. The objective and eyepiece lenses condensed the beam of light reflected from or transmitted through the sample, allowing the observer to examine the impact of light on the sample. Whereas Electron Microscope uses a electron beam instead of a light beam for imaging, electromagnets act like lenses to condense the electron beam. The electron beam of TEM can transmit through nanoplates to produce images on a phosphorescent plate. The electron beam of SEM scans the surface of the sample under the control of an electromagnetic coil, it can interact with the sample to reflect electrons or produce electrons from the sample. These electrons coming out of the sample are detected, quantification of their energy density is combined with the electron beam scanning path, allowing the generation of the SEM images. Information revealed by these images include the sample's texture (morphology), material orientation, and chemical composition.

For micro-objects, the most common observation tool is the Optical Microscope. Optical Microscopes are limited to the wavelengths of visible light, they can only offer limited magnification and cannot go beyond around 200 nm resolution laterally or 600 nm to 700 nm axially. Electron Microscopes, in contrast, may achieve significantly higher magnification and resolution. These advantages makes EMs ideal for imaging nano-objects. However, the huge difference in operating principles makes the studies of nano-objects using EM fundamentally different from those of micro-objects using OM. Optical Microscopes are simple to operate, allow for the analysis of samples in either air or water, and produce images in their natural color. Electron Microscopes are typically larger and more complex, the resulting image is grey-scaled. The sample should be analyzed in a vacuum environment, meaning that there should be as few surrounding material particles as possible (see Fig. I.1). Therefore, the sample needs to be enclosed in a sample chamber with very thick walls to isolate it from the atmosphere. Since EM samples are located in a completely closed environment, unlike OM samples in an open environment, the operator cannot operate the sample by hand during observation. Therefore, the intervention of the EM samples is entirely dependent on the components installed in the sample chamber.

Compared with TEMs, SEMs have substantially larger specimen chambers and scanning areas, which enable the integration of complex complementary systems [ Shi 16]. A particularly noticeable trend in recent years has been the addition of more components to the SEM sample chamber, which can enable more research modalities to SEM beyond it's original observation feature, such as local modification and manufacturing. The ability to manipulate nano-objects in SEM is a prerequisite for the implementation of these intricate capabilities at the nanoscale. With this context situation, SEM is the priority facility of interest for the present thesis study.

It has always been a great challenge to realize the manipulation of nano-objects in the sample chamber of SEM. Due to the huge size difference, manipulation of nano-objects is very difficult to humans, the closed environment of the SEM sample chamber further limits one's ability to manipulate the sample directly. One possible solution that has emerged from the recent research is to integrate positioning robots in the SEM. The introduction of these robots enhanced SEM to dynamic modalities such as the manipulation and motion control of nano-objects. The study of manipulation of nano-objects using robotics is known as Nanorobotics. The growth of the strong demand for characterization systems and methods at very nanoscale is driving the rapid development of nanorobotic research in recent years [ Fatikow 19]. The study of nanorobotics in SEM is the objective of this thesis. The current state of research of nanorobotics in SEM will be presented in the next section along with advanced works realized in SEM.

I.2 SEMs towards nanofactories

As introduced previously, SEM is a very powerful system for visualizing microand nano-scale samples that uses a focused, high-speed electron beam to bombard the sample surface instead of light, resulting in a very high magnification of up to 150 000 ×, with an image resolution down to 1 nm. This imaging modality is commonly used in scientific and industrial studies due to its advantages. Its application domain includes the semiconductive nanomaterials, electronics, photonics, and a number of other sub-disciplines in the biology and life sciences such as clinical trials, pathology, illness diagnostics, toxicology. Additionally, a variety of other industries also use SEM, including the food, forensics, chemical, and healthcare.

The study of micro-and nano-objects in SEM is a very complex task. The intrinsic characteristics and the working principle of SEMs force the obtained SEM images to be planar and static. Nevertheless, as the object scale decreases in SEM, it gives rise to new structural and quantum effects and renders the world at nanoscale fundamentally different from the macroscale that people are familiar with. A typical example is the increase of the surface-area-to-volume ratio of a material [ Crosby 07], which results in the dominance of surface forces such as van der Waals, capillary and electrostatic forces over body forces such as gravity, inertia and electromagnetic forces [ Chaillet 13]. The impact of the scale change on physical phenomena is commonly known as the "Scale effect". The predominance of surface forces makes the study of samples in SEM very challenging. The principle that SEM uses an electron beam to visualize the sample makes it very easy to generate electrostatic forces on the sample surface caused by electron accumulation. This effect is known in the literature as the Charging effect. It is a perennial problem when samples with insulating materials are examined in SEM. Currently, it appears that these forces induce a strong erratic behavior of the components, drift or distortion of images but they cannot be accurately modelled thus predicted. The distortion of the image can be increased with the scanning time of the electron beam. The metalization process have been proposed to minimize the charging effect by coating samples by thin metallic layers. This process is necessary before performing SEM observations on samples with insulating surfaces. The metallic layer allows the electrons brought by the SEM to be more easily evacuated to the sample stage as well as to the ground. However, this does not completely eliminate the charge effect, and the charged sample often undergoes irregular discharge, resulting in many irregular bright spots noise in the image, as shown in In recent years, more and more SEMs are being integrated with other modalities, especially Focused Ion Beam (FIB) and Gas Injection System (GIS), which enable additive and/or subtractive manufacturing to be performed locally in a controlled manner, and also the visualization of the area of interest from a different vision complementary to the SEM. Fig. I.5 especially highlights several representative pioneering works showing that these innovations recently conducted to highly original products or tasks. This key trend is also confirmed by some very recent surveys, papers and books in several fields of applications [ Bhushan 17, Hwang 21,Li 21a]. These results demonstrate that these added features break through the limitations of SEM which can only be used for visualization. With these enhanced functionalities, one may realize the fabrication of nanoelectronic, nanomechanic and nanophotonic devices in SEM. Many photonic studies are interested in structures with dimensions smaller than the used wavelength, and the nanofabrication in SEM enabling the modifications to sub-wavelength I.2. SEMs towards nanofactories thin membranes is almost the only way to achieve such studies (see Fig. I.6). However, to maintain the optical properties of some optical components in SEM, their metallization is indeed an obstacle to enable the optical wave propagation and therefore should be avoided in many cases. Hence optical studies in SEM are often subject to more severe charging effects. In addition to this FIB-based milling possibilities, SEM vacuum chambers have also been progressively equipped with micro-and nanopositioning systems allowing to move the area of interest of the sample under the SEM or FIB. This is the key to achieving a giant leap in nanofabrication capabilities in SEM. Indeed, by controlling the nanopositioning systems as robots, the ability to perform nanofabrication in SEM is greatly enhanced. The sample has the potential for controlled trajectory and multi-Degrees of Freedom motion in SEM. The tool controlled by the nanopositioning system appears disruptive at this scale because it brings a unique way to enable interaction with the sample mounted on the sample stage. By enabling dynamic motion in different reference frames of the SEM and FIB, sample manipulation in the SEM is no longer relative positioning in a teleoperated way. Nanopositioning system comprising internal position sensors is able to save different poses and to perform closed-loop control, thus performing automated movements for repeated measurements, which is in strong demand in various fields like nanoelectronics industry and bioanalysis.

The use of multiple nanopositioning systems also allows for separate manipulation of different samples in the SEM vacuum chamber, which offers the possibility of multi-object interaction and assembly at the micro-and nanoscales. This allows for more complex nanofabrication in SEM by combining additive and subtractive fabrication capabilities by assembling different objects together. Such multi-functional nanofactories enable the fabrication of innovative structures at extremely small scales. Recent work includes the assembly of different components on the top of a small "snowman" to make a dozen-micrometer-large "gingerbread house" by means of a robotic positioning system (see Fig. I.7). The components of the structure were milled from a silicon sample using FIB, and deposition achieved by combining ion beam with Gas Injection System (GIS) to join the parts together, and finally using FIB to mill the decoration into the house. The realization of such work requires a combination of continuous additive and subtractive manufacturing and the use of robotics to control the interaction of the tool with the object to achieve the assembly. This work also relies on the precise control of movements, which is very complex at this scale.

By associating with all these added functionalities, the initially powerful but static 2D visualization SEM system now has the potential to evolve into a true nanofactory, capable of performing many tasks in a 3D space and dynamic manner, such as the realization of nano-components, nano-assembly, and nano-characterization.

I.3 Robotics: A key technology for nanoscale manipulation, characterization and assembly

As described in the previous section, with the advances in nanotechnology research and the further enhancement of SEM functionalities, manipulation tools and characterization systems capable of operating at the nanoscale have never been in such great demand. Nanorobotics appears to be a key technology to enable the manipulation, intervention and interaction of nano-objects. The vast majority of tasks in this scale range need to be performed in the vacuum chamber of the SEM (see Fig. I.1). Thus solutions based on nanorobotics have been a major focus of the nanotechnology community in recent years [ Shi 16] and are the focus of this thesis.

At the current state of technological development, tools for performing nanorobotic tasks in SEM are not yet well developed. Similar to the robotics structures for manipulation in macroscale, micro-and nanorobotic structures can also be classified as tethered or untethered, as shown in Table I.2. The predominance of surface forces such as electrostatic forces in the vacuum environment of SEM is a difficult I.3. Robotics: A key technology for nanoscale manipulation, characterization and assembly issue for some non-contact manipulation tools, such as laser trapping and various untethered robots [ Li 19]. As far as we know, currently the study of untethered robotic motion is mainly restricted to air or liquid environments. This is especially true because they require huge (several tens of cm in side size) sets of actuators to generate force fields acting at a distance, and the fields (typically magnetic) can interfere with the scanning electron beam, thus preventing their integration in the chamber of a SEM. Due to the limitations of optical microscopy and fluid viscosity, they are difficult to achieve the repeatability of motion required for manipulation of nano-objects. Therefore they are mainly used for the manipulation of micro-objects or sub-microscale objects. Individual novel structures have been proposed in recent years, such as molecular motors [Vives 09, Dattler 20]. Their potential applications correspond to molecular and atomic structures smaller than the nanoscale (see Fig. I.1).

Type

Manipulation system Vacuum Air Liquid

Tethered Atomic Force Microscope (AFM) Micro-Nanopositioning system

Untethered

Laser trapping

Molecular motors

Magnetically-driven robot

Electrically-driven robot

Thermally-driven robot Table I.2 -Synthesis of the robotic systems that are currently capable of operating at small scales and their working environments.

The mounting of a basic tool, such as a tip, onto a tethered robotic system, is the current most widely used robotic approach to perform nanoscale manipulations and movements in SEM. Nowadays, some commercial tethered systems are operating at their limits and allow to demonstrate interesting results for some specific applications. Among them, we can mention micro-nanopositioning systems and Atomic Force Microscope (AFM).

A positioning robotic system with nanoscale repeatability can also be referred to as Nanopositioning robot. Positioning systems have been introduced for the first time inside a SEM in 1993 to facilitate the visualization of samples [Morishita 93]. The use of these robots has rapidly been extended to manipulation purposes [Koyano 96] leading to many studies related to position control of micro-objects. Automated pick-and-place of 30 µm spheres inside a SEM was first demonstrated [ Kasaya 99]. Due to mechanical wobbling of the manipulators and relatively large end-effectors, the initial positioning systems in SEM were only capable of manipulating relatively large micro-objects and was not capable of performing complex assembly tasks.

The motion of the robotic positioning systems in SEMs relies mainly on their actuation. These systems require compact, vacuum-compatible actuators that can produce precise motions without interfering with electron microscope imaging. Current commercial systems generally use piezoelectric actuators to generate movements [Fatikow 12b], these actuators are typically at the centimeter scales and inherently exhibit nonlinear characteristics of hysteresis and creep [ Shi 16]. Based on piezoelectric actuators, industry and research communities have developed a number of positioning systems for precise positioning and manipulation of micro-and nano-objects in SEM [Weck 97,Fatikow 12a,Fukuda 03,Yu 99,Lim 05, Romeis 15]. Their actuation method is mainly chosen between slip-stick principle [Fatikow 12b, Fatikow 13] or deformation systems such as piezo stacks [Fatikow 13]. The former generates coarse and large motion steps that are poorly repeatable, whereas the latter produces fine resolution motion but with small strokes in comparison to the actuator size, which is typically limited to a few hundred micrometers. Nanopositioning systems in SEM often require a combination of these two actuation methods.

A set of complex tasks have been carried out in SEMs formed by relying on robotics systems, such as electrical probing of nanomaterials [Gong 14,Clevy 19,von Kleist-Retzow 19, Klauser 22] and mechanical tensile testing [Zimmermann 14]. Prototyping of electrical and photonic devices [Aoki 03,Dong 07, Dong 06], nanowire multiphysical characterization [ Qu 22], NEMS assembly [Zhang 12,Xu 09, Rauch 18], characterization and manipulation of biological cells [Fukuda 10, Shen 14], and the extraction of subcellular organelles [Shen 14, Chen 14]. Several representative examples of them are shown in Fig. I.8. These works demonstrate the enhanced capabilities of SEM with the integration of robotic positioning systems for nanomaterial characterization, assembly control and fabrication of complex structures, which are very important and exceptional proofs of concept. Nevertheless, some works are currently difficult to replicate and highly rely on the special expertise of human operators.

Other approaches consisted in bringing sensor probes inside SEMs to dynamically measure and control the interactions between the tool and the component. Some key results using Atomic Force Microscope (AFM) have notably been demonstrated [Pavliček 17, Gross 18]. Fig. I.9 showcased their ability to use tip-induced manipulation to adsorb molecules and atoms on the surface of samples to form molecule-metal complexes at low temperatures and in ultra-high vacuum. They have suggested that the generation of molecules by AFM tip-induced atomic manipulation is likely to be achieved within the next decade. The limitations of this strategy have also been noted: besides the environmental requirements, the probe is too large relative to the target object to be manipulated, causing the manipulation to be limited to translations in a small range. The limitation of movement vertically to the plane is particularly evident. On the other hand, there is a severe limitation of AFM given by its extreme surface sensitivity, the molecules and atoms to be manipulated have to be placed in the 2D planar surface at a certain spacing and I.3. Robotics: A key technology for nanoscale manipulation, characterization and assembly orientation with respect to each other. Only special tips can be employed for the desired manipulations, but so far the role of the tip functionalization for molecule generation by atomic manipulation has not been studied in detail.

In recent years, nanorobotic manipulation platforms with multiple Degrees of Freedom (DOF)s have been built inside SEMs for manipulating nano-objects with nanometer resolution. Fig. I.10 shows some representative nanomanipulation systems. They are generally capable of achieving coarse translation with a resolution of 100 nm and fine translation with a resolution of 5 nm (refer to Table I.3). Repeatability of motion can reach sub-microscale or even nanoscale, when only translational positioning is performed. Moreover, the state-of-the-art nanopositioning systems are equipped with rotational actuators, the precision of the end-effector is typically highly influenced by the repeatability of the axis and more especially the rotation. The revolute joints of nanopositioning systems usually consist of axial rotation stages or goniometer stages rotating around an external center, and their rotational repeatability is usually of tens to hundreds of µ°.

For the task of performing nanoscale fine assembly in SEM, nanometric motion repeatability is the primary criterion of precision to be satisfied. The repeatability of a positioning system is the extent to which successive attempts to move to a specific (e) Table I.3 -Summary of several key commercial nanomanipulation systems. Inspired by [Shi 16]. Abbreviation: DOF,Degrees of Freedom; P, prismatic joint for translation; R, revolute joint for rotation. 1 µm is taken for instance to the manipulating object size.

location vary in position [ Chassagne 07,Motion 23]. In a number of applications, the repeatability of a motion system is more important than the accuracy [Xeryon 22]. This is especially true for nanoscale manipulations. Systematic errors can be taken into account and compensated, but the repeatability is the ultimate limit that is reached after all compensation. The bulky design and nonlinear, hysteretic behavior of current positioning systems degrade their repeatability [ Fleming 13].

The motion of a positioning system that can only perform open-loop control is not repeatable at the nanoscale. For example, the Kleindiek MM3E system has a motion repeatability in three dimensions under 2 µm. With recent advances in sensor technology, inductive sensors with resolutions of hundreds of nanometers have been replaced by optical sensors with resolutions of a few nanometers [ Shi 16]. This has improved the lower limit of motion repeatability of closed-loop control, but the design of positioning systems at the centimeter scale still limits the actual repeatability that can be realized in manipulation.

Moreover, revolute joints are very important for tasks such as fine assembly in SEM [Rauch 18,Casagrande 19], which allows to adjust the orientation pose of the nano-object. The serial linkage of multiple revolute joints can effectively increase the workspace and manipulation dexterity of the robotic system. Dexterous micro-manipulation is a promising way to perform complex manipulation tasks in micro-scale [Seon 18], its implementation at the nanoscale in SEM is a potential research direction. For current revolute joints enabled by piezo rotation stages, the large size of the revolute joint degrades the repeatability of the end-effector motion, which is more significant than the effect of translational joint size.

For instance, Tan et al. have demonstrated that XY θ 3-DOF micropositioning systems have an inaccuracy that can reach 100 µm [Tan 15a] due to the stacking of different defects, those induced by rotation being the most significant. They also showed that nanopositioning systems actuated by piezoelectric deformations have inaccuracies of several tens of micrometers [Tan 15b]. Bettahar et al. have shown that rotational defects are the most influential and that they can be partly compensated by control (robotic calibration methods) [ Bettahar 22] but which are very complex to implement. It requires in particular a means of measuring the Cartesian displacements of the robot which does not exist at this scale in 6-DOF [ Bettahar 20]. Furthermore, the current multi-DOF rotation radius is generally at the level of several centimeters. The scale of the workspace where fine motions can be performed is limited to a few tens of microns, which is very limiting for rotating joints that are not compact enough. Currently, the angle range of planar rotations in such a small space is limited to about a dozen degrees, results in poor manipulation dexterity. Therefore more compact revolute joints that can rotate at large angle range in sub-100 µm scale are a very important requirement to improve their motion repeatability.

The main reason for these imprecision and non-dexterity problems is the bulk size of nanopositioning systems. As can be seen from the Fig. I.10, the entire size of nowaday nanorobotic manipulation systems are typically between a few centimeters and tens of centimeters, thus they can be said to be very huge relative to the objects that need to be manipulated, with a size difference that can even reach more than 200 000 × (refer Table I.3). The robot-to-object size ratio that allows precise and flexible manipulation at macro-and microscale is typically from 30 to 100. One needs to come up with solutions that lower the robot-to-object size ratio to under 100 in order to lessen the restrictions of robot size on manipulation precision and rotation angle in nanoscale. Taking an object with a maximum scale of 1 µm as an example, this means that the size of the manipulation device should be less than 100 µm.

Due to the huge size of the manipulation systems (several tens of cm in side size), it is difficult for operators to understand the operating posture and condition of the manipulation devices while observing the nano-objects in SEM with the limited view, mastering the use of these robotics devices in SEM is thus a task that requires a great deal of training and a large amount of work to study their behavior in a very detailed way in order to propose complex control methods. For example, Guelpa et al. [Guelpa 18] calibrated and measured the error in the kinematic model of the robot device in SEM in order to manipulate the rotational motion of the robot in SEM more accurately, and moreover added a visual servoing algorithm based on the SEM image to the control method of the robotic system to reduce de error of movement. To reduce the limitations of robot size on manipulation precision and rotation angle, one needs to find solutions that reduce the robot-to-object ratio I.4. Towards sub-100 micron in size and large workspace nanorobotic structures from more than 200000 to below 100. The reduction of inertia associated with the shrinking size of the robotic structure may also contribute to the dynamic motion bandwidth of manipulation systems.

To summarize, the main limitations of nanorobotics in SEM are the bulk size of the device and the lack of compact rotating joints, as well as the lack of manipulation dexterity due to the small working space compared to the overall dimension. In order to address such problems and operational difficulties at the nanoscale, a new generation of nanorobotic systems with smaller structural dimensions is in great demand for further development.

The key proposal of this thesis is to study the paradigm of 3D and dynamic motion generation on the nanoscale at a volume of only about 100 µm to the cube where SEM and FIB intersect. In order to enable dexterous motion in such a small volume of interest, a sub 100 µm structure based on robotic principles needs to be proposed, and the size of this nanorobotic structure needs to be as close as possible to the size of the manipulated object in order to visualize the motion of both the target and the robotic structure in the images of the SEM. The structure expects to have compact joints to achieve rotation in a large workspace while guaranteeing the nanometric precision required for nanomanipulation.

I.4 Towards sub-100 micron in size and large workspace nanorobotic structures

The current objects of interest for nanorobotic applications are mainly nanofibres and nanoplates. The minimum length of these nano-objects in three dimensions is typically below one hundred nanometers [Bhushan 10,Weir 05, Yao 21]. Sub-100 µm nanorobotic structures are expected to meet the need for manipulation of such objects precisely in multi-DOF in SEM. Our work aims to the study of state-ofthe-art solutions of nanorobotic structures in SEM, which implies to create novel robotic structures that break the performance limitations of current nanorobotics devices. The solution is expected to be very compact, capable to perform repeatable motion in a large workspace comparable to its size, preferably with the possibility to integrate actuation.

From the objective of the study and the general premise of conducting nanorobotic research in SEM, it is first necessary to identify criteria that need to be satisfied to screen the existing principles for fabricating robotic structures at such a small scale.

First, the robotic structure is expected to be a 3D structure, enabling more structural design possibilities to realize movements in 3D space.

Second, the structure is expected to have a large motion range comparable to its size to enable large rotations around the point of interest. Therefore, technologies that enable the manufacture of very small revolute joints are highly needed, and the manufacture of joints needs to be controllable and repeatable.

Finally, the structure is expected to posses the ability to embed actuation. In order to achieve stimulation of such a small active element to enable motion output, appropriate strategies need to be found to achieve precise energy delivery, as well as motion control. In the past decades, various attempts have been made to achieve revolution motion in centimeter scale and microscale. However, enabling sub-millimeter structures is an open question especially because of the lack of small enough joints. Small-radius rotational movements are even absent at at the sub-100 µm scale. Taking the planar workspace of the structure as an example, here some state-of-theart researches are cited in Fig. I.11 and will be discussed in the following subsections. One can see from the literature that the ability to miniaturize structures is gradually being mastered, but the fabrication means to do so are very limited. Likewise, increasing the range of motion of sub-100 µm structures relative to the centimeter and millimeter scales, which are more easily accessible to humans, is still an open question.

Planar Workspace Device Main Dimension

Micro-and nano-fabrication methods in the cleanrooms have been used very commonly for the preparation of miniature structures at the sub-millimeter scale [Jin 20]. This approach enables the hybridization of different materials by additive and subtractive manufacturing with nanoscale resolution, which is very efficient for I.4. Towards sub-100 micron in size and large workspace nanorobotic structures the integration of active elements. However, the design of structures fabricated using this approach is limited substantially by the planar fabrication process. Although photolithography and its derivatives (e.g., UV lithography and Electron Beam Lithography (EBL)) can be used to create micro structures with layer-by-layer procedures that can form structures with different geometric designs for each layer, but they are essentially 2D devices. As technology has evolved, some solutions or alternatives can be applied to improve upon this fabrication approach to produce real 3D structures. In the following, the state-of-the-art technologies that may enable such 3D innovative structures will be presented and analyzed with the proposed criteria.

I.4.1 4D printing micro structures

The typical additive manufacturing method, 3D printing, is a direct manufacturing method for 3D structures that has been implemented in industrial production. In recent years, some smart materials have been combined with this fabrication method to create structures that can deform in response to external stimuli, resulting in a new manufacturing strategy: 4D printing [Zolfagharian 16, Gladman 16, Ambulo 17]. Several 3D printing techniques have been proposed for creating 4D micro structures. Compared to other industrial 3D printing technologies with microscale resolutions, femtosecond laser Two-Photon Polymerization (TPP) direct writing method enables fabrication resolutions under 500 nm. Thus it is increasingly being used by researchers to make microstructures [Lao 21, Adam 21].

The TPP is based on the two-photon absorption of materials, polymerization occurs only in the vicinity of the focal spot and therefore it features nanometer spatial resolution, an ultralow thermal effect, and excellent geometry designability [Kawata 01, Gan 13]. The TPP technique is currently used mostly to make untethered microstructures in liquid solutions [ Lao 21], such as miniature swimmers with movement control using magnetic fields [Tottori 12, Qiu 15,Medina-Sánchez 16, Yasa 19], pH [Li 20,Hu 20] or light [Martella 17,Chen 19, Zheng 20] and heat [Hippler 19,Pozo 20], but there are a few examples where it has been used to make tethered microstructures. Power et al. presented a tethered, 3D, compliant gripper with an integrated force sensor based on optical interferometry, which was fabricated on the tip of an optical fiber using TPP [Power 17,Power 18]. The passive structure was printed from a drop of IP-Dip photoresist with a length and width of around 100 µm, and its position could be changed by micromanipulating the optical fiber.

In their initial work, 1 µm thick, 4 µm long hinges were used as the revolute joints of the linkage structure. The hinge joints were replaced by "Ω" shaped joints in their subsequent work to increase the rotation range of the joints. Although the manufacturing resolution of TPP is already very fine among all 3D printing technologies, thinner joints are still difficult to achieve. In early tests of structural deformation, they found a clear trend that polymers with TPP printed structures are very susceptible to permanent deformation [ Power 17], a well-documented phenomenon for viscoelastic materials, of which the photoresist [Cerrada 05, Fren- After geometric optimizations, the maximum angle of rotation that can be achieved with this joint while maintaining a largely resilient structure is 17°, beyond which the hinge can be permanently deformed once the external force is removed. This structure achieves passive deformation of the joint while scaling into 100 µm scale, it is a significant advance compared to most sub-100 µm structures which are passive (refer Fig. I.11). However, due to the limitations of material properties and manufacturing resolution, it is very challenging to further increase the rotation angle of the joint while reducing the structural size. A recent work [Ji 21] has composed three-dimensional active structures, i.e. 4D structures, by means of TPP printing polymers with different properties. The stacked design accumulates the deformation or rotation of multiple elements to obtain an thermal actuated rotation while avoiding viscoelastic deformation. They achieved reversible rotation using five stacks of 320 µm × 320 µm × 54 µm element structure (refer Fig. I.14), with an increase in temperature from 25 °C to 45 °C resulting in a rotation change from around 0.08°to 0.92°. This approach is able to achieve larger rotation angles by increasing the number of stacks. However, this is accompanied by an increase in the size of the structure to hundreds of microns.

In general, 4D printing technology represented by TPP demonstrates its candidacy as a fabrication principle for target sub-100 µm nanorobotic structures by satisfying some of our proposed criteria. It is capable of producing complex structures of the desired scale and achieving considerable rotation, and it is capable of fabricating directly on compact platforms such as optical fibers, which have achieved integrated actuating and sensing capabilities. But it also has limitations in terms of material diversity and properties. The difficulty of motion control due to the nonlinear mechanical behavior of viscoelastic materials is an issue that must Chapter I. Nanorobotics in SEM be faced when developing such structures. Achieving large workspace motions at small scales of sub-100 microns is also challenging, Therefore this technology is considered more enabling for microrobotics applications [ Adam 21].

I.4.2 3D MEMS origami structures

Originating from the art of paper folding, origami is a great solution to get a planar structure out of its plane. Folding functionalized planar structures provides an effective way to integrate activation into folded structures and is therefore being used in the design of macroscale deployable structures. Micro Electro-Mechanical Systems (MEMS) are active structures generating movements and in very small dimensions. Indeed, they are most often 2D structures because of the limitation of microfabrication technology. However, by integrating some actuators capable of out-of-plane motion, they may also perform motion in three dimensions [ Tang 22]. Origami-inspired folding techniques can convert a planar structure into a threedimensional structure by folding, this feature makes robotic origami well suited for improving the planarized structure design of conventional MEMS limited by the layer-by-layer fabrication process, allows rapid prototyping of intelligent robots and machines constructed from thin sheets of functional materials.

Origami structures have a wide range of applications in robotics and have been intensively investigated by researchers in recent years. With the manufacturing principle of replacing the revolute joints of articulated robots with creases, origami structures provide an effective alternative to conventional revolute joints that are difficult to reduce to millimeter scale [ Zhakypov 18]. Origami models can be viewed as kinematic mechanisms where folds are revolute joints and panels are links [ Edmondson 14].

From the current state-of-the-art scientific research, there are already some proposed precedents for origami-inspired 3D robotic designs in centimeter-sized micro-robotics research. Since origami structures are not as limited in material diversity as 4D printing technology, they are implemented in both tethered and untethered robotic systems.

In terms of tethered micro-robotic structures, the milliDelta robot proposed by McClintock et al. combined origami folding techniques with the Delta robot, which is widely used in industrial environments for pick-and-place applications because of its high accuracy and speed [ McClintock 18]. As shown in Fig. I.15, design of the milliDelta is based on origami-inspired engineering and made using MEMS manufacturing techniques. Its folding assembly is performed with the assistance of a custom jig and relies on manual assembly. The robot is driven by three piezoelectric bending actuators. Power and control signals were delivered via a five-wire tether. In their work, the large workspace and excellent dynamic behavior achieved by replacing the mechanical joints of conventional polyarticulated tethered linkage robots with thin structures that mimic the folds of origami are demonstrated. This 15 mm × 15 mm × 20 mm robot has a total mass of 430 mg and a payload capacity of 1.31 g. it can operates with precision down to ∼ 5 µm in a 7.01 mm 3 workspace. Each flexible revolute joint is designed to allow ±45°of rotation. In addition, the The milliDelta with components labeled. Perspective views of the milliDelta moving through its workspace near the top (B), bottom(C), left (D), and right (E) with externally powered light-emitting diode for visualization.

advantage of low inertia due to the scale effect also makes it possible to perform repeatable movements at higher frequencies. The milliDelta can follow periodic trajectories at frequencies up to 75 Hz. Their design of robots with folding as structural articulations practically demonstrated the feasibility and guaranteed motion performance of this folding technology applied to polyarticulated tethered robot design. As features lacking in conventional robotic structures, the reconfigurability of origami structures as well as self-folding with integrated actuation were demonstrated in a number of macroscale works. We can mention the multilayer de-Chapter I. Nanorobotics in SEM formable origami structure fabricated in centimeter scale by Miyashita et al. [Miyashita 15,Miyashita 17]. In their work, origami structures are designed as mobile robotic exoskeletons on pre-stretched heat-shrinkable polymer films, and through pre-designed folds in different material layers. Self-folding can be achieved in the range of 0°to 115°by encoding the gap widths of the joint. The 2D structures are self-folded by changing temperature to form a 3D exoskeleton that wraps around a small cubic magnet, then moves when stimulated by an external magnetic field. The origami exoskeleton can be removed and interchanged through different 2D fold designs, allowing the mobile robot to perform a variety of roles such as rolling, pushing objects, sailing on water, and even gliding through the air with a wing-shaped exoskeleton as shown in ). The joint they designed was Gold/SU8 bilayer hinges with a length of 200 µm to 400 µm and a thickness of 1 µm. By geometric design of the gold layer, it was microfabricated into 10 µm wide electrodes densely distributed on the joints, allowing electrothermal actuation of the joints using the Joule effect. I.4. Towards sub-100 micron in size and large workspace nanorobotic structures They reported that elastic rotation can be performed in the range of 1°to 49°and the maximum angle of active rotation can approach 110°. Since the SU8 polymer they used also has viscoelastic characteristics, irrecoverable plastic deformation of the joint was also observed in their experimental results. Active rotation above 90°will result in a deformation of the plastic joint of about 10°. Through the Miura-ori and origami crane designs, these joints were shown to be applied to build three-dimensional structures and perform repetitive rotations such as flapping the wings. Their work shows the great potential for further miniaturization of articulated origami structures. ). They developed an actuation mechanism that used trilayer joints composed of a polymer and a stressed bimetallic thin film patterned between rigid phalanges as joints. A bimetallic layer composed of 50 nm Cr and 200 to 250 nm Cu reproducibly resulted in joint flexing angles of about 90°. Each finger consists of two or three revolute joints. The entire gripper system was self-contained with a size as small as 700 µm when open and 190 µm when closed. The actuation of the gripper can be thermally or biochemically triggered in liquid environment and manipulated with external magnetic fields in the meanwhile. Therefore it was used to capture clusters of cells. The advantages of elastic origami joints in terms of structural motion and the possible implantation of active elements are very important features needed for robotics structures at smaller scales.

Such excellent results have opened up the possibility of using origami structures to make smaller, high-performance robotic structures. However, enabling submillimeter structures remains an open question particularly given the paucity of techniques for making such tiny fold joints. The fabrication challenge at the sub-100 micrometer scale is essentially different from the centimeter scale. The issues that need to be resolved at the smaller scale include how to create smaller fold joints, how to manage the folding process, and how to assemble the folded structures. In addition, some innovative passive 3D origami structures are also considered to have actuation possibilities and thus bring great inspiration to this work. Rauch et al. fabricated the world's smallest origami house with a overall dimension of about 20 µm by applying a Focused Ion Beam Thermal-Induced Deformation (FIB-TID) based self-folding process using a 1.2 µm thick silica membrane and a 1 µm thick lithium niobate membrane, respectively, on the cleaved surface of a single-mode fiber [ Rauch 18]. The entire folding and assembly process was implemented in a SEM/FIB cross-beam vacuum station using a six-Degrees of Freedom robotic manipulator with ultrahigh accuracy assembly down to 10 nm. By using the theory of sputtering, Rauch et al. were able to propose a model of folding thin membranes of numerous materials such as metals, polymers, or crystals, i.e., silica, silicon, potassium tantalite, or lithium niobate. Their work has shown the feasibility of using rigid materials such as ceramics and silica, which are not traditionally collapsible, to create extremely small structures under 100 µm scale. The experimental results indicate that the introduction of a microrobot inside the SEM vacuum chamber will provide the means to enlarge the scope of clean room facilities to build complex and smart 3D microsystems with heterogeneous materials. Using the FIB-induced folding process, the size of the folded passive structures that can be made can even reach the sub-microscale [ Chalapat 13], as shown in Fig. I.20. Although the folded structures made by this method currently remain static, this approach to making origami folds at sub-100 µm scales also opens up new directions in the study of nanorobotic structures. 

I.4.3 Lab-On-Fiber Technology

To enable the integration of actuation into the target sub-100 µm nanorobotic structure, a compact platform that can accurately deliver control signals to the integrated active elements in the vacuum environment of the SEM is a matter Chapter I. Nanorobotics in SEM of concern. In order to match the spatial motion capability of a 3D nanorobotic structure, this platform should also be 3D, with possibility to provide functionalities. Inspired by the work of [Rauch 18,Power 18], the emerging Lab-on-Fiber technology seems able to offer a viable strategy, as stated in the literature: "Lab-on-Fiber (LOF) technology is a novel class of platform (the "lab") arising from the integration of functional materials with specific mechanical, physical, and biological features onto optical fiber substrates at the microscale and nanoscale [ Pisco 20]. The underlying goal is thus to provide the foundational basis for the development of multifunctional all-in-fiber devices, specifically designed and optimized for many strategic applications, ranging from optical processing and computing to environmental monitoring and life science, safety, and security tasks [ Cusano 15]. The extraordinary capability to combine modern nanotechnologies with nonconventional substrates, such as optical fibers, is expected to transform inert and intrinsically light-coupled platforms (optical fibers) into multifunctional plug and play optrodes, into which miniaturized labs are suitably integrated, connected, and intertwined, to provide new functionalities and achieve unprecedented performance [Consales 12, Ricciardi 15, Vaiano 16]." • lab-on-tip: the advanced materials and structures are integrated onto the fiber endfacet.

• lab-around-fiber: the advanced materials and structural modifications are integrated onto the outer cylindrical curved surface of optical fibers.

• lab-in-fiber: the functional materials are infiltrated within the holey structure of microstructured optical fibers (MOFs)

Due to the lack of tiny active structures, current LOF technology is almost exclusively applied to passive sensing-type structures fabricated by 3D printing or FIB milling [ Pissadakis 19]. The LOF structures in some related work is shown in In addition, the stretched tapered fiber can be used as a tool to characterize the physical and mechanical properties of nanomaterials [El Beainou 22], With the aid of a nanopositioning system, it is also expected that it can be used to characterize the kinematic properties of nanorobotic structures. The innovative work of Rauch Chapter I. Nanorobotics in SEM et al. [Rauch 18] has also attracted a great deal of interest from researchers in the LOF field. This work has opened up the possibility of building deployable origami structures on LOF. Pisco et al. agreed that this new approach in building complex intelligent 3D microsystems with heterogeneous materials is very promising in the case of complex and unconventional substrates, such as optical fibers, and has the capability to significantly enhance the capability to construct real 3D labs on optical fiber substrates [ Pisco 20].

I.4.4 Proposed Approach

Let us summarize the main points of the literature study. Existing manufacturing methods were first investigated to enable the fabrication of sub-100 µm 3D active structures. 3D/4D printing is a great technique to produce 3D structures directly by additive manufacturing methods. However, it is limited in material selection by polymers and therefore cannot avoid being affected by viscoelastic nonlinear behavior. Origami technology, on the other hand, is able to improve the traditional planar design of microfabrication by converting a flat structure into a 3D structure by folding. This approach has the advantage of material diversity and higher manufacturing resolution because it enables the use of materials having a pure elastic behavior. The large mobility of origami joints has been demonstrated at a range from centimeter to sub-millimeter scale, and the recent emergence of FIB-induced implementations of origami technology has enabled the fabrication of passive origami structures of few tens of micrometers in size. Structures at this scale can be mounted on optical fibers for energy and signal transfer, and thus have the potential to integrate actuation and sensing components by the light.

Given the above review and in comparison of the current state of the art related to nanofabrication, nanostructures and active microrobotic structures, the Labon-Fiber active sub-100 µm nanorobotic origami structures tethered at the tip of optical fibers is proposed in this thesis as a promising approach to address the current demands of nanomanipulation, nanocharacterization and nanoassembly tasks.

The FIB-induced origami joint fabrication method is chosen as the primary fabrication method for making 3D robotic structures due to its unique ability to make the smallest fold joints to date. Considering the universality of the material for this origami folding method and the need for flexible joints for robot manipulation, silica, i.e. silicon dioxide, as the most widely available and widely used ceramic material with less manufacturing difficulty and cost, is chosen to make this novel nanorobotic structure. State-of-the-art SEM workstation provides the visualisation modalities and fabrication functionalities with FIB and GIS to realize these origami structures, and nanopositioning robotic systems integrated in SEM vacuum chambers are used to characterize and assemble these ultra-small novel structures to the tip of optical fibers. This is a completely disruptive approach, as there is no empirical evidence of similar joint movements at this scale, and the few existing structures are static. From one's experience at the macroscopic scale, a structure made of a fragile material like silica would probably break at the first touch, let alone be used to make a robotic structure with a large working space. Therefore, there are many open questions that need to be discussed and experimentally verified.

In order to achieve the research objectives based on this proposed approach, the key research challenges will be presented and discussed progressively in the following chapters. As a means of implementation of this study, enabling functionalities and interactive manipulation of the components in SEM will be introduced in Chapter II. The principle of using FIB to make silica joints, the FIB process of removing material by sputtering to achieve joint self-folding will also be presented. To apply such joints to robotic structures, the method of making joints with controllable and repeatable characteristics will be developed in Chapter II.

After the fabrication process of the joint is mastered and the joint can be observed spatially in SEM, the Chapter III will investigate for the first time the motion behavior of the silica joint made by this method qualitatively and quantitatively. An attempt will be made to combine several joints together to make a polyarticulated origami structure, we will be particularly interested in the amplitude of the movements that these joints can achieve, and also in the repeatability of their movements.

The question to be studied in Chapter IV is how to benefit from the LOF technology by mounting such a structure at the tip of an optical fiber to enable light actuation. To enable this function, an optical actuator needs to be designed that can be used in the sub-100 µm space at the tip of the fiber. It needs to be able to be integrated into a silica polyarticulated structure and provide motion actuation.

In Chapter V, the research of this thesis will be combined and demonstrated by a case study of a silica polyarticulated structure with integrated actuation capability in the sub-100 µm space at the tip of the optical fiber.

Conclusion

As a starting point of the entire research, the need for manipulating objects at the nanoscale is first clarified in this chapter through an introduction to cutting-edge nanotechnology. The observation at nanoscale requires one to resort to Electron Microscope. The Scanning Electron Microscope (SEM), which is currently the most widely applied Electron Microscope, was designed as a planar, static visualization tool with extremely fine resolution. Nevertheless, by integrating FIB, GIS, and various detectors and tools, the SEM's functionality has been greatly expanded to additive and subtractive manufacturing, assembly, etc. This opens up the possibility of fabricating and studying 3D structures and objects at the micro-and nano-scale, but it also comes with very significant challenges.

Nanorobotics is an emerging key technology that provide solutions to the manipulation demands at the nanoscale in SEM. It enables fabrication, assembly, dynamic in-situ characterization operations in 3D at the nanoscale. However, Chapter I. Nanorobotics in SEM a significant barrier has been recognized that must be overcome: the lack of repeatability, mobility and dexterity of present nanorobotic systems. The main reason for these limitations is considered to be the large dimensions of current commercial systems. With such a context, this thesis proposes to study the paradigm shift in generating motion at the nanoscale.

After analyzing the existing techniques for fabricating microstructures, a disruptive approach is proposed that involves the fabrication of ultra-compact robotic devices less than 100 µm in size and targeting very large workspaces in the same order of magnitude as the size of the robot. With the FIB-induced 3D origami robot fabrication method, the joints of origami robots will be formed by local folding of silica membranes, and the kinematic behavior of polyarticulated nanorobotic structures will be further studied. The multi-functional LOF technology was chosen as the mounting platform for these tethered robotics in SEM, new nanorobotic structures will be mounted on the tip of optical fibers and activated by lasers using optical principles. 

Chapter

Introduction

In the previous chapter, the context, motivations, issues and challenges of nanorobotics in SEM were outlined from a state-of-the-art perspective. The fabrication of sub-100 µm origami structures by FIB folding and mounting them on the tip of an optical fiber to make active nanorobotic structures was chosen as an original approach to study for this doctoral thesis. To achieve all of this, a fundamental starting point is to fabricate origami joints at the nanoscale. The objective of this chapter is to investigate the FIB-induced origami process to make these joints. To enable the fabrication and characterization of origami joints, an experimental platform capable of manipulating, processing, characterizing materials and assembling at micro-and nanoscales is essential. In this chapter, the main experimental platform for this study, the µRoboteX platform, will be first introduced in Section II.1.

The fabrication of the origami joints in this study requires the different complementary functionalities of the µRoboteX platform. They will also enable the subsequent characterization and assembly of the origami structure. Therefore, the main functionalities of the µRoboteX platform required for this purpose, and the working principle of each functionality will be described next in Section II.2.

Based on these functionalities, an original process is investigated, which involves cutting a thin membrane along a predefined 2D pattern and then performing local thinning and self-folding to make the origami joints. Section II.3 will introduce the study of the method of making 2D patterns on the membrane as a precursor step to the joint fabrication.

The purpose of making these joints is to apply them to the study of nanorobotic motion, so the process of joint fabrication needs to be able to accurately reproduce the designed joints. As a result, we will be particularly interested in the process for realizing these folding joints through FIB milling to thin locally at the desired location. The principle of this folding process will first be presented in Section II.4. Subsequently, the influencing parameters will be studied in Section II.5 to enable the repeatable and accurate fabrication of joints. Finally, a folding joint fabrication procedure based on FIB milling depth control is proposed for the first time.

II.1 General Introduction of the µRoboteX Platform

µRoboteX is a platform enabling 3D assembly of micro-and nano-systems, characterization of micro-and nano-objects, non-destructive 3D reconstruction of micro-and nano-objects, and assembly of integrated optical components. This facility is built on an Scanning Electron Microscope (SEM) workstation enabling powerful visualization capabilities especially for micro-and nano-object and components. By integrating various components in the platform and synchronizing their II.1. General Introduction of the µRoboteX Platform operations, the platform is able to achieve diverse functionalities beyond its regular 2D visualization capabilities. This includes providing additional vision, localized additive and subtractive manufacturing, and nanopositioning of different objects by robots. These integrated functionalities make the µRoboteX platform a unique environment for the implementation of this work. Therefore, an introduction to this experimental platform is made to understand the various experimental operations and challenges in this thesis. The following is a list of the main components of the µRoboteX platform used in this work and a brief description of their respective capabilities.

• SEM workstation (ZEISS CrossBeam ® Auriga 60). It is the main body of the platform, providing the vacuum system, anti-vibrating system, interfaces, and the SmartSEM Human-Machine Interface (HMI) that enables the control of SEM operation.

• Electron optics components (FEG GEMINI ® SEM column). They provide a focused scanning electron beam, enable SEM imaging in combination with detectors and workstation.

• Ion optics components (ORSAY PHYSICS FIB column). They provide a focused Gallium(Ga + ) ion beam, enable FIB imaging and FIB milling in combination with detectors and workstation.

• Ion beam pilotage components They allow for customized control of the ion beam scanning, enable custom design of patterns for additive and subtractive manufacturing.

• Sample stage (ZEISS). It is a 5-Degrees of Freedom (DOF) micropositioning system for adjusting the position and orientation of the sample.

• Nanopositioning robot (SmarAct). It is a customised 6-DOF nanopositioning robot capable of manipulating tools or objects to interact with the sample. Controlled using a home-made Human-Machine Interface.

• Gas Injection System (GIS) (OmniGIS ® , OXFORD INSTRUMENTS).

It is a 1-DOF needle that is able to approach the surface of the sample and deliver gases. It can be combined with electron or ion beam to enable chemical vapor deposition or etching.

• Signal detection components (In-lens detector, SESI detector, EsB ® detector, ZEISS). They are used to detect various signals from the interaction of the electron/ion beam with the sample.

• Chamber viewing components (2 Infrared CCD camera, ZEISS). They provide a rough view in grayscale of the sample chamber, usually to avoid sample collisions.

• External control panel and joystick (ZEISS). They are part of the Human-Machine Interface that allows quick access to some of the SEM/FIB's most frequently used parameters, as well as for stage control and sample navigation.

• Airlock (ZEISS). Allows to quickly transfer a sample to be studied from outside of the vacuum chamber into the vacuum chamber without breaking the system vacuum.

• Electrical and optical feedthroughs. Allows electrical and optical components in the vacuum chamber to be connected to external control equipment.

• Signal conditioner components. Includes electrical power supply, laser source, acquisition card and signal processing instruments to enable actuation and sensing inside the sample chamber.

A number of these components were added to the basic SEM workstation to perform a variety of tasks on the sample in the vacuum chamber. Taking into account that some of the listed components are integrated inside the SEM's space-limited vacuum chamber, it results to strong spatial limitations. Such constraints lead to the fact that operations in SEM are delicate to carry out. To achieve the goals of the research, a holistic approach is employed to explain the functionalities and constraints of each component. Moreover, each of the components has different connection protocols and control interfaces, making it challenging to operate the different components in a synchronized manner. In this experimental platform, three computers are synchronized for the real-time control of the whole workstation's functionalities, the manipulation of the nanopositioning robot, and the customization of the FIB operation, respectively. Thanks to the control architecture (Fig. II.2), this makes it possible to allow sequences of successive tasks to be carried out using the µRoboteX platform. The µRobotex platform comprises several subsystems working together. For several of these subsystems, the presence of particles in the working environment constitutes a source of pollution. The presence of various polluting gases prevents the imaging of objects with high resolution. As a result, a vacuum environment is created inside each of these subsystems in order to allow their proper functioning. These different vacuum levels are monitored and regulated through closed-loop control of different pumps.

The vacuum system of the platform is briefly shown in Fig. II.3, where the vacuum level in each subsystem is indicated by a gradation of colors. The external environment of the system is the atmosphere. Ventilation and evacuation of the different components are controlled through the SmartSEM interface. A precise control of the vacuum level enables the implementation of various functionalities. The necessity of a system to regulate and control these vacuum levels is due to the use of some components that will change/perturb the vacuum level, such as the use of GIS that will introduce gas locally to the sample. A closed-loop control can ensure that the vacuum level in the sample chamber is maintained within the range required for the normal operation of the SEM. 

II.2 Main functionalities of the µRoboteX platform

In order to study micro-and nano-objects in 3D space, the principles for the observation of objects from different visual perspectives are firstly introduced. Focused electron beams and focused ion beams can perform very diverse functions in different situations. This section begins with a description of the techniques used to control them and the functionalities associated with them.

SEM column and FIB column are instruments used to generate focused electron and ion beams, respectively. The column includes "Gun" as an electron/ion emitter and a set of electromagnetic and electrostatic elements. These elements are useful for the focusing of the electron beam and gallium ion beam (e -beam and Ga + beam) respectively. This action is similar to the action of an optical lens on a light beam, hence the literature refers to their principle as Electron optics and Ion optics [Szilagyi 88, Wollnik 22]. The term "lenses" also refers to these electromagnetic and electrostatic elements.

With the angle between their column orientations, the electron beam and the ion beam cross at a coincidence point along their respective propagation axis, as depicted in Fig. II.4. This point is labeled as the crossbeam point. The SEM and FIB can thus provide visualizations of two angles of the sample located at this point.

SEM imaging FIB imaging

CrossBeam operation The FIB column is tilted to 54°relative to the SEM one, thus providing a tilted FIB view. In practical experiments, alternating observations of the sample using these two imaging modes helps to understand the position and state of the sample in 3D space, which is necessary for sample processing and assembly tasks. Simultaneous control of the electron beam and ion beam through the SmartSEM interface enables observation of the sample using an overlapping view of the SEM/FIB. When assisted with a GIS, FIB is a modality which also allows to add or remove material locally on the sample. The crossbeam mode enables using the electron beam to coarsely observe the sample conditions during the processes. This technique of operating at the intersection of two particle beams is referred to as the CrossBeam technique [Gnauck 02, Zeiss 10]. The crossbeam operations are very useful for real-time control of the additive/subtractive processes which will be presented in Sections II.2.2.a and II.2.3.a.

II.2.1 Scanning Electron Microscope (SEM)

A Scanning Electron Microscope is a type of Electron Microscope that finely focuses and scans an electron beam on the surface of a sample to produce images. Vacuum is a crucial need for electron beam emission. The vacuum requirement of a SEM column is much higher than of the sample chamber. If the column contains air, the electrons would crash against the molecules present in the air environment, and thus will not be able to focus and scan properly. Therefore, it is first necessary to ensure that the vacuum level in the sample chamber is below 1 × 10 -5 mbar and the vacuum level in the electron gun head is below 1 × 10 -9 mbar for operations in the SEM. For our case, the experiments of this study were carried out under a vacuum of chamber about 6.42 × 10 -6 mbar with an electron gun vacuum of about 2.72 × 10 -10 mbar.

Chapter II. Fabrication of nanorobotic origami joints with the µRoboteX platform An electron gun (see Fig. II.5) is comprised of a filament, a Wehnelt cylinder and an anode. By using a Schottky field emitter as the electron gun, the Field Emission Scanning Electron Microscopy (FESEM) GEMINI ® column installed in the SEM workstation is capable of emitting, accelerating, bundling, focusing and deflecting the electrons extracted from the filament in the electron gun. The electrons emitted from the electron gun need to pass through the aperture and be modulated by the condenser to obtain the desired shape of the electron beam with a specific current. This process is also known as "stigmatism" of the electron beam. After stigmatization, the electron beam is focused on the sample surface by the magnetic lens of the objective. A schematic of the interior of the SEM column and the chamber is shown in Fig. II.6.

The electrons interact with the atoms at a single point of the sample and induce generation of X-rays, Secondary Electrons (SE) and Backscattered Electrons (BSE) providing information about the surface mapping but also the composition of the sample through their energy levels, as shown in Fig. II.7. This process is called electron-matter interactions, it generates a net charge on the sample surface. If the sample is conductive, the charge can be quickly disposed of to ground, away from the beam spot, thus preventing the charging effect [Shaffner 71]. For the observation of insulated samples, it is necessary to metallize them by depositing a conductive layer on the surface. For the observation of components that cannot be metallized (for instance the metallization of optical components would induce them to waste their key optical properties, so they usually can not be metallized), it will result in charges accumulation inducing drift of the image (while the component is not drifting).

The SEM imaging principle is based on the electron-matter interactions. Among the signals used for SEM imaging, Backscattered Electrons (BSE) are electrons that have collided with atomic nuclei and are re-emitted in a direction opposite to their original direction with a small energy loss. Secondary Electrons (SE) are the electrons coming from sample atoms ionized by the incident electrons. There are primarily two kinds of SEs emanating from the sample labelled as SE1 and SE2. The SE1s are generated by the incident electron beam, and SE2s are generated by the BSE [ Suri 20]. Depending on the sample condition and the purpose of the observation, the operator needs to select the appropriate detector among the three different detectors for signal processing. In general, the In-lens (SE1) detector is often used to detect SE signals to observe the structure of the sample surface with EHT less than 20 kV, its high detection efficiency results in high resolution imaging of the sample surface. However, its Signal-to-Noise Ratio (SNR) is significantly affected by large Working Distance. The Secondary Electrons Secondary Ions (SESI) detector detects SEs, Secondary Ions (SI) as well as BSEs, In SEM imaging mode, it receives SEs and BSEs and is therefore equivalent to a Everhart-Thornley type SE2 detector. The Although the Signal-to-Noise Ratio has been improved in all aspects, the SEM images of the samples observed in real time are still very noisy (refer Fig. I.4), therefore, noise reduction of the image signal is required to obtain a sharp enough image. The scanning cycle time for acquiring one single SEM image typically ranges between 2 s and 90 s depending on the choice of resolution/speed compromise. The Frame average/integral method is more commonly used in this work than the Line average/integral method used to observe static samples, due to the fact that repeated scanning of each scan line tens of times by the electron beam will enhance the local electron charge of the sample, which means that the structure is more susceptible to deformation or deflection by the electrostatic force. The Line average/integral noise reduction method produces a clear image with asynchronous processing of each line of the image, and thus the movement of the structure can easily cause discontinuous distortion of the image during image processing times of tens of seconds to minutes. In contrast, the Frame average/integral approach to each frame results in less local charging than the former, making it easier to obtain a sharp image with the structures in this work. Nevertheless, it is still necessary to avoid using high magnification for long time imaging of local parts of soft or fragile structures. This is because the larger the magnification, the more likely it is to cause localized charging, and thus the more likely it is to cause distortion and drifting of the image.

II.2. Main functionalities of the µRoboteX platform

Aperture

The control of the parameters of the SEM column is required in order to enable SEM imaging and to adapt to different observation requirements during the experiment. These controls are conducted through the SmartSEM interface. The main parameters of the SEM operation include: The electron beam's stigmatism is compensated by the condenser, making the electron beam symmetrical around its axis.

• Filament current I.
• Scan rotate. It adjusts raster scanning direction by controlling the magnetic field generated by the scan coils Fig. II.6.

• Scan speed. Controls the speed of electron beam scanning.

• Beam shift. It is used to correct the different beam positions of the different electron beam current settings by adjusting the condenser and objective lenses.

• Magnification. It controls the area of the electron beam scanning region to vary the ratio between the real dimension of the sample with its visualized dimension on screen. It can be adjusted between 12 × and 1 000 000 ×.

• Focus. It controls the focal distance of the electron beam, i.e. the distance between the objective and the plane being visualized. It is referred to as WD in SEM operations.

These parameters need to be adjusted according to the different needs of the experimental condition, they have a significant impact on the sharpness of the image. For the observation of the samples in this work, the electron gun filament current is set to 2.329 A, electrons were extracted from the filament using an extraction voltage of 4 kV, the electron acceleration voltage U EHT is set between 1 kV and 10 kV to have high resolution images. With such settings, the SEM's resolution can reach 1 nm at the optimum WD. The beam current used in the experiments is about 200 pA with a 30 µm aperture. For fragile samples that are susceptible to electrical charges and move under electrostatic forces, the U EHT and beam current need to be reduced appropriately to avoid damage caused by electrostatics forces.

In general, SEM is applied for observing static 2D samples. In this study for nanorobotics of polyarticulated structures, its slow speed of sharp image acquisition, planar observation field of view and the requirement of sample metallization induce challenges and difficulties. Due to its two-dimensional view and narrow depth of field, moving and manipulating objects along the electron beam direction are also challenging for studies that require interactions between multiple objects in three dimension space. For the requirements of this research, another angle of vision in SEM is very necessary.

II.2.2 Focused Ion Beam (FIB)

The Focused Ion Beam (FIB) was added to the SEM workstation to bring complementary modalities. Indeed, the ion beams can be used not only for imaging but also for milling material by sputtering atoms. Additive or subtractive manufacturing can also be enabled when it is combined with Gas Injection System (GIS). The SEM uses a focused electron beam to image a sample, whereas the FIB consists of ions instead of electrons. In the µRoboteX platform, a Liquid Metal Ion Source (LMIS) of gallium (Ga + ) is used to extract the gallium ion beam. Similar to the electron gun, the vacuum requirement of the ion gun is also very important, the pressure of the Ga + ion gun in this study is 1.30 × 10 -8 mbar. Actually, The FIB column is quite similar to the SEM one. The ion beam is emitted from the ion gun, accelerated by a high voltage electric field, focused by a number of electromagnetic lenses, and using a scan coil to regulate its scanning on the surface sample. Secondary Electrons (SE) and Secondary Ions (SI) are generated during the ion-matter interaction, allowing to produce an image. The Secondary Electrons (SE), Secondary Ions (SI), Backscattered Ions (BSI), and X-rays, etc. Scale of elements is not respected.

Sample Sample stage

SEM column

Sample chamber in vacuum SESI (SE2) detector

similar architecture leads to similar control parameters for the FIB column and the SEM column, requiring the control of both of them separately. This is accomplished by combining the FIB control interface provided by the SmartSEM software with our homemade FIB control interface to enable customized operations. In the context of this study, the ion emission current is set to 2 µA, the extraction voltage of -7.5 kV, the accelerating voltage of the FIB is fixed at 30 kV and the imaging ion current is 20 pA or 50 pA. With these settings, the FIB's resolution can reach 2.5 nm at the optimum WD and enable imaging magnification from 300 × to 500 000 ×.

The FIB column is tilted at 54°relative to the SEM column to provide another angle of observation different from the SEM view, as can be seen in the schematic diagram Fig. II.10.

The ion-matter interaction is capable of producing Backscattered Ions (BSI), Secondary Electrons (SE) and Secondary Ions (SI), as well as X-rays and other particles. SEs and SIs can be captured using In-lens detectors and SESI detectors. The captured signal will be amplified and combined with the scanning position of the ion beam to produce a FIB image. Due to the presence of Secondary Ions, The images of the SESI detector have some enhancement of the contrast of different substances in addition to topographical characteristics.

It is important to note that similar to SEM imaging, FIB imaging also produces localized charging effects on the sample. Moreover, due to the opposite charges of ions and electrons, the switching between SEM and FIB can lead to a sign change (e -/Ga + ) in the charging of the sample surface. When operating at the SEM/FIB II.2. Main functionalities of the µRoboteX platform crossbeam point, sometimes the charging effect is more severe in one imaging mode than the other (see Fig. II.12). In this case, priority should be given to using the less-charged imaging mode for interaction of objects or assembly at close distance, and avoiding frequent switching of imaging modes. This is to prevent the sample from being damaged by the movement of objects triggered by changing electrostatic forces of different imaging modes. 

II.2.2.a Subtractive manufacturing by FIB milling

In addition to providing a different visualisation angle on 2D imaging as a complement to SEM, the Focused Ion Beam system also enables subtractive modification of the sample. Unlike SEM, FIB is inherently destructive to the sample. Because of the large ion mass and its ability to bombard the sample at 9 km s -1 after being accelerated at 30 kV [ Beainou 19], the gallium ion is much more energetic than an electron beam and can therefore remove the top surface material of the sample by sputtering the material without the involvement of the reactive gas. It is a physical process commonly referred to as FIB milling in the field of micro-and nanofabrication [Giannuzzi 99, Romagnoli 20]. Since it is based on the principle of particle sputtering, many solid material can be milled using the FIB. This process also leads to the implantation of incident ions into the sample material, and the conversion of ion kinetic energy into thermal energy can lead to local heat generation of the sample.

For FIB milling of planar samples, the surface of the sample needs to be perpendicular to the incident ion beam, so the sample needs to be held on a stub with an angle of 54°to the plane of the SEM imaging plane. For complex samples with multiple milling planes, the tilt angle of the sample stage needs to be modified during the process to obtain the pose with normal incidence of the FIB on the target surface. "Milling objects" are planar shapes that are used to define the FIB milling area in the Human-Machine Interfaces. They can be defined directly over the real-time FIB image, their position, orientation, and geometry can be modified. The SmartSEM software provides three basic milling objects, which are straight line, rectangular and trapezoidal patterns. The red and green lines in Fig. II.13(a) contoured the area to be milled, using a rectangular milling object as an example. The FIB will perform a raster scan in this area, the red side highlights the side where the process will end [ Zeiss 10]. Furthermore, a homemade interface developed by our colleague Olivier Lehmann et al. allows the operator to define arbitrary shapes of the FIB pattern by a customized control of the FIB scan path. An annular scan object is shown as an example in Fig. II.13(b). In addition to the settings for FIB milling pattern, the operator also needs to set the ion beam current and the milling time depending on the desired application. High current ion beam mills rapidly but results in coarse milling edges, while low current ion beam does the opposite. To achieve a compromise between milling time and resolution, one generally determines the ion current to be used based on the volume of material to be removed. Table II.1 gives the milling current used in this work corresponding to the milling volume of the material. The control of the FIB milling process will be discussed more in detail in subsequent sections of this chapter.

II.2. Main functionalities of the µRoboteX platform

Application

Milling volume Milling current

Coarse milling ≥500 µm 3 e.g. 10 µm × 10 µm × 8 µm 5 -10 nA ≥100 µm 3 e.g. 6 µm × 6 µm × 3 µm 1 -2 nA Medium milling ≤100 µm 3 e.g. 20 µm × 2 µm × 1.5 µm 100 -500 pA Fine milling ≤10 µm 3 e.g. 2 µm × 5 µm × 0.5 µm 10 -50 pA Extra fine polish ≤1 µm 3 e.g. 1 µm × 3 µm × 0.2 µm 1 -20pA 

II.2.3 Additive and Subtractive Nanomanufacturing enabled with Gas Injection System

The Gas Injection System (GIS) is an instrument capable of releasing a localised gas cloud to the surface of a sample in the SEM vacuum chamber at a precise pressure. These reactive gases, often referred to as precursors in the literature [Erdman 10, Kong 19], can assist the electron and ion beams to achieve chemical vapor etching or deposition on the sample surface.

The OmniGIS Gas Injection System provides the ability to deliver any one of three selected deposition and etching gases, one at a time, through a single needle. Within the µRoboteX platform, they are xenon difluoride (XeF 2 ), naphthalene (C 10 H 8 ) and cyclopentadienyl-platinum (C 5 H 5 Pt), respectively. Among them, xenon difluoride provides a highly selective isotropic etch for Si, Mo and Ge, cyclopentadienyl-platinum and naphthalene, respectively, can be used to deposit platinum and carbon.

The OmniGIS interface (Fig. II.14) provides movement control of the needle position and gas release control. It has a programmable heat cycle to reduce the possibility of gas condensing on the gas feed line. The gas pressure in the feed line is monitored and controlled in real time, which can affect the results of manufacturing. The GIS needle can be driven for axial extension and retraction, and when installed in the SEM workstation, its axis is aligned with the coincidence point of the electron and ion beams to allow nanomanufacturing while performing CrossBeam operation.

The introduction of gas changes the vacuum level in the SEM sample chamber, so the SEM workstation's vacuum system will vents the escaping gas to maintain a certain pressure. Too fast gas injection will cause the SEM system to stop working, therefore the pressure in the gas feed line should be controlled at about 1.5 × 10 -1 mbar during the process.

During the experiments, the needle of the GIS needs to be very close to the surface of the sample, typically less than 500 µm. The gas injection needle of OmniGIS is approached close to the coincidence point of SEM/FIB until the needle ). Then, the selected gas precursor is heated to a suitable temperature by GIS and injected into the target surface. Depending on the deposited material and pattern area, the appropriate ion current is selected to scan the area where the deposition needs to be performed. 

II.2.3.a Additive manufacturing by Gas Assisted Deposition

With the assistance of the reactive gas injected by GIS, the electron beam or ion beam produced from the SEM/FIB column can be used to achieve additive manufacturing the sample surface with a precision of several nanometers. The II.2. Main functionalities of the µRoboteX platform precursor gas molecules injected into the sample chamber can be adsorbed on the sample surface due to van der Waals forces. With the bombardment of the accelerated electrons or ions and SEs generated on the scanned area, the energy from the beam breaks the chemical bonds of the precursor gas molecules attached to the scanned area. The molecules are dissociated into different components: the volatile components will be pumped out of the chamber and the other components will be bonded to the sample to generate surface deposition.

Deposition induced using electron beams is called Electron-Beam-Induced Deposition (EBID) or Electron Beam Assisted Deposition (EBAD), while deposition induced using ion beams is called Ion-Beam-Induced Deposition (IBID) or Ion Beam Assisted Deposition (IBAD). Their principle sequences are depicted in Fig. II. [START_REF] Kundakcioglu | [END_REF]. IBID is much faster than EBID. This is mainly because an ion beam impacting with the material produces a greater quantity of Secondary Electrons than an electron beam does. Therefore, all the local additive manufacturing performed on the samples in this study were carried out using ion beam instead of electron beam. In this work, Ion-Beam-Induced Deposition (IBID) is typically used to "solder" two micro-or nanoscale components. IBID is often used to weld different parts together during the assembly of microstructures. Although this technique enables the use of locally deposited material to join structures together, the mechanical properties of this solder are not really rigid in practice. In the micro-origami house made by Rauch et al, all the welding and the construction of the house chimney were made through IBID of carbon assisted with naphthalene precursor [ Rauch 18]. In the case of rectangle deposition patterns, their proposed IBID parameters are followed in this study, i.e., an ion flux of 5 pA/µm 2 and a scanning frequency of 20 000 Hz and 0.2 Hz for the FIB in the x and y directions of the deposited pattern, respectively.

II.2.3.b Subtractive Manufacturing by Gas Assisted Etching

The electron or ion beam can also be used to achieve subtractive manufacturing by chemically remove material, with a reactive gas such as xenon difluoride, the local etching (refer Ion-Beam-Induced Etching (IBIE) or Reactive-Ion Etching (RIE) is an enhanced subtractive manufacturing process compared to FIB milling. The main difference between FIB milling and gas-assisted IBIE is that the former is physical sputter etching while the latter is chemical etching. While IBIE with xenon difluoride is mainly used to etch Si-containing material, FIB milling can be used to remove many solid materials. In literature some experimental investigation found that the removal rate of silicon by a gallium FIB could be enhanced by 100 times when used in conjunction with the XeF 2 gas (see Fig. For subtractive manufacturing large volumes of Si-containing material, gasassisted IBIE is more commonly used, while physical FIB milling is commonly used for removing other materials of small volumes. Since the sample material of interest in this thesis is small in volume, all subtractive manufacturing in our work are carried out with FIB milling. Together, these additive/subtractive processes enabled by SEM/FIB+GIS are particularly suitable for the nanometer regime due to the ability of modern SEM/FIB to reduce the diameter of the focused electron/ion beam to several nanometers. The volume of material that can be processed with these electron/ion beam induced nanomanufacturing techniques is generally of the order of tens to a few hundred micrometers cube. These direct-writing processes can produce flat or topographic patterns on the sample surface as shown in Fig. II.19, but the growth rate of deposition or etching rate is slower compared to other lithography techniques, such as Electron Beam Lithography (EBL). Electron and ion beam induced nanomanufacturing techniques are more often used to individually modify the surface structure of a specific sample in SEM.

The various visualization and manufacturing functionalities brought by adding FIB and GIS to the SEM can be summarized in Table II.2. On this basis, the characterization and assembly operations enabled by the positioning robotic systems will be presented subsequently. 

FIB column GIS

II.2.4 Robotic manipulation in the vacuum chamber

A sample placed on the sample stage can be observed and processed using the SEM and FIB's functionalities presented above. A 6-DOF nanopositioning robot has been added in the SEM's vacuum chamber to perform relative motion between two samples or one sample and a tool. It can bring a tool or sensor, or carry different micro-and nano-objects to the structure on the sample stage, allow assembly tasks by soldering two parts using the IBID process. The nanopositioning robot is much larger in dimensions (several cubic decimeters) than the SEM/FIB imaging area, controlling their pose and movement in 3D space is not an easy task.

When using SEM or FIB for imaging and fabrication, the positioning and movement of the sample are performed in the corresponding reference frame. To enable the closed-loop positioning of the sample or tool, four reference frames are defined, which are the SEM frame, the FIB frame, the sample stage frame, and the nanopositioning robot frame.

The SEM frame and FIB frame origins are defined at the same point, which is the coincident point of the SEM column axis and FIB column axis (refer Fig. II.20). Their x-axes are also coincident, oriented towards the sample chamber door. The SEM frame is defined with the xy-plane perpendicular to the electron beam and the z-axis opposite to the direction of incidence of the electron beam. Similarly, the FIB frame is defined as the xy-plane perpendicular to the ion beam, with the z-axis opposite to the direction of incidence of the ion beam with an angle of 54°t o the electron beam. The control of the sample stage, the nanopositioning robot, as well as their frames will be described in this section. As a component designed for the SEM workstation, the sample stage can be controlled for movements in the SEM sample frame. In the case that the sample needs to be observed in SEM and FIB dual vision to perform CrossBeam operations, the sample needs to be positioned at the coincidence point where the electron beam intersects with the ion beam. Due to the diversity of sample shapes and poses, this process is not automated in practice. It requires manual control of the sample stage movement for alignment depending on the actual sample.

The target area on the sample needs to be first centered and focused in the SEM view at a long Working Distance, the "Track Z " function of the control interface needs to be turned on so that the focus can be changed automatically tracking the sample stage moves along the z-axis of SEM frame (z SEM ). Then, by lifting the sample stage, the Working Distance should be set to the distance between the coincidence point and the SEM objective, within the µRoboteX platform it is 5.1 mm. The visualisation then needs to be switched from SEM view to the FIB view to adjust the position of the sample. It should be noted that once the target area has been centered in the SEM view, the sample stage should no longer be moved in the xy direction in the FIB view, but only finely positioned in the z-axis direction. If the x position of the sample in FIB image is not well aligned with SEM view, the beam shift function (described in Section II.2.1) should be used to adjust the direction of the electron or ion beam, to ensure that the two beams are intersected at the coincidence point.

II.2.4.b Nanopositioning robot

The nanopositioning robot is a serial-link robotic system, further referred to as a robot. Six individual actuators from SmarAct company are used as six robotic joints to construct the robot and each joint j has one Degrees of Freedom (DOF) represented either as a translational movement for prismatic joints (P) or rotational movement for revolute joints (R). All joints are equipped with position sensors. A 3D CAD model of this 3P3R robot can be seen in forward kinematics are presented in Table II.3. It should be noted that for revolute joints, angles θ i are replaced with joint variables (the values given by sensors). The same is true for r i and prismatic joints. The base of the nanopositioning robot is fixed on the chamber ceiling, the frame associated to it is also fixed and denoted as R 0 . Other frames R i with i ∈ (1, 2, • • • , 6) correspond to six robot joints. The transformation matrix between two joints j i-1 and j i can be expressed as follows:

i-1 T i = rot (⃗ y, β i ) • rot (⃗ x, α i ) • trans (⃗ x, d i ) • rot (⃗ z, θ i ) • trans (⃗ z, r i ) (II.1)
The free end of the robot holds a tool or a sample as end-effector. The tool frame associated with the tip of the tool is noted R t . The transformation matrix between R t and R n is: II.3. Planar patterning with FIB milling 

β i α i d i θ i r i degrees degrees mm degrees mm j 1 0 0 0 0 j 1 j 2 0 -
n T t = trans (⃗ x, x t ) • trans (⃗ y, y t ) • trans (⃗ z, z t ) (II.2)
Thus, the pose of the end-effector may be computed as a series of transformations involving every link from the base frame to the tool frame:

0 T t = 0 T 1 1 T 2 • • • n-1 T n n T t (II.3)
By transforming the robot base frame to the SEM frame and the FIB frame, respectively, the robot's end-effector can be moved in the SEM view and the FIB view in closed-loop control. Visual servoing can also be achieved by converting the robot base frame to the SEM/FIB camera frame in the same way. These transformation matrices was determined numerically from the CAD model of the SEM vacuum chamber [ Guelpa 18]. Visual servoing is a technique allowing to control a robot by using the feedback from a visual sensor. In our case, the operator can specify the position to be reached by the tool mounted on the nanopositioning robot by mouse clicks in the SEM or FIB image of the HMI software. The parameters of each joint corresponding to the target position will be obtained by solving the Inverse Kinematic Model (IKM) of the robot using an iterative algorithm and planning a path to follow.

Robotic manipulation of objects in these different frames was performed throughout the thesis research. During the experiments, the configuration of the sample stage and the robot often need to be adjusted according to the needs of the relative positions of the sample and the tool. At different stages, the sample stage and robot need to be switched to the corresponding frames for observation, movement, characterization, and assembly purposes. The following research will combine the numerous µRoboteX platform functionalities that were previously presented.

II.3 Planar patterning with FIB milling

The µRoboteX platform's operation and primary functionalities were covered in the first two sections of this chapter. The origami fabrication process that can be implemented based on these functions will then be studied. This process enables the transformation of a planar structure produced by conventional microfabrication into a 3D structure that comes out of the plane. It can be accomplished by cutting and folding the planar membrane using material removal induced by FIB milling, as shown in ). The thickness of the membranes is a few hundred nanometers to about 1 µm, and since they are very thin, they are surrounded by a substrate frame about 390 µm thick to facilitate manipulation of the sample. Details of the parameters of the silica membranes and the material preparation can be found in Appendix E. The planar pattern cutting process is a preliminary step to the origami structure fabrication, because the folding must be performed on a 2D pattern that possesses a free end to move.

To cut such a 2D pattern on the membrane surface, the sample needs to be placed at the beam coincidence point to enable the Crossbeam operation as shown in Fig. II.4. Since the electron beam has a greater penetration depth in the material than the ion beam, it is easier to locate boundaries of a membrane in the SEM image. The cut lines can be defined in the SmartSEM interface over the FIB image of the sample using milling objects in different shapes as described in Section II.2.2.a. It is possible to cut the membrane sample very quickly using straight lines with FIB spot width. However, considering that the cut pattern needs to be folded out-of-plane subsequently, the width of the cut lines should be at least 1.5 times wider than the thickness of the membrane as shown in In this study, almost all pattern cut lines were made using rectangular milling objects instead of straight lines, which made it easier to control the width of the cut lines. Each rectangle cutting area should be defined using the length and width, respectively. The thickness of the membrane was used to determine the milling time of each milling object. The method of calculating the milling time based on the material volume to be remove will be discussed in detail in Section II.5.

The entire pattern containing milling time and geometric parameters of each milling object can be stored for reproduction of 2D patterns with the same geometry. The width of each cutting line was set to 1.5 µm, and the ion beam was scanned at 20 000 Hz and 0.2 Hz in the FIB imaging frame x and y directions, respectively.

The same FIB milling mode as for deposition was applied to the cutting process to obtain a homogeneous milling effect. Since the milling time for each milled object is paired with the membrane thickness, switching between each milled object does not require human intervention. The automated cutting process therefore reduces the time required for processing. For the 787 nm thick silica membrane used in this work, fine cutting of a pattern approximately 50 µm long with 1.5 µm width lines (see Fig. II.27(b)) takes about forty minutes to complete. It could also be accomplished in a dozen minutes by coarse milling. The compromise between milling fineness and milling time is made by referring to Table II.1 to select the appropriate ion current.

II.4 Principle of origami folding by Focused

Ion Beam Thermal-Induced Deformation

In the previous section, the manufacturing of 2D patterns on the membrane was implemented. Then, the process of folding these patterns into 3D will be investigated. The method of making 2D patterns into 3D by cutting and folding is often expressed in the literature as Kirigami / Origami, the art of paper cutting and folding [ Chen 20]. We are particularly interested in the physics of the joint thinning and folding process at the micro-and nanoscale, namely the Origami process. The objective is to study the fabrication of joints and its control to replicate joints with minimal dispersions.

One major issue of the origami process is that, when it comes to the microand nanoscale, it is extremely difficult to find a direct and sophisticated enough "hand" to accomplish the folding process, like the way employed in macroscale. Recent studies have shown that FIB can result in the folding of micro-and nanostructures [ Li 18]. One must first understand how the FIB folds a planar structure in order to be able to create a 3D origami structure in SEM. When using FIB to observe and process ultrathin structures, it has been first observed in 2006 that FIB irradiation causes the free ends of the thin structures to bend towards the direction of FIB beam [ Park 06]. Xia et al. [Ling Xia 06] similarly observed self-folding on a 50 nm thick thin cantilever structure using FIB for local milling and suggested that the folding might be caused by tensile stresses generated by a ion irradiated layer. This folding method was found to be applicable to make complex 3D structures on the micrometer to nanometer scale, as demonstrated in Fig. II.28. This phenomena has gained the research community's interest in using this method to fabricate three-dimensional structures. Cui et al. first applied this method to produce 3D photonic structures like a "nanograter" in 2015 and has subsequently attracted increasing research interest from the optical community [ Cui 15]. These photonics 3D structures are typically cut and folded on thin film samples with thicknesses of a few tens of nanometers. 

Kim et al.

[ Kim 06] attribute this folding phenomenon to atomic vacancies sputtered by gallium ions on the surface of the sample create a tensile stress, and then the gallium ion implantation at deeper depth creates residual compressive stresses to the sides. Subsequent studies [Tripathi 08, Borschel 11, Cui 15, Liu 18a, Li 18] mostly used this statement and gradually began to use Focused Ion Beam Stress-Induced Deformation (FIB-SID) to refer to this folding process. By performing TEM analysis of the lattice structure to the folded part of a thin Al beam sample, Chalapat et al. [Chalapat 13] observed that the back surface of the FIB-irradiated beam structure showed volume expansion relative to the front surface. They conclude that the plastic deformation of the beam is related to the insertion of ions into the grain boundaries of the nanocrystalline metal. This statement seems to be able to explain the phenomenon that the shape of the structure can be fixed at a specific angle after folding since the analysis is performed to the static sample after the fold is finished, while for the dynamic folding process, it is assumed to be related to the local inhomogeneous heating of the sample caused by ion deposition.

The principle of the unidirectional folding behavior is explained for the first time in terms of temperature differences at different depths of the structure when the membrane is milled by FIB in [ Rauch 18]. They observed that the self-folding process starts at different thicknesses depending on the material, but it always starts at the same thickness for the same material membrane in all conditions. The selffolding process is therefore considered to take place in a volume that corresponds to the sputtering volume of the FIB milling process. As it was explained in Fig. II.29, this volume is divided into two zones due to the different behavior of the gallium ions. The upper zone is penetrated by the gallium ions with a high speed during the milling process, while the deeper zone undergoes more energy transfer from the ions' kinetic momentum to the thermal energy of the material as the gallium ions are reflected in this area. This results in a lower temperature in the upper zone than in the deeper zone. As the milling progresses, the thickness of the unaffected material below the sputtering volume becomes thinner and thinner, hich results in the dominance of sputtering volume in depth of the joint, and thus leads to self-folding of the milled joint with very thin remaining material due to the difference in thermal expansion between the upper and lower layers.

A number of studies have shown that the process parameters of FIB milling, such as the scanning strategy, the ion beam dose, the acceleration voltage, and the length of the suspended stripes, influence the structural deformations a lot [Liu 18b,Li 21b]. The work of Mao et al. [Mao 16, Mao 17] demonstrates the ability to control the angle of bi-directional folding of a 100 nm thick membrane between -70°and 90°b y controlling the FIB milling ion dose. It shows that the FIB induced folding structures have very small dimensions and the local folding can be fabricated for a large angular range, and it is possible to obtain different folding angles with the same membrane by controlling the FIB milling process.

This phenomenon was studied further in the subsequent work in our team [ Benouhiba 21]. Two zones of the ion sputtering volume of an aluminum joint were identified (see Fig. II.30). The first upper zone is about 40 nm deep, in contact with the sputtered surface has a +∆T temperature gradient (~400 °C) and the second deeper zone of 40 nm also has a + + ∆T gradient (~600 °C). At this scale, the predominant thermal phenomenon is conduction. They combined the results of Mao et al. with the folding theory proposed by Rauch et al. to take into account the rigidity of the joint bottom zone which is unaffected by sputtering, thus explaining the FIB-induced bi-directional folding process.

The bottom zone remains at room temperature since it was not affected by sputtering and therefore did not lead to thermal expansion as in the case of the two former zones in sputtering volume. The thickness of this bottom zone becomes thinner with FIB milling. When the thickness of the latter reaches 100 nm and less, II.4. Principle of origami folding by Focused Ion Beam Thermal-Induced Deformation Figure II.30 -Illustration of the FIB milling during the joint fabrication process [ Benouhiba 21]. The process starts with the FIB milling to reveal the aluminum layer, and continued ion sputtering will generate three zones with different temperatures, causing a downward fold. It will return to its original state as the thickness of the unaffected section decreases, and then continue with the upward folding.

the bottom layer is not rigid enough to keep the shape of the entire joint, so the structure bends downwards thanks to the differential expansion between the three zones. As the thickness of the bottom zone continues to thin, three zones become two zones. The temperature difference between the two top zones in the sputtering volume becomes dominant, causing the structure to fold upward. Finally, when the FIB irradiation stops, the fold stays folded and does not come back flat. The temperature of the joint causes irreversible plastic deformation, as a result of a delicate thermal balance between the thermal energy induced by the FIB and the energy dissipated in the substrate by conduction.

In order to better understand the bidirectional folding behavior, the study has investigated finite element thermomechanical modeling based on the previously mentioned explanation. Since the finite element model cannot simulate the process of FIB milling, it is performed based on the depth change of the volume removed by milling at the defined location, i.e. the milling depth. The simulation based on this theoretical model shows a very good fit to the experimentally observed bi-directional joint folding behavior as presented in Fig. II.31. This folding theory is different from the stress-induced folding theory proposed in previous studies, and in order to distinguish between the two theories, our folding process based on this thermal theory can therefore be referred to as Focused Ion Beam Thermal-Induced Deformation (FIB-TID).

From the results of Benouhiba et al. one can see that the folding angle of a given sample is closely related to the remaining thickness of the joint milled by the FIB. This folding process can be done by precisely controlling the ion dose of the FIB milling process. For a given material, a determined ion dose means that a certain volume of material is sputtered, so that the depth of FIB milling corresponds to the angle of self-folding.

Current state-of-the-art technologies for the application of FIB-TID folding method are used as a processing method for making 3D structures by deforming it once, thus keeping the final 3D structure static and rigid. In this thesis, we will use this method to fabricate 3D structures and go much further on this basis. The joints made by this deformation principle will be repeatedly deformed, making the final 3D component deformable. Such a paradigm shift study has never been performed in state-of-the-art research.

This study proposes the use of origami joints made by FIB-TID process as robot revolute joints. For such joints, the self-folding angle during the manufacturing process will no longer be the only criterion that needs attention, but rather the precise control of the geometry of the joint itself. It is therefore necessary to develop a specific fabrication method for the joints for nanorobotic origami structures. For nanorobotics structures with multiple joints, the geometric parameters of each joint needs to be highly controllable to obtain joints with desired mechanical properties that conform to the designed shape. This requirement led us to further quantitatively study the fabrication method of customized origami joints. 

II.5 Study of FIB-TID process to control the joint fabrication

As demonstrated in the previous section, in current state-of-the-art studies, researchers determine the state of the FIB-TID process by the folding angle. The relationship between the folding angle and the ion dose in some cases is studied quantitatively.

The control of the folding angle is done by human operators who observe the SEM and FIB images, which allow them to observe the evolution of the folding angle during the process. When operators consider that the desired angle is reached, they stop the FIB milling. The material cools rapidly due to strong thermal conduction, resulting in the angle to freeze. This manufacturing method naturally results in difficult control of joint manufacturing, as folding the joint to the desired angle is a dynamic process.

It is difficult for the operator to tell exactly when to stop the FIB milling, and it is also difficult to repeat the fabrication of several joints having same properties. In the case of milling with a strong ion current, the whole bi-directional folding process can happen in few seconds or even faster, thus it is extremely easy to cause the joint part to be milled directly to fracture. Conversely, if a too weak FIB current is used, the longer folding time leads to the failure of the upward folding as the heat generated locally in the joint cannot generate a large enough difference in thermal expansion due to heat transfer within the material. Therefore, the ion current used for joint folding needs to be specified.

Moreover, a clear view of the FIB milling sample using SEM during Crossbeam operation is tricky. Only very noisy images can be obtained, making it very difficult to visually stop milling when the joint is folded to the desired angle. Therefore for inexperienced operators, making folded joints using the FIB-TID process is a very challenging task. To our knowledge, no research has been done so far on the reproducibility of the joints. The FIB milling parameters, the material of the sample, and the thickness of the membrane all have an impact on the folding angle during the process.

In our work, the joints used for robotics are not static joints, they are expected to be able to rotate repetitively, so the folded angle by FIB-TID is not used as the only joint fabrication criterion. It is necessary to establish a fabrication process that allows the control of the FIB milling parameters to produce joints that conform to the geometric design. This would allow the replication of joints with the same characteristics. Such a fabrication procedure has never been designed as far as our knowledge. In this section, joint fabrication procedures based on this approach will be discussed in detail.

To precisely control the FIB milling process from the target joint, one needs to consider the following steps:

• First, design the required joint geometry, i.e. the length, width and height of the hinge.

• Second, determine the volume, geometry and sputtering rate of the material to be removed.

• Third, determine the FIB milling process parameters, includes ion current, milling area and time.

• Finally, create a milling object at the joint position according to the these parameters and run the process. The membrane thickness t membrane is determined firstly by the profilometer or SEM measurements. Then we define that the target milling depth d mill is the difference between the membrane thickness t membrane and the desired joint thickness t joint (see Fig. II.32), i.e.

d mill = t membrane -t joint (II.4)
The milling is considered to be uniform in the membrane thickness direction, based on the designed joint area A, the volume of material V to be removed by sputtering can be expressed as:

V = A • d mill = x • y • d mill (II.5)
In this study, the surfaces of the "hinge" joints to be milled by the FIB are rectangular, defined by width x and length y in the FIB milling object interface,

A = x • y.
The quantity of ions corresponding to this volume of material removed needs to be obtained by the sputtering rate of the material. For the FIB milling process, the sputtering rate of the material S r is defined as the volume of material removed by sputtering per unit charge of ions, commonly given in µm 3 /nC, and sometimes referred to in the literature as the sputtering yield. Table II.4 lists the sputtering rates of common materials milled by 30 keV gallium ion beam [FEI 04, Fu 08]. Therefore the quantity of ions N corresponding to the sputtered material with the volume V is:

N = V S r • e (II.6)
where e is the elementary charge carried by each gallium ion, e =1.602 × 10 -19 C. The quantity of ions can also be expressed as the product of ion current I and milling time τ , i.e.

N = I • τ e (II.7)
Combining Eq. (II.6) and Eq. (II.7) and substituting Eq. (II.5) yields the expression for milling time: It can be seen that once the FIB milling current I is selected, the milling time τ can be estimated from Eq. (II.8). It is assumed that by applying these parameters, one can produce joints with well-designed characteristics. The relation between the folding angle and the milling depth allows this approach to be applied to control the self-folding process as well. To reduce the waiting time before the folding takes place and to allow a precise control of the FIB folding angle during the folding process, the entire FIB-TID folding process is divided into two stages for membranes thicker than 200 nm.

τ = V S r • I = x • y • d mill S r • I (II.8)
From the folding theory model presented in the previous section, one can see that the free end of the membrane is static until the thickness of the joint reaches a certain range, so this stage of the process of thinning the joint can be milled II.5. Study of FIB-TID process to control the joint fabrication with a high current to reduce the machining time. When the thickness of the joint almost reaches the requirement for folding to take place, the FIB will be switched to a lower current to continue milling the joint. This approach enables to ensure that the dynamic process of bi-directional folding does not finish too quickly, and it is possible to control precisely the milling time to achieve the designed folding angle. In this study, the process before the joint thicknessse are milled to 200 nm was defined as the thinning step, and this part is milled using an ion current of 500 pA to 1 nA. For the subsequent folding stage, ion currents of 50 pA, 100 pA or 200 pA were applied. The milling times for these two stages should be determined separately by Eq. (II.8).

Verification of milling depth control

The key to the control of the folding process deals with the control of the milling depth. To manage that, the ion beam needs to be well aligned to the FIB column axis, and the selected FIB current should be well calibrated. This prevents ion beam drift and minimizes the actual milling depth error. Uncalibrated currents are likely to have large errors from the displayed values. In this work, the FIB alignment and current calibration is performed through the FIB control interface of the SmartSEM software. The alignment of the FIB spot position is achieved by adjusting precisely the aperture position, and the calibration of the current is achieved by adjusting the condenser voltage.

In order to verify the accuracy of the calibrated FIB in terms of milling depth control, a set of experiments was performed. Different milling objects with the same geometry were processed on the boundary of a 1.2 µm thick silica membrane sample using different FIB currents. Then the milling depth was measured using SEM by observing from the side of the removed volume. The results show that the milling depths of the ion currents achieve a good agreement with the estimated depths based on the sputtering rates of the materials, except for the 500 pA which shows some deviations between the actual depths and the estimated values. It was recalibrated subsequently by an adjustment of the corresponding aperture position. Based on the precise calibration of the FIB and the control of the material-related milling parameters, the error for milling depths of hundreds of nanometers is controlled to less than 30 nm. In the case of fine milling with ion currents less than 200 pA, the error is around 10 nm. These results are used in this thesis for the precise control of the joint geometry by the presented fabrication method.

In practice, the application of this control method is able to guarantee a folding success rate close to 100%, almost completely avoiding damage to the joint by strong ion currents. Reproducible machining of joint with designed geometry characteristics by this method was demonstrated by the mastering of the milling depth process. The results of the calibrated FIB milling proved to be very similar to the estimated results.

As for the FIB-TID self-folding stage, the folding of the first angle joint cannot be fully automated at present due to the extremely complex multiphysical localized behavior of the joints during the process, so a fine adjustment of the milling time based on observation is required for the first folding. However, the control of the folding angle can be performed at an appropriate speed while ensuring the control of the joint characteristics. Milling parameters can be saved and applied to reproduce the required joints with defined characteristics.

Conclusion

In this chapter, the technique of fabricating origami joints in the SEM vacuum chamber was studied. The µRoboteX platform provides the instrumental environment for realizing the work of this thesis. The functionalities and utilization of its main components were presented. Among them, the dual-view capability provided by SEM/FIB CrossBeam operation is very important for the observation and processing of the studied sample in SEM vacuum chamber. The combination of the SEM sample stage and the nanopositioning robot enables the manipulation of the sample like human hands working together, which also appears very usefull for the further study of the joints in next chapters. In addition, the use of SEM/FIB in combination with GIS enables additive and subtractive manufacturing to be achieved locally on the sample surface with nanometer resolution, which further increases the scope of application of the platform. In this study, this functionality was used to enable soldering to link samples of different materials. All these functionalities provide feasible technical means to support the fabrication of nanorobotic structures based on origami joints in subsequent chapters of this thesis.

For the purpose of this thesis, such joints are used as robotic joints to make deformable 3D origami structures, and it is necessary to fabricate the joints in a controlled and repeatable manner. The fabrication of origami joints at the microand nanoscale is enabled using the sputtering material-based FIB milling technique. It is divided into two sequential steps: cutting and folding. First, the cutting of 2D planar patterns from a membrane was introduced. Repeatable cutting of a defined pattern can be automated using a combination of multiple FIB milling objects.

Secondly, the fabrication of joints via local FIB thinning was introduced. The FIB-TID principle was considered as a unique reason for being able to make selffolding joints at this scale. The 2D patterns are deployed as 3D structures by this folding process. A study of the literature on this principle was carried out to learn more about the physics that causes this phenomenon. The use of this principle to make self-folding joints is a recent technology. The material composition, crystal structure of the joints fabricated using this method are still largely unknown due to the difficulty of studying them at the nanoscale. The theory of folding based on thermomechanical effects has been proposed in previous works by our team, but at present there is no effective method to experimentally verify the temperature change during the folding process. However, it is assumed that the control of joint characteristics can be achieved through the precise setting of FIB milling parameters adapted to the design.

In this study, we proposed a fabrication method that respects the geometric design of joints based on the control of milling depth. The setting of FIB parameters for the joint fabrication process is based on the sputtering rate of the sample material. A good realization of the joints relies on the calibration of the FIB, which we have done in this work. The predictive fabrication of a given milling object to the target milling depth was experimentally verified by the calibrated FIB. This fabrication method enables to achieve precise control of the joint geometry characteristics, and enables the reproduction of joints with designed characteristics. Based on the control of the milling depth, the joints can be made in multiple steps with different ion currents. The experimental study of the FIB milling parameters allowed us to master the control of the milling geometry and the process rate. Different ion currents were selected to suit the need for fast milling of the joint thickness or fine control of the FIB-TID folding angle. It is particularly important in SEM, avoiding drift of the sample milled over long processing times. This also gives a good balance between efficiency and refinement in the fabrication process.

Through the contents in this chapter, the generalized methods and principles for making reproducible origami joints to create 3D structures in SEM were discussed in detail. These findings allowed us to further study the properties of these origami joints and their possible application as robotic joints in the next chapter. 

Introduction

In the previous chapter, the origami folding of thin membranes realized using the FIB-TID principle was studied. The controllable fabrication process of these joints was also investigated through experimental studies of FIB milling parameters. In this thesis, silica is chosen as the material for the fabrication of joints. As a ceramic material, bulk silica is very fragile at the macroscopic scale and cannot undergo large deformations. However, the mechanical properties of thin film materials at micro-and nanoscale are quite different from their bulk counterparts [Arzt 98, Haque 04, Hemker 07]. Silica joints with thicknesses close to the nanoscale are assumed to have the potential for elastic behavior and therefore may be used to create sub-100 µm active nanorobotic structures.

The objective of this chapter is to experimentally investigate structure composed with these silica joints as well as their deformation and motion, such as elastic behavior, workspace, and motion repeatability.

Since the fabrication of polyarticulated structures using this method at the sub-100 µm scale is a new concept in the state of the art, there are many open questions to be explored, which fall into the following main directions:

• Polyarticulation, i.e. integrating several joints. It is to study if multiple folding joints can be integrated in the same structure with FIB-induced folding method.

• Joint behavior. It is to investigate whether joints can be deformed by external forces and whether this deformation is elastic or plastic. The range of motion of these joints has not been studied. The repeatability of the motion of this structure has not been studied so far either.

• Hybrid. The assembly of polyarticulated structures with different materials has not been realized at this scale. It is also not known whether the joints can support the assembled hybrid structure to maintain a desired shape.

• Mounting. That is, whether such a polyarticulated structure can be mounted on the tip of an optical fiber tip. The results of this preliminary study is to establish the possibility of using such joints to make actuation and sensing that is compatible with the Lab-on-Fiber (LOF) approach.

To investigate these questions, a prototype structure is studied in Section III.1 to qualitatively assess the possibility of fabricating such structures. The above questions will be explored for the first time through this study. In Section III.2, the mechanical behavior of such joints will be studied quantitatively.

This preliminary work then leads us to the quantitative case study of a polyarticulated structure's motion. The objective of this novel motion paradigm study is to demonstrate the capability of transforming motion for such sub-100 µm polyarticulated structures, as well as their capability to perform nanoscale repeatable motion. Such studies require dynamic observation of the motion of the sample in SEM, which is very challenging. The robotics motion case study of a polyarticulated origami structure based on SEM image vision will be carried out in Section III.3. The structure's workspace will be modeled through kinematic analysis, and then verified experimentally with its motion repeatability.

III.1 Preliminary study towards hydrid and polyarticulated structures

As a first attempt to qualitatively investigate these questions, a polyarticulated hybrid structure is designed to be mounted on the tip of an optical fiber. The design schematic of the structure is shown in Fig. III.1. To address the feasibility of increasing the number of joints in the structure, four silica joints j 1 , j 2 , j 3 , j 4 are designed symmetrically to fold a 2D pattern into a 3D origami structure. The silica plates between the thinned silica joints are rigid links. The central rigid link is used as a base for fixation, the other links are labeled L 1 , L 2 , L 3 , L 4 . The chain of links and joints enables this silica origami to be considered as a polyarticulated structure. The optical fiber is manipulated by the nanopositioning robot for assembly with the polyarticulated structure on the sample stage to verify the feasibility of mounting a polyarticulated structure with such joints to the Lab-on-Fiber device. The silica polyarticulated structure is to be soldered on the optical fiber tip through the FIB-induced deposition. The solder joints are fabricated by the ion irradiation of naphthalene gas introduced by GIS and are mainly composed of carbon. The structure mounted on the optical fiber tip is able to be manipulated to interact with other samples. The qualitative study of the deformation of the structure is Chapter III. Large-workspace polyarticulated passive structures based-on folded silica joint induced by interactions such as pressing and toggling the structure. It is of great interest whether the joints will be deformed and whether they can return to their original position after deformation.

To investigate whether a hybrid structure can be made by assembling different materials together, a piece of lithium niobate thin membrane is used as a top plate to be assembled on the silica structure to form a hybrid linkage structure with closed chain. These two materials are assembled by solder joints j 5 and j 6 made of carbon deposition. The mechanical support capacity of the silica joints and solder joints are observed by the results of this assembly.

The polyarticulated silica structure was fabricated first. A 787 nm thick silica membrane was used to cut the 2D silica pattern by FIB milling. Its was aligned by the sample stage to the Crossbeam operating position where the electron and ion beams overlap, with the surface perpendicular to the z-axis of the FIB. The pattern produced is a 120 µm × 30 µm rectangular piece as shown in Fig. III.2. The base at the middle of the pattern is connected to the membrane substrate by two breakable links. The length along x-axis of each rigid link is 20 µm and the length of each joint is 2 µm. The cut free boundaries allow the pattern to be folded into a 3D origami structure subsequently by FIB milling. The joints linked with 20 µm length rigid links can be folded by the FIB-TID principle as presented in Section II.4. Fig. III.3 shows each joint folded sequentially without interfering with the folding of the other joints. The four joints were designed with a thickness of 100 nm to achieve upward folding. Since the geometric parameters of each joint are the same, same FIB milling parameters were applied to fabricate the joints. Using 30 µm × 2 µm milling objects, the joints were first thinned using a 500 pA ion current for 300 seconds and then the self-folding angle of the joints was controlled with a 100 pA ion current for 200 seconds. The obtained out-of-plane self-folding angles were about 60 degrees. After all joints have been folded upwards, the assembly operation begins. The optical fiber tip and the polyarticulated silica structure were moved separately to the crossbeam operating position to align the center with the z-axis of the FIB. Since these two alignments could not be done simultaneously due to the obstruction of the sample substrate, the optical fiber tip was first aligned and then moved by the nanopositioning robot to move away from the crossbeam point in the opposite direction of the z-axis of the FIB, keeping its alignment during the movement. After the structure is aligned, the optical fiber tip then moves back to the crossbeam point along the FIB z-axis. This is done until the top facet of the optical fiber tip touches the bottom of the polyarticulated structure base as shown in Fig. III.4. They were assembled together through deposition achieved by the FIB in conjunction with the GIS, the 2 µm × 2 µm milling objects were used to create deposition at the four corners of the base with 20 pA ion current. Then the breakable links were milled by FIB milling, the robot manipulated the optical fiber tip to retract along the z-axis of the FIB to release the assembled polyarticulated silica structure from the substrate. The rectangular top panel was cut from a 1 µm thick lithium niobate membrane using the FIB, with slots reserved for the assembly with the tips of L 1 and L 4 as shown in Fig. III.5. Then the top plate, structure and fiber were aligned to the z-axis of the FIB for assembly. The tips of the two links were inserted into the slots from the back side and fixed by soldering using GIS, the top surface was separated from the substrate by FIB milling, The assembled hybrid structure is released backwards along the z-axis of the FIB by the manipulation of the robot. silica joint The fabrication of this hybrid linkage structure proves that it is practically feasible to create polyarticulated structures by the proposed approach based on FIB-TID. When folding multiple joints in the same chain, the folding needs to be performed sequentially starting from the free end of the chain towards the fixed end. This is because the folding process of the joints requires the structure to be perpendicular to the ion beam and the joints cannot be made on links that are already folded out of plane. Folded joints will keep the folding angle unchanged in subsequent joint folding processes. Care needs to be taken to prevent the ion beam from being obstructed by the folded links. (c-e) As the optical fiber tip continues to move to the right, the contact force from the membrane deforms the linkage chain and a counterclockwise rotation of the joint j 1 can be observed. (f) The optical fiber tip is moved to the left, the link L 1 is separated from the membrane, and the two joints are immediately returned to their initial positions.

III.1. Preliminary study towards hydrid and polyarticulated structures

During the assembly process, the deformation behavior of silica joints was observed for the first time by toggling and pressing the polyarticulated linkage chain laterally along x-axis and vertically along z-axis. The left portion of the structure (L 1 -j 1 -L 2 -j 2 ) is considered as a bi-articulated linkage chain. It was mounted on the tip of the optical fiber and then manipulated by the robot to interact with the membrane boundary. Under the action of a lateral force, the linkage chain was observed to deform and rotate around the joints as seen in Fig. III.6. The linkage chain was observed to be rotated by approximately 30 degrees. The next attempt was to separate the linkage chain from the membrane boundary by moving leftward the optical fiber. Separated linkage chains were observed to be able to recover their initial position immediately by a fast movement without any hysteresis.

Similarly, when compressed by vertical forces from the bottom of the membrane, as shown in Fig. III.7. The deformation of the linkage chain was also observed. Joint j 1 was rotated by about 20 degrees under the vertical pressing force. The charging effect resulted in making an electrostatic adhesion between the link L 1 and the membrane bottom, this results in a slight vertical stretching of the chain when L 1 is separated from the membrane. The results of the separation achieved by the downward movement of the optical fiber show that the linkage chain again recovers its initial position by fast movements without any hysteresis. These observations quantitatively demonstrates the elastic behavior of these silica joints. They are deformable and therefore have the potential to be applied to make active structures. Chapter III. Large-workspace polyarticulated passive structures based-on folded silica joint

In addition, the results of the assembly of silica polyarticulated structures with a lithium niobate top plate also demonstrate the feasibility of using hybrid materials for structural assembly. It can be observed from the hybrid structure assembled on the optical fiber that these silica joints can provide sufficient mechanical support. The proposed approach for fabricating the polyarticulated deformable Lab-on-Fiber structure is shown to be feasible.

III.2 Investigating the mechanical behavior of silica thin material

The elastic behavior of the joint made of silica membrane was explored in the previous section. Its deformation was observed with almost no hysteresis. In this section, the elastic behavior of silica joints is studied quantitatively by deformation experiments on a silica cantilever beam.

A scale effect observed in the literature for nanoscale thin film materials is the reduction of Young's modulus [Haque 04, Huang 00, Soleimani 22], which has been attributed to specimen density [ Sanders 97] and grain boundary compliance [Shen 95]. The Young's modulus of a variety of micro-and nanoscale thin film materials has been shown to be reduced by approximately 20% compared to the counterpart bulk material [Huang 00]. This elastic constant is of significant interest for the mechanical design and modeling of polyarticulated origami structures fabricated using such materials.

The Young's modulus of the silica membrane is characterized by measuring and modeling the deformation of the cantilever beam under load force. The torsional spring constant of a typical joint fabricated by the FIB-TID principle is also characterized by force-deformation experiments of a silica joint created on the beam. These studies were performed with the help of Yves Gaillard of the Department of Applied Mechanics at the Femto-ST Institute.

The force and displacement curves of the sample are first obtained by pressing the silica cantilever beam with a force measuring tip to study the flexural stiffness of the rigid segment, followed by pressing the cantilever beam with a locally thinned joint in the same manner to determine the torsional spring constant of the joints. The NHT2 Nanoindentation Tester from CSM Instruments was used to perform this experiment to control the tip movement and force measurements, as shown in Fig. III.8. The displacement of the indenter is closed loop controlled and the load force is measured by a known spring constant based on position measurements. Since one end of the silica beam is free to move, the material structural damage to the beam by the indenter tip (i.e. indentation) is negligible, so the displacement of the indenter tip pressing on the beam is considered equal to the displacement of the beam downward at the contact position. 

III.2.1 Study of a silica cantilever beam

As a typical material used to make silica polyarticulated structures, a 100 µm × 20 µm silica cantilever beam was fabricated by FIB milling on a 787 nm thick silica membrane, as shown in Fig. III.9. The silica membrane material is assumed to be homogeneous and isotropic. The sample frame of the beam is defined to facilitate the description and subsequent modeling. The origin is defined at the center of the embedded end of the beam, the x-axis is oriented along the length of the beam toward the free end, the y-axis coincides with the width of the beam, and the z-axis is oriented upwards along the height direction of the beam. In this experiment, the vertical load from the indenter tip perpendicular to the upper surface of the beam along x causes the beam to deflect downward. Since the nanoindenter tip can be precisely controlled for lateral displacements between different sets of consecutive experiments, the experiments were performed using different positions along the beam with known distance between them. The first set of measurements was performed at a location close to the embedding of the beam, the distance of the load position along x is labelled as a. The load force increases linearly from zero to 100 µN and then decreases to zero at the constant loading/unloading rate 200 µN min -1 . After the indenter tip was detached from the surface of the cantilever beam, it was translated along the x-axis in steps of 4 µm, the loading and unloading process was repeated after each translation step. It can be seen from the measurements that the material is able to recover to its initial shape after loading/unloading cycles. This elastic behavior is observed at various locations along the beam in the 20 µm interval, indicating that the deformation behavior of beam structures of several tens of microns in size made with silica materials is elastic. Moreover, the elastic behavior of the structure remains even for large deformations, there is almost no hysteresis in the elastic recovery of the deformation of the structure. The nonlinear elastic behavior of the beam is observed in the case of large deformations, which is attributed to the geometric nonlinearity introduced by the cantilever beam design. The indenter III.2. Investigating the mechanical behavior of silica thin material tip is a Berkovich tip which has a pyramid shape with a large angle of 142.3 degrees, so when testing the force/displacement curve, its pyramid shape touches the side/frame of the membrane.

III.2.2 Young's modulus analysis of silica beam

This experiment is used following a mechanics of materials approach to characterize the Young's modulus of this silica cantilever beam. This modeling approach assumes that the material is linearly elastic, and therefore the deformation of the material needs to be very small and does not actually affect its geometry. The two sets of experimental results with the smallest displacements meet this requirement and are used in the analysis of the Young's modulus of the silica beam. The load force applied by the pressing tip was slowly varying. Therefore, the small displacement of the beam was quasi-static. The temperature of the sample is kept constant during the experiments. Thus the assumptions required for the mechanics of materials study are satisfied in the present study.

Based on above assumptions, the deflection of a cantilever beam under the action of an intermediate load force can be expressed as: The cantilever beam's length is L, the width is b, and the thickness is h. The first load force position along x is indicated by a. δ (x) is the deflection of the cantilever at a given x position. From the first load force-deflection measurement data at a, Eq. (III.1) can be arranged to get the flexural rigidity D = EI of the silica joint cantilever beam and divide by the centroidal moment of inertia of the cantilever beam I to further obtain the Young's modulus E of the silica nanomaterial, written as follows:

δ (x) = - F x 2 6EI (3a -x) (0 ≤ x ≤ a) δ (x) = - F a 2 6EI (3x -a) (a ≤ x ≤ L) (III.
             EI = - F a 3 3δ (a) I = bh 3 12 ⇒ E = - 4F a 3 δ (a) bh 3 (III.2)
Since the indenter tip presses do not leave clear marks on the surface of the cantilever beam, it is difficult to obtain the load position from the image of the sample surface after the test, which leads to uncertainty in the calculation results. In this analytical model, this issue is avoided by calculating the results of two sets of measurements at different positions with known distances ∆x. As depicted in Fig. III.12, the deflection of these two positions can be expressed as:

               δ (a) = - F a 3 3EI δ (a+∆x) = - F (a + ∆x) 3 3EI (III.3) F 𝑎 Δ𝑥 L x z 𝛿(𝑎+Δ𝑥)

𝛿(𝑎)

Figure III.12 -The deflection at two different positions on the cantilever beam with relative distance ∆x for the same value of load force A simple transformation of Eq. (III.3) with equal load forces F can be used to obtain a cubic equation with one single unknown as follow:

F = - 3EIδ (a) a 3 = - 3EIδ (a+∆x) (a + ∆x) 3 (III.4)
The explicit solution for the load positions can be obtained by solving Eq. (III.4) combining the two sets of measurements, then the Young's modulus of the silica cantilever beam can be determined from Eq. (III.2). The measured average Young's modulus is 53.37 ± 3.13 GPa, the standard deviation of the distribution of the measurements is σ = 2.34 GPa. The combined standard uncertainty analysis of the measured data was performed as part of the data processing and can be found in Appendix A. Compared to the Young's modulus of 73.1 GPa for bulk silica materials at the macroscopic scale, there is a significant reduction in the elastic modulus of the thin film materials used to make the silica polyarticulated structures in this thesis. This result is consistent with the results of literature studies for thin film materials at the micro-and nanoscale [Sanders 97, Shen 95, Huang 00, Soleimani 22]. It provides an effective material property reference for the static and dynamic analysis of prospective sub-100 µm silica polyarticulated structures.

III.2.3 Study of a silica beam with a joint

The silica joints formed by FIB local milling are considered as ideal rotating joints in mechanical modeling, where the geometry of the joint is neglected and the rotation occurs at the center of the joint. This allows a polyarticulated structure consisting of silica joints to be modeled as a linkage mechanism. For the static and dynamic analysis of such structures, the elastic rotation of the joints is a subject of great interest. Using the same experimental configuration as the study above, the rotational behavior of the joints is then characterized quantitatively in this subsection. silica joint A cantilever beam with the same geometric parameters as the previous experiments was fabricated on the same silica membrane, and a silica joint with a length of 2 µm along x was fabricated by FIB milling at the embedded end of the beam, as shown in Fig. III.14. Since the press test needs to be performed on a flat sample, the thickness of the joint is set to 200 nm, the thickness at which the FIB-induced self-folding is about to begin. The silica beam was able to remain flat at this limit thickness. A 20 µm × 2 µm rectangle milling object was used to thin the joint for 200 seconds with 500 pA ion current. III.2. Investigating the mechanical behavior of silica thin material Several sets of pressing experiments were performed using the indenter tip to apply loads to the surface of the beam at different positions along the x-axis after the joint. The first set of measurements was performed at a location close to the joint, the distance of the load position from the joint is labelled as a. Since the joints are thin and the beam is susceptible to large deformations, the upper limit of the applied load force in the experiments is somewhat smaller than previous experiments. The load was increased linearly from zero to approximately 55 µN and then reduced to zero at a uniform speed of 100 µN min -1 . The indenter tip then moved in 4 µm steps toward the free end of the cantilever to repeat loading and unloading force for the other sets. The experimental measurements are shown in It can be seen from the results that a very small force causes a large deformation of the sample due to the very thin thickness of the joint. An elastic behavior is observed, while the effect of geometric nonlinearity is more pronounced. There are individual intervals where the loading and unloading curves do not coincide in the tests at ∆x =8 µm and ∆x =12 µm, which are not hysteresis, but are attributed to the sliding of the tip in case of large deformation rotation of the structure, leading to an abrupt change in the curve. This tip sliding also leads to a premature end of the unloading curve.

In order to model the joints as a elastic bending joint, these measurements were used to analyze the torsional spring constants of the joints. The beam is modeled as a linkage structure. This modeling approach assumes that the joints are deformable and the links are rigid. Thus the deformation leading to rotation occurs at the joint. This assumption can be observed to be satisfied by comparing the experimental data with the cantilever beam without joints. The length of the link is assumed to Chapter III. Large-workspace polyarticulated passive structures based-on folded silica joint be significantly longer than the joint, thus neglecting the length of the joint. This is satisfied by the geometric design of the beam. In addition to this, the material is assumed to produce small deformations to the linear elastic material mechanics hypotheses, which is satisfied by using the first linear part of the experimental data for processing. The assumptions of quasi-static and temperature invariance were also validated to be consistent with this study.

With these assumptions, the joint and silica beam is modeled as a torsion spring connected to a rigid link, as depicted in The torsion spring constant of the joint k θ can be obtained from the torque M and the bending angle θ, which is

       k θ = M θ M = F • a (III.5)
From the verified rigid link assumption, the torsional spring constant of the joint does not vary for different load positions on the beam. By comparing the two sets of data with known relative distances ∆x from the load positions (refer Fig. III.17(b)), the bending angle can be obtained from the spacing and displacement of the two load positions, thus avoiding the error caused by the position a measurement. It is given as follows:

θ = arctan δ (a+∆x) -δ (x) ∆x (III.6)
This allows one to determine the torsional spring constant for a given bending angle θ, which can be expressed as follows:

k θ = θ ∆x • F (a) • F (a+∆x) [F (a) -F (a+∆x) ] (III.7)
The bending behavior of the silica beam with joint was characterized by applying the measured data in The study of this section quantitatively characterizes the elastic material properties and deformation behavior of typical materials and joints used to make silica polyarticulated structures, which differ from the bulk material property data due to scale effects. The potential of this material for making elastically deformable active structures is demonstrated through quasi-static deformation studies. It also provides typical values for mechanically relevant static models, which are expected to be applicable for predicting and designing structural behavior.

III.3 Experimental study of workspace and motion repeatability of silica structures

In the previous studies of this chapter, joints made of silica thin membrane material were studied qualitatively and characterized quantitatively, respectively. The elastic behavior exhibited by this material in quasi-static studies at the micron and nanoscale is of great interest for the design of next generation nanorobotics structures. However, the motion capability of this origami structure is an open question. Kinematic studies of the polyarticulated structure at sub-100 µm scales have never been performed. As stated in Chapter I, the motion study of structures at this scale is required to be performed in an SEM environment and thus present significant challenges in terms of structure fabrication, manipulation and characterization.

In this section, the motion of polyarticulated origami structures composed of silica joints is explored for the first time. The objective of this work is to study the range of motion and capability of repetitive motion of a case study structure composed of silica joints through robotic modeling and control.

The fabrication of a polyarticulated origami structure with dimensional size less than 50 µm is described in Section III.3.1 and is used as case study. A tapered optical fiber tip manipulated by the 6-DOF nanopositioning robot is used to provide an input motion to deform this origami structure. The polyarticulated structure will act as a kinematic chain to transfer motion. The kinematic characterization of the structure relies on a vision-based motion tracking method in SEM. The experimental methods and configuration are described in Section III.3.2. The structure is modeled as a linkage mechanism in Section III.3.3, and its workspace and motion repeatability are verified by experimental results in Section III.3.4 and Section III.3.5, respectively.

III.3.1 Fabrication of a sub-50 µm polyarticulated origami structure

A polyarticulated origami structure with three revolute joints is fabricated for this case study. Despite being a passive structure, it is expected to be able to transform the motion of inputs in the 2D plane to enable the characterisation of motion in SEM view. It is considered as a linkage mechanism, and the silica plate patterned from the membrane is used as rigid links connecting the joints. sub-50 µm in order to comply with the target structure scale. A triangular tip was designed at the free end for ease of subsequent measurements using SEM image vision methods. The link L 3 was cut from the middle part of the pattern near the tip with a length a 3 = 8 µm along X and a width of 6 µm along Y . Its free end is used for soldering with the tapered optical fiber tip to provide an input motion to the structure. It is folded upwards by the FIB-TID self-folding of joint j 3 . After this, the structure was divided into two links, L 2 and L 1 , with length of a 2 = 25 µm, a 1 = 20 µm and a common width of 15 µm. They are folded upwards in turn by self-folding of joint j 2 and j 1 . As studied in Section II.5, the origami folding process of each joint was divided into two steps, with the first step using a stronger ion current to thin the silica membrane into thin joints, followed by a weaker ion current to achieve a better control of the folding angle of each link. The folding sequences of the three joints can be seen in Fig. II.29(b).

The rotation limits of these joints can be varied by changing their length h 1 , h 2 and h 3 , in this case study, they were all set to 1.3 µm to ensure a consistent angular range for each joint. The FIB milling parameters of these origami joint fabrication process are described in Table III.1. The self-folding angle of each joint is very similar through accurate control of the joint thickness. The three joints are fabricated and folded sequentially in increasing order of distance to the tip. The thickness of the folded joints has been measured to be approximately 100 nm, as shown in Fig. III.19(c).

III.3.2 Methods for kinematic study of polyarticulated structure

Input motion generation for the polyarticulated structure

The handling and deformation of the polyarticulated structure in this case study is controlled by the 6-DOF nanopositioning robot, as presented in Section II.2.4. A tapered optical fiber tip end with a stretched diameter of 1 µm is mounted on structures the end-effector of the robot to activate the polyarticulated structure, as shown in 3). In the experiment, the tip of the optical fiber was manipulated to contact the point B of the polyarticulated structure, with the assistance of naphthalene gas introduced by the GIS, L 3 is soldered to the optical fiber tip by a carbon deposition solder joint formed at the point B by Ion-Beam-Induced Deposition (IBID) process.

Motion characterization method based on SEM image vision

The SEM visual tracking of the structure's motion is managed by MATLAB and Simulink software. It uses a Visual Servoing Platform (ViSP) in addition to a dedicated block set Cvlink. CvLink [ Kudryavtsev 15] is an efficient and opensource computer vision blockset for Simulink built upon OpenCV, ViSP and Ogre3d. The library has more than 60 optimized blocks and enables quasi real time image processing up to 60 frames per second under Simulink. The Cvlink-based real-time vision measurement functions have been integrated into the µRoboteX platform robot control software using C++. An example of Simulink block diagram used for offline measurements of the saved SEM-FIB video is shown in 

III.3.3 Kinematic modeling of the polyarticulated structure

In this section, the kinematic model of the proposed polyarticulated structure is presented in detail, demonstrating the relationship between the angle of each joint of the polyarticulated structure and the position of the end-effector obtained by using kinematic solutions. Each silica joint in the polyarticulated structure is regarded as a revolute joint for this purpose. This model is thereby used to simulate its workspace in the measured joint limits.

Following the definition of commonly used Denavit-Hartenberg (DH) convention, the fixed link frame is defined as {x 0 , y 0 , z 0 }, and the coordinate frame of Link L i is defined as {x i , y i , z i }. The standard DH parameters of the polyarticulated origami structure considering the point A as end-effector are presented in Table III.2 and the DH coordinate system is detailed in red notations in Fig. III.19(b).

Considering the polyarticulated structure as a two-degree-of-freedom (2-DoF) planar serial chain with two revolute joints (RR), the kinematics equation 0 T 2 for the series chain of output motion point A can be obtained by using the lengths and angles of the three segments that make up the polyarticulated structure: 

L 1 θ 1 0 a 1 0 L 2 θ 2 0 a 2 0 0 T 2 = 0 T 1 • 1 T 2 (III.8)
Therefore, the transformation matrix of the end-effector A can be described as follows:

0 T 2 =      c 12 -s 12 0 a 2 c 12 + a 1 c 1 s 12 c 12 0 a 2 s 12 + a 1 s 1 0 0 1 0 0 0 0 1      (III.9) =      c ϕ A -s ϕ A 0 x A s ϕ A c ϕ A 0 y A 0 0 1 0 0 0 0 1      (III.10)
Here we note c i = cos (θ i ), s i = sin (θ i ), c ij = cos (θ i + θ j ), s ij = sin (θ i + θ j ) . So the output forward kinematic solution of the end-effector A can be obtained:

           x A = a 2 c 12 + a 1 c 1 y A = a 2 s 12 + a 1 s 1 ϕ A = θ 1 + θ 2 (III.11)
From these equations, the angular values can be used to get to the position of the point A by applying this forward kinematics solution. Based on the limitations of each silica joint, the workspace of the point A was also calculated, as shown in Fig. III.22. The Robotic Toolbox [ Corke 17] in Matlab was used to model a two-axis planar robot with the parameters in Table III.2. When using the analytical method [Yanjiang 09, Li 16] to calculate the workspace, different resulting areas were obtained with positive or negative θ 2 values respectively, with a partial area overlapped between them.

The angle of each revolute joint can be obtained by solving the Inverse Kinematic Model (IKM) for the input motion of the point B, and thus the position of the end-effector A can be obtained using the Forward Kinematic Model (FKM). silica joint 

• ≤ θ 1 , θ 2 ≤ 60 • , (b) -90 • ≤ θ 1 , θ 2 ≤ 90 • , (c) -120 • ≤ θ 1 , θ 2 ≤ 120 • , (d) -150 • ≤ θ 1 , θ 2 ≤ 150 • .    x B y B ϕ B    IKM ---→    θ 1 θ 2 θ 3    F KM ---→    x A y A ϕ A   
(III.12)

The DH coordinate system parameters considering the point B as end-effector are presented in Table III.3 and detailed in yellow notations in Fig. III.19(b)(1-2). Especially, in order to distinguish with the coordinate system of point A, we define {x iB , y iB , z iB } as the Link i frame of the DH coordinate system of point B. Therefore the inverse kinematic solution can be obtained for point B using the iterative algorithm provided in the Robotic Toolbox.

According to the simulation results in Fig. III.22, we can expect the structure proposed in Section III.3.1 to have a workspace of the same order of magnitude as the structure itself. This workspace depends very largely on the amplitude of each joint, with the limits of the joints studied in Section III. 

III.3.4 Experimental evaluation of the workspace

In this section, the attainable angle of joints is quantified firstly in order to adapt the workspace of the polyarticulated origami structure obtained from the simulation to the actual joint limits. The experimental procedure is described and the workspace is quantified experimentally to verify that the workspace obtained from the kinematic model is practically attainable. To the best of our knowledge, the study of polyarticulated rotation mobility has never been performed at this scale in the state-of-the-art.

Quantification of silica joint angle range

By means of vision-based image correlation, the image pixel coordinates of the vertices of each rigid link are measured and converted to coordinates in the work plane of the polyarticulated silica structure according to the pixel size. The placement of the sample has been adjusted so that the work plane of the structure is as perpendicular as possible to the direction of the scanning electron beam, making it easier to perform measurements and coordinate system conversions.

The positions of each joint are measured and calculated using the cosine rule to obtain the angle values as shown in Eq. (III.13), refer to Fig. III.19(b3), the sign of the expression depends on whether the angle is folded forwards or backwards.

θ 1 = ± cos -1   OD 2 + OE 2 -DE 2 2 × OD × OE   θ 2 = ±   2π -cos -1   AD 2 + OD 2 -AO 2 2 × AD × OD     θ 3 = ± cos -1   AC 2 + BC 2 -AB 2 2 × AC × BC   (III.13)
In the experiments, the maximum folding limit angle of the silica joints j 1 and j 2 was measured to be 0 

≤ θ 1 ≤ 152.3 • , -101.6 • ≤ θ 2 ≤ 151.7 • ,

Experimental validation of the workspace

The polyarticulated structure was deformed by the input motion from point A, and the output motion from point B was tracked from SEM images. A sequence of movements was obtained to define the workspace actually reached and to compare it with the theoretical workspace. Each motion step was performed with a movement of a few micrometers, and a set of images of the SEM view was saved for position measurement. Due to the limitations of the rotation angle, once the optical fiber tip is soldered to the polyarticulated structure, the optical fiber tip was controlled to move only in the x and y directions without any rotation, therefore the entire workspace needs to be separated in two zones: the one with a positive θ 2 and the other with a negative θ 2 . In these two cases, the soldering direction of the fibers is different, so these two cases were experimented separately. The part of the workspace below the silica membrane could not be experimentally investigated due to the obstruction of the field of view by the membrane.

In silicon substrate. The workspace achievable by the proposed polyarticulated microorigami structure within the determined angular constraints was measured to be 57 micrometers squared, of which a workspace of approximately 47.4 micrometers squared was experimentally proven to be practically achievable with obtained data. Compared to the size of the structure itself, which is less than 50 µm, its workspace was shown to be in the same scale as the structure size. This result shows that the proposed structure satisfies the requirements of a nanorobotic structure for large potential motions with a very small overall size. silica joint 

III.3.5 Experimental repeatability study

In this subsection, a study is conducted to analyse the repeatability and reversibility of motions transformation induced by the origami structure.

The joint parameters of the 6-DOF robot for a defined position in the workspace of the micro-origami structure were recorded, and twenty repetitive motions were made to this configuration, with sampling the end-effector position five times for each move to the saved position to reduce measurement uncertainty. Since the transformation between the discrete image coordinates system R i (u, v) in pixels and the robot workspace nanometric coordinates system R r (x, y) is calculated by Eq. (III.14), The homogeneous coordinates of the end-effector A in the image coordinate system and the robot coordinate system are expressed respectively as (u A , v A , 1) and (x A , y A , 1), the image coordinates of the end-effector A were measured by the same vision-based method as being described in the previous section and obtain the point coordinates distribution within the robot's workspace by multiplying the coordinates by the size of each pixel (k x , k y ) in the image.

   x A y A 1    =    k x 0 0 0 k y 0 0 0 0    •    u A v A 1    • i T r (III.14)
Here i T r is the transformation matrice from image coordinate system to the polyarticulated origami workspace coordinate system, R r (x, y) corresponding the one in 

std x = n j=1 (x j -x) 2 n -1 , std y = n j=1 (y j -ȳ) 2 n -1 (III.16)
The experimental result shows that these repetitions follow a normal distribution of 227 nm and 216 nm standard deviation along x and y directions, respectively, for displacements of 20 µm. Due to limitations in image resolution and the effect of image distortion caused by the scanning electron beam, the five measurements of each single pose have an average error of 183 nm, which is in the same order of magnitude as the experimental results. Accordingly, we can conclude that the silica joint intrinsic repeatability is limited by the conditions of measurement, the actual motion repeatability of the structure used to generate the output motion can be much better than the obtained experimental results.

Conclusion

In this chapter, the motion behavior of structures composed of silica joints fabricated by FIB milling was investigated. The use of silica joints to fabricate polyarticulated hybrid material structures was shown to be feasible through a preliminary case study. The fabricated structure was able to be assembled in SEM at the tip of an optical fiber. In this qualitative case study, the elastic deformation behavior of silica polyarticulated structures was observed for the first time.

The elastic behavior of such silica structures was quantitatively characterized using material mechanics approach. The deformation of these structures at the nanoscale was quantified to be elastic and actually hysteresis-free through loaddisplacement measurements of a cantilever beam fabricated using a 787 nm thick silica membrane. The Young's modulus of thin silica membrane was measured as 53.37 ± 3.13 GPa, lower than the data for the bulk counterpart material which is 73.1 GPa. The deformation of a typical silica joint was measured by pressing on the surface of a beam with joint. The elastic behavior of the joint was demonstrated quantitatively. The torsional spring constant of the silica joint was quantified as 12.44 µN • µm/°by modeling the structure as a linkage mechanism. These data related to the material elastic properties provide support for the modeling analysis and prediction of the kinematic behavior of this polyarticulated origami structure made of silica thin film.

Finally, a nanorobotics kinematic paradigm study of silica polyarticulated structures was carried out on a proposed sub-50 µm polyarticulated structure. To our knowledge, this is the first time that a rotational kinematic study has been done at such a small scale. The work demonstrated that the proposed structure can induce reversible motions, and thus the folded joints can be considered as robotic joints. The fabricated silica joint can achieve a large rotation angle range between -101.6 and 152.3 degrees, and the polyarticulated structure is therefore able to reach a large workspace of 57 µm squared, and it has been experimentally verified that 47.4 µm squared of this workspace is actually achievable. The proposed structure's size and its workspace was demonstrated at the same scale, providing for the first time a highly promising solution to achieve large workspace with nanorobotic structure smaller than 100 µm in size. Proposed polyarticulated structure also enables reversible motions with a nanometer scale repeatability. This result demonstrates that this polyarticulated structure is suitable for nanorobotics motions and operations, thus providing the basis for the next generation nanorobotics device in the sub-100 µm scale.

This last work was published in the IEEE Robotic and Automation Letters journal [ Lei 22] and to be presented at the ICRA2023 international conference.

Chapter IV Actuation at the optical fiber tip 

Introduction

In the previous chapter, the motion of proposed sub-100 µm polyarticulated silica structures was studied. The fabrication of silica polyarticulated origami structure for making deployable structures on an optical fiber tip was shown. The proposed passive silica origami structure demonstrated the advantages of its elastic behavior, large workspace and nanoscale motion repeatability at the sub-100 µm scale. This chapter will now consist in studying the actuation of this 3D origami structure. This 3D origami nanorobotics structure is expected to be actuated using the Lab-on-Fiber (LOF) technique. Since the integration of hybrid materials to fabricate structures by microassembly has been demonstrated in Chapter III, in this chapter we propose to make a light-driven actuator that can be integrated into the origami structure by microassembly.

To the best of our knowledge, such a study of light actuation has never been performed in a sub-100 µm space at the tip of optical fiber. In contrast to using the optical fiber tip itself as an actuator, in our case, the light emitted from the optical fiber is used as an energy source to actuate an actuator. The actuator is expected to produce as much deformation as possible in a space of sub-100 µm, which can lead to challenges in terms of distance between the optical fiber tip and the actuator, alignment and perpendicularity, etc. The literature work on optical actuation of MEMS will be reviewed in Section IV.1 to select the appropriate optical actuation principle for this study. The opto-thermal actuation of bilayer structure is chosen as the principle of our case.

The opto-thermal actuation at the tip of an optical fiber is a multiphysics study, this includes the laser light coming out of the optical fiber and propagating in the vacuum, the absorption of the light energy by the matter and the heat conduction in the matter. The actuation effect is influenced by many parameters of different physics. To enable control of the actuation, the whole process is analyzed as a system in Section IV.2. Subsystems involving different physical principles are identified and the parameters to be adjusted are clarified through modeling.

In Section IV.3, the influencing parameters in the theoretical model are investigated. Their optimization is carried out with the objective of maximizing the global output of the system. Finally in Section IV.4, experimental investigations are conducted. The actuated deformations of the fabricated actuators using optimized parameters are quantified at the optical fiber tip in SEM and validated with the analytic model and simulation results.

IV.1 Light-powered actuation for Lab-onfiber device in SEM

Lab-on-Fiber applications are characterized by the use of optical fibers as the substrate of the device, optical fibers are widely used as energy and signal transmission equipment capable of conducting light. This feature gives the Lab-on-Fiber technology the possibility of enable light actuation of sub-100 µm structures at the tip of the optical fiber.

According to the different driving mechanisms, the optical actuation principles can be divided into opto-chemical actuation, opto-thermal actuation, optomechanical actuation and optical pressure actuation [Yang 23]. At scales of interest in nanorobotics, few of these options are applicable in the vacuum environment of SEM. We are particularly interested in the opto-thermal effect actuation principle that can satisfy this requirement, several state-of-the-art works notably demonstrated key interests of this principle, which are presented next.

Thermal actuation that exploits the expansion of matter in response to the change in its temperature is one of the dominant approaches generating large displacements [ Ahmad 22]. The shrinking scale makes the thermal actuation more favourable for microscale applications and can be powered with light. Opto-thermal actuation utilizes light to generate heat at a specific location, it is highly promising due to its localized nature [ Sitti 20]. In the literature, the application of optothermal actuation method is mainly in the development of microrobotic applications in air or liquid media. In general, opto-thermal microactuators are typically implemented in chevronshaped [Elbuken 08,Zhang 19, Ahmad 21], U-shaped [Serrano 08, You 20], or bilayer [Hippler 19,Ahmad 22] designs. Chevron-shaped actuators have two symmetrical legs that expand when heated. The symmetry of the actuator allows movement in the same direction, as can be seen in Fig. IV.1(a). U-shaped actuator is actuated by creating a temperature difference on the two long beams connected at the tip, taking advantage of the difference in thermal expansion between the two parts at different temperatures. Hence it is also known as a hot-and-cold-arm actuator as shown in Fig. IV.1(b). Both of these two designs can be made from a single material.

For instance, Ahmad et al. [Ahmad 21] have developed a microgripper based on chevron-shaped actuator using SU-8 photoresist (refer Fig. IV.2(b)). Their microgrippers are 500 µm × 500 µm planar structures with a metal layer deposited on the surface to improve their light absorption. The experimental characterization shows that the microgrippers can realize displacements reaching up to 40 µm and response times in the range of tens of milliseconds when stimulated by a 532 nm wavelength laser. Serrano et al. [Serrano 08] developed a 200 µm long polycrystalline silicon microactuator based on U-shaped design. They used a laser with a wavelength of 808 nm to irradiate actuators with different geometric parameters. Actuator displacement is linear with the incident power of the laser up to a maximum displacement of 7-9 µm (refer Fig. IV.2(b)). Nonetheless, the chevron-shaped and U-shaped design depends heavily on the length of their shape drastically reducing the overall compactness [ Ahmad 22]. They produce in-plane displacements and are more suitable for opto-thermal actuation of 2D planar structures.

The bilayer actuator is a beam made of two materials with different coefficients of expansion, as shown in Fig. IV.1(c). In the literature, the geometric design of such actuators is typically a cantilever beam. When the actuator is heated by opto-thermal effect under light irradiation, the asymmetric expansion of the two different material layers of the beam causes an out-of-plane displacement, also know as a deflection. Since the deformation is caused by the difference in thermal expansion of the two materials, the bilayer actuator is able to generate significantly more deflection and force compared to both of the previous two designs. The opto-thermal actuation response can be enhanced by maximizing the difference in thermal expansion of the bilayer material.

For instance, Hippler et al. [Hippler 19] developed a bilayer opto-thermal polymer actuator. By controlling the variation of material parameters during the manufacturing process, they obtained actuators made of two layers of material with different parameters. Fig. IV.2(c) shows a 50-micron-long cantilever beam they fabricated, driven by the opto-thermal effect of two-photon polymerization in a liquid environment. The actuator can produce deflections of over ten microns.

Bilayer actuator design offers the merits of compact design, and relatively large angular displacements [ Ahmad 22], making it a suitable candidate for realizing a rotational motion actuation for joints. The displacement generated by the bilayer actuator points out of plane in the same direction as the origami joint. This is a benefit of the bilayer design, making it advantageous for the actuation integration of origami structures. This advantage allows the bilayer actuator to have its surface perpendicular to the optical fiber to enhance light energy absorption. It also provides motion actuation that is consistent with the workspace of a polyarticulated silica structure.

Based on the above literature study, the bilayer cantilever beam is chosen as the actuator for the objective of this thesis. The cantilever beam design also facilitates actuator fabrication, alignment with the tip of the optical fiber in the SEM, and the actuator can be integrated into the polyarticulated silica structure by assembly.

As can be seen from the only works in state-of-the-art at similar scales, the opto-thermal actuation principle brings different parameters which have a clear influence on the actuation response. Depending on the strong influence of the fabrication method and vacuum environment, it is difficult to replicate in our design the parameters provided by these studies that was conducted in air and liquid media. In order to obtain a sufficient deformation, the opto-thermal actuation is modeled to identify the parameters that affect the system behavior.

IV.2 Modeling of lab-on-fiber Opto-Thermal actuation

In order to understand the physical phenomena occurring at this scale, a set of physics models are used in this study to analyze the physical phenomena in the actuation system. This is because there is not much literature providing generalized models or parametric certainty for the chosen actuation principle at this scale. The modeling is expected to be informative for the design of actuation system.

The opto-thermal actuation at the tip of an optical fiber in SEM is performed in the following way: First, a laser beam is emitted from the laser source and passes through a lens coupler into the optical fiber. In the optical fiber, the laser undergoes total reflection and thus propagates along the axis of the optical fiber core. The optical fiber guiding laser enters the SEM sample chamber through the feedthrough and the laser comes out at the tip of the optical fiber along the axis and propagates in the vacuum, as shown in The laser beam then illuminates an area on the surface of the bilayer actuator where some of the light energy is absorbed by the actuator material (see Fig. IV.4). This absorbed energy is converted into heat for the actuator through the opto-thermal effect, and deformation occurs due to differential thermal expansion coefficients of the two layers material.

To enable control of the actuation response and analyse the influences of the parameters, this actuation process is considered as a system, as shown in Fig. IV.5. The input to the system is the laser power generated from the laser source P laser , while the output is the tip deflection d of the bilayer cantilever beam actuator tip. Several parameters have an impact on the behavior of this system, such as laser-related parameters, material-related parameters and actuator geometry parameters.

Actuation system P laser Laser power d Tip deflection

Influencing Parameters

Figure IV.5 -The opto-thermal actuation system. The system is defined with the laser power as input and the tip deflection of the actuator cantilever beam as output.

The analysis of this actuation system is done in three steps, as shown in Fig. IV.6. Firstly, the opto-thermal model gives the power intensity distribution of the laser-generated heat absorbed by the bilayer actuator surface. Secondly, the heat distribution is used in the heat transfer analysis to provide the temperature distribution across the bilayer actuator. Thirdly, the temperature is used in the thermo-mechanical analysis to calculate the amount of tip deflection of the bilayer actuator.

Opto-Thermal Analysis

Heat Tranfer Analysis

Thermal-Mechanical Analysis
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Figure IV.6 -Block diagram of the actuation system. The entire system is divided into three physical blocks, each with its own influencing parameters. A list of the parameters can be found in the annexed Table B.1.

IV.2.1 Opto-Thermal analysis

The heat induced by the absorbed light irradiation on the surface of the bilayer cantilever actuator is modeled here. The theoretical approach to modeling is inspired from the literature [Kundakcioglu 16, Caiazzo 18]. The input to this model is the laser power P laser emitted by the laser source, and the output is the absorbed power intensity Q on the cantilever actuator.

First, the laser is emitted by a laser source connected to an optical fiber. The laser propagates in the optical fiber which allows it to be guided and brings the laser energy close to the bilayer cantilever beam to be actuated. At the tip of the optical fiber in the SEM sample chamber, the laser beam comes out of the fiber and propagates in the vacuum. The laser is attenuated during propagation from the outside via a feedthrough into the vacuum environment of the SEM sample chamber. The attenuation factor G is defined as the ratio of the power at the tip of the optical fiber P out to the power generated by the laser source P laser , it is determined by measurements using an optical power meter. The laser power coming out of the tip of the optical fiber can be determined by the following equation:

P out = P laser × G.
(IV.1) Diffraction occurs at the tip of the optical fiber. As the laser propagates further in the vacuum, the diameter of the beam increases until the laser beam reaches the surface of the bilayer cantilever actuator opposite the tip of the optical fiber, as depicted in Fig. IV.4(a).

To facilitate the analysis, an actuator reference frame is defined as follows: the x-axis is along the direction of the cantilever beam toward the free to move tip, the cantilever beam is located in the xy-plane, and the z-axis is perpendicular to the aluminum layer, facing toward the optical fiber tip. The position of the laser beam coming out of the optical fiber is the beam waist position X out (x 0 , y 0 , z 0 ), where the laser radius is minimal, and the laser beam waist radius ω 0 can be obtained from half of the optical fiber parameter Mode field diameter given in the manufacturer's specifications. The distance of laser propagation is ∆z. It can be calculated from the beam waist position as:

∆z = |z -z 0 | (IV.2)
IV.2. Modeling of lab-on-fiber Opto-Thermal actuation

The laser beam is assumed to be Gaussian with an intensity profile in xy plane that follows an ideal Gaussian distribution. ω(z) is the beam radius of the laser that increases with the distance of laser propagation, it is defined as the location where the laser intensity decreases to 1/e 2 (13.5%) of its maximum value [de Araújo For instance, Fig. IV.8 shows the radius variation of the 808 nm laser with a laser waist radius of 2.5 µm at propagation distances up to 100 µm, and the radius variation is essentially linear beyond 100 µm.

Assuming that the surface material of the cantilever beam is opaque to the laser, the laser beam forms a spot when it hits the surface of the cantilever beam, as shown in Fig. IV.4(b). Part of the intensity of the laser spot is absorbed by the surface material and converted into heat through the opto-thermal effect. The profile of the heat intensity Q can be expressed as a first order Gaussian distribution in 3D. The absorbance of light by the surface material of the cantilever beam is labeled as A.

Assuming that only the light on the surface of the bilayer actuator is absorbed, and the material beyond the bilayer actuator does not absorbs light. The mathematical form of the heat intensity distribution on each 3D point (x, y, z) at the surface of the actuator is: Figure IV.8 -Laser radius calculated based on the laser propagation distance ∆z, with a laser wavelength of 808 nm and laser waist radius ω 0 = 2.5µm.

               Q = A • 2P out πω(z) 2 exp    - 2 (x -x 0 ) 2 + (y -y 0 ) 2 ω(z) 2    Q = 0 for (x -x 0 ) > L 2 , (y -y 0 ) > w 2 2 (IV.4)
where L and w 2 is the length and width of light absorbing material layer of the bilayer cantilever beam actuator, x 0 , y 0 are the coordinates of the laser waist position. as shown in 

IV.2.2 Heat transfer analysis

The second step of the modelling is towards analysing the heat transfer in the bilayer actuator as shown in the second block of Fig. IV.6. Its input is Q, the heat intensity from the output of the previous block. Its output is the temperature of the bilayer actuator T . The equations associating them are based on the modeling of thermal phenomena within the system.

The heat generated by the laser beam absorbed light at the surface is then dissipated by means of conduction, convection, and radiation. The heat conduction is dominant at the scale where this study is carried out. The heat convection loss is neglected from the model because in the vacuum environment of SEM there is no fluid medium around the material. The radiation loss is also negligible since the radiation loss from the surface of the bilayer actuator is very less than the heat intensity generated by the incident laser. Therefore the main consideration in the heat transfer model is heat conduction. The equation for heat conduction within the material from the heat intensity formed by laser irradiation can be expressed as:

ρc p ∂T ∂t = ∇ • (k∇T ) + Q (IV.5)
where ρ is the material's volumetric mass density, c p is the specific heat capacity at constant pressure, k is the thermal conductivity and Q corresponds to the laser heat source in the previous Eq. (IV.4). The numerical solutions of the above equations are obtained by Finite Element Analysis (FEA) simulations. The details of the implementation of the model in the COMSOL multiphysics software are given in the Appendix B with a detailed parameter table in Table B.1.

IV.2.3 Thermo-mechanical analysis

The third block of models shown in Fig. IV.6 is studied in this subsection, the deformation of the bilayer actuator caused by temperature changes is studied by an analytical model. The input of this model is the temperature of the bilayer cantilever beam T induced by the heat transfer, and the output is tip deflection of the bilayer actuator.

The bilayer actuator is a cantilever beam made up of two layers of materials with different physical properties and same length. The cantilever beam is attached to the substrate at one end, the other one is free of movement. In Fig. IV.4(b), a typical bilayer cantilever and its dimensions are defined. Where w 1 , w 2 ; t 1 , t 2 are the width and thickness of each layer, respectively, L is the length of the beam.

The deformation of the actuator is produced in response to a change in temperature input T . We define T ref as the initial temperature of the material which is equal to the environment temperature. The temperature change of the material ∆T and can be expressed as:

∆T = T -T ref (IV.6)
For the two layer materials that make up the double layer actuator, the material strain ϵ resulting from thermal expansion can be expressed as:

ϵ = α • ∆T (IV.7)
where α is the thermal expansion coefficient of the material. In order to be able to use the numerical solution of the temperature provided by the heat transfer model, the strain of the material is also modeled using Finite Element Analysis (FEA) in COMSOL multiphysics software. The geometric parameters of the actuator are not explicit in this expression. To simplify the study of the geometric parameters of the cantilever beam, an analytical model is used to approximate the deflection of the cantilever beam.

In the literature [Peng 04, Shettar 13, Shivashankar 18], the curvature of bilayer cantilever beam k with two layers of different materials with different width and thickness is solved by thermal stress analysis using the following equation:

k = 1 r = 6w 1 w 2 E 1 ′ E 2 ′ t 1 t 2 (t 1 + t 2 ) ∆α∆T (w 1 E 1 ′ t 1 2 ) 2 + (w 2 E 2 ′ t 2 2 ) 2 + 2w 1 w 2 E 1 ′ E 2 ′ t 1 t 2 (2t 1 2 + 3t 1 t 2 + 2t 2 2 ) (IV.8)
where

E ′ 1 = E 1 1 -ν 1 , E ′ 2 = E 2 1 -ν 2
are the lateral Young's modulus of each material, respectively. They can be obtained from the Young's modulus E 1 , E 2 and Poisson's ratio ν 1 , ν 2 of the materials. ∆α is the differential Coefficient of Thermal Expansion (CTE) of two layer materials, and ∆T is the temperature change between the initial and actuated temperature of the beam. The radius of curvature of the arc r can be calculated using this formula. This formula modelling bilayer structural deformations is based on the following assumptions:

• The deformation is within the elastic region of the materials,

• The temperature distribution is uniform over the whole beam,

• The strain distrubution through the thickness of the cantilever is linear,

• There is no stress along the thickness direction,

• Materials are considered to be isotropic and uniform,

• The material properties involved in this model remain constant.

From the results of heat transfer analysis of the structure, it is found that the temperature non-uniformity in the cantilever beam material is within 1% of the average temperature. Thus the actuator made by using linear elastic materials at this scale is consistent with the above assumptions when no plastic deformation occurs.

Since this bilayer actuator is to be applied in the sub-100 µm scale in this study, the length and thickness of the material have limitations in terms of fabrication methods and operation. We are more interested in how the ratio of the parameters of the two layers of material affects the behavior of the cantilever beam. To simplify Eq. (IV.8), the relative ratio of the parameters of two layers of material are defined

as t 2 t 1 = X, w 2 w 1 = Y , E ′ 2 E ′ 1 = C
, then the equation becomes:

k = 1 r = CXY (1 + X) 2 C 2 X 4 Y 2 + 4CX 3 Y + 6CX 2 Y + 4CXY + 1 • 6∆α • ∆T t 1 + t 2 (IV.9) Fig.
IV.9 describes the bending of the bilayer cantilever beam actuator. The bending arc of the cantilever beam is a section of a circle with radius of curvature r, spanning an arc angle θ, which can be determined using values of length of the beam and determined radius of curvature as θ = L r , half of it is the deflection angle of the cantilever beam. The deflection of the free end of the beam can be calculated using trigonometry, as described in equation:

d = 2r sin 2 θ 2 ≈ 2r sin 2 L 2r (IV.10)
For small deflection angles, sin θ 2 can be approximated as L 2r , by combining Eq. (IV.8) and Eq. (IV.10), the following equations of the deflection can be obtained: 

d ≈ L 2 2r = CXY (1 + X) 2 C 2 X 4 Y 2 + 4CX 3 Y + 6CX 2 Y + 4CXY + 1 • 3∆α • ∆T t 1 + t 2 (IV.11)
With this analytical model, the geometric and material parameters of the bilayer cantilever beam are expressed explicitly, which makes the computational cost of the subsequent parametric analysis much reduced. The validation of the model will be presented in the Section IV.4 of this chapter which deals with the experimental studies.

IV.3 Study of the bilayer actuator parameters based on modeling

Based on the modeling of the above three physical phenomena, the response of the actuation system of the bilayer actuator at the tip of the optical fiber can be optimized by analyzing the parameters in the model. The laser, material, and actuator geometry-related parameters used to conduct the study are expected to be determined by these optimization analyses.

This part of the study is carried out through the following steps: first, a case study of a given material volume heating is used to identify the two materials that comprise the bilayer actuator. Second, the wavelength of the laser that provides the highest absorption is determined by a study of the material's reflection data. Third, the numerical study of the geometric parameters of the cantilever beam is used to determine the optimal ratio of the parameters for the two layers of material.

IV.3.1 Choice of materials

The choice of two materials for the bilayer actuator is based on two criteria. The first one requires the maximization of the transmitted energy at the surface of the actuator (energy absorbed in the beam resulting from the light). The second one requires the maximization of the differential thermal expansion coefficient of the two materials.

From the heat equation, the energy required to increase the temperature of the system can be estimated [ Chambon 16]. In this analysis, all heat loss phenomena are temporarily excluded and it is assumed that the temperature of the entire material is uniform during the heating process. Thus the energy E to raise the material of a volume V by a given temperature variation ∆T can be expressed as:

E = ρc p V ∆T (IV.12)
where ρ is the density and c p is the specific heat capacity. The power P during the heating time ∆t is:

P = ρc p V ∆T ∆t (IV.13)
A case study of a material with a volume of V = 100 × 50 × 2 µm 3 is performed to raise a temperature variation of ∆T = 100K in ∆T = 0.1s, the results of the energy and power consumed by several materials are shown in Table IV.1 in order to compare the heating efficiency of different materials for this case.

Among them, the thermal heating efficiency of aluminum is more than tens of times that of other materials and needs to be considered as a priority candidate for the energy absorbing material.

The thermomechanical properties of the common materials available are given in Table IV not only consumes less energy for heating, but also has greater thermal expansion deformation than other materials under the same heating conditions, which is suitable as the material for the heating layer of the cantilever beam, while silica is used as the material for the main body of the nanorobotics origami structure, both of which are also easily available and less costly.

Therefore, considering the above analysis, aluminum and silica are finally chosen as the constituent materials for the bilayer actuator. Silica is a wellknown transparent material that absorbs almost no laser light at commonly used wavelengths. Thus aluminum is used as the light absorbing material of the layer opposite to the optical fiber, and silica is used as the material for another layer.

IV.3.2 Choice of laser

Based on the opto-thermal model with known actuator materials, the wavelength inducing the highest absorption is the criterion to be considered for laser selection. Absorbance is not usually used directly in the literature because some materials are semitransparent when they are very thin (absorbance is a variable related to the thickness of the material). However, metallic materials can be considered completely opaque with a thickness of >10 nm [Zhang 21a]. The absorbance of opaque materials is given as A = (1 -R), where R is the reflectance of the material. The greater the reflectance is, the smaller the absorbance. The reflectance of various materials for different wavelengths of light is shown in As a counterpart to the reflectance curves in the figure, the best bands of absorption for the aluminum layer are below 100 nm and around 800 nm. Considering the wavelength range of commercially available lasers is roughly between 200 nm and 5 µm, a laser with a wavelength of about 800 nm is favorable, which is a Near-Infrared (NIR) laser. This is actually beneficial because continuous-wave laser diodes in the NIR spectrum (750 to 1400 nm) are the most developed category of solid-state lasers [ RPMC 22]. NIR laser diodes are capable of high-power output, which can compensate for the relatively high reflectivity of aluminum compared to other materials. In the subsequent experiments, the 808 nm continuous wave laser source Cobolt 06-MLD is used for the purpose of this thesis, with a maximum power of 120 mW.
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IV.3.3 Choice of layer dimensions

After determining the material of the actuator and the wavelength of the laser, the width and thickness of each layer of the actuator need to be designed optimally to obtain the best actuation effect, i.e. the maximization of the tip deflection of the cantilever beam.

The bilayer actuator is determined as a cantilever beam composed of an aluminum layer and a silica layer, silica is considered as material 1 and aluminum is considered as material 2 as presented in Fig. IV.4(b). According to Eq. (IV.11) from the analytical model, it is clear that deflection is proportional to ∆α and L 2 , and inversely proportional to thickness. The thickness of the actuator cannot be made too thin due to microfabrication constraints and the need to ensure the integrity of the cantilever sample. The thickness of the silica layer was chosen to be around 600 nm. With the thickness of the silica layer t 1 determined, the equation of the tip deflection d can be used to optimize the other geometric parameters, i.e. the thickness ratio X = t 2 t 1 and the width ratio Y = w 2 w 1 between the two layers.

The Eq. (IV.11) is then rearrange to:

d ≈ CXY (1 + X) C 2 X 4 Y 2 + 4CX 3 Y + 6CX 2 Y + 4CXY + 1 • 3∆α • ∆T • L 2 t 1 (IV.14)
Since only the first part of the equation is subject for optimization, the optimisation equation f is defined as:

f (X, Y ) = CXY (1 + X) C 2 X 4 Y 2 + 4CX 3 Y + 6CX 2 Y + 4CXY + 1 (IV.15)
The cantilever will be optimized geometrically when this function has its maximum value. From the already determined properties of the two materials, the lateral Young's modulus ratio C in Eq. (IV.15) can be calculated as a constant with material properties of aluminum and silica (see Table IV It can be observed that the larger the value of Y , the larger the possible maximum value of the optimisation equation f (X, Y ). Consider that the aluminium deposited in the upper layer during fabrication will not be wider than the silica in the lower layer, i.e. the maximum value of Y is 1 while the widths of the upper and lower layers are equal. In this case, the curve of variation of f (X, Y ) versus X is represented as the red line in Fig. IV.11, from which the unique optimal thickness ratio x opt can be determined as 0.46. That is, the aluminum layer is 0.46 times the thickness of the silica layer. That is, the tip deflection of the bilayer actuator is maximized when the thickness of the aluminum layer t 2 is 0.46 times the thickness of the silica layer t 1 .

IV.4 Actuator fabrication and experiments

The parameters required for the experiments are optimized by the modeling analysis of the fiber tip photothermal actuation experiments in the previous section. In this section, the designed actuators are fabricated and the actuation experiments are performed in SEM.

IV.4.1 The cantilever beam sample

A 4-inch diameter Silicon On Insulator (SOI) wafer of SiO 2 -Si -SiO 2 is used for the batch fabrication of the planar bilayer actuator designs. The thickness of the thermal oxide silica layer is 1.2 µm on the 390 µm thick P-type silicon wafer with an orientation of <100>. The microfabrication process for making these samples is given in detail in the Appendix E.2. In order to be able to align the optical fiber to the center of the cantilever beam in SEM and to allow the laser to irradiate the surface of the cantilever beam in a normal direction, it was necessary to observe the side of the cantilever beam from different directions. Therefore all cantilevers were designed to be fixed at the edge of the sample chip. The implementation of the side-viewing also allows visual measurement of the actuation effect of the cantilever beam. Based on the 54°a ngle between the SEM view and the FIB view, the cantilever beams are left at a distance that does not mask each other in the FIB view. This multi-view alignment and observation requires that the samples are not placed flat on the sample stage as they would be if the surface of a normal sample were observed. A particular design of the experimental setup needs to be developed taking into account the optical fiber pose limitations imposed by the workspace of the nanopositioning robot, which is discussed next.

IV.4.2 Experimental configuration

The bilayer cantilever beam is placed vertically at the crossbeam position, along the SEM z-axis, as depicted in Fig. IV.13, it was aligned in the middle of in both SEM view and FIB view. The actuator coordinate frame in Fig. IV.4 is used here to represent the position of the sample. To obtain normal laser illumination on the sample surface, the optical fiber manipulated by the nanopositioning robot also needs to be aligned in SEM view and FIB view. This is to ensure that the optical fiber axis is perpendicular to the sample surface, and aligned with the midpoint of the width of the cantilever beam. The optical fiber tip is approached from the side face to the aluminum layer, perpendicular to the sample plane until the distance between the cleaved surface and beam surface is within 50 µm. Based on the predicted laser radius data in Fig. IV.8, the laser spot propagated at this distance is assumed to be fully illuminated on the well-aligned cantilever beam surface. Due to residual stresses in the fabrication process, the obtained cantilever beams have a certain unavoidable out-of-plane bending towards the aluminum layer at room temperature. When heated by the laser, the cantilever beam will reverse its deflection out-of-plane toward the silica layer. The cantilever beam is placed vertically at the SEM/FIB crossbeam position, the optical fiber tip axis is aligned to the center of the beam with the tip facet forward.

(b) A side view of the optical fiber tip illuminating the aluminum layer of the cantilever beam. The laser source is placed outside the SEM sample chamber, the optical feedthrough, connector and coupler are omitted in the schematics.

This setup ensures the ability to align the center of the cantilever beam to the axis of optical fiber in SEM and FIB views in the nanopositioning robot workspace, which is a key factor in the implementation of the experiment. Since both view directions used here are perpendicular to the deflection direction of the cantilever IV.4. Actuator fabrication and experiments beam, the effect of laser actuation can be approximated visually from SEM or FIB images without the need for coordinate frame rotation transfer, which also simplifies the complexity of post-processing the experimental data. The measurement of the deflection results also uses the cvlink-based motion tracking algorithm described in Section III.3.2.

IV.4.3 Laser actuation results

The laser actuation of cantilever beams is studied experimentally in this subsection. The deflection of the tip of the cantilever beam are evaluated under laser irradiation with gradually increasing power. It is determined as the displacement in z-coordinate at the point B at the tip of the cantilever beam (refer Fig. It is observed that the tip deflection of the cantilever beam is very linear with respect to the laser power. Once the laser is turned off after each actuation, the cantilever beam can quickly cool down and return to its original position. Among the several actuators studied here, the 100 µm × 20 µm ones provides the maximum tip deflection for a given laser power. One was able to observe that the laser stimulated the cantilever beam to produce a deflection in excess of 30 µm with a laser power of 20 mW.

Take this set of result for instance, a comparison of the experimental results with the analytical model results and FEA simulation results is shown in Fig. IV.16. By fitting the simulation results to the experimental results, the actual absorbance of the aluminum layer affected by the fabrication method was adjusted, which resulted in a better agreement between the simulation results and the experiment.

For the case study of the selected actuator at a given laser power input, the Finite Element Analysis (FEA) simulation results can be visualized in a 3D model of the actuator with the numerical distribution of the inputs and outputs of the three physical models we analyzed, as shown in Fig. IV.17.

Since the diffraction of the laser light emitted from the tip of the optical fiber is obvious due to it's small laser waist (Fig. IV.8), if the distance between the optical fiber and the cantilever beam increases, part of the laser beam will fall outside the surface of the cantilever beam, thus affecting the energy absorbed by the cantilever beam. This leads to the distance between the fiber and the cantilever beam, i.e. the laser propagation distance in the vacuum, to become an important parameter affecting the actuation. It is also difficult to anticipate what will happen if this distance continues to decrease with the beam theoretically illuminated completely on the cantilever beam. Using a 100 µm × 20 µm actuator and a constant laser It can be seen that in the simulation results, the bilayer actuator tip deflection does not change after the distance between the optical fiber and the cantilever beam, i.e., the laser propagation distance ∆z, is reduced to less than 40 µm. According to the laser radius calculation method in the opto-thermal model, the laser beam within this propagation distance is fully illuminated on the surface of the cantilever beam, so the thermal heat intensity is constant in the simulation. In contrast, the experimental results show that the tip deflection still increases at distances below 40 µm. We attribute this observation to the fact that at such a small distance, the laser is reflected several times between the cantilever beam and the tip of the optical fiber, thus increasing the actual absorbance of the aluminum layer.

During the experiments, the dynamic behavior of the cantilever beams was also observed, and they were able to respond very quickly to the actuation input with a rise time less than the scan cycle time of the SEM image acquisition of 0.4 s. The observations demonstrate the potential capability of the proposed opto-thermal actuators at the sub-100 µm scale to perform high band-width dynamic motion actuation.

To summarize, the above experiments show that our fabricated bilayer cantilever beams can act as an actuators under laser beam irradiation at the tip of optical fiber to produce deformation actuation by opto-thermal effect. The optimal actuation distance is at or below 40 µm. The various size designs give this actuator a wide 

Conclusion

In this chapter, the actuation at the tip of the optical fiber is investigated for the purpose of silica origami polyarticulated nanorobotic structures that can be integrated in the sub-100 µm space.

Based on Lab-on-Fiber technology, light is chosen as the energy source for actuation, and a bilayer cantilever beam actuator based on the opto-thermal effect is designed to convert the light energy into mechanical motion. A model of the actuation where the laser power is considered as input and cantilever beam tip deflection as output is established. The analysis and simulation of opto-thermal physics, heat transfer and thermo-mechanical deformation in the system are carried out.

With these multi-physics analyses, the geometric parameters of the cantilever beam, the material composition, and the wavelength of the actuated laser are optimally selected and designed with the aim of maximizing the actuator motion generation. Finally, the microfabricated cantilever beam actuator was experimentally tested in SEM.

The results show that a 100 µm × 20 µm × 0.89 µm Al/SiO 2 cantilever beam can be stimulated by a 20 mW laser to produce more than 30 µm out-of-plane deflection at the tip of the fiber. The experimental results conducted are in good agreement with the curves of the analytical and finite element models. The deflection output of the actuator can be of the same order of magnitude as its own size in the sub-100 µm space, meeting the active requirements of Lab-on-Fiber nanorobotic origami structures. This is the first time that light-driven motion of this order of magnitude has been achieved at the tip of an optical fiber as far as goes our knowledge, it is also the first time that an active element at the tip of an optical fiber has been investigated with the purpose of application to nanorobotic structures. The research in this chapter was presented at the ISOT2021 international conference in Besançon, France.

Introduction

The previous chapters studied several critical issues in order to achieve the objectives of this thesis. They are respectively the fabrication of 3D origami structures in SEM, the study of nanorobotic motion paradigms for these origami structures, and the study of actuators that can be considered in the scope of Lab-on-Fiber (LOF). They were carried out rather independently. In this chapter, a case study will be presented that allows us to combine these results in order to validate the overall approach proposed in this thesis, which is to create sub-100 µm nanorobotic structures at the tip of optical fibers by using the origami principle and integrating/embedding their actuator.

We propose to study a gripper-type structure as a demonstrator to integrate all these work done before. It consists of three components: an actuator, an origami structure to transfer the motion output of the actuator, and an optical fiber tip. The entire structure will be mounted on the tip of the optical fiber, which will be used as a mechanical support for the gripper and also for the actuator's opto-thermal actuation. It is expected to be a 3D structure with the ability to perform controlled deformation, i.e. a 4D structure. The first challenge concerns the realization of this structure, in particular the assembly, soldering and precision of the positioning during the construction of the structure. The second challenge concerns the study of the movements in this case study.

In the first section, the principle of the case study will be presented. It includes the design of the 3D origami structure used to transfer motion, as well as the actuator and the optical fiber mounting configuration. The actuator will be integrated in the structure. The 2D pattern cut on the silica membrane will be defined according to the expected 3D configuration of the gripper.

Subsequently in the second section, the optical fiber tip that serve as the mounting platform for the gripper will also be custom designed and processed. To demonstrate the capability of such structures to operate in narrow spaces at sub-100 µm scales, the optical fiber will be stretched to provide tapered tip with a smaller diameter.

The fabrication and assembly process of the gripper will be introduced in the third section. The origami structure will first be manufactured according to the design. Next it will be mounted on the tip of the optical fiber. The bilayer optothermal actuator will be integrated in the origami structure as the key to turn the 3D structure into a 4D structure capable of shape deformation.

Finally, the light-driven shape changing of the assembled gripper will be tested in the fourth section, and the observed results will be discussed. This allows to validate the approach proposed in this thesis as a basis for a new generation of nanorobotic structures while providing proposals for the subsequent work by quantifying the performance of the case.

V.1. Case Study: a Lab-on-Fiber Polyarticulated Gripper V.1 Case Study: a Lab-on-Fiber Polyarticulated Gripper

This section presents the principle and the design of a sub-100 µm Lab-on-Fiber 4D structure. A polyarticulated gripper design is chosen for this case study. This is because this study requires a fairly simple and generic demonstrator to integrate all the important issues that have been studied since Chapter I. The design of this gripper keeps the actuated motion in the plane while being fabricated as a 3D structure. This is because there are no known tools that can characterize spatial motion in 3D space at this scale. The gripper is assembled of an actuator and a motion-transforming polyarticulated structure, they are mounted at the tip of optical fiber (refer Fig.

V.1).

A tapered optical fiber tip is chosen as a Lab-on-Fiber for this case study. It is expected to increase the ability of the gripper to operate in extremely narrow environments of less than 100 µm. The tapered tip allows the tip to be very close to the actuator while keeping the actuator perpendicular to the optical axis. The smaller tip diameter allows for a shift in assembly from Lab-on-tip to Lab-aroundfiber, which is a very new and thus more challenging method. The soldering of the structure is no longer limited to the fiber tip facet, and this approach will bring more possibilities for structures to be manufactured in three dimensions. To enable actuation at the tip of the optical fiber, the gripper in this case study will integrate an actuator. It is based on the principle studied in the Chapter IV, i.e. using the opto-thermal effect to convert light energy into beam deformation through the thermal expansion difference of the bilayer beam. The deformation of the actuator will provide the motion input to the polyarticulated structure. The actuators studied in Chapter IV are bilayer cantilever beam consisting of 612 nm thick silica and 280 nm thick aluminum. They are embedded to a substrate for the purpose of the study. To absorb the light energy, the aluminum layer of the actuator needs to be perpendicularly aligned with the optical fiber tip. In this case study, such a bilayer actuator needs to be integrated into a sub-100 µm polyarticulated motion transfer structure. The assembly of the actuator and the structure, to position them accurately, to solder them, to place them perpendicular to the tip of the optical fiber, and to release them from the substrate are key challenges to be addressed in this chapter.

Bilayer Actuator

As an active gripper, it is designed to have two "fingers" structures to complete the gripping action. Given that the previously proposed polyarticulated silica structure in Chapter III exhibit a large workspace and a repeatability of motion at the nanoscale, in this case study, two such structures are configured to fold axisymmetrically on the tip of the optical fiber to form the two fingers of the gripper, as shown in Fig. V.1. The two finger structures are folded from a holistic pattern on the silica membrane. There is a base connected between these two fingers. shows the planar pattern cut on the silica membrane that will be used to perform the folding. Breakable links are shown with green dashed lines. The breakable links enable to hold the patterned structure to the membrane until it is assembled to the optical fiber tip. Once assembled to the fiber, these links will be milled by FIB to release the structure from its membrane. In III.1, each finger has a length of 45 µm and a width L of 15 µm. The two finger structures are distributed symmetrically on both sides of a square base with a side length a 0 of 25 µm.

The polyarticulated silica structure is designed to transform the deformation of the actuator, driving the gripper fingers to open and close. In order to study the motion subsequently, some notations are given to the structure as marked in Fig. V.1. Since the structure is symmetrical, the notation of the left and right fingers is distinguished using the L and R subscripts respectively. The two points at the tip of both fingers are named A L and A R , and the positions where the soldering with the actuator is performed are named B L and B R , respectively. By transforming the deformation of the actuator, the gripper opening d, i.e. the distance between A L and A R will change.

The bilayer actuator is placed with the aluminum layer side down and the silica layer on the top, so that the laser output from the optical fiber tip will irradiate directly at the absorbing material surface. In Chapter IV, the effect of opto-thermal actuation has been studied and the results show that the distance from the optical fiber to the actuator is a very influential factor. The design of the tapered optical fiber tip allows to reach a very short distance between the optical fiber and the actuator, allowing the laser spot to be focused on the actuator as much as possible to maintain the best actuation capability. Moreover, the reduced tip size also allows the polyarticulated structure to be mounted around the optical fiber tip, keeping the tip from coming into contact with the actuator thus preventing heat loss due to contact.

The distance between the actuator and the tip of the optical fiber is controllable, since the distance of the tapered fiber tip inserted into the base of the polyarticulated structure corresponds to the variation of the diameter of the optical fiber. This distance therefore depends on the size of the hole inserted in the base. The distance is defined in advance to determine the diameter of the tapered fiber w at the base level and to cut the hole in the center of the base accordingly. The optical fiber insertion to achieve this goal is quite challenging. Soldering the structure base to the side of the tapered optical fiber with a large angle between the surfaces will also be a challenge in the assembly process.

V.2 Preparation of tapered optical fibers

The processing of the optical fibers is done with Miguel Suarez, a research engineer in the optics department of the Femto-ST Institute. The optical fiber used in this experiment is the P3-780Y-FC-2 Single-Mode (SM) optical fiber from Thorlabs, which is suited for lasers with wavelengths ranging from 780 nm to 970 nm. It is used to transmit the 808 nm laser used in the experiment. The diameter of the optical fiber after removing the jacket is 125 µm with a mode field diameter of 5.0 ± 0.5 µm, through which the laser passes. In order to obtain a tapered tip with decreasing diameter, the middle of the optical fiber patch cable is heated and stretched until it splits into two tapered tips of pigtails. This process is performed using a P-2000 Laser-Based Micropipette Puller System manufactured by Sutter Instrument. It uses a CO 2 laser to locally heat the fiber, and in the meanwhile a traction system stretch the optical fiber from both sides to form two tapered fiber tip. It is important to synchronize the heating and stretching correctly to have an optical fiber tip that is successfully stretched with the desired dimensional properties. The stretching parameters used to process the fiber in this experiment are given in the Appendix C. The tapered tip obtained after stretching the optical fiber can be observed in the For the purpose of observing the optical fiber tip in SEM, the surface of the optical fiber is metallized with a 80 nm thick layer of chromium. The consequence of feeding the laser directly into the fiber in this case is that the laser could not be emitted from the tapered tip and heated the optical fiber itself causing the tip to melt directly. Therefore it is necessary to use the FIB to cut the extremity of the fiber, forming an opening at the tip. In our experiments, it is found that an opening of at least 2 µm is required to allow the 808 nm laser to pass through. Due to the very thin diameter of the tapered optical fiber, milling it with FIB without any support will cause its flexural motions. So the optical fiber tip needs to be placed on a well-conducting substrate before it is processed, it allows efficient evacuation of the charges and avoids drift movements. The tapered fiber tip after the opening is shown in V.3 Fabrication of the structure and microassembly in SEM

V.3.1 Fabrication process

The polyarticulated silica origami structure is fabricated using the same 780 nm thin silica membrane as used in Chapter III. The Al/SiO 2 bilayer actuator is cut from the bilayer cantilever beam sample as used in Chapter IV. These two samples are placed adjacent to each other on the sample stage of the SEM. Since the fabricated structures are so fragile that the samples cannot be replaced until the assembly process is complete, all materials need to be fully installed in the sample chamber during the operation.

The tapered optical fiber prepared according to the method described in the previous section is adjusted to the position in Fig. V.4(b), i.e., aligned with the z-axis of the FIB and backed off along that axis to a standby position that does not interfere with the entry of the silica membrane sample into the FIB milling position; to ensure this, the backward stroke of the nanopositioning robot needs to be at least 3 cm.

Next, the silica membrane is carefully positioned to the intersection of the SEM/FIB with the sample surface perpendicular to the direction of the ion beam, facing the ion gun. The membrane is milled from the surface using FIB to create a 2D planar pattern as shown in Fig. V.2(a). The structure is symmetrical on both sides, with four breakable links left at each corner of the square base to remain attached to the substrate membrane. The hole in the middle of the base can be either square or round, with the square hole facilitating observation and fine adjustment of the optical fiber tip position during assembly, while the round hole is easier to fix firmly when soldering with GIS. Here a square hole is chosen to be used in this case study. The designed joint position is then moved to the center of the FIB view, and the milling depth required to fold the joint to the target angle is determined according to the material thickness and sputtering rate as described in Chapter II, and the milling time is calculated accordingly. Here again, we do not want the folded part to interfere with the processing of other joints. The unfolded joint must be in the plane of the membrane, so both sides are folded from the joint farthest from the base. It can be observed from the SEM image Fig. V.5 of the folded structure that the milling parameters obtained by using 100 nm as the thickness of each joint are calculated to produce a very symmetrical angle obtained on both sides corresponding to each joint. Thus, it can be verified that the thicknesses of the joints are also very similar.

As the fabricated structure has six joints, each of which is very thin and therefore easy to rotate, while the silica membrane is only metallized on the side facing the FIB, thus the non-coated surfaces of the structure can easily be attracted to the uncut part due to the electron charging effect resulting in joint breakage. In order to prevent the structure from being damaged by this during the subsequent assembly and separation process, the rest membrane surrounding the structure is cut and folded by FIB milling in the direction away from the structure, leaving only the four breakable links attached to the structure, as shown in Fig. 

V.3.2 Assembly process

The hole in the center of the structure is aligned to the FIB z-axis, and the tapered optical fiber tip is moved by the nanopositioning robot to slowly approach the structure along the z-axis of the FIB. Due to the obstruction of the substrate, the distance between the structure and the optical fiber can only be observed through the hole in the FIB view. The FIB has a depth of field up to several hundred microns, in this range, it is difficult to estimate the distance of the optical fiber to the structure by the sharpness of the image. So the fiber approach needs to be performed very carefully. The stroke of the nanopositioning robot is an important reference for determining the distance.

Once the tip of the fiber is about 100 µm below the structure, the speed of the nanopositioning robot is switched to minimum and the optical fiber tip is inserted into the hole in the base of the structure. Since the optical fiber tip is very thin and the opening at the extremity is not metallized as a result of FIB milling process, its position is drift off-axis due to the electrostatic attraction from the bottom surface of the structure around the hole. A fine adjustment of the fiber position in xy plane of the FIB frame is then performed to allow the fiber to be successfully inserted into the hole. The use of SEM view and FIB view in the experiment causes negative charging and positive charging respectively, which cannot be completely avoided due to the processing of the material surface by FIB. Therefore the value of the acceleration voltage Electron High Tension (EHT) of SEM is reduced to 10 kV or 5 kV to avoid a strong charging effect damage the structure. However, the acceleration voltage of gallium ions is not recommended to be modified in order to ensure the milling result, rather the charging is reduced by decreasing the imaging current. The fiber that is successfully inserted into the hole should be exactly in the center of the hole, as seen in the Fig. As the diameter of the tapered optical fiber increases with the inserted distance, it sticks in the hole at the distance expected in the previous subsection. However, this connection is not strong enough, it requires the use of GIS to inject naphthalene precursor to the structure surface, to perform Ion-Beam-Induced Deposition between the side of the optical fiber and the base of the structure. The carbon deposit enables to solder the optical fiber and structure together. The deposited solder joints are 2 µm × 5 µm rectangles, fabricated using a 50 pA ion current in the deposition mode. The ion beam scanning frequencies were 20 000 Hz and 0.2 Hz in the long-edge direction (X) and short-edge direction (Y), respectively.

Since the side of the optical fiber and the structure base are not in the same plane, this soldering process needs to start from the structure base's top surface around the hole and gradually move towards the side surface of the optical fiber. It is important to note that since the angle between the ion beam and the side of the fiber is very small, the ion irradiation area edge on the fiber surface should be as close as possible to the connection point between the optical fiber and the base of the structure to prevent solder joints from being deposited too much on the side of the optical fiber. Particular care is taken to avoid deposition at the optical fiber tip opening through which the laser passes out.

The soldering of the optical fiber to the square hole is performed in two steps: first, the corners around the square hole are filled with carbon deposition and attached to the surface of the optical fiber, and then the connection of each side is reinforced, as shown in Fig. V.8. It can be observed that the carbon deposition advancing layer by layer towards the optical fiber side surface forms a step-like effect, causing the deposited portion to gradually rise towards the side of the optical fiber, thus achieving the effect of connecting two surfaces with tilted contact angle in 3D. In the next step, the four breakable links of the support base are cut off using the FIB milling. There is still a soft connection between the folded structure and the silica membrane due to electrostatic forces. Then the structure is separated from the substrate by slowly backing off the optical fiber tip along the z-axis of the FIB. The speed of this process should be very slow to avoid damage to the structure from vibration caused by the rapid movement of the nanopositioning robot. Then the optical fiber is retracted by the robot to the standby position distant from the silica membrane. After the polyarticulated structure is mounted on the optical fiber tip, the actuator needs to be assembled to this polyarticulated structure. The sample stage is then switched to the position of the bilayer cantilever beam sample, which is aligned in the center of the SEM and FIB fields of view to enable the Crossbeam operation to the actuator.

The actuator to be added to the gripper is to be cut from a bilayer cantilever beam. Prior to cutting, the cantilever beam acts as a substrate to facilitate alignment of the actuator to the structure during assembly. A 100 µm × 30 µm cantilever beam is used to mount on the structure from the side. The assembly and separation of the actuator is first aligned in the Crossbeam operation position with the silica layer perpendicular to the FIB z-axis (Fig. V.10). To reduce the charging effect on the silica surface, it is metallized by a platinum layer of about 20 nm thick, this thickness does not affect the performance of the actuator. The approximately 30 µm × 15 µm portion at the free end of the actuator is slightly milled using FIB to remove the metallized layer.

Then the nanopositioning robot moves the optical fiber with the polyarticulated structure mounted on it to approach the actuator along the z-axis of the FIB. The distance between the structure and the actuator decreases during this process until the B L or B R point of the structure (refer Fig. The B L point is soldered first, a solder joint is formed at the connected point by FIB induced carbon deposition, with the assistance of the GIS injected naphthalene. The solder joints' geometry and fabrication parameters are the same as those used to solder the polyarticulated structure and the optical fiber. After the B L on the left is soldered, the structure is adjusted to link the B R on the right to the actuator and create another solder joint, as shown in Fig. V.10(c). At this step, the electrostatic attraction between the polyarticulated structure and the cantilever V.3. Fabrication of the structure and micro-assembly in SEM beam remains a challenge, but a slight electrostatic force can help the two objects adhere together and adjust the positioning of the fingers to prevent their tips from blocking the path of the FIB for deposition. After both sides of the actuator are welded together, the breakable link between the actuator and the cantilever beam is separated by FIB milling. This allowed a 30 µm × 10 µm piece of the actuator to be cut from the tip of the cantilever beam. The optical fiber is then moved by the robot to retract from the cantilever beam along the z-axis of the FIB in order to release the assembled gripper. Finally, the entire structure is fabricated and assembled.

The gripper designed and fabricated in this case study is shown in V.4 Light actuation of the Lab-on-Fiber structure

In this section, the gripper is tested for laser actuation. The gripper structure is actuated by a 808 nm continuous wave laser. The laser power input is a 0.25 Hz square wave with a 50% duty cycle, its amplitude starts at 1 mW and increases by 1 mW after every three repeating periods (see Fig. V.12). For each period the laser irradiates the actuator at the high level of amplitude for 2 s and then returns to the low level of 0 mW for 2 s. In the following analysis, these two phases are referred to by "laser on" and "laser off", respectively. 

Laser on

Laser off 2s 2s Figure V.12 -Laser power input signal for gripper actuation. A "laser off" phase followed by a "laser on" phase is taken as an actuation period. The signal is repeated at the same amplitude for three periods, and then the amplitude is increased by 1 mW.

The square wave input allows the deformation of the structure to keep for a duration during which measurements can be performed. Returning to the initial power allows the observation of whether the structure has drifted after V.4. Light actuation of the Lab-on-Fiber structure each actuation cycle. Using three consecutive actuation cycles of the same input power allows the observation of the repeatability of the structure's motion, and gradually increasing actuation power cycles allow the mapping of the input-output characteristics with multiple data points.

As defined in Fig. V.1, the gripper opening d is studied as a criterion for the actuation effect analysis, it is measured by the distance between the two fingertips A L and A R . The measurement is performed using the vision-based motion tracking method as described in Section III.3.2, and the average distance are calculated based on 3 repeating actuation for each laser power amplitude. It is observed that the gripper opening increases in the "laser on" phase and then returns to its original state in the "laser off" phase. The actuation effect for each actuation period is expressed as the difference of the gripper opening ∆ d in these two phases, it is expressed as:

∆d = d on -d of f (V.1)
where d on is the gripper opening distance in the "laser on" phase, and d of f is the gripper opening distance in the "laser off" phase. The deformation of the gripper structure with increasing laser power is shown in The gripper at "laser off" state (a) is followed by a "laser on" phase with 5 mW laser input (b). After several repeats of actuation with increasing laser power amplitude, the gripper returns to the "laser off" state (c) and then deformed by a 10 mW laser input (d). The laser power increases with the number of actuations, (e-f) show the gripper deformation between the "laser off" and "laser on" phases as the amplitude increases to 15 mW, and (g-h) show the gripper deformation as the amplitude increases to 20 mW.

From the measurement results in Fig. V.14(a), it can be seen that the opening actuation distance of the gripper fingertips gradually increases with the amplitude of the actuation laser power. The fingertips of the gripper can be opened for 2.5 µm when using a laser power input of 23 mW. Combined with the distance of 32.23 µm between the two ends of its fingertips in the "laser off" state, this mechanism can theoretically grip objects between 32.23 µm and 34.73 µm in size. This measurement shows a linear correlation with the input signal in the laser power interval of 0-25 mW.

Another criterion of the actuation effect that is studied next is the difference in the angles of the joints of the polyarticulated structure in the two phases. The angles of the joints of the structure are also measured using the vision-based method and calculated in the same way as described in Section III.3.4. It should be noted that, unlike the previous measurements, there is an angle of 54°between the structural plane of motion and the SEM plane of observation, and the positions measured in this plane need to be transformed to the joint rotation plane for calculation of the angles. Details of this analysis method are given in the Appendix D. The notations for each joint are given in Fig. V.1, and similar to the gripper opening variation, the angular change ∆θ i in joint angle θ i is defined as

∆θ i = θ i (on) -θ i (off) (V.2)
where θ i (on) and θ i (off) are the steady-state angle of θ i after the laser is turned on and the angle of the cooling state with the laser turned off, respectively, and the joints on the left and right side of the structure are distinguished by "L" and "R" respectively as depicted in The angular variation of each joint can be found that individual joints can be driven to rotate more than 20 degrees, and the deformation of the structure by laser actuation can be observed very clearly. The behavior of the left and right opposing joints is not identical, which may be caused by slight differences in the solder joints where the actuator is connected to the structure. However, each joint returns to its initial state after each actuation period.

This gripper is representative as the first sub-50 µm opto-thermal active case study, it is the first time that a gripping action of a polyarticulated gripper with an integrated actuator has been accomplished at this scale in such a compact design. The gripper has the advantage of being very slender, thus it is possible to manipulate objects in ultra-narrow spaces of less than 100 µm. It is also possible to easily change its structure design to adapt it to other objects of other dimensions.

Conclusion

By combining the studies performed in this thesis, a 4D light-driven Lab-on-Fiber gripper made of FIB-induced folding silica origami joints was investigated in this chapter. A sub-50 µm gripper mounted on the tip of a tapered fiber is designed and fabricated as a case study, and the entire fabrication process of the structure, from preparation of the tapered fiber to cutting, folding, assembling the structure with the actuator and separating from the substrate, was reported in detail.

The fabricated gripper was actuated during experimental investigations using an 808 nm laser. The gripping behavior of the structure and the angular changes of the joints were measured using a vision-based motion tracking method. The corresponding coordinate system transformations were performed to obtain the correct angular values. The analysis results demonstrate the possibility of grasping manipulation of tiny objects around 30 µm in size by the gripper proposed in this chapter. The size of the manipulable object is related to the initial distance between the two fingers of the gripper, which can be easily changed as needed. Large gripping distances can likewise be obtained by dimensional modifications to the polyarticulated motion transfer structure. The joints of the structure can be stimulated to rotate up to about 20°by a laser below 30 mW, and the mechanical behavior of the structure is basically linear with respect to the laser input.

These results can be summarized to illustrate the great potential and promise of silica joint structures fabricated based on FIB-induced folding for the development of nanorobotics devices. The case studied gripper is also expected to be applied as a nanorobotics device in nanoscale characterization and manipulation tasks after further structural optimization. This work was selected as the winner of the Micron d'Or Award at the Micronora [ Micronora 22], international microtechnology trade fair and exhibition in Besançon, France, in September 2022. It was considered in the category "Micro and nanosystem demonstrators and prototypes reserved for laboratories, technical centers and design offices". This work was on display for the public in the exhibition hall throughout the week of the exhibition (Fig. 

General conclusions and prospects

The objective of this thesis is to contribute to the development of a new generation of nanorobotic devices by exploring a new approach to fabricate active 3D structures in a sub-100 µm space. Robotics is considered to be a key technology for operating nano-objects at very small scales in a unique way, especially because it brings the capability to apply a force, deform, manipulate, move, or assemble objects or components at the nanoscale. In Chapter I, state-of-the-art analysis states that this demand has been increasing in recent years in electronics, space, medical, telecommunications, bioengineering and many other scientific and industrial fields as a result of the shrinking of many objects. The study of nano-objects is performed in SEM, where the vacuum environment and imaging modalities make the study of structure's motion in SEM very challenging. Current commercially available solutions have significant limitations in terms of range of motion and repeatability because of the large robot-to-object size ratio. Very few solution enable to construct a three-dimensional nanorobotic structure on a scale less than 100 µm due to the constraints of current fabrication techniques.

Through the review of the current research status, it is found that recently some passive 3D structures can be fabricated in the sub-100 µm scale, while active 3D structures, i.e. 4D structures, have not yet developed to our knowledge in such a small scale due to the lack of sufficiently small elastic joints. The interest of these joints is to make polyarticulated structures in order to obtain large deformations from a very small structure. During the exploration of possible solutions, microorigami structures created in SEM using FIB-induced folding have attracted a great interest, and this attraction is related to the fact that they are capable of folding flat 2D thin membranes into 3D structures by FIB milling. These origami structures have a wide choice of materials and capable of locally making joints of nanometer thickness to fabricate 3D origami structures. These characteristics enable materials with interesting physical properties, such as ceramic materials, to be applied to origami structures at this scale. It is expected to provide elastic behavior, which is a big attraction for the control of deformable structures. Moreover, State-of-theart work has shown that in a SEM equipped with FIB/GIS and nanopositioning systems, such structures can be assembled on a Lab-on-Fiber platform to enable actuation or sensing functionalities.

Based on the above study of the literature, an original approach is proposed in Chapter I to fabricate polyarticulated nanorobotic structures using FIB-induced origami joints as robotic joints, and to assemble 3D structures in SEM at the tip of optical fiber. In these works, silica thin membranes are used as material for making origami structures because it is a typical elastic material at this scale, which is of great interest to us in terms of potential repeatability. The integrated signal and energy transmission capability of the optical fiber is used to enable sub-100 µm compact 4D nanorobotic structures. This is the first attempt to fabricate an active nanorobotics polyarticulated structure at this scale. Several key complementary aspects have been explored in order to achieve the research goals of this thesis through this approach. By these considerations, the contributions of this thesis are summarized below:

In Chapter II, the origami joint fabrication method based on FIB milling process was studied. Based on the literature review and previous works of our team, the FIB-TID principle was presented to make self-folding joints at this scale from silica membranes. To enable controllable and repeatable fabrication of the origami joints that respects the geometric design of joints, a fabrication method based on the control of FIB milling depth was proposed. The setting of FIB parameters for the joint fabrication process is analyzed through experiments based on the sputtering rate of the sample material. The milling depth error is reduced to about 10 nm by precise control of the milling parameters. This generalized method enables, for the first time, the controlled fabrication of joints with given geometrical parameters, which is an important condition for the application of this fabrication method to the construction of polyarticulated structures.

The feasibility of the whole fabrication and assembly process was verified in Chapter III by a case study of a 3D polyarticulated structure composed of origami joints. The first qualitative observation of the elastic deformation behavior of a silica polyarticulated structure was made by experimentation. The folding of this silica joint was fabricated based on a planar pattern similar to that of a cantilever beam, and the elastic behavior of this material was characterized quantitatively by mechanical tests. The Young's modulus of this thin silica material was measured to be 53.37 ± 3.13 GPa, which is lower than the corresponding value for bulk silica materials. Torsional spring constants for typical joints were also analyzed. Based on this observed elastic behavior, the motion of a sub-50 µm case study structure actuated by the tip of the optical fiber was modeled and studied in the SEM. The large workspace mobility and nanoscale motion repeatability of the silica polyarticulated structure was evaluated by transforming the motion of the manipulated optical fiber tip. The silica joint demonstrated a large rotation angle range between -101.6 and 152.3 degrees, resulting a planar workspace of 57 µm squared, which was experimentally verified. With an overall size of the structure less than 50 µm, this is the first time that such structural motion has been demonstrated in a workspace of similar size to the structure itself.

The proposed origami structures exhibit high potential to establish the next generation nanorobotics devices. One possible application scenario is to fabricate an ultra-compact active device on a Lab-on-Fiber platform with embedded actuators. In Chapter IV, light-driven actuators capable of being applied at the tip of an optical fiber are investigated. The bilayer cantilever beam design was selected through literature studies as a suitable scheme to enable the actuation integration of silica polyarticulated structures. The actuation is analyzed as a system and its multiphysics principles are modeled, including laser propagation at the tip of the optical fiber, laser/matter interaction and the actuator's thermomechanical behavior. With laser power as input and actuator deflection as output, the response of the system was optimized by the choice of system parameters. Actuators of various sizes are fabricated for actuation integration with different polyarticulated structures. The actuation behavior of some cantilever beams was experimentally studied and compared with the simulation results. For instance, a 100 µm × 20 µm × 0.89 µm cantilever actuator is capable of providing motion outputs in excess of 30 µm with a 20 mW laser power input. The experimental results for varying power inputs demonstrated a linear behavior of the actuator.

In order to integrate all the work done previously into a single demonstrator, an actuation-integrated Lab-on-Fiber polyarticulated silica gripper was fabricated as a case study in Chapter V. Its overall size is less than 50 µm, a tapered optical fiber was chosen as its mounting platform. The optical fiber tip's extremely thin diameter allows it to be placed as close to the actuator as possible for actuation, enabling manipulation in confined narrow spaces of sub-100 µm scales. The linear motion behavior of the gripper was quantified. The opening between its fingertips was changed by 2.5 µm using 23 mW laser power, and the rotation of the joints can be up to 20 degrees. This study exemplifies the potential and application prospects of using the approach proposed in this thesis. Through the original work of this thesis, a series of studies of the polyarticulated silica origami structure were carried out at the tip of an optical fiber. This approach state the basis for the next generation of nanorobotic devices and provided multiple insights for subsequent research.

Future prospects

The novel origami polyarticulated structures studied in this thesis has demonstrated their potential to advance the study of nanoscale object manipulation and characterization. The translation of such potential applications into advanced productivity will require further impetus from more research. The perspectives of this thesis and the work in progress are presented as follows.

Temperature measurement and control of the FIB-TID folding process.

In this thesis, the fabrication control of origami joints based on geometric feature design is implemented through the control of FIB milling parameters. However, although it has been studied in our previous work through thermomechanical simulation and folding angle measurements, the physical principle of FIB-TID still lacks temperature-dependent experimental data as empirical evidence. The validation of the multilayer temperature region model along the thickness of the joint by measurement helps to further understand and control the dynamic process of joint self-folding. These origami joints have a thickness of several tens to one hundred nanometers during folding. To our knowledge, there is no available means of measuring object temperature at this scale. Commercially available temperature probes are generally at the millimeter level, and their large volume difference with our joints makes such measurements impossible. Therefore such studies are very challenging tasks in the nanoscale. One possible approach is to use sub-micron diameter metallic wires to make thermocouple detectors to enable local contact at the scale where the joints are located. An ongoing work in collaboration with Laurent Thiery from the MN2S department of our institute is to make S-type thermocouples using 1 µm and 5 µm diameter Wollaston wires (refer Fig. V.16) to measure the temperature of objects several microns in size using the thermoelectric effect of a closed circuit formed by two different materials (90% Pt/10% Rh-Pt). These thin wires are formed by stretching, and the connection and fixation of the two wires is achieved under the operation of a micro-positioning robot. The solder joints are milled in SEM using FIB milling to reduce the diameter of the tip.

After calibrating the fabricated S-type thermocouple by using a PT100 probe that provides a temperature reference value, it can be applied for temperature measurement. The temperature of micro-and nano-objects can change significantly upon contact with the thermocouple due to the size effect of the sample. By analyzing the heat transfer between the thermocouple and the sample, the temperature of the sample in its uncontacted state can be estimated. For instance, Fig. V.17 shows the thermocouple contact measurement of the surface temperature of a metallized tapered fiber heated by an internal laser, and the temperature estimation for the fiber without contact to the thermocouple.

This study is currently in progress. The thermocouple is expected to be applied to the measurement of local temperature changes during the folding process of joints made by the FIB-TID principle. 

Mechanical Modeling and material study of origami joints made by FIB-TID

In this thesis, the elastic behavior of silica thin membrane and typical joints used in the fabrication process is quantified using a mechanics of materials approach. In a next step, the physical behavior of FIB-TID origami joints can be investigated by using an origami joint modeling approach. By applying such a model, the mechanics of joints with different geometrical characteristics can be numerically simulated or analytically studied. The results of the case study in this thesis provide examples of material elasticity parameters needed for this prospective research.

In the absence of a corresponding analytical model, the simulation of the behavior of origami joints requires the computation of numerical solutions using FEA methods, which leads to high computational costs. By browsing through advanced literature, it is found that analytical models for generalized origami joints similar to the geometry of the joints we produced have been proposed recently [Zhang 21b]. The accuracy of this model has been investigated in experiments with millimeterscale samples, and applying a similar model to the nanoscale helps to predict the folding stiffness of the joints and the local deflection of the joints.

The application of an analytical model is expected to give a further understanding of the effect of the self-folding process of FIB-TID on the crystal structure and material composition of the joints. However applying the macroscopic model to the nanoscale is not a straightforward change. Experimental studies in Chapter II on the elastic parameters of silica thin films have also shown that many physical properties of materials at this scale cannot be directly established by current knowledge. Nanomaterials are subject to scale effects that make the investigation of these issues challenging and therefore rarely addressed. Further characterization studies at the nanoscale remain dependent on advances in nanorobotics approaches to provide more powerful tools. FIB-TID-based origami technology is relatively recent, and research on these aspects needs to be further advanced. Some literature points out that FIB milling creates an ion implantation effect on the surface of the sample material, thus leading to an change in parameters such as Young's modulus locally in the sample, so that the material parameters of joints fabricated by the FIB-TID principle are likely to be inconsistent at different thicknesses. Further studies of origami joints made by FIB milling potentially make it possible to locally control the stiffness gradient of the joints. The comparison of the results of the model analysis of such joints with experimental measurements is likely to provide possible explanations for these unknown issues and thus more accurate predictions of the mechanical behavior of origami joints at the nanoscale. This will provide an important basis for the research and design of ultra-small polyarticulated origami robots based on FIB-TID principle.

Toward multi-degree-of-freedom nanorobotics 4D origami structures

The prototype gripper presented in Chapter V demonstrates the possibility of grasping objects of about 30 µm in size. The gripping range of the gripper can actually be changed by different polyarticulated structural designs. A prospect following this research is to create new grippers that are geometrically optimized and use them to actually manipulate micrometer objects. The manipulation of micro-and nano-objects of different sizes with by diverse polyarticulated structural designs is a prospect that we are interested to experimentally verify.

Following on from the 4D structures made using silica origami joints demonstrated in this study, the next step is to make structures with multiple Degrees of Freedom (DOF). A 3D nanorobotic structure is different from a multi-DOF nanorobotic structure, for the latter it will be more challenging to use assembly to integrate actuators. Our recent explorations have demonstrated that it is possible to make polyarticulated structures with closed linkage chains by designing joints in different positions, which offers the possibility of bypassing the assembly step to make complex 3D polyarticulated structures, as shown in Fig. V.18. The use of such non-assembly fabrication methods for multi-DOF polyarticulated structures is a prospect of interest.

Another improvement that can be made is to integrate the actuator directly into the planar design of the polyarticulated structure, allowing the actuator to be integrated directly into the 3D structure through the folding of the joints without the need for assembly. Such an improvement avoids the introduction of solder joints formed by FIB-induced deposition in the structure, whose mechanical behavior has not even been studied in detail, and the errors caused by the difficulty of fabricating solder joints during the assembly process are not conducive to the improvement of the motion precision of the polyarticulated structure. In the latest prototype design of the multi-DOF origami structure, all the above mentioned optimizable factors are taken into account. In summary, the research on the new generation of nanorobotic origami structures based on this thesis continues to advance, and we expect that this technology will achieve breakthroughs in the near future, contributing to the advancement of nanoscience and technology and being applied to more and more fields. Based on the specifications provided by the manufacturer of the experimental device, we obtained the standard uncertainty of each parameter using the GUM Type B evaluation of standard uncertainty method, is expressed in Table A Uncertainties relating to each set of data were computed during the examination of the experimental findings. The same methodology was used to conduct the uncertainty analysis for the other non-direct measurements included in this dissertation.
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where (x 0 , y 0 , z 0 ) is the position of the laser outlet on the optical fiber cleaved facet, ∆z = |z -z 0 |, The laser waist ω 0 is 2.5 µm for the optical fiber used in the experiment. Since the laser-to-fiber coupler and connectors at all levels can cause significant attenuation of the final laser power emitted at the fiber tip, the attenuation factor of the laser power needs to be measured in situ using an optical power meter for the laser power emitted from the top of the fiber. This coefficient can be measured from 0.25 to 0.5 depending on the cleanliness of the fiber optic connector and the tightness of the connection surface fit when installed into the SEM chamber. Note that the tightness of the connectors can greatly affect this value, thus it needs to be re-measured for each installation of the optical fiber.

From the reflectivity curves of aluminum for each wavelength in Fig. IV.10 it can be seen that the reflectivity of aluminum for 808 nm laser is relatively low, nevertheless, due to the smoothness of the fabricated aluminum layer surface, the actual measured reflectivity R of the aluminum layer is about 0.9516.

The two modules set up need to be coupled using a Thermal Expansion multiphysics interface so that the temperatures calculated by the heat transfer within the solid module can be used for solid mechanics calculations. Finally, as the most important feature of the FEA, the material was dissected using a free tetrahedral mesh, the node pattern used was controlled by the physical model, and since the layers of the cantilever beam is very thin, the element size therefore needed to be set to Extra fine. Since the silicon substrate part does not require much refinement calculation, the mesh of this part can be more coarse to reduce the simulation time. 

D.1 SEM imaging model

The imaging modality of SEM was considered in vision measurements using a model of a perspective camera [Kudryavtsev 18,Hartley 04], or pin-hole camera, it is a camera model that considers that all projection rays have an intersection point, i.e. the camera center. This model transforms a 3D point in space into an image point and can be broken down into three successive elementary transformations (see Fig. 
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Then the second transformation P links the camera frame R c (X c , Y c , Z c ) to the sensor frame R r (x, y) (retinal plane). It is a perspective projection which transforms a 3D point into an image point in metric unit.
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where f is the focal length of the SEM objective lens. One can find that the depth information Z c is lost in this step, which actually causes the main problem in recovering the 3D coordinates of the sample from the 2D image.

The final transformation A describes the operation of converting metric coordinates (x, y) of the sensor frame into discrete image coordinates (u, v) (in pixels) of the image frame. Typically, the rows and columns of a SEM image are essentially orthogonal, and this transformation can be expressed as follows: 

D.2 Measurement of 3D coordinates of tilted samples

With the current state-of-the-art technology, it is feasible to perform a complete spatial reconstruction of a 3D object observed by SEM from the 2D information provided by the 2D image. The research community has developed different 3D reconstruction methods in the direction of focus, illumination and motion, respectively. For example, the Pollen 3D software developed by Kudryavtsev et al. is able to build a 3D point cloud of millions of points of an object by iterative computation based on several SEM images of the same object from different vision directions [ Kudryavtsev 18]. In practice, these methods have high requirements on the sharpness of the image and the center of rotation of the object, etc., calculating a large amount of point coordinates also requires a large amount of computational D.2. Measurement of 3D coordinates of tilted samples Once the required depth information of each point is obtained, the matrix left division of the three transfer matrices in the SEM imaging model can be used to invert the points coordinates on the 2D SEM image to obtain the coordinates of each point in the 3D frame of the tilted sample. The computational procedure shown in Algorithm 1 is programmed in Matlab and coupled with the cvlinkrelated module in Simulink as depicted in Section III.3.2, enabling the motion tracking of several feature points in the video image acquired from the SEM while performing coordinate conversion and saving the 3D spatial coordinates for subsequent computation and analysis. In addition, because the cantilever beam needs to be released from the silica layer, the selective cutting of the cantilever beam boundaries was achieved using the Reactive-Ion Etching (RIE) process . The removal of wafer bottom side material was achieved using the Deep Reactive-Ion Etching (DRIE) process as shown in Fig. E.5(f-i). The photoresist was used as a mask to protect the surface that did not need to be etched. The Deep Reactive-Ion Etching (DRIE) process was used to remove the substrate from the bottom side of the wafer. This process starts with a fluorine-based reactive gas for etching the material, followed by another gas to protect the sidewall by passivation. It alternates the etching and protection steps to achieve a deep etch depth.

Since the fabricated cantilever beams are very thin and have very few connections to the wafer substrate, washing and blow-drying can damage them very easily. Thus, the wafers were finally cleaned using oxygen plasma to remove all residual photoresist from the surface.

E.3. Metalization of samples

E.3 Metalization of samples

The metalization of sample in this study was performed by a sputtering Physical Vapor Deposition (PVD) process. The sputtering process allows the deposition of numerous materials of different types, such as metals, alloys, refractory compounds and conductors [ Beainou 19]. The silica membrane and optical fiber are non-conductive samples, to obtain high quality SEM/FIB images in high vacuum by reducing the charging effect, they were metallized with a thin chromium or platinum layer with a thickness from 10 nm to 20 nm. The metal layer was deposited on the surface of the side to be observed by SEM and FIB. Since the deposited metal layer is very thin, it is neglected in the mechanical analysis of the sample. The bilayer cantilever beam samples studied in Chapter IV are not metallized, as most of the surface area is covered with an aluminum layer. The surface of the silica layer of the cantilever beam used to fabricate the actuator in Chapter 5 was metallized to accommodate the observation of the silica surface during assembly. 

Abstract :

The need for characterization and manipulation systems to operate at very small scales is increasingly emerging because of the research and industrial interest in many micro-and nano-objects. These needs are considerable and cover a wide range of applications. Current available commercial nanopositioning robots have strong limitations in terms of workspace and repeatability due to their large size difference with the object. This thesis investigated a new paradigm of robotic motion generation for nanoscale applications. The original approach proposed is based on the unfolding of a 3D origami structure actuated by laser at the tip of the optical fiber in Scanning Electron Microscope (SEM). This involves pattering, folding, assembling a silica origami structure using Focused Ion Beam (FIB), and generating its deployment at the tip of the optical fiber by using the optical flow. Silica elastic joints made by FIB induced folding are proposed to be used as robotic joints. The controllable and repeatable fabrication method of origami joints is investigated. A polyarticulated structure composed of the origami joints is experimentally studied. The size of the proposed structure appears disruptive because smaller than 50 µm in typical overall length. It enables for the first time motion transfer in a large planar workspace of 57 µm squared with excellent repeatability standard deviations of 227 nm and 216 nm in x and y directions, respectively. Finally, a sub-50 µm case study of an actuation integrated ultra-compact gripper unfolding at the tip of an optical fiber is demonstrated. These results together state the interest of novel polyarticulated structures resulting from the FIB folding as a basis for the next tethered nanorobotics generation.
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 11 Figure I.1 -Objects of different scales, the required observation tools and corresponding environments.

Figure I. 2 -

 2 Figure I.2 -Illustration showing distortion of the SEM image by charging. The sample is an uncoated Teflon sheet. (a) Initial image of the sample, taken at the first frame (cycle time t=7 s), (b) image taken after 21 s scanning (cycle time t=28 s). [Ichinokawa 74]

Figure I. 3 -

 3 Figure I.3 -Illustration showing an optical fiber under the influence of charging. (a) The abnormal distribution of brightness and darkness of the image. (b) The strong charging effect causes the image fracture into multiple phases. [Thong 06]

  Figure I.4 -Imaging of a metalized sample with different electron beam scanning speeds. The cycle time required to complete the frame scanning is given respectively. (a) SEM image obtained by fast electron beam scanning. (b) SEM image obtained with reduced scanning speed. [Ongoing work]

Figure

  Figure I.5 -Various nanostructures prepared by FIB additive and/or subtractive manufacturing combined with GIS. (a) IC chip modification by FIB induced deposition and milling. [Nai 15] (b) 3D nano-rotor fabricated by FIB induced deposition [Li 21b]. (c) Optical nano-antenna created at a polymer tip by FIB milling [Mivelle 10].

Figure I. 6 -

 6 Figure I.6 -Various nanophotonic structures enabled by FIB induced fabrication in SEM. (a) Sub-wavelength U-shape split ring resonators fabricated by FIB milling and folding [Cui 15]. (b) Giant 3D optical chirality enabled by FIB milling and deformation [Li 18]. (c) Nano-photomask fabricated using FIB milling. [Fang 10].

Figure

  Figure I.7 -A 15 µm length "gingerbread" house made in a SEM equipped with FIB, GIS and robotic positioning system. [Casagrande 19] (a) The house is sitting on top of a tiny snowman. (b) The house is welded using FIB-induced deposition and decorations are etched into the house with the ion beam.

Figure

  Figure I.8 -State-of-the-art innovative structures or tasks enabled by nanomanipulation systems in SEM. (a) Lab-on-fiber origami micro-house structure assembled at the tip of an optical fiber [Rauch 18]. (b) A 760 nm diameter nanolens is mounted on the tip of the tapered optical fiber. (c) Multiphysical characterization of a single InGaN/GaN nanowire with an AFM probe inside SEM [Qu 22]. (d) Local resistances measurements of Carbon Nanotubes Structures inside of an industrial nano-electronic device using an instrumented nanorobotic movable probe tip [Clevy 19]. (e) Microscale pick and place handing with a liquid metal-based manipulator [von Kleist-Retzow 19]. (f) a 20-layer-silicon-pile structure assembled by a probe tip inside SEM [Aoki 03]

Figure I. 9 -

 9 Figure I.9 -Atomic manipulation using AFM tips [Pavliček 17]. (a-d) Switching a metal-molecule complex formed by a Au atom and a PTCDA molecule. (a) Model and (b) AFM measurement of non-bonded complex; (c) and (d) model and AFM measurement of bonded complex, respectively. (e) Schematic illustration of the prepared samples and AFM manipulation and measurements (not to scale).

I. 3 .Figure I. 10 -

 310 Figure I.10 -Examples of commercial nanomanipulation systems. (a) Kleindiek system composed of eight units of 3-DOF. (b) IMINA systems consist of eight units of 4-DOF. (c) Smaract TRIPOD 6-DOF system ensures large linear displacement and continuous rotation on one axis. (d) Smaract SMARGON 6-DOF ensures unlimited rotation on two axes.

Figure I. 11 -

 11 Figure I.11 -Comparison of the device size and approximate planar workspace of some representative active micro robots and micro structures developed in recent years. The devices in the area above the dotted line indicate that they have a large workspace compared to their size. Among them, large workspace sub-100 µm devices are in high demand for the development of nanorobotics [Bhushan 10, Weir 05, Yao 21].

Figure

  Figure I.12 -Monolithic force-sensitive 3D microgripper fabricated on the tip of an optical fiber using TPP [Power 18]. (a) SEM image of the gripper-tipped optical fiber inside a prototype catheter robot. (b) Gripper printed on the 125 µm diameter optical fiber. (c) A side view SEM image of the gripper showing the link lengths of the compressible three-hinge mechanism [Power 17].

Figure I. 13 -

 13 Figure I.13 -Typical non-linear viscoelastic behaviour curves: (a) Relationships between stress and strain for a constant time of loading of viscoelastic material at given temperature. (b) Constant load unloading curves and residual strains at different temperature. AC = viscoelastic response, M = linear viscoelastic model. [Judycki 92]

Figure I. 14 -

 14 Figure I.14 -Functional stacks fabricated by TPP 4D printing, (a) Optical micrographs and (b) SEM images. Each stack is composed of five elements. The samples are composed of two constituent components fabricated with a single photoresist but two different laser exposure powers. Differential shrinkage during development leads to pre-bending of the bilayer beams, further leading to rotation of the stack shown in the panels.

Figure I. 15 -

 15 Figure I.15 -The milliDelta: a millimeter-scale Delta robot [McClintock 18]. (A)The milliDelta with components labeled. Perspective views of the milliDelta moving through its workspace near the top (B), bottom(C), left (D), and right (E) with externally powered light-emitting diode for visualization.

Figure I. 16 -

 16 Figure I.16 -Untethered Miniature Origami Robot [Miyashita 17]: (a) Robotic metamorphic cycle (b) The permanent magnet cube is controlled by external electromagnetic field to drive the movement of the origami exoskeleton. (c) Folding of origami exoskeleton by heating with Peltier heater plate.

  Fig. I.16.
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 17 Figure I.17 -Millimeter-scale micro origami structures. (a) Electrothermal foldable single origami joint. (b) Multi Miura-ori pattern. (c) and (d) A crane pattern with elastic folding to flap the wings [Zhu 20].

Figure I. 18 -

 18 Figure I.18 -The sub-millimeter-sized microgripper. (a) and (b): SEM images of closed microgrippers with a rotationally asymmetric (a) and symmetric (b) arrangement of digits around the central palm. (c) Optical image of a microgripper with captured cells. (d-h) Optical microscopy sequence showing the remote-controlled, thermally triggered capture of a dyed bead (275 µm) from among several clear beads. [Leong 09]

Figure I. 19 -

 19 Figure I.19 -Microhouse assembled by origami and welded on top of the facet of an optical fiber in a SEM and FIB dual beam [Rauch 18]. (a-d) FIB-induced self-folding process. (e-f) Installation of the structure on the optical fiber tip. (g)The assembled microhouse.

Figure I. 20 -

 20 Figure I.20 -SEM images of sub-microscale cubic structures assembled by FIB-induced folding. The structure is made from a Ti/Al/Cr multilayer metal film [Chalapat 13].

Figure

  Figure I.21 -(a) Schematic illustration of an optical fiber [Sloyan 21]. (b) The lab-on-fiber paradigm [Pissadakis 19].

  Fig. I.22. Active robotics structures on top of optical fibers are a strongly needed and promising research area. The 125 µm Single Mode Optical Fiber (SMF) tip is dimensionally suitable as an experimental bench for targeting sub-100 µm nanorobotics structures, facilitating the use of light to control the structure. This is potentially an excellent environment for characterizing and demonstrating sub-100 µm active nanorobotic structures in SEM.

Figure I. 22 -

 22 Figure I.22 -State-of-the-art LOF applications: (a-c): Schematic and photos of a interferometric cavity based LOF force probe. (d-f) SEM image of an optical fiber metatip with the entire fiber cross-section shown. (g) SU-8 optomechanical cavities fabricated in optical fiber tips by 3D printing [Pisco 20].

Figure

  Figure II.1 -The FEMTO-ST µRobotex platform consists of a SEM, a Focused Ion Beam (FIB), a Gas Injection System (GIS), a 5-DOF micropositioning sample stage and a 6-DOF nanopositioning robot. (a) External view showing the control interface including robotic teleoperation equipments. (b) Inside view of the cluttered SEM sample chamber. Various components working around the sample within a volume of interest of a few cubic millimeters.

Figure

  Figure II.2 -Control scheme architecture of the µRoboteX platform. Three synchronized computers provide powerful computing hardware support for the SEM workstation operation, nanopositioning robot control and ion beam operation control, respectively.

Figure

  Figure II.3 -Simplified schematic of the µRoboteX platform vacuum system (not to scale) inspired by [Zeiss 10]. The color indicates different levels of vacuum in several subsystems, system external air pressure is not included.

Figure

  Figure II.4 -Imaging modes of the ZEISS CrossBeam ® workstation Auriga 60 [Zeiss 10].

Figure

  Figure II.5 -Schematic diagram of a SEM electron gun. Inspired by [Marturi 13]

Figure II. 6 -

 6 Figure II.6 -Schematics of the electron optics and detectors in the SEM vacuum chamber, scale of elements is not respected. Inspired by [Zeiss 19, Zeiss 10, Kudryavtsev 18]

FigureFigureFigure

  Figure II.7 -Schematics of the electron-matter interaction, generated signals include Secondary Electrons (SE), Backscattered Electrons (BSE) and X-rays, etc.Scale of elements is not respected. Inspired by[Nanakoudis 19, Beainou 19] 

•

  The filament is heated by applying the filament current, which allows it to emit electrons (refer Fig. II.5). • Extractor voltage (U Ext ). It controls the electric field that extracts electrons from the heated filament in the electron gun (refer Fig. II.5). Suppressor voltage (U Sup ). It is applied to suppress unwanted thermoionic emission from the shank of the electron gun (refer Fig. II.5). • Electron High Tension (U EHT ). It is used to accelerate the emitted electrons (refer Fig. II.5). • Apertures. The aperture size is decisive for the electron beam current (refer Fig. II.6). • Stigmator. It is the parameter that controls the condenser (refer Fig. II.6).

GaFigure II. 10 -

 10 Figure II.10 -Schematics of the Focused Ion Beam added to a SEM workstation. Scale of elements is not respected. FIB and SEM column arranged at an angle of 54°. Inspired by [Zeiss 19, Zeiss 10, Kudryavtsev 18]

Figure II. 11 -

 11 Figure II.11 -Schematics of the ion-matter interaction, generated signals includeSecondary Electrons (SE), Secondary Ions (SI), Backscattered Ions (BSI), and X-rays, etc. Scale of elements is not respected.

Figure

  Figure II.12 -Switching between (a) the SEM view and (b) the FIB view showing the changes of the charging effect onto the same sample. It can be observed that the optical fiber is more charged (brighter) in the SEM view and less charged in the FIB view.

Figure

  Figure II.13 -The "milling object" defined in the SmartSEM interface (a) as a shape consists of red and green lines, and defined in the homemade interface (b) as a shape in yellow lines.

  Figure II.14 -The OmniGIS interface. It enables the control and monitoring of GIS parameters.

Figure

  Figure II.15 -Experimental configuration for FIB-induced deposition combining with GIS. (a) The tip of the GIS needle can be observed from the upper right corner of the SEM image. (b) Infrared CCD image inside the SEM vacuum chamber with the GIS needle inserted from the top right of the screen.

Figure II. 16 -

 16 Figure II.16 -An illustration of an electron/ion beam induced deposition process. A gas precursor is (a) released near the sample and (b) adsorbs to the surface. The substrate is (c) exposed to an electron/ion beam in the region of the incident vapor plume, inducing a dissociation reaction and resulting in (d) a solid deposit and a volatile by-product. [Randolph 06]

  Fig. II.17) can be realized due to local chemical reactions. Ion-Beam-Induced Etching (IBIE) is likewise much faster than Electron-Beam-Induced Etching (EBIE).

  Figure II.17 -An illustration of the electron/ion beam induced etching sequence. The gas precursor is (a) released near the sample and (b) adsorbs onto the sample surface. Under the influence of the energetic electron/ion beam, the gas precursor (c) reacts with the sample and (d) forms a volatile by-product, which subsequently desorbs. [Randolph 06]

  Figure II.18 -FIB milling (left) and Ion-Beam-Induced Etching (right) processed on the same substrate with the same pattern and time. [PEMC 22]
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 19 Figure II.19 -Typical examples of additive and subtractive fabrication induced by electron and ion beam. (a) A platinum Ion-Beam-Induced Deposition (IBID) created across four pre-patterned gold electrodes on a substrate [Botman 08]. (b) An electron micrograph of 500 nm linewidth Electron-Beam-Induced Etching (EBIE) of silicon (110) [Matsui 89].

Figure II. 20 -

 20 Figure II.20 -Reference frames for (a) SEM operations and for (b) FIB operations, with a common origin defined at the coincident point of the SEM column and the FIB column axes, and a common x-axis inward.

Figure

  Figure II.22 -(a) View of the CAD model of the 3P3R nanopositioning robot installed inside the SEM vacuum chamber [Guelpa 18]. (b) Schematic diagram of the kinematic chain of the robot.

Figure

  Figure II.25 -Schematic illustration of the fabrication scheme with a FIB [Chen 20]. (a) FIB patterning by milling (b) FIB local milling (not full thickness) inducing (c) bending when the joint thickness is thin enough.

  Figure II.26 -The silica membrane sample used in the origami fabrication process. (a) The sample mounted on the tilted stub. (b) SEM image of a 80 µm × 80 µm silica membrane. (c) FIB image of the same membrane. Scale bars are 20 µm.

Figure

  Figure II.27 -2D planar patterns created by FIB milling. (a) A 2D pattern composed of two symmetric cantilever beams. (b) A 2D pattern created using multiple rectangle milling objects. The rectangles with colored borders in the figure are the milling objects with selected areas.

  Figure II.28 -3D assembly using the FIB folding process [Ling Xia 06]: (a) initial 2D pattern, (b) partly bended structures, (c) stand-up 3D cubic frame. Orthogonally bended parts can be clearly seen through the curved frame. Scale bars are 2 µm.

Figure

  Figure II.29 -Principle of the origami process [Rauch 18]: (a) The first step of this process corresponds to a sputtering with gallium ions of the milling object area. (b) When the bulk of the link between the membrane and the panel to fold corresponds to a specific thickness, a bilayer strip appears. (c) The effect of sputtering produces a differential dilatation coefficient into the upper part in white and the down part in red of the link. (d) The panel self-folds from 0°to 90°w

II. 4 .Figure

 4 Figure II.31 -(a) Experimental measurements of the bidirectional folding behavior of multi-layer (SiO 2 /1.2 µm, Cr/20 nm, and Al/200 nm) cantilever between -70°a nd 90°. (b) FE simulation of the trilayer structure's bidirectional folding behavior, including uncertainties vs. the FIB milling depth of the Al layer. The colormap represents the temperature distribution. [Benouhiba 21]

Figure

  Figure II.32 -A schematics of the joint fabrication parameters. The joints are fabricated by FIB milling to remove a rectangular cuboid volume of material.

FigureFigureFigure

  Figure II.33 -The pose of the sample (a) being milled by FIB and (b) being measured by SEM.
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Figure

  Figure III.1 -Schematic diagram of the proposed polyarticulated hybrid structure: (a) Side view of the structure composed of hybrid materials. Where j 1 , j 2 , j 3 , j 4 are silica origami joints made by FIB milling, and j 5 and j 6 are the solder joints made by carbon deposition. (b) A 3D CAD schematic of the structure.

Figure

  Figure III.2 -FIB image of the 2D pattern cut from the silica membrane. The positions of the designed joints are marked by four milling objects consisting of red and green lines. The breakable links between the pattern and the substrate are indicated by the green dashed lines.

III. 1 .Figure

 1 Figure III.3 -SEM images show the folding sequence of the j 1 (a), j 2 (b), j 4 (c) and j 3 . Scale bars are 20 µm.

Figure

  Figure III.4 -SEM images of the polyarticulated silica structure mounted on an optical fiber tip. (a) The structure and the optical fiber are aligned along the z-axis of FIB. (b) Carbon depositions are created to assemble the structure to the optical fiber tip. (c) The breakable links connect the structure to the membrane are cut by FIB milling. (d) The structure is released from the membrane substrate together with the optical fiber. Scale bars are 20 µm.

Figure

  Figure III.5 -SEM images of the top plate assembly process. (a) The top plate is cut in 2D pattern from a lithium niobate membrane. (b) The links of polyarticulated silica structure are soldered to the top plate. (c) The released hybrid structure mounted on the tip of optical fiber. Scale bars are 20 µm.

Figure

  Figure III.6 -SEM image sequence of a silica linkage chain deformation when interacting with a fixed membrane boundary. (a) The silica linkage chain mounted on the optical fiber tip moves to the right. (b) The link L 1 moves to the right and touches the membrane boundary. (c-e) As the optical fiber tip continues to move to the right, the contact force from the membrane deforms the linkage chain and a counterclockwise rotation of the joint j 1 can be observed. (f) The optical fiber tip is moved to the left, the link L 1 is separated from the membrane, and the two joints are immediately returned to their initial positions.

Figure

  Figure III.7 -SEM image sequence of a silica linkage chain compression when interacting with the bottom of a fixed membrane. (a) The silica linkage chain mounted on the optical fiber tip moves upwards (b) The free end of the link L 1 touches the membrane bottom (c-d) The optical fiber tip continues to move upwards, pressing the linkage chain to the membrane. The compression causes j 1 to rotate by approximately 20 degrees. (e-f) As the optical fiber moves downward, the linkage chain immediately resumes its initial position.

Figure

  Figure III.8 -Experimental setup: (a) The NHT2 Nanoindentation Tester, measurement done with Yves Gaillard in the DMA/FEMTO-ST. (b) Configuration scheme for measuring elastic parameters of silica cantilever beams (not to scale).

  Figure III.9 -(a) SEM image and (b) FIB image of the fabricated cantilever beam, The tip of the indenter pressed against a point on the midline of the upper surface of the beam leads to deformation of the beam downward.

  A total of 6 sets of experiments were performed. The distance between the pressed position of each set of experiments and the position of the first set of experiments was ∆x. The experimental measurements at different positions along the beam are shown in Fig. III.10. The distance ∆x from the first press position was gradually increased in the experimental order.

Figure III. 10 -

 10 Figure III.10 -Load force-displacement measurements of a silica cantilever beam. The distance along x of the load position of each set of measurements from the load position of the first set is ∆x.

Figure III. 11 -

 11 Figure III.11 -Schematics of a cantilever beam deflection with an intermediate load force.

III. 2 .Figure III. 13 -

 213 Figure III.13 -Young's modulus of silica cantilever beam with 787 nm thickness.

  Figure III.14 -SEM images of (a) the silica cantilever beam with a joint, (b) a zoomed view of the silica joint thinned by FIB milling.

Figure

  Figure III.15 -(a) AFM measurements of the joint with nearby sample surface. (b) The 1D depth information at the green path in (a), an average milling depth of 564 nm was measured to determine the thickness of the joint.

FigFigure III. 16 -

 16 Figure III.16 -Load force-displacement measurements of a silica cantilever beam with a joint.

  Fig. III.17(a).

Figure III. 17 -

 17 Figure III.17 -Schematic model of the silica beam with a joint: (a) Bending due to a load force at position a on the rigid beam and (b) Bending of the beam under load force at two different position with a known distances ∆ x .

Figure III. 18 -

 18 Figure III.18 -Bending behavior characterization of the silica beam with joint: (a) Bending angle. (b) Torsional spring constant.

Fig. III. 18

 18 Fig. III.18(a) provides measurements characterize the linear bending behavior of the silica cantilever beam with a joint in the loading experiments at different positions. It can be observed that the load-bending angle variation during the bending of the joint from 0 degrees to about 14 degrees remains essentially linear. The torsional spring constant of the joint obtained from the measurement is 12.44 µN • µm/°, the standard deviation of the distribution of the measured data is 2.56 µN • µm/°, as shown in Fig. III.18(b).

Figure

  Figure III.19 -(a) Planar Design of the micro-origami structure before folding. (b) The folding process of the origami: folding sequence of each of the three joints of the structure (1-3). schematic illustrations of side view, along with top view FIB images. Scale bars are 10 µm. The two free ends of the second and third segment are labelled point A and point B, respectively, and C, D and O represent the articulations between segments. We define E as a certain point along the x-axis for subsequent joint measurement and algebraic representation. The Denavit-Hartenberg (D-H) coordinate system of A and B are shown in red and yellow notations respectively in (1-2). (c) (1-2) Side view SEM images of the polyarticulated micro-origami structure after cutting and folding process completed. (3) Demonstrate the thickness of the silica membrane and of the folded hinges, measured as 925 nm and 104 nm respectively.

Figure III. 20 -

 20 Figure III.20 -Experimental configuration for soldering and providing input motion to the polyarticulated origami structures with a stretched optical fiber tip.The locally zoomed-in rendering at the bottom left shows the micro origami structure folded on the silica membrane.

  Fig. III.21. silica jointThe template matching module provided by Cvlink performs image correlation calculations on the region of interest in each frame of the video to track the path movement of the position with the highest correlation to the template image, and the matching template is updated after each cycle to adapt to the continuous motion of the image to reduce the measurement error.

Figure III. 21 -

 21 Figure III.21 -Schematic diagram of the Simulink block chain for motion tracking of a point in a saved offline video.

Figure III. 22 -

 22 Figure III.22 -Workspace simulation results obtained using analytical method, for different joint limits of θ 1 and θ 2 . (a) -60• ≤ θ 1 , θ 2 ≤ 60 • , (b) -90 • ≤ θ 1 , θ 2 ≤ 90 • , (c) -120 • ≤ θ 1 , θ 2 ≤ 120 • , (d) -150 • ≤ θ 1 , θ 2 ≤ 150 • .

  Fig. III.24. Due to the obstruction of the field of view by the fused silica membrane, in practice, only the configuration of θ 1 folding in the forward direction can be experimentally observed.

Figure III. 23 -

 23 Figure III.23 -Distribution of experimentally measured joint angle values of θ 1 and θ 2 during large deformations of the structure. The maximum joint angle obtained is 152.3°and the minimum joint angle is -101.6°.

Figure

  Figure III.24 -Proof of concept of folding and actuation of the polyarticulated structure by the externally driven optical fiber. (a1)-(d1) Schematic representation of the changes of the joints during movement with θ 2 folding in positive direction and (e1)-(h1) in negative direction. (a2)-(d2) Example of the SEM images obtained from the experiment for measuring and calculating the values of the angles and determining the position of the end-effector using visual methods, (e2)-(h2) are in negative direction. The arrows in the SEM images represent the direction of motion of point A (red) and point B (yellow) respectively. Scale bar is 5 µm for all images.

  Figure III.25 -Validation of the workspace of the polyarticulated origami structure: Simulation of the workspace of the validated joint confinement range (solid line) with the coordinates of the end-effector point A (red star marks) obtained from experimental measurements. The shaded part of the workspace cannot be verified due to the occlusion of the substrate

Figure

  Figure III.26 -Repeatability test, distribution of the results of 100 measurements for 20 repetitions of the determined pose (5 measurements per pose), The size of bubble indicates the density of the data measured at that point.

  Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 IV.1 Light-powered actuation for Lab-on-fiber device in SEM . 111 IV.2 Modeling of lab-on-fiber Opto-Thermal actuation . . . . . . . . 114 IV.2.1 Opto-Thermal analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 IV.2.2 Heat transfer analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 IV.2.3 Thermo-mechanical analysis . . . . . . . . . . . . . . . . . . . . . . . . . 119 IV.3 Study of the bilayer actuator parameters based on modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 IV.3.1 Choice of materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 IV.3.2 Choice of laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 IV.3.3 Choice of layer dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . 125 IV.4 Actuator fabrication and experiments . . . . . . . . . . . . . . . . . . . 126 IV.4.1 The cantilever beam sample . . . . . . . . . . . . . . . . . . . . . . . . . 127 IV.4.2 Experimental configuration . . . . . . . . . . . . . . . . . . . . . . . . . 128 IV.4.3 Laser actuation results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

Figure

  Figure IV.1 -Opto-thermal actuation scheme of three thermal actuator designs. (a) Chevron-shaped actuator (b) U-shaped actuator (c) bilayer actuator. The upper part of the schematic are the cold state actuators, the lower part of the schematic are the actuators heated by opto-thermal effect to produce thermal expansion, the red arrows represent the direction of displacement. (a,b) produce in-plane displacement and (c) out-plane displacement.

Figure

  Figure IV.2 -State-of-the-art opto-thermal microstructures: (a) A Chevron-shaped opto-thermal actuated structure [Ahmad 21] in the unactivated state with the laser off (left) and open fingers with the laser on (right). (b) A U-shaped opto-thermal actuated structure [Serrano 08] with the laser off (left) and actuated by the laser (right). (c) Bilayer opto-thermal polymer structure stimulated by laser [Hippler 19]. The laser is focused on the small block on the bottom, and by opto-thermal conversion of the two-photon absorbed light, heat is generated and distributed in the water and leads to an actuation of the bilayer beam.

  Figure IV.3 -Schematic diagram of the optical path of the laser conducted from the outside of the SEM to the sample chamber in vacuum.

Figure

  Figure IV.4 -Schematic diagram of laser from the cleaved optical fiber tip illuminating the cantilever beam actuator. (a) xz plane view: the laser spot radius increases with the beam propagation distance. (b) Spatial view: the laser spot formed by the laser beam on the surface of the cantilever beam actuator.

Figure

  Figure IV.7 -The radius of a Gaussian laser beam is defined as the location where the laser intensity decreases to 1/e 2 (13.5%) of its maximum value. [Optics 22] 

  Fig. IV.4(b).

IV. 2 .r

 2 Figure IV.9 -Schematic illustration of a bent bilayer cantilever beam, inspired by [Peng 04]

  Fig. IV.10. 123 Chapter IV. Actuation at the optical fiber tip

Figure IV. 11 -

 11 Figure IV.11 -The 3D parametric sweep of the deflection optimization equation f (X, Y ) for the aluminum-silica bilayer cantilever beam, with the red line shown in the highlight for the case Y = 1, i.e., the top and bottom layers of the cantilever beam are of equal width. The value of the X-coordinate corresponding to the maximum value of the optimization equation f max is the optimal thickness ratio of the two layers in this case.

Figure

  Figure IV.12 -Optical microscope images of the fabricated samples. (a) A-type sample containing cantilevered beams of 50 µm and 100 µm in length and 10 µm, 20 µm, 30 µm and 40 µm in width. (b) B-type sample containing cantilever beams with lengths of 150 µm, 200 µm and 300 µm and 20 µm, 30 µm, 40 µm and 50 µm in width. (c) 200 µm × 40 µm bilayer cantilever beams, scale bar is 100 µm.

Figure IV. 13 -

 13 Figure IV.13 -Experimental setup of light actuation at the optical fiber tip. (a)The cantilever beam is placed vertically at the SEM/FIB crossbeam position, the optical fiber tip axis is aligned to the center of the beam with the tip facet forward.(b) A side view of the optical fiber tip illuminating the aluminum layer of the cantilever beam. The laser source is placed outside the SEM sample chamber, the optical feedthrough, connector and coupler are omitted in the schematics.

Figure IV. 14 -Figure IV. 15 -

 1415 Figure IV.14 -The cantilever beam is deflected by laser irradiation. (a) and (b)are the cantilever beam in the laser-off state and laser-on state, respectively.

Figure IV. 16 -

 16 Figure IV.16 -Comparison of the actuator tip deflection experimental results with the analytical results and the simulation results. The cantilever is 100 µm in length and 20 µm in width.

FigureFigure IV. 18 -

 18 Figure IV.17 -Finite Element Analysis (FEA) results of a 100 µm × 20 µm bilayer cantilever beam actuated by 20 mW laser. (a) The heat intensity distribution on the surface of the cantilever beam by opto-thermally absorbing the laser. (b) The steady-state temperature distribution of the cantilever beam, it can be seen that the temperature distribution is very uniform over the entire actuator. (c) Deflection of the cantilever beam due to the difference in thermal expansion of the two layers.

Figure V. 1 -

 1 Figure V.1 -Principle scheme of the Lab-on-Fiber polyarticulated gripper chosen as case study. It includes a bilayer actuator, an optical fiber whose light enables to deform the actuator and a polyarticulated structure to transform the actuator's motion.

Figure

  Figure V.2 -(a) FIB image of a completed 2D pattern cut on a 780 nm thick silica membrane using FIB. (b) Planar design of the origami structure pattern. The positions of the three joints on each link are marked in color, with a unique joint width.

  Fig. V.2(a)shows the planar pattern cut on the silica membrane that will be used to perform the folding. Breakable links are shown with green dashed lines. The breakable links enable to hold the patterned structure to the membrane until it is assembled to the optical fiber tip. Once assembled to the fiber, these links will be milled by FIB to release the structure from its membrane. In Fig.V.2(b), the locations in this pattern that need to be thinned are color marked, which will allow the fabrication of joints to convert the 2D pattern into a 3D structure. The

  Fig. V.3 below. The diameter of the tapered tip extremity is less than 500 nm, and the taper angle within 10 µm from the tip is about 30°.

Figure

  Figure V.3 -(a) Side view and (b) top view of the tapered optical fiber tip used for the case study. The light propagation axis is aligned to the z-axis of FIB.

  Fig. V.4. The diameter of the opening measured from the figure is 2.35 µm, and the expected depth of fiber insertion into the structure base is about 20 µm. The diameter of fiber at 20 µm from the tip is measured 8.28 µm, and this value is used as the size of the hole w in the center of the silica structure base.

Figure

  Figure V.4 -(a) The tapered fiber tip is aligned in the viewing plane of the FIB, placed on a support surface, and the opening is made using FIB milling at the location of the short green line. (b) The top view of the fiber tip aligned to the z-axis of the FIB after the opening is completed.

Figure V. 5 -

 5 Figure V.5 -The polyarticulated silica structure folded to the desired position after FIB milling.

  V.6.

Figure V. 6 -

 6 Figure V.6 -The material within 20 µm around the structure is removed by folding. (a,b) Splitting the membrane around the structure by FIB milling. (c,d) The divided parts are moved away from the structure in turn by folding them at a distance from the structure. (a) and (c) are the SEM images, (b) and (d) are FIB images.

  V.7.

Figure V. 7 -

 7 Figure V.7 -Complete insertion of the tapered fiber in the hole of the polyarticulated structure base. (a) SEM image and (b) FIB image.

Figure

  Figure V.8 -Soldering the structure base to the fiber: (a,b) Fill the four corners of the square hole. (c,d) Reinforcing the connection of the contact point between the fiber and the structure. (a) and (c) are the SEM images, (b) and (d) are FIB images.

Figure V. 9 -

 9 Figure V.9 -The structure is separated from the membrane substrate and retracted backward along the z-axis direction of the FIB. (a) SEM image, (b) FIB image.

  V.1) touch the sides of the actuator. The SEM view is used to observe the distance between the structure and the actuator, as shown in Fig. V.10(a). The FIB view is used to control the alignment between the optical fiber tip and the actuator, as shown in Fig. V.10(b).

Figure V. 10 -

 10 Figure V.10 -Assembly process of the actuator with the polyarticulated structure at the tip of the optical fiber: (a) SEM image and (b) FIB image of the polyarticulated structure mounted on the optical fiber is approaching to the actuator from below the cantilever beam to touch the borders of the actuator. (c) SEM image showing FIB and GIS are applied to solder the connection points B L and B R on the two sides. (d) FIB image showing the actuator is separating from the cantilever beam by FIB milling.

  Fig. V.11(a) in comparison to the size of a human hair. The diameter of the hair is about 100 µm, while the size of the gripper is less than 50 µm. Nanopositioning robot motions enables to change its pose and to observe it from other views, as shown in Fig. V.11(b).

Figure V. 11 -

 11 Figure V.11 -Assembled gripper: (a) Colorized SEM image of the gripper placed next to a human hair. (b) FIB image from an inclined view of the gripper after completing the assembly process.

  Fig. V.13. The variation of gripper opening is given in Fig. V.14(a).

Figure V. 13 -

 13 Figure V.13 -SEM observation of the actuation of the gripper by the input laser power signal. The gripper at "laser off" state (a) is followed by a "laser on" phase with 5 mW laser input (b). After several repeats of actuation with increasing laser power amplitude, the gripper returns to the "laser off" state (c) and then deformed by a 10 mW laser input (d). The laser power increases with the number of actuations, (e-f) show the gripper deformation between the "laser off" and "laser on" phases as the amplitude increases to 15 mW, and (g-h) show the gripper deformation as the amplitude increases to 20 mW.

Figure V. 14 -

 14 Figure V.14 -Evaluation of the opto-thermal actuation performance of gripper: (a) Actuation effect of the distance between two fingers tips, (b) Actuation effect of each joint of the folded structure. The dashed lines indicates the linear approximations of the measurements.

  Fig. V.1. These results are shown in Fig. V.14(b).

  V.15). There were 827 research and industrial institutions and more than 11000 visitors participated in the exhibition. The award of this result generated several media articles [Laude 22, Direct 22, FEMTO-ST 22] and podcast [RadioFrance 22] that aroused public interest in this research. This work was presented to international academic peers at the international conference MARSS2022 in Toronto, Canada. It was also presented during various visits that the FEMTO-ST Institute received. The visitors included Bruno Bonnel, General Secretary of Investment France 2030, Lionel Buchaillot and Isabelle Sagnes, Directors of INSIS (Institut des Sciences de l'Ingéniérie et des Systèmes), and the HCERES (Haut Conseil de l'Évaluation de la Recherche et de l'Enseignement Supérieur) Committee.

Figure V. 15 -

 15 Figure V.15 -This work was the winner of Micron d'Or award at the Micronora 2022 international exhibition. The photo shows Cédric Clévy, Yuning Lei and Jean-Yves Rauch presenting this work to the public and journalists during the exhibition. This award is dedicated to Philippe Lutz, one of the supervisors of this thesis who passed away in the spring of 2022.

Figure V. 16 -

 16 Figure V.16 -SEM image of a S-type thermocouple (a) with a tip made of 1.3 µm diameter wires (b).

Figure V. 17 -

 17 Figure V.17 -(a) SEM image of a 5 µm diameter thermocouple in contact of a tapered optical fiber measuring the temperature. (b) The temperature measurements as a function of laser power, and temperature estimation of the non-contact temperature.

Figure V. 18 -

 18 Figure V.18 -SEM images of a stereoscopic view (a) and side view (b) of a closed linkage chain 3D polyarticulated structure fabricated by FIB-TID technology origami folding.

A. 2 .

 2 Case study: Combined standard uncertainty of the elastic modulus in this case study the combined standard uncertainty can be explicitly expressed as: u c (e(E)) = u 2 e(F ) + 3u 2 e(a) + u 2 e(d) + u 2 e(b)

Figure

  Figure B.2 -A dissected refinement of the mesh, with some of the details in the red dashed line enlarged to show on the right.

  Figure D.1 -SEM image formation under assumption of perspective camera model.

  x , c y ) are the coordinates (in pixels) of the intersection of the optical axis with the image plane , theoretically the center of the image, and (k x , k y ) are the number of pixels per unit length in the directions x and y of the sensor respectively.

Algorithm 1 Figure E. 3 -

 13 Figure E.3 -Simplified flowchart for silica membrane microfabrication process (not to scale). (a) Prepare the SOI wafer substrate. (b) Wet etch the silica layer using BHF solution to reduce the silica layer thickness to the desired value. (c) Apply positive photoresist on the top side. (d) Align with the photomask and expose to UV light. (e) Develop and remove photoresist exposed to UV light. (f) Top-side wet etching of silica with BHF solution. (g) Develop and remove remaining photoresist. (h) Wet etching silicon using concentrated KOH to obtain the silica membrane.

Figure

  Figure E.6 -A sample is metalized by the plasma sputtered from a platinum magnetron sputtering source.
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  Origami nanorobotique déployé en bout de fibre Mots clefs: Micro/Nanorobotique, Robot Origami, Mécanismes Articulés, Fibre Optique, Nanorobotique, Contrôle des mouvements Résumé : Le besoin de systèmes de caractérisation et de manipulation fonctionnant à très petite échelle émergent en raison de l'intérêt de la recherche et des industriels pour de nombreux micro-et nano-objets. Ces besoins sont considérables et couvrent un large éventail d'applications. Les robots de nanopositionnement commerciaux actuellement disponibles présentent de fortes limitations en termes d'espace de travail et de répétabilité en raison de leur grande différence de taille avec l'objet. Cette thèse à consister à étudier une nouveau paradigme de génération de mouvement robotisés pour les application à l'échelle nanométrique. L'approche originale proposée est basée sur le déploiement d'une structure origami 3D actionnée par laser à l'extrémité de la fibre optique dans un Microscope Electronique à Balayage (MEB). Cela implique de couper, plier, assembler une structure origami en silice à l'aide d'un Faisceau d'Ions Focalisé (FIB), et de générer son déploiement à l'extrémité de la fibre optique en utilisant le flux optique. Des joints élastiques en silice fabriqués par pliage induit par FIB sont proposés pour être utilisés comme joints robotiques. La méthode de fabrication contrôlable et répétable des joints en origami est étudiée. Une structure polyarticulée composée des joints en origami est étudié expérimentalement. La taille de la structure apparaît disruptive car inférieure à 50 µm en largeur totale typique. Elle permet pour la première fois le transfert de mouvement dans un grand espace de travail de 57 µm carrés avec une excellente répétabilité : écarts types de 227 nm et 216 nm dans les directions x et y, respectivement. Enfin, une étude de cas d'un préhenseur sub-50 µm ultra-compact avec l'actionnement intégré et se déployant à l'extrémité d'une fibre optique étirée est démontrée. Ces résultats ouvrent la voie à des nouvelles structures polyarticulées issues du pliage FIB comme base pour la prochaine génération nanorobotique. Title : Nanorobotic Origami Unfolded at the Tip of Optical Fiber Keywords : Micro/Nanorobotics, Origami Robot, Joint Mechanisms, Optique fiber, Nanorobotics, Motion Control

  

  

  

  

  

  

  .1.

	Observation tool	TEM	SEM	OM
	General use	Structure and composition Micro-and nano-objects	Micro-object
		observation of nanoplates	surface morphology	surface morphology
	Source of illumination	High-speed electrons	High-speed electrons	Visible light
	Best resolution	∼0.1 nm	∼1-6 nm	∼200 nm
	Magnification range	500 -500000×	20 -150000×	10 -1000×
	Depth of field	0.004-0.006 mm	0.003-1 mm	0.002-0.05 mm
	Lens type	Electromagnetic	Electromagnetic	Glass
	Image ray-formation spot	On phosphorescent plate	On cathode tube by	On eye by lenses
		by lenses	scanning device	
	Typical sample dimensions 10 µm × 10 µm × 0.05 µm	500 µm × 500 µm × 10 µm	500 µm × 500 µm × 10 µm
	Typical sample chamber	50-100 mm inner diameter 300-500 mm inner diameter N/A
	dimensions	100-200 mm height	200-300 mm height	

Table I.1 -Comparison of Optical Microscope (OM)s and Electron Microscope (EM)s, the latter includes SEM and TEM. Inspired by [Nelson 08].
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Table II

 II .1 -FIB milling current set depending on application and the milling volume, adapted to this work from [Zeiss 10] 

Table II

 II .4 -Suggested sputtering rate of common materials for 30 keV Gallium ion beam [FEI 04,Fu 08] 

	Material	Sputtering rate	Material	Sputtering rate
		(µm 3 /nC)		(µm 3 /nC)
	C	0.18	Au	1.50
	Si	0.27	MgO	0.15
	Al	0.30	SiO 2	0.24
	Ti	0.37	Al 2 O 3	0.08
	Cr	0.10	TiO	0.15
	Fe	0.29	Si 3 N 4	0.20
	Ni	0.14	TiN	0.15
	Cu	0.25	Fe 2 O 3	0.25
	Mo	0.12	GaAs	0.61
	Ta	0.32	Pt	0.23
	W	0.12	PMMA	0.40

  III.3. Experimental study of workspace and motion repeatability of silica structures Table III.2 -Standard Denavit-Hartenberg parameters of origami structure with point A considered as end-effector

	Link	θ i Joint angle Link offset Link length Link twist d i a i α i

  .2. From this table, one can find that the combination of the largest CTE difference is aluminum and silica. Combined with our previous analysis, aluminum IV.3. Study of the bilayer actuator parameters based on modeling Table IV.1 -Case study: The energy and power required to heat different materials to the target temperature. Material properties from [Peng 04, Chambon 16]

	Material	Density ρ(kg • m -3 )	Specific heat capacity Energy Power c p (J • kg -1 • K -1 ) E(mJ) P (mW )
	Aluminum	2700	31.7	0.0001	0.0009
	Polysilicon	2320	700	0.0016	0.0162
	Silicon	2330	700	0.0016	0.0163
	SU-8	1200	1500	0.0018	0.0180
	Titanium	4500	520	0.0023	0.0234
	Gold	19300	128	0.0025	0.0247
	Silver	10500	240	0.0025	0.0252
	Chromium	7150	450	0.0032	0.0322
	Copper	8700	385	0.0033	0.0335
	Nickel	8902	440	0.0039	0.0392

  Table IV.2 -The energy and power required to heat different materials to the target temperature. Material properties from [Peng 04, Chambon 16]

	Aluminum	70		0.35		23.1			237
	Polysilicon	164		0.23		2.8			148
	Silicon	169		0.3		2.6			148
	SU-8	4			0.22		52			0.2
	Titanium	116		0.32		8.6			21.9
	Gold	78		0.35		14.1			315
	Silver	83		0.3		19.1			429
	Chromium	248		0.3		4.9			93.7
	Copper	128		0.36		16.8			398
	Nickel	206		0.3		12.7			90.7
	Silica	75		0.17		0.5			1.4
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Figure IV.10 -Normal incidence reflectance of materials [

Polyanskiy 22] 

  .1.Table A.1 -Uncertainty of each parameter related to the measurand E

	Physical quantity	Uncertainty
	X i	u(x i )
	F	≤ 0.2 µN
	a	≤ 0.1 µm
	δ	≤ 1.5 × 10 -4 µm
	b	≤ 0.3 µm
	h	≤ 1.5 × 10 -2 µm
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The analysis method used in Section III.2.1 involves measurements of several different physical parameters used to calculate the elastic modulus of a silica cantilever beam, and here we use a measurement system uncertainty method based on the GUM method [JCGM 08] to analyze the measurement uncertainty for this study.

A.1 Measurement result uncertainty analysis method

The measurement equation for a non-direct measurement of the estimated measurand Y can be expressed as

which is determined from N other quantities X i , i ∈ [0, N ] through a functional relation f , The combined uncertainty of the measurement result y, designated by u c (y) and taken to represent the estimated standard deviation of the result, is the positive square root of the estimated variance u 2 c (y) obtained from

This equation, often referred to as the law of propagation of uncertainty, is based on a first-order Taylor series approximation of the measurement equation, The y and x indicate the estimates of Y and X based on the measurement results.

A.2 Case study: Combined standard uncertainty of the elastic modulus From Eq. (III.2) we find the measurand E is a function of the force, pressing position, cantilever beam geometry parameters and deflection, that is E = f (F, a, δ, b, h), the equation of the estimated value x i = e(X i ) obtained from the measurement is e(E) = f (e(F ), e(a), e(δ), e(b), e(h)). Since the measurements are uncorrelated with each other, the partial derivative part of Eq. (A.2) disappears, making the combined standard uncertainty equation of the estimated elastic modulus e(E) simpler:

Implementation of FEA laser actuation model in the COMSOL multiphysics software multiphysics software

The FEA multiphysics modeling of laser actuated bilayer cantilever beams is discussed in this appendix. This simulation was carried out in COMSOL Multiphysics software version 5.4. Two main modules, Solid Mechanics and Heat Transfer in Solids, were used to study the differences in thermal expansion of materials. The system parameters specified in Table B.1. The geometry of the cantilever beam was created directly using the geometry module of the software as shown in Fig. B.1, One advantage of using this to creat the 3D shape lies in the fact that changing/improving the structure design is easily feasible and the geometric parameters can be used to perform parametric study to determine a desired design. The different 3D parts were defined as three materials, from the bottom to the top, a silicon substrate, a silica layer and an aluminum layer, with the material properties provided in Table IV In the Solid Mechanics interface, all entities are defined as linear elastic materials with boundary conditions for the Fixed Constraint of the silicon substrate part. All parts are considered to be freely movable except for the material attachment surface.

In the Heat Transfer in Solids interface, all entities are defined as solids, and no gaseous medium surrounds the structure due to the vacuum environment in SEM. The initial temperature of the material is defined as 293.15 K. The temperature of the fixed surface of the silicon substrate, which is far from the cantilever beam, is also fixed as 293.15 K. The other surfaces are considered as thermally insulated except for the heat transfer between the materials. The heat source generated by the laser irradiation on the surface of the aluminum layer is defined as the heat flux and the formula is Eq. (B.1) as detailed in Chapter IV. The distance of the fiber from the surface of the cantilever beam is used to calculate the diameter of the spot according to the expression of ω(z), so that when the cantilever beam is deformed, the heat source shape is automatically updated with the surface position. According to the information provided by the manufacturer, the P-2000/F [Sutter Instrument 20] is designed specifically for small diameter glass (outer diameter in the range of 0.125 mm to 0.6 mm), such as optical fiber and fused silica capillary, commonly used for the manufacture of nanospray tips. The P-2000/F is built with special fiber puller bars and is optically aligned so it is optimized for small diameter material. The installation of the optical fiber is described in detail in the operating manual [Sutter Instrument 20], hence it is omitted here. After the optical fiber is properly installed on both sides of the puller bars and set in the optically aligned vgroove, the operator needs to adjust the program parameters displayed in the LCD screen in Fig. C.1(b) to achieve the desired stretching effect. A brief description of each parameter is provided below.

• HEAT Range: 0 to 999. HEAT specifies the output power of the laser, and consequently the amount of energy supplied to the glass. • FILAMENT Range: 0 to 15. FILAMENT (FIL) specifies the scanning pattern of the laser beam that is used to supply HEAT to the glass. • VELOCITY Range: 0 to 255. The VELOCITY (VEL) parameter specifies the velocity at which the puller bar must be moving before the hard pull is executed. This parameter allows for the selection of a precise glass temperature as the trip point for the hard pull. • DELAY Range: 0 to 255. The DELAY (DEL) parameter controls the timing of the start of the hard pull relative to the deactivation of the laser. The higher the DELAY value, the cooler the glass will be when the hard PULL is executed. Thus, increasing the DELAY results in decreased taper length and increased tip diameter. • PULL Range: 0 to 255. The PULL parameter controls the force of the hard pull. In general, the higher the PULL, the smaller the optical fiber's tip diameter and the longer the taper. The parameters used to process the tapered fibers in this experiment are given in Table C.1 as follows. Once all parameters are set, the machine's lid needs to be closed properly before start the stretching process. The laser will not turn on unless the lid is fully closed. Given the long length of the fiber processed in this experiment, it is necessary to coil the ends up underneath the lid or route them out through the small gap under the edge of the lid, and make sure the ends of the fiber do not interfere with free movement of the puller bars. Then the <PULL> key on the keyboard is pressed and the laser is turned on, the optical fiber is separated into two tapered tips within 10 seconds. cost. Given that our study does not require an entire 3D reconstruction of the structure, but only the measurement of the 3D coordinates of a few specific feature points, and that the tilt angle of our samples is usually set voluntarily along the horizontal axis. Therefore, the transformation analysis of particular positions is used instead of the complete 3D reconstruction of the sample to save computing time and reduce operational difficulties to acquire SEM images.

To obtain depth information from 2D images of samples with a known tilt angle and direction, we refer to the idea of Faber et al. [Faber 15]. First the focal plane of the sample under observation is adjusted to the best-fit view for observation, and then the position of a reference point P ref on the line of intersection between the tilted sample plane and the focal plane is determined by fine-tuning the focus, The intersection line s plane passing through the reference point can be obtained by the known tilt direction as depicted in Fig. D.2. The Working Distance (WD) of the SEM at this point is the distance from the lens to that point that represents the depth coordinate of the focus line z ref .

Next the feature points P mes for which depth information needs to be reconstructed are identified and their distances to the intersection line l are measured from the SEM image. and the relative depths corresponding to these points can be calculated by trigonometric functions through known tilt angle ϕ. The depth of P mes in the The material preparation and fabrication for this study were carried out in the microfabrication cleanroom module of the MIMENTO Technology Center, affiliated with the Femto-ST Institute. These works were implemented with the contributions of Joël Agnus, Marion Vieira, and Laurent Robert. Joël Agnus, senior research engineer at the AS2M department, is the main contributor to the design and fabrication of the wafers, and MIMENTO staff members Marion Vieira and Laurent Robert also provided a lot of help and advice during the fabrication process.

E.1 Preparation of Silica Thin Membrane

In this work, silica (silicon dioxide) membranes were used for cutting and folding the polyarticulated origami structure. These membranes were made on 4-inch diameter Silicon On Insulator (SOI) wafers. A silica SOI wafer is a circular sheet with a thin layer of silicon dioxide on both sides of the silicon substrate. Since the wafers are relatively large, many samples of different geometries can be made on the same silica SOI wafer.

Commercially available silica SOI wafers have a silica layer of 1.2 µm and are thermally grown oxidised on a silicon wafer with a thickness of 390 µm. Our study requires the silica membrane to be accessible in both directions for FIB-induced folding and assembly on the optical fiber. Therefore, selective etching of the wafer is required to remove the substrate on which the membrane is fixed and to thin the membrane to the specified thickness.

E.1.1 Wafer Design

The following aspects were taken into consideration when working on the design of the sample.

-The shape of the membrane should be easy to align in the SEM view -→

The sample chip and membranes were designed to be square.

-The sample needs to be fixed on the SEM stub -→ The side length of the sample is set to 1 cm.

-Because of the very thin membrane thickness, the membrane size should not be too large -→ The side length of the membrane should be less than 1 mm -To ensure a robust sample, the membranes must not be too densely packed with each other, -→ a minimum spacing of 400 µm is designed.

Membranes of different side lengths were designed in square samples. The membrane and sample distribution on a wafer is shown in Fig. E.1, the design of the wafers is performed using Layout Editor software. 

E.1. Preparation of Silica Thin Membrane

E.1.2 Microfabrication process of silica membrane

This section describes the details of each step in the microfabrication process of the silica membrane samples. The operations during the production process and the samples obtained are shown in Fig . E.2.

First the SOI wafer was chemically cleaned, it is represented in Fig. E.3 with the silica layer to be etched facing up and the silica layer to be retained facing down. In the second step, the silica layer was thinned to the desired membrane thickness by Buffered Hydrofluoric acid (BHF) wet etching. In the third step, the positive photoresist was applied to the top surface of the wafer and uniformly coated all over the wafer's top surface by a spin coater. The coated wafer was softbaked and placed in the UV lithography device, a pre-designed photomask was aligned with the wafer and UV light passes through the transparent part of the photomask to partially expose the photoresist. The exposed wafer was then placed in the photoresist developer, and the exposed photoresist was dissolved in the developer to uncover the silica surface to be etched.

Next, the wafer was mounted on a special carrier, with only the top surface to be etched exposed to air and the bottom surface isolated. Using the Buffered Hydrofluoric acid (BHF) solution, the top side silica layer was wet etched to expose the silicon substrate underneath. The remaining photoresist was then removed by the photoresist developer. The exposed silicon substrate was etched by a 42% KOH solution at 65°at a rate of 470 nm per minute, until the bottom layer of silica membrane is reached. The rest silica on the top surface of the wafer protects the unexposed silicon underneath. The 100 crystal-oriented silicon creates an etch wall with an angle of 54.7°to the bottom surface. Finally, the wafer was washed and dried after etching. Three different thicknesses of silica membranes were fabricated using three wafers, and their thicknesses were measured as 1197 nm, 787 nm and 588 nm, respectively. 

E.2 Fabrication of bilayer cantilever beam

In Chapter IV a design based on the Al/SiO 2 bilayer cantilever beam was used to fabricate active elements capable of laser actuation at the fiber tip, and the fabrication of such samples is described in this section.

The commercial 4-inch silica SOI wafer with a thermally grown silica layer of 1.2 µm on both sides was used as the substrate to produce the cantilever beams (refer Fig. E.4). The side of the wafer used to make the cantilever beam is defined as the top side, and the other side is defined as the bottom side. After chemically cleaning the surface, the silica layer on the top side of the wafer was thinned to the desired thickness by the BHF etching process. In the lithography process, the top side of the wafer was covered with a sacrificial layer made of photoresist. The photoresist that needs to retain the pattern of the deposited metal on the wafer surface is later removed by the developer. A 20 nm chromium layer was deposited between the silica and aluminum layers to provide better adhesion, and its ultra-thin thickness was such that it did not affect the mechanical behavior of the bilayer structure and is therefore neglected in the beam model. A lift-off process was then performed after the deposition of the chromium and aluminum layers to remove the photoresist sacrificial layer. 

cm