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AFM Atomic Force Microscopy.

BU Breaking Unit.

CSA Cross Sectional Area.

CT Compliant Translation.

DMA Dynamic Mechanical Analysis.

DOF Degrees Of Freedom.

EIPHI Engineering and Innovation through Physical Sciences, High-technologies, and cross-dIsciplinary research.

FDAS Fiber Dimensional Analysis System.

FEA Finite Element Analysis.

FEM Finite Element Model.

HM Hammer Mill.

HP High Precision.

HSB Hochschule Bremen.

IFBT Impregnated Fiber Bundle Test. NETFIB project -In the wider effort to limit the environmental impact of human activity and combat climate change, plant fiber composites have gained popularity as an environmentally friendly alternative to conventional composites materials. Wide scale use of plant fibers however, would require an important increase in land area dedicated to fiber crops. Given the scarcity of land suited for agriculture, such an increase could lead to conflicts between fiber and food crops. It is in this general context that the European Union backed NETFIB project is positioned. The project explores a plant fiber production alternative, by using lands that have been marginalized by industrial contamination, making them unsuitable for food production. In addition to fiber production, such an approach also promotes soil rehabilitation and limits contaminant mitigation. The use of native, spontaneously appearing plants is favored in order to promote the renewal of the natural ecosystem. Nettle is the most suited candidate for this purpose in Europe.

IFSS

The NETFIB project regroups 7 academic institutions and 1 industrial partner, from 5 countries, to conduct research on this subject. Various aspects related to fiber production are investigated, from the agronomy stage and post harvest processes, to soil rehabilitation, nettle clone variety development, study of amendments or life cycle and sustainability assessments. A final research axis lies in the mechanical characterization of the harvested fibers and the production and testing of composite materials. It is in this final axis that this PhD work contributes actively in the field of fiber mechanical characterization.

General introduction

EIPHI -The Engineering and Innovation through Physical Sciences, High-technologies, and cross-dIsciplinary research (EIPHI) graduate school, is an international integrated Master's and Doctoral degree program of the University of Bourgogne Franche-Comté. Doctoral theses funded by this program are characterized by two main attributes: (i) an inter-disciplinary nature, covering domains such physics and mathematics, material and computer science or smart systems and structures; (ii) a focus on mentoring and supervising undergraduate students through academic projects and research internships. The interdisciplinary nature of this doctoral thesis will become apparent throughout this manuscript and the contributions of student collaborations will be presented.

Scientific context and main research axes

Ever since the start of the industrial revolution, humanity has witnessed an unprecedented economic and scientific growth, that has improved the standards of living of billions of people worldwide. In the recent decades however, it has become apparent that this growth took place in a largely unsustainable way and with a huge environmental impact, undermining the future of new generations. The use of petroleum-based materials has been at the forefront of these changes, offering a plethora of cheap, mass produced goods at the expanse of green-house gas emissions [ Shen 20] and wide-scale pollution [ MacLeod 21].

Modern composites, generally make use of such materials in their matrices or their fiber reinforcements. Using plant fibers as an alternative reinforcement, is gaining popularity as a sustainable and environmentally friendly alternative. Indeed, plant fibers are a renewable resource, capture carbon dioxide from the air during their growth and are biodegradable. They thus contribute in the fight against climate change while also minimizing pollution. Plant fibers also present some unique advantages, notably in terms of stiffness and lightness or damping properties. In Europe, plant fiber species such as flax, hemp and nettle are favored due to climate suitability and industrial history.

Knowledge of fiber mechanical properties is crucial in the prediction of the properties of the composite materials that integrate them. However mechanical characterization at the fiber scale presents a series of challenges. First, plants fibers are small objects, comparable, albeit generally smaller, to human hair. Consequently, in addition to typical material science and mechanics approaches, the use of tools found in the fields of micro-mechatronics and micro-robotics are also necessary. Indeed, many advances in the field of manipulation [ Zhang 19], actuation [Ouyang 08] and force-sensing [ Wei 15] have made possible the study of various microscopic objects, whether biological (cell, microorganisms) or man made (MEMS, micro-parts) in nature. Furthermore, plant fibers present large variations in morphology, structure and biochemical composition, resulting from millions of years of evolution and an active adaptation of the plant to its everchanging environment [ Bourmaud 18]. As a result, their properties can show important variability. In order to approach this mutlidisciplinary project and overcome its inherent challenges, this thesis is a product of the collaboration between two departments of the FEMTO-ST institute (applied mechanics, automation micro-mechatronics) for the mechanics and micro-mechatronics aspect, but also of the French national agronomical institute (INRAE), for the plant biology aspect.

General introduction

Despite the high potential of plant fibers and the means that have become available to test them, their size along with their morphological and material complexity remain significant scientific challenges in terms of manipulation and measurement while also producing complex mechanical behavior. For this reason, the number of different mechanical characterizations performed at the fiber scale is limited. Single fiber tensile testing and fiber-matrix pullout tests are the most common tests found in the literature to characterize longitudinal properties and intra-composite adhesion respectively. In this thesis, plant fiber characterization is expanded through the synergy of analytical, numerical and experimental developments. The problem of plant fiber characterization is approached in 3 main steps by: 1. identifying key fiber properties that can have a major impact on fiber quality or composite behavior, but are essentially unknown.

2. using analytical models or Finite Element Analysis (FEA), for the purpose of shedding light on the complex behavior of plant fibers.

3. developing and employing micro-mechatronic experimental setups to perform tests at the single fiber scale and characterize their mechanical properties. This work will be presented through 4 chapters:

Chapter 1: through a literature review, the single fiber transverse properties and inter-fiber adhesion are identified as unknown properties that are key in the future development of plant fiber composites. The most suitable approaches to perform their characterization are also presented.

Chapter 2: FEA is used to study the influence of fiber morphology and material behavior on the results of a Single Fiber Transverse Compression Test (SFTCT).

The ability to identify the plant fiber's transverse elastic modulus E T with the use of existing analytical models is evaluated.

Chapter 3: an innovative micro-mechatronic platform is developed and validated for SFTCTs. The transverse behavior of plant fibers under compression is studied and their transverse elastic modulus is identified for the first time.

Chapter 4: a micromechatronic platform is designed and developed to perform fiber peeling. Inter-fiber adhesion is measured for the first time and new decohesion mechanisms are observed.

Scientific publications and communications

A large number of the approaches, methodologies and results that are presented in this work, have been shared with the wider scientific community through journal article publications and presentations in national and international conferences. A number of works are still in the preparation or reviewing stage. A list of the scientific production related to this doctoral thesis is given below: 

Introduction

Despite the large environmental benefits of Plant Fiber Composites (PFC), their wide scale adoption also requires an accurate knowledge of their mechanical properties. In this first chapter, plant fiber mechanical properties, that are critical to ensure or predict composite performance but have never been characterized, are identified. To do so, a literature review is performed covering various domains and scales. Plant fibers will be presented from their microstructure to their integration in composite materials. The methods and approaches that can be used to characterize them will also be discussed. Throughout this review, the overall context, basic principles and state of the art of these different subjects are also presented, providing a general overview of the subject of plant fiber characterization. This literature analysis will be separated in three parts that will treat the following subjects:

Section 1 -overview of plant fibers and their composites: history, environmental benefits, microstructure, life cycle. Section 2 -plant fiber characterization state of the art: relevant scales, direct and indirect methods, common tests, identifying limitations. Section 3 -needs in plant fiber characterization and selected approaches : need for transverse properties and adhesion characterization, relevance of micro-mechatronic experimental platforms and finite element analysis.

Plant fibers and their composites 1.2.1 History and environmental benefits

Humankind has made use of plant fibers for over 30.000 years, to produce textile materials for a variety of applications [ Kvavadze 09]. Since antiquity, several civilizations also realized the mechanical advantages of materials resulting from the combination of multiple constituents, i.e composite materials. Plant fibers were incorporated as reinforcements in the first example of composites materials, mud bricks reinforced with straw, found in Egypt and Mesopotamia and dating to 1500 B.C [ Nagavally 17,. The Mongols later used a mixture of animal sinew and glue in their composite bows, who remained "the most powerful projectile weapon until the invention of gunpowder" [ Nagavally 17,Bergman 97].

The development of plastics in the early 1900s, revolutionized the field of composite materials since they allowed the production of synthetic resins that far exceeded the properties of natural ones. The development of new types of fibers in particular glass, carbon, aramid (notably Kevlar ® ) and various other polymeric fibers offered exceptional mechanical properties in addition to being lightweight. The production of these fibers is however very energy intensive and relies, with the exception of glass fibers, on petroleum sourced materials, a non-renewable resource [ Nyambuu 14]. Furthermore, the use of plastic materials largely contributes to green-house gas emissions [ Shen 20] and wide scale pollution [ MacLeod 21]. Numerous recycling approaches can be used to extract the 1.2 Plant fibers and their composites composite components or repurpose the composite itself [Witik 13, Asmatulu 14], reducing the overall environmental impact of these materials. However, numerous challenges remain concerning recycling cost, product quality and commercialization [ Yang 12].

In response to these environmental concerns, development of composite materials that integrate natural, renewable resources, called bio-composites, have gained popularity once again. Among these resources, plant fibers are a typical reinforcement choice. Figure 1.1 illustrates the rising trend in scientific publications on the topic of plant fiber reinforced composites. Indeed, combining modern composite manufacturing techniques with the plant fibers that have been used for millennia, can produce materials that are comparable to those using synthetic fiber reinforcements, in terms of cost and material properties [ Pickering 16]. When compared to their synthetic counterparts, plant fibers have the benefit of being renewable, easier to recycle and biodegradable. During their growth, the plants that provide the fibers also capture carbon dioxide from the atmosphere. Finally, plant fibers typically have a lower density than the widely used glass fibers, leading to weight reductions when used in composites. When used in the transport industry, this can lead to considerable fuel savings [ Gurunathan 15]. Overall, the environmental impact of Plant Fiber Composites (PFC) over their life-cycle, is significantly less important than conventional composites [ Mansor 19]. 

Publications on plant fiber composites

Plant fiber diversity -best suited fibers for composite applications

In order to produce environmentally friendly composites with plant fiber reinforcements, two main criteria should guide the choice of fiber: its mechanical properties and its local availability. Indeed, fiber mechanical properties must be adapted to the given composite application, while locally growing and processing fibers that are adapted to their ecosystem, contributes to its healthy functioning, guarantees sustainability and limits emissions related to the transportation of the material.

Literature review: plant fiber characterization -identifying new characterization needs

The mechanical properties of plant fibers, are strongly correlated to the role they play inside their parent plant. Indeed, the number of plants that have evolved fibers in order to perform different functions is astonishing. Figure 1.2 gives an overview of some the plant fibers that can be found in nature, while Figure 1.3 presents the diversity that can be found in fiber morphology and structure across many different species. Some of these fibers are characterized by low mechanical performance. Cotton or kapok fiber for example, grow around the seeds with the goal of being picked up by the wind to disseminate the plant. Lightness and length are thus critical in contrast to mechanical properties. Fibers found in leaves, mainly contribute in the distribution of nutrients in the plant while offering moderate structural stability. Consequently, they present mechanical properties that are higher than dissemination fibers, albeit moderate. Some plants grow fibers for protective purposes. Coconuts for example are surrounded by fibers (coir) that can protect them in the case of a fall. Coir fibers thus present important impact absorption capabilities.

1.2 Plant fibers and their composites spontaneously occurring in this region [ Viotti 22]. Flax has been cultivated for centuries for its textile applications, with large quantities being currently produced in Western France [Melelli 21a]. Hemp has also been produced in Europe for centuries. Being a Literature review: plant fiber characterization -identifying new characterization needs member of the cannabis family, its popularity fell in the 20th century, however cultivation of the plant is greatly rising once again [ Shahzad 12].

Consequently, given their mechanical advantages and availability, the european PFC sector mainly favors the established flax crop, while hemp is rising in popularity. The adoption of nettle is not as widespread, however interest in the plant is also growing [Viotti 22]. This PhD work will focus on these three fibers, the approaches and methodologies that will be used to study them however, are applicable for most fibers.

Plant fiber structure -from plant stem to microfibril

In order to better understand the source and mechanisms behind plant fiber mechanical performance, the internal structure and organization of the plant itself must be approached. Fiber structure is a result of millions of years of evolution. To ensure their survival in a complex and actively changing environment, plants have evolved a complex, hierarchical, structural organization. Indeed, plants can be equated to composite materials with a fractal design, comprising of multiple levels of reinforcing and cohesion elements. Such elements can be found at the macro-scale, in the plant's stem, at the micro-scale in the plant's elementary fibers and even down at the nanoscale in the polymer chains that make up fiber's building block. Adding to this overall complexity, this organization can be different depending on plant species and environmental conditions [Sadrmanesh 19, Bourmaud 18].

The subject of plant structure has been, and remains, a large research topic in the field of biology. In the case of bast fibers, literature discussing the organization and composition of their plants in the context of their mechanical performance, at all scales, is quite extensive has been presented in many doctoral theses [Richely 21a, Melelli 21a, Viotti 22, Del Masto 18, Bourmaud 18, Sadrmanesh 19, Charlet 08]. For the purpose of this thesis, a synthetic overview of the typical bast fiber structure, covering the macro, meso, micro and nanoscale, will be presented in this section. A representation of the fiber structure across multiple scale is given in Figure 1. 4 

Plant stem

Plant stems are cylidrical in nature, with a diameter of a few mm and a length that can grow to several dm depending on plant variety. They can be divided into two main parts: the phloem and the xylem [ Carlsbecker 05] (see Figure 1.4.a). The xylem can be found at the center of the stem around a central hollow space. Its role lies in the transportation of water and minerals from the roots to the aerial parts of the fiber. The phloem surrounds the xylem and allows the translocation of nutrients from the plant's leaves to its growing parts. It is within the phloem that bundles of fibers can be found. A bark/skin makes up the exterior of the phloem offering protection from the outside environment and moderate mechanical support [ Sadrmanesh 19].

Fiber bundle

Within the phloem, multiple elementary fibers are joined to form fiber bundles of a few cm in length. Fiber bundle size can vary quite drastically, even within the same stem, with anywhere from 3 or 4 up to a dozen fibers coalescing into bundles (see Figure 1 elementary fibers is made through the middle lamella, a complex pectin network that "glues" the fibers together [ Sadrmanesh 19].

Elementary fiber

The elementary fiber is a complex structure, comprised of multiple layers with different compositions and characteristics (see Figure 1.4.c). It is generally a few mm in length with diameters in the tens of µm. In a similar way to the stem, the fiber can be divided into two main parts, the primary and secondary cell wall. These walls surround a central cavity, called the lumen. In this work elementary fibers will be often referred to as single fibers or just fibers. During plant life, the area of the lumen is full of cytoplasm and organelles but gets

Literature review: plant fiber characterization -identifying new characterization needs emptied after the plant's death [Charlet 10a]. The size and shape of the lumen can change drastically between different fiber species [Bourmaud 18,Richely 21b]. For the studied bast fibers, it is in the range of approximately 5 % for flax and 15 % for hemp [Richely 21a].

In our experience with nettle, lumen size was larger in the range of 20 -30 %. The primary cell wall is a 200 to 500 nm thick layer that bounds the exterior of the fiber along its whole length [ Bourmaud 18]. The secondary cell wall is comprised of three layers named S1, S2 and S3. The intermediate S2 layer represents the most of the fiber's volume and thus it has the largest part in the fiber's mechanical properties [Baley 02, Bourmaud 18].

Contrary to their synthetic counterparts, plants fibers are commonly characterized by a morphologicaly complex transverse cross section (see Figure 1.3.b). Inside the plant's stem, plant fibers grow together in a limited amount of space. A circular cross section is thus sub-optimal since it would leave a large amount of empty space between fibers. As a result plant fibers have elliptical cross sections with some parts becoming flat due to a contact with neighboring fibers. In other cases, fibers grow into a polygonal geometry. During their transformation from plant supportive tissue to composite reinforcement plant fibers are also exposed to numerous external stimuli that can deform and damage them. Natural parameters such as wind and dried soils or the retting and extraction processes (presened in the next subsection) are the main sources [ Bourmaud 18]. These damaged zones can take many different forms and appear clearly along the fiber [Melelli 21b,Richely 22c], as seen in Figure 1.5. They tend to decrease the mechanical properties of the fibers and are often a weak point where fractures start to occur [Richely 22c, Müssig 10]. The terms kink bands, defects, dislocations, knees and more are all used to describe such zones [ Nyholm 01]. The term kink bands will be used in this work. Overall, the central lumen, complex cross section and the presence of kink bands make elementary plant fibers a very complex structure. 

Elementary fiber composition

Biochemical composition. Following the fractal nature of plant architecture, elementary fibers can be assimilated to a composite material with cellulose, hemicellulose and lignin making up its basic units. Cellulose is a long polymer comprised of glucose units [ Heinze 15]. Interactions between cellulose chains (few nm in diameter) leads to the formation of cellulose fibrils, the prefix micro or meso can be used for these them depending 1.2 Plant fibers and their composites on their size (tens to hundreds of nm in diameter). Cellulose fibrils represent the basic reinforcement unit of the elementary fiber and provide it with most of its strength and stiffness [ Bourmaud 18].

The cellulose microfibrils are contained within a hemicellulose and lignin matrix (see Figure 1.4.d). Hemicellulose is a complex polysaccharide that coats the cellulose fibrils [ Lee 14]. It has poor mechanical properties and is more susceptible to degradation [Bourmaud 18, Sadrmanesh 19]. As the fiber grows and reaches maturity, empty spots in the cellulosic network are progressively filled by lignin, a complex amorphous polyphenolic compound [ Lee 14]. The presence of lignin greatly contributes to the fiber rigidity and fiber bundle cohesion while also acting as a protective barrier [Lee 14, Komuraiah 14]. An overview of the fiber structure from stem to cellulose microfibril is given in Figure 1.6.

Microfibril Mesofibril

Elementary fiber

Technical fiber Microfibril orientation. Within the different layers of the elementary fiber, cellulose microfibrils can take different orientations compared to the main fiber axis (see Figure 1.4.c). The angle between the elementary fiber main axis and the direction of its microfibrils is called MicroFibrilar Angle (MFA). At the primary cell wall, the cellulose fibrils follow the growing direction of the fiber leading to very low values of MFA. For the secondary wall, each layer can have a different MFA. The value of the MFA can have a significant impact on the properties of the fiber, especially in the longitudinal direction where lower MFAs lead to higher stiffness [Baley 02, Bourmaud 13b, Nuez 22, Reiterer 01, Keckes 03, Burgert 06]. Along the fiber's length, the presence of kink bands leads to changes in MFA [Melelli 21b].

While each cell wall layer does have a preferential MFA value, changes in angle between cell wall layers does not occur abruptly. Roland et al. [Roland 95] observed though polarized microscopy, changes in cellulose fibril orientation at the interface between cell wall layers, as seen in Figure 1.7. At these interfaces, fibrils of different layers can be seen coalescing and aligning into denser regions through a progressive change of MFA. It is thus possible that some fibrils are bridging the interface between different cell wall layers. Literature on the subject is quite scarce, further investigations should be performed to 

From the field to the final product -Composite life-cycle and applications

This section presents the life-cycle of a PFCs while focusing on their plant fiber reinforcements. The characteristics of plant fibers can vary significantly between species or varieties, environmental conditions during growth and transformation processes. Transforming them from a natural material which actively adapts to small changes in its environment, to a reliable reinforcement for composite applications, requires a significant amount of transformation techniques and expertise. The most common processes from the production and extraction of plant fibers to the manufacturing and applications of the composites they reinforce are presented here, followed by the end of life of these products.

Plant fibers and their composites

Plant fiber composite lifecycle Agronomic stage. During this first stage, the plants have to be sowed or planted 1 , grown and harvested. A great number of parameters concerning the choice of plant variety, soil amendment, irrigation, method and time of harvest, pest control, and more, have to be controlled and optimized to maximize yield and produce fibers of high quality for composite applications. During growth, environmental parameters such as temperature, wind, water availability and more will have a strong influence on the final fiber mechanical properties.

Literature review: plant fiber characterization -identifying new characterization needs

Separation/Extraction stage. As presented in the previous section, the plant stem is made up of various different elements. In order to set apart the fiber bundles from the rest of the plant and separate them into elementary fibers, an extraction stage is necessary. This stage is typically performed mechanically and is preceded by a retting step (depending on plant species and environmental conditions).

Retting. Retting consists in a controlled degradation of the plant's tissues [Bourmaud 18], typically performed through natural mechanisms. Fungi and bacteria colonize the plant and secrete enzymes that promote the degradation of inter-fiber plant tissue. The xylem and the pectins of the middle lamella degrade separating the fibers from the rest of the plant and the elementary fibers between themselves [Akin 01, Bourmaud 19]. Different levels of retting can be seen in Figure 1.9 in the case of flax. Overall, the fiber separation that results from the retting process significantly facilitates later fiber extraction. However, over-retting leads to the secretion of enzymes that attack cellulose, leading to significant decreases in mechanical properties [ Bourmaud 18]. A balance should thus be struck between a good separation level without damaging the fiber's cellulose.

Figure 1.9: SEM images of flax fiber bundles with increasing levels of retting [Bourmaud 19]. After 1 day of retting (A) inter-fiber tissue is present and starts degrading after 9 days of retting (B). After 14 (C) and 19 (D) days of retting fibers are well separated and no inter-fiber tissue remains.

Mild temperatures and wet conditions favor the development of the micro-organisms that are responsible for retting. For this reason retting in bodies of water, man-made or naturally occurring, has been a common approach. Indeed, in a stable aqueous environment degradation will occur in an uniform way, ultimately leading to good fiber quality [ Placet 17]. However, many fermentation products are released, polluting the water [ Rosemberg 65]. For this reason, this practice has been abandoned in Europe, in favor of dew retting. Plant stems are cut and left in the field, where the presence of dew will promote the growth of the necessary micro-organisms. However, fibers are exposed to the elements, leading to less uniform retting and overall retting times that can vary from one to several weeks [ Bleuze 18]. Figure 1.10 shows examples of dew and water retting. Alternative methods that do not rely on spontaneous natural processes also exist, notably chemical and enzymatic retting [Sharma 88, Akin 01], steam explosion [Kessler 98] and ultrasonic and microwave treatments [ Nair 14]. However, these processes can also lead to Mechanical extraction. With the retting procedure being performed, the fibers can be extracted from the plant. A great number of different mechanical processes can be used, depending on the plant type, cultural practices, available means and final applications [ Bourmaud 18]. Both machine and hand separated fibers can still be found. Figure 1.11 presents an overview of the large range of different mechanical extractions used just in the case of nettle. Globally, these processes aim at breaking apart the stems, isolating fiber bundles from the rest of the plant tissues (bark, xylem) and eventually refining these bundles through further separation, aligning and untangling. Despite the large variety of existing extraction processes, they can generally be divided into two main categories. First, more aggressive processes, such as hammer and roller mills, that separate the fibers well but lead to damaged and shorter fiber in the end.

Literature review: plant fiber characterization -identifying new characterization needs Second, the process of scutching followed by hackling leads to longer fibers of higher quality [ Bourmaud 18]. Scutching consists of separating the fiber from the straw by passing the plant stems through a series of rollers of different sizes and rotation speeds. Hackling consists in separating and aligning the resulting fiber bundles by passing them through a series of progressively finer combs. Scutching and hackling were originally developed for flax and its textile applications [Müssig 15, Bourmaud 18] but have also been adapted for hemp [Grégoire 21] and nettle [Bacci 11,Viotti 22]. A graphical representation of a scutching and hackling line is given in Figure 1.12. Product manufacturing stage. With the fibers being separated, the manufacturing of composite materials that use them as reinforcements can be performed. A preliminary, yet optional step to this manufacturing lies in the production of a textile product that can later be used in the composite. These products can vary from non-woven mats of parallel-unidirectional fiber, to combinations of different orientations or weaved patterns. The choice between these options depends on the aimed composite properties for a given application. Fibers can be also added to a composite without a particular orientation leading to composite properties that are more isotropic. Figure 1.13 represents these different fiber configurations.

Regarding the composite manufacturing, conventional petrosourced composite matrices are often used, however, ecofriendly and bio-sourced matrices have also been developed [ Yi 18, Pourchet 19, Ruiz 20]. Compression or injection molding can be used depending on the application. The resulting composite material can then be integrated into further assemblies and ultimately into a final product.

End of life stage. Once the composite reaches the end of its life-cycle, a few different options are available [ Witik 13]. The first consists in recycling and repurposing the material. Through chemical recycling, the matrix can be dissoluted and the fibers recovered [ Bensadoun 16]. However, the used chemicals, equipment and overall processing time have a negative environmental impact making it a non-attractive choice. Mechanical recycling can be performed instead. The composite is shredded into flakes that can be used in new composites. Optionally, these flakes can be turned into pellets to produce a more homogeneous product. Nonetheless, the new composites produced by these material present low mechanical properties compared to the initial, long fiber composite [ Bensadoun 16].

For this reason, their use is restricted to non or semi-structural applications.

An alternative to recycling consists in the incineration of the PFCs [ Mansor 19]. The energy produced by this incineration can then be exploited for other applications. Indeed, natural fibers have high calorific value and consequently their incineration results in higher energy recoveries compared to synthetic fibers. Overall, this process can have a positive environmental impact [ Bensadoun 16]. A final alternative consists in a decomposition of the composite in a landfill, which can lead to some advantages compared to incineration, especially by limiting respiratory inorganics [ Alves 10]. It leads however to greenhouse gas emissions due to anaerobic degradation [ Mansor 19].

Depending on the initial composite material and the available means for its end of life processing, one of the presented approaches can be the best suited. To guarantee the sustainability and environmental benefits of the PFC however, its end of life processing must be planned in advance before manufacturing starts.

Applications

With the life-cycle of a PFC summarized, its potential application can be presented. To understand however, the scale of their current adoption, it is useful to compare them with their conventional, synthetic fiber counterparts.

In terms of mechanical characteristics, PFCs are generally comparable to SFCs in terms of stiffness, they are however weaker in terms of tensile and impact strength [Faruk 12,Pickering 16]. Water absorption and changes due to humidity in general are also a larger concern for PFCs [Ramesh 17,Mahmud 21]. On the other hand, the damping properties of PFCs are much higher than the ones of SFCs [Liu 21], leading to notable reduction in vibrations and noise.

These mechanical characteristics, along with the aforementioned environmental benefits have lead to the use of PFCs in a large panel of diverse sectors (automotive, construction, sports, packaging and more). Weight and noise reductions made them particularly attractive in the transport industry. The automotive industry was an early adopter of PFCs, using them for non structural applications, notably interior paneling [Mohammed 15, Adekomaya 20, Markarian 07]. Many applications in panel construction for buildings and furniture can be also be found, but also for packaging and bio-medical characterization needs purposes [ Mohammed 15,Mahmud 21]. The damping properties of SFCs are also used to good advantage in the fields of acoustics, with their integration in loudspeakers. It has been a common misconception that PFCs should be restricted in such non-structural or indoor applications. New applications have emerged that challenge these views. Bridges and racing boat hulls have been developed, showing that plant fiber materials can be used in challenging environments where their mechanical performance are critical [Smits 16,Collotta 16]. A panel of different PFC applications is given in Figure 1 While plant fiber composites have found their way in various products, covering a large range of applications, their adoption is recent (15-20 years) compared to conventional fiber reinforced composites2 . Furthermore, plant fibers show great diversity in morphology and mechanical characteristics. This diversity is a product of different parameters, notably: species, fiber-role in the plant, environmental stimuli and fiber extraction [ Bourmaud 18]. For these reasons, great efforts have been made in recent years, to characterize a plethora of different PFC properties. Literature on the subject is extensive with research topics covering a wide range of mechanical, thermal, humidity and other characterizations. A summary of the properties that have been characterized, as reported in numerous reviews on PFCs is given in This extensive testing offers great insight into PFC behavior and quantifies their performance under different environmental and mechanical stimuli. However, when performing tests at the composite scale, the characterized properties are a result of complex interactions between a great number of parameters. The composite's matrix and reinforcements, their interactions but also the impact of environmental and manufacturing parameters, will all influence the composite's final properties. The convolution of all these parameters, represent a significant challenge in the design of PFCs and the modeling of their mechanical behavior. In order to face this complexity and better understand and predict composite behavior, characterizing the properties or studying the influence of each of these elements separately is important. Compared to tests on composites where a great number of parameters can influence the results, direct characterization of separate elements can also significantly reduce measurement uncertainties on a given property.

A first step in this characterization process, lies in the separate study of the composite's constituents: the matrix and the fibers. The mechanical properties of the fiber Literature review: plant fiber characterization -identifying new characterization needs reinforcements are particularly crucial, since they carry the structural loads and are thus mainly responsible for the composite's stiffness and strength [ Pereira 14]. For this reason, the characterization of plant fiber mechanical properties is of major importance. Knowledge of fiber properties under different type of solicitation can feed models that predict the final composite properties. Characterization at the fiber scale can also significantly contribute in the optimization of the plant fiber production chain. Comparison between plant species and varieties, retting and extraction procedures, and more can be made to identify the best practices to obtain high quality fibers.

Plant fiber properties characterization -overview and multiscale aspect

The characterization of plant fiber properties can be performed with different approaches, direct or indirect, using tests at different scales. This section presents an overview of these approaches. While less extensive than work on PFC characterization, many methods have been developed and many characterization efforts have been made. They can generally be divided into two main categories: tests on composites and tests on plant tissues.

Composite tests.

Performing tests at the composite scale is a common approach to estimate the properties of the plant fiber reinforcements by inverse method through the so called "back-calculation" [Baley 06, Madsen 09, Shah 12, Shah 13, Pisupati 19, Prapavesis 20, Gabrion 22]. The Rule Of Mixtures (ROM) is used for this purpose: a weighted mean formulation used to predict the properties of a composite material from the properties of their matrix and reinforcements. This method has the advantage of employing experimental procedures that are typical in material characterization and rather easy to implement for composites while offering fiber material properties that are averaged over a large number of fibers, contained within the composite. Nevertheless, it also presents a series of limitations that become more important in the case of plant fibers, as thoroughly discussed by [Shah 16]. Notably, fibers are considered as uniformally distributed, perfectly separated and aligned, with the identical cross sections and areas. Furthermore, adhesion with the matrix is considered to be perfect and fibers are considered to only deform elastically. This leads to important difference between back-calculated and direct measurements [Oksman 02, Virk 12, Charlet 10c, Shah 16].

Plant tissue tests. Performing tests on plant tissues is a more direct approach to characterize plant fiber properties. Due to the multilevel structure of plants, these tests can be performed at different scales, notably at the plant stem, fiber bundle, elementary fiber or cell wall scale. The relevance and state of the art for each of these scales has been extensively covered by [Bourmaud 18]. A brief discussion is proposed here. Testing plant stems is not widespread, but is generally employed to study plant structure and stability for various species and growing parameters [Schulgasser 92, Jaouen 07, Robertson 15]. These tests can also be used to estimate an average elementary fiber stiffness, calculated over the large number of fibers contained within the stem, providing that the fiber volume fraction is predetermined from morphological analysis [Bourmaud 15, Gibaud 15,Bourmaud 16a]. The larger size of plant stems (many cm in length, a few mm in diameter) also makes these tests easier. Nevertheless, they only provide an indirect estimation of elementary fiber properties since similarly to the Rule Of Mixtures 1.3 Plant fiber mechanical characterization (ROM) method at the composite scale, the complexity of the different stem components and their interactions are not considered.

On a very smaller scale, tests at the scale of the cell wall have also been performed. Nanoindentation is the most common approach and allows the characterization of the stiffness and hardness of the fiber cell walls. Tests on flax [Alix 12,Bourmaud 12,Liu 22], hemp [Bourmaud 09], wood [Gindl 04] and bamboo [Zou 09] cell walls have been performed. Atomic Force Microscopy (AFM) has also been used to map the surface of the cell walls but also determine its local elastic properties through the resonance of the cantilever [Rabe 96, Yamanaka 96]. Various plants have been studied this way [Clair 03, Ren 15, Czibula 19,Melelli 20a]. These approaches allow to measure fiber properties very locally, eliminating issues related to the complex shape of elementary fibers, while also bringing to light complex micro-structural related behavior. However, in order to perform these characterizations, the fiber has to be embedded in a thermoset resin, the surface quality of which has a major impact on the results [ Eder 13].

While the aforementioned approaches are essential and complementary to better understand the intricacies and structural complexity of plants and their fibers, they only give approximations of the PFC's basic unit: the elementary fiber or the fiber bundle. Indeed, depending on the plant species, retting level and extraction process, fibers are separated to various levels and are present in the form of bundles or elementary fibers in the composite. Characterizing at that scale is thus key in modeling and predicting PFC behavior.

Characterizing at the elementary fiber or fiber bundle scale, does come however with a set of challenges. In particular, their small size along with their complex morphology and composition can make their manipulation and characterization difficult. The state of the art on characterization at the fiber and bundle scale will be presented in the next section along with a detailed discussion regarding characterization challenges.

An overview of the different scales at which plant fiber mechanical properties can be estimated or directly characterized is given in Table 1.2, along with their advantages and disadvantages.

Plant fiber mechanical characterization

Elementary fiber/fiber bundle characterization -state of the art and challenges

Elementary fiber characterization Tensile tests. Among the mechanical characterization tests performed at the elementary fiber scale, tensile tests are the most popular. Fibers are generally highly anisotropic materials with their longitudinal stiffness and strength being significantly higher than their transverse counterparts. Through the orientation of the fibers within the composite, this high longitudinal fiber performance can be put to good use. Indeed, the longitudinal stiffness of plant fibers is the main parameter influencing the composite's longitudinal performance [Bourmaud 16b]. Bachtiar 10]. An overview of the range of flax, hemp and nettle tensile properties interest, is given in Table 1.3. A higher variability in the results compared to synthetic fibers can be seen, related to the fiber's natural morphological and composition variability along with the influence of external natural and man-made stimuli.

Diameter (µm)

Young's modulus (GP a) In addition to the characterization of tensile stiffness and strength, many other studies have focused on the influence of additional parameters such as: damage propagation [Beaugrand 15,Beaugrand Even though the tensile test is a common characterization procedure, its commonly perceived simplicity does not translate to tests at the elementary fiber scale. The complex fiber morphology and microstructure often lead to important non-linear behaviors, that will be discussed later.

Micro-bond test. Another critical parameter in the performance of composite materials is the adhesion between the fiber and the matrix. This adhesion is often tested at the elementary fiber scale through pull-out tests. Through these tests the InterFacial Literature review: plant fiber characterization -identifying new characterization needs Shear Strength (IFSS) of the fiber-resin interface can be determined. The pull-out test consists in the extraction of a single fiber from a mass of resin [Teklal 18]. The microbond or microdroplet test is a common variation of the pullout test where droplet of resin is embedded on the fiber [ Sockalingam 12]. The fiber is then pulled between two loading blades that come in contact with the droplet, eventually separating it from the fiber. A graphical configuration of these tests is given in Figure 1.15. Such tests have been performed quite extensively on a variety of elementary plant fibers and polymer matrices. The interfacial shear strength of flax [Stamboulis 99, Lee 03, Wong 07, Graupner 14, Kandemir 20] and hemp [Islam 08, Islam 10, Sawpan 10] have notably been studied along with many other fibers such as sisal, kenaf, jute, coir and others [Prasad 83, Graupner 14, Li 17, Ali Zernadji 22].

Other tests. Other methods of mechanical testing on elementary plant fibers are very rare. Bos et al. used an elastic loop test to evaluate the compressive strength of flax, its configuration can be seen in Figure 1.16 [Bos 02]. As the loop gets tightened non-linear deformations are generated and kink bands appear at the top of the loop. It is at this point that a compressive strength is evaluated. While this approach is quite robust for geometrically uniform synthetic fibers, in the case of plant fibers it can be difficult to discern between pre-existing and loop generated kink bands. A more reliable method to characterize the transverse properties of fibers is the Single Fiber Transverse Compression Test (SFTCT), which will be extensively presented and discussed in subsection 1.4.2. Various other characterization on fibers can be found in the literature however, they have only been performed on synthetic fibers. Light diffraction [Wiecek 14], ultrasound 1.3 Plant fiber mechanical characterization spectroscopy [ Mounier 14], Brillouin spectroscopy [ Elsayad 20] and modal analysis [Perrin 07, Rice 14] have all been used to characterize fiber mechanical properties. Studies on the contact and friction between different fibers can also be found in the literature [ Grandgeorge 21,Saketi 14b].

Fiber bundle characterization

Plant fiber characterization at the bundle scale is a common practice in the industry to evaluate the fiber quality after the extraction process [ Bourmaud 18]. Bundle properties are a product of the properties of the individual elementary fibers that comprise them and those of the lamellae that connect them. Therefore, they do not represent a direct way to evaluate the properties of the elementary fibers. Tests on fiber bundles provide however, an indirect method to them that is easier to employ, due to their larger size of fiber bundles.

Similarly to elementary fiber characterization, many characterization works can be found, they are however primarily focused on tensile testing. The doctoral thesis of Komlavi Gogoli is a major contribution to the characterization of flax bundles, studying their viscoelastic properties and strength through tensile and relaxation tests [ Gogoli 22]. A large focus on the measurement of the bundle's cross sectional area is also found in this work. Romhany et al. identified the main failure mechanisms of a bundle consisting of axial splitting between elementary fibers, followed by transverse cracking of the bundle and progressive failure of the elementary fibers [ Romhány 03]. Acoustic emission and Xray microtomography have also been used to further investigate these failure mechanisms [ Barbulée 14,Beaugrand 17], while Xue et al. investigated the influence of the temperature and loading rate [ Xue 09]. Finally, Haag and Mussig showed the major influence of the cross sectional area measurements on the determined tensile properties of fiber bundles [ Haag 16].

The work of Charlet and Béakou represent an original approach [Charlet 11a]. Through the tensile test of a particular two elementary fiber configuration, illustrated in Figure 1.17, the interfacial strength of the middle lamella was characterized. The interfacial strength between elementary fibers within a bundle was shown to be significantly lower, than the one between an elementary fiber and a typical thermoplastic matrix [Charlet 11a].

Elementary fiber 1
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Characterization challenges

While many fiber-scale characterization efforts have been performed, many challenges can make the testing, or the post-treatment of the results, difficult compared to conventional materials.

Fiber structure As discussed in subsection 1.3.2 plant fibers are complex, multilayered, composite structures. This structural complexity is reflected in their material behavior. This is well illustrated by the tensile behavior of plant fibers. Figure 1.18 shows different stress-strain responses obtained on tests on elementary hemp fibers. While fiber typical linear-elastic behavior can be obtained (type 1), significant non-linearity is often observed. This non-linearity can be a result of inelastic behavior (type 2) or more complex phenomena leading to softening and stiffening mechanisms (type 3). In the case of tensile tests, cellulose microfibril reorientation, strain induced crystallization, slip-slick mechanisms and the presence of defects all have a potential influence of fiber behavior [Placet 14,Trivaudey 15,Nuez 22,Richely 22b]. To conclude, elementary plant fiber behavior is often complex, knowledge of the intricacies of their structure and composition is thus critical in designing experiments and correctly analyzing their results. Fiber morphology Material characterization often requires geometric considerations such as length, diameter and cross section. The measurement of these geometric properties can have an important impact on the final characterization results [Placet 12b, Lefeuvre 14a, Haag 16]. For instance, measurement of the fiber's Cross Sectional Area (CSA) in particular, is of critical importance in tensile testing.

Many methods exist to characterize fiber morphological characteristics. These methods can be divided into three main categories: (i) fiber transverse cross section measurements, (ii) fiber longitudinal cross section measurements, (iii) volume measurement through microtomography. Their main advantages and disadvantages are given in Table 1.4. Some morphological characterization approaches are also shown in Figure 1. 19.

Transverse cross section measurements are usually made on stem cross sections allowing the measurement of multiple fibers at once. Surface preparations and careful Masto 17] to calculate the surface area of a fiber or bundle. Fiber complexity can be characterized through various geometric indicators such as circularity, convexity, tortuosity or the ratio of area to perimeter [ Legland 13, Mattrand 14, Marrot 13]. The fiber geometry can also be assimilated to simpler, circular elliptical or polygonal geometries [ Nitta 13]. While these methods can give very accurate measurements at a given point along the fiber length, fiber cell wall and lumen geometry can change significantly along the fiber's length [Charlet 07,Charlet 10b]. Errors can thus occur if these local measurements are extrapolated to characterize the fiber length in its entirety.

Longitudinal cross section measurements rely on measuring the apparent diameter at a given position. The fiber can be rotated to obtain multiple measurements of apparent diameter. Depending on the the geometric assumptions made on the fiber's transverse cross section (circular, elliptical, polygonal) these diameters measurements can be averaged differently. To obtain, these measurements, multiple methods can be used. such as conventional microscopic observations [Charlet 07, Ilczyszyn 12]. Fiber diameter can also be measured by projecting a laser onto it and measuring the width of the diffraction pattern [ Gogoli 21] or the width of the fiber's projected shadow [Bourmaud 17,Garat 18,Garat 20]. These methods allow to make multiple measurement along the fiber's length, however concave regions or lumen size cannot be measured leading to potential errors.

Microtomography allows a complete characterization of the fiber's geometry. The lumen and complex contour can be reconstructed with sub micrometer accuracy over a length that typically stays under a centimeter [Richely 22b]. Longer lengths can lead to movements of the fiber's edge during measurements. While microtomography results are unmatched in terms of accuracy they represent an expensive and time consuming method of morphology characterization. Its wide-scale in experimental campaign is thus difficult. Fiber size. The small size of elementary fibers or fiber bundles also represents a significant challenge in their characterization. Elementary bast fibers have diameters that typically vary between 10 and 40 µm, while their length does not exceed a few cm. Their length is thus significantly larger than their diameter, while micrometric or submicrometric details such as the lumen and the MicroFibrilar Angle (MFA) are also present. This large difference in scale between the various plant fibers morphological features adds, to their characterization complexity. Bundles size can vary significantly according to the number of fibers they contain, but they are generally a few hundreds of µm in diameter a few cm in length. Accurate measurement and actuation tools are required to perform tests at this scale. However, while the physical quantities measured at this scale can be many order of magnitude higher than the ones measured at the cell wall scale, through 1.3 Plant fiber mechanical characterization nanoindentation or AFM, few standardized equipments exist to measure them.

An additional challenge lies in fiber and bundle preparation and manipulation. Samples must be separated and prepared individually, a time consuming and delicate operation. For this reason, only a limited number of samples is tested at that scale. Furthermore, the small size of fibers means that they can be damaged more easily when manipulated in preparation for testing. Such defects can have an important impact on the measured properties, for this reason special attention and delicate manipulation is needed. Additionally, more fragile fibers that might be visibly damaged during preparation might be discarded and not tested, adding a survival bias to the properties of more robust fibers that make it through testing.

Preloading stage. During mechanical testing, a preloading stage typically occurs where the object gradually gets in the desired loading regime. Examples of preloading can be found in the tension of previously slacked fiber or in the rotation and sliding of a fiber when compressed. The irregular geometry of plant fibers can increase the magnitude of these motions while their small size can make the determination of the end of the preloading stage through visual observation or sensor measurements difficult. Furthermore, plant fiber testing lacks the normalization that can found for other types of tests, meaning that each researcher might adopt different approaches to treat this preloading stage.

System compliance. System compliance is a typical problem in mechanical testing. During testing the experimental setup itself might respond to the applied loads, affecting measurements. For this reason, system compliance is typically characterized separately and subtracted from the measurements performed on the object of interest. Minimizing it however, to a few orders of magnitude lower than the one of the tested object is always preferred. Considering the small size of plant fibers however, achieving this can be very challenging.

Environmental conditions. Plant fibers are known to be sensitive to the environmental conditions and especially to the Relative Humidity (RH). Variations in RH results in changes both in fiber geometry, through hygroscopic swelling [Garat 20, le Duigou 17], and in fiber material properties [Kersavage 73, Stamboulis 01, Sala 22]. Controlling the relative humidity in which fiber testing is performed is thus an additional challenge in their characterization.

Property variability. The biological nature of plant fibers along with their actively changing environment and the various steps required in their extraction, leads to a greater variability in their properties compared to their synthetic counterparts. For this reason, a large amount of tested fibers is necessary in order for their measured properties to be statistically representative [Joannès 20]. This large amount of tests comes at the expanse of increased manual labor or the need for an automation of the testing procedure, a difficult endeavor considering all the aforementioned challenges.
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Plant fiber characterization -new horizons

The previous sections highlighted the benefits of PFCs and the need for the characterization of their basic reinforcement unit, the elementary fiber and the fiber bundle. However, while characterization at the composite scale has been extensive, the same cannot be said for the direct characterization of these objects, where few types of tests, mainly tensile, have been performed due to a series of inherent challenges. Several research directions could be followed to better understand plant fiber behavior and quantify their mechanical properties. Nevertheless, in order to accelerate the adoption of these environmentally friendly materialsW, the fiber properties that are critical to the design and performance of the composites should be identified and characterized first. New approaches and testing methods are highly relevant in these characterization efforts.

Finite element analysis -insights into natural complexity

The intrinsic complex structure and morphology of plant fibers can induce responses under mechanical loading, that are not accounted for in conventional analytical models. Observing and studying in situ the mechanisms that are responsible for this complex behavior is not always an option given the small size of plant fibers and wide scale of morphological features, or the volume of the platforms used to test them. For this reason Finite Element Analysis (FEA) can be used in addition to experimental approaches, to reveal and quantify the influence of these complex mechanisms on fiber behavior. Through FEA, the influence of a single parameter can be isolated and its influence can be studied independently. Numerous parameters can also be modeled together, in order to reproduce experimental behavior and help identify fiber material properties.

A significant amount of FEA studies on plant fibers can be found in the literature, mainly on flax and hemp. In their doctoral thesis Del Masto and Richely have performed an extensive overview of the literature on the subject [Del Masto 18,Richely 21a]. Based on these works, an updated table with plant fiber finite element models is given in Table 1.5. A brief overview is also given below.

Elementary fibers are primarily studied with work on bundles being less common [ Beakou 13]. Fibers are usually modeled as purely elastic, however viscoelastic [Del Masto 17, Del Masto 19], elastoplastic [Nilsson 07] and damage models [Beaugrand 15,Guessasma 19] can also be found. Regarding fiber morphology, monolayer tubes are the most common modeling choice, with the modeling of numerous layers with different properties (to simulate the different cell wall layers) being rare [Gassan 01, Thuault 14]. Fiber cross sections are generally approximated to circular, nevertheless, elliptical [Gassan 01, Del Masto 17] or hexagonal [Beakou 13] approximations have also been used. Complete fiber geometry reconstructions from microtomography have also been used in finite element models [Beaugrand 15,Guessasma 19,Richely 22a]. Finally, regarding microstructural elements, the influence of the lumen size [Richely 22b] and the MFA [ Thuault 14 Literature review: plant fiber characterization -identifying new characterization needs

The presented studies all focus on tensile testing. In order to reproduce and study the complexity of plant fiber tensile behavior (see Figure 1.18), many modeling challenges were overcome, complex multilayered geometries, plant fiber microstructure and different behavior laws were used. The boundary conditions of tensile testing remain however, relatively simple. Modeling tests that include contact or adhesion between surfaces, such as compression and microbond testing, coupled with plant fiber complexity, represent a significant modeling challenge. For this reason literature on other types of tests is scarce. Therefore, in a similar way to experimental research, new mechanical tests should be modeled to expand knowledge on plant fiber behavior and properties.

Elementary fiber transverse properties -single fiber transverse compression test

Elementary fiber transverse properties

While the fiber tensile properties play a major role in the composite's final properties, the fiber's transverse properties can have a major impact on composite performance. Indeed the composite's fiber reinforcements can experience stresses during multiple steps in their lifecycle.

During fiber extraction, stems are fed through multiple rollers. Important compression forces can thus be applied during this step. During composite manufacturing, injection or compression, the fibers also experience important compression stresses in their transverse direction. Finally, during the composite's use, transverse stresses will generally occur. Bending is a typical example where part of the fibers will be compressed. For composites under transverse compression or for tensile tests perpendicular to the direction of the fiber, the fiber transverse properties will be the main element that dictate composite behavior.

Characterizing plant fiber transverse behavior is thus critical to predict and evaluate composite behavior. Plant fiber transverse properties have been characterized before, albeit indirectly, showing a high anisotropic nature. Baley et al. back calculated the transverse properties of flax through tests on composites, while other authors performed nanoindentation on fibers embedded in resin [Gindl 08, Bourmaud 09, Khaldi 16]. Transverse loop tests were also used in the case of flax to evaluate its compressive strength [ Bos 02]. Transverse compression however (also called diametral compression) allows a direct characterization of fiber transverse properties, which is expected to be more reliable.

Single Fiber Transverse Compression Test (SFTCT)

The test's basic principle lies in the compression of an object between two rigid and parallel platens across its transverse cross section. General applications and the Single Fiber Transverse Compression Test (SFTCT) are discussed next.

Transverse compression -a wide scale matter Transverse compression tests have been performed across a wide range of objects of different scales. One of its earliest iterations can be found in the "Brazilian test". The test was first developed to indirectly determine the tensile strength of concrete by compressing large disks of the material [Carneiro 43, Azakawa 43]. The test has also been used to study the compressive behavior of ceramics [Shetty 86] and mechanical components such as rollers and bearings [Foppl 07,Lundberg 49]. The compressive strength of geometrically complex objects 1.4 Plant fiber characterization -new horizons has also been performed on objects such as rocks [Andreev 91, Li 13], bones [Womack 08] or different fruits and vegetables such a as corn [Sherif 76, Anazodo 81, Rabelo 01, Solomon 02]. Compression at much smaller scales has also been performed, with rice [ Kamst 99] or gravel [Cavarretta 12] or even micrometric [ Kozhar 15] or submicrometric [Yoshida 05, Mook 07] particles by adapting nanoindendation machines. Finally the transverse compression of fibers has also been studied through the Single Fiber Transverse Compression Test (SFTCT).

SFTCT history and overview

The Single Fiber Transverse Compression Test (SFTCT) is the established method to study the transverse material behavior of a fiber, with a main focus being made on the identification of its transverse elastic properties. In its typical configuration the fiber is positioned on a fixed platen. A mobile platen gets in contact with the fiber and starts compressing it as illustrated in Figure 1.20. Despite its simple principle, SFTCTs can be challenging tests for a variety of reasons. First, even for a purely elastic material, a non-linear stress-strain (or force-displacement) fiber response is produced during compression, due to the progressive increase in contact surface during the test. This means that direct measurements of the transverse elastic modulus E T are not possible, contrary to the measurement of the longitudinal modulus E L in tensile tests through stress-strain measurements. Instead, analytical models are used that predict the behavior of the fiber, by assimilating it to a purely elastic cylinder under compression. Through these models, E T can then be identified by inverse method. Furthermore, the response of the fiber is very sensitive to the contact area, meaning that changes in the test's geometry, caused by changes in fiber and platen morphology or alignment can have a major impact on experimental results. Finally, great measurement accuracy is needed to obtain exploitable results. Compressing a plant fiber of 10 to 40 µm in diameter, in its elastic regime in order to identify E T generally leads to very small values of displacement (≤ 1 µm) and force (≤ 100 mN ).

Single fiber

Fixed platen

Mobile platen

An overview of the literature on the SFTCT, its history and major breakthroughs is given in Table 1.6. A more detailed discussion is given below.

The beginning of SFTCTs can be traced back to the 1960's and 70's. Many analytical models were also developed during that time, based on Hertzian contact formulations [ Hertz 96]. A detailed analysis of these analytical models will be made in Chapter 2. Experimentally, during this period the first tests were performed on polymer fibers such as nylon and polyethylene. Generally, weights were used to compress the fibers and microscopes to observe their displacement. Hadley Kevlar ® fibers, a challenging material due to smaller displacements of the fiber during testing compared to the more compliant polymer fibers [Phoenix 74]. The improvement of actuators and sensors brought upon micro-mechatronic approaches, with Kawabata being the earliest example [Kawabata 90]. Measurement precision increased significantly, making the testing of very stiff fibers such as carbon possible. Tests on Kevlar ® and other aramid fibers became more wide-spread for their ballistic applications. An overview of the experimental methods used to performs SFTCTs is presented in Chapter 3.

In addition to determining the transverse elastic modulus of various fibers, these studies also highlighted or investigated complex structural and material behaviors. Regarding structural effects, the influence of a skin-core structure [ Naito 17]. Finite element models of the test have also been created to better understand fiber plastic behavior or to identify plastic parameters by comparing simulation results to experimental ones [ Kotani 94, Singletary 00b, Guo 16, Wollbrett-Blitz 16, Sockalingam 14, Sockalingam 16,McDaniel 17]. Finally, time dependent phenomena have also been studied through the influence on loading rate on fiber behavior [Cheng 04, Stamoulis 07, Guo 16] or through stress relaxation tests [ Stamoulis 07].

Plant fiber characterization -new horizons

Despite these various studies performed on synthetic fibers, to the authors knowledge, only a single occurrence of plant fiber SFTCTs can be found in the literature [Mikczin- ski 13]. An added breakthrough in this work, lies in the fact that it was performed in the chamber of SEM allowing for great sample observation during testing. Nevertheless, an important risk of damaging the fiber or altering its behavior due the vacuum inside the SEM or the electron beam, is present. Wood fiber issued from spruce and pine were tested and their compressive behavior was discussed. The focus of this study was centered on the change in cell wall properties under repeated loading, no transverse elastic modulus was identified.

Overall, literature on SFTCTs is rather limited, at least compared to the works treating fiber tensile testing. In the case of plant fibers, only the compression of a few wood fibers has been studied. Indeed, the complex morphology and composition of plant fibers presents a great challenge in the study of their transverse properties. Plant fiber morphology is far from the cylindrical hypothesis made by analytical model and lead to complex contact interactions, while their composition can lead to behaviors that cannot be described by pure elasticity. Furthermore, experimental equipments with the necessary measurement accuracy are not widely available.

Inter-fiber adhesion -peeling test Fiber separation -the lack of quantitative data

The separation of plant fiber bundles into individual elementary fibers is critical for the performance of PFCs. Indeed, Charlet and Béakou showed that the interfacial strength between elementary fibers withing a bundle is significantly lower, than the one between an elementary fiber and a typical thermoplastic matrix [Charlet 11a]. By consequence, if the resin does not penetrate within the fiber bundle, the interface between elementary fibers could be a weak-spot in plant fiber composites, where fractures initiate. Mechanical testing at the composite scale have shown this to be true [Bourmaud 13a]. On the other hand, fiber separation must not come at the expense of fiber mechanical performance. Over-retting can lead to the degradation of the fiber's cellulose, significantly decreasing stiffness [ Placet 17]. Excessive scutching and hackling can also lead to damaged fibers [ Keller 01]. In conclusion, a fine control of the retting, scutching and hackling procedure is needed, to guarantee an optimal fiber separation while maintaining mechanical performance.

Numerous challenges however, make this endeavor difficult. Indeed, during dew retting, the fibers are exposed to the external environment. Farmers must thus closely and continuously assess the retting level through organoleptic and subjective evaluations. The color of the fibers, their uniformity, their divisibility and resistance during manual manipulations, are all means of evaluating retting level [ Bourmaud 18]. Farmers might also bring a few samples to nearby scutching lines to evaluate fiber separation at a given time. These, scutching lines on the other hand, must also adjust their extraction settings to adapt to the different plant materials that are brought in. Finally, fiber variety and maturity level can also have an impact on fiber separation. The presence of lignin in particular, which varies between species and varieties and increases as the plant reaches maturity, makes fiber separation more difficult [Sharma 99, Keller 01, Bourmaud 18].

The influence of retting and scutching on the mechanical, physical, chemical and thermal properties has been investigated [Sharma 99, Keller 01, Placet 17]. Fiber separation Literature review: plant fiber characterization -identifying new characterization needs and quality is indirectly estimated through these studies. However, no direct measurement of inter-fiber adhesion has been made at the fiber scale. Such measurements, would allow to closely study the mechanisms that take place during fiber separation and provide data to compare between different fiber species and varieties, maturity levels, retting levels and decortication parameters. In this way, subjective assessments would give place to quantitative data, greatly contributing in the optimization of the fiber extraction chain.

Peeling test

The peeling test represents a common mechanical test to characterize the adhesion strength between surfaces. The test is usually performed with one of two typical configurations as seen in Figure 1.21. The single arm configuration consists in the separation of a layer from a rigid substrate through the action of a force F applied at an angle θ. The T-peeling configuration consists in separating two layers by applying a peeling force on each layer. Peeling tests have been used to study the strength of adhesives or bonding of numerous materials such as metals, polymers or composites [Kim 88, Awalekar 18]. Adhesion mechanisms found in nature, such as the ones found in gecko feet, frogs or silks, have also been of particular research interest [Bhushan 11,Wanasingha 21]. In order to better understand these natural mechanisms and replicate them artificially, peeling tests and models to study their adhesive properties have been developed [ Gu 16]. Peeling tests have also been performed at the nano-scale through the peeling of nanowires [Mead 18, Mead 20]. The adhesion of NanoElectro-Mechanical System (NEMS) to surrounding surfaces during manufacturing and operation can thus be better understood. Peeling of 2D graphene surfaces and opening of DNA chains have also been performed [ Xue 21,Bockelmann 02].

In order to evaluate the adhesive strength of the tested materials numerous analytical models have been developed. These models grew progressively in complexity adding parameters such as the peeling angle, peeling velocity, friction, pre-tension, surface pattern and more [ Gu 16]. The peeled materials have been commonly modeled as elastic or elastoplastic with few visco-elastic models [Kim 88, Chen 13]. For elasto-plastic models, finite element analysis has been used to differentiate between the energy that is stored as plastic deformation and the one that actually contributes to the separation of the peeled layer [Crocombe 82, Hadavinia 06].

Most peeling tests rely on the measurement of the peeling force to later calculate the energy required to separate the two objects. An alternative lies in using beam theory 1.4 Plant fiber characterization -new horizons to estimate interfacial adhesion energy through the deformed shape of the peeled arm [ Mead 18].

Regarding plant peeling, to the authors knowledge, tests have only been performed at the plant stem scale [ Réquilé 18]. In these tests separation occurred between the phloem containing the fibers and the xylem of hemp. A conventional universal tensile machine with a 2 Newton range force sensor, was adapted for this purpose. An important decrease in fracture energy was observed with the increase in retting time, offering valuable informations for plant stem decortication processes. Figure 1.22 presents an overview of theses studies. Despite these tests at the stem scale, the separation of fibers bundles into elementary fibers has never been investigated. This peeling test at the much smaller fiber scale, requires more precise means in terms of force sensing and actuation. The boundary conditions of the test (fiber fixing and grasping) are also more challenging due to the smaller scale.

Micro-mechatronics -towards innovative fiber characterization

Relevance of micro-mechatronics for plant fiber characterization

Performing mechanical characterization at the elementary fiber and bundle scale, such as Single Fiber Transverse Compression Tests (SFTCTs) and fiber peeling, requires high precision measurement and actuation means. In this way, small mechanical stimuli can be be applied on the fibers and physical measurements can be made to characterize their properties.

For this purpose, some commercially available mechanical testing machines, suitable for small microscale objects are available. Tensile stages are among the most popular ones, ranging from conventional designs (LABTHINK Instruments Ltd., KLA corporation,United States) (see Figure 1.23.a), to machines adapted for in-situ measurements in limited spaces, such as SEMs, AFMs or microtomographers (DEBEN UK Ltd.) (see Figure 1.23.b). These machines are generally equipped with force sensors with a full scale of several hundreds to thousands of Newtons, or with more precise force sensors that are proprietary to the machine. Their specific purpose and non-modular design means that adapting such machines to different types of tests can be very challenging. Compact nanoindenters can also be found, offering very high measurement precision and very small generated displacements (FemtoTools Switzerland,, Alemnis, Switzerland , KLA corporation,United States) (see Figure 1.23.c and d). As discussed in subsection 1.3.2 however, nanoindendation comes with a series of disadvantages regarding plant fiber characterization while the available tools are once again difficult to adapt to new types of tests. For all these reasons, developing new experimental setups for a specific type of test is investigated. The mechanical aspect of the test along with actuation, sensing, control and related electronics must be considered. The domain of mechatronics is at the interface between these different disciplines [ Harashima 96]. To adapt to the small size of plant fibers in particular, micro-mechatronic approaches are needed more specifically. While still an active area of research, pushing the boundaries of actuation and measurement 1.4 Plant fiber characterization -new horizons precision further and further, the field of micro-mechatronics offers both actuation and force measurement means: Micromotion devices. Various physical principles can be exploited to generate motion [ Ouyang 08]. Piezoelectric or shape memory alloy actuators, direct current and ultrasonic motors are only some of the available choices, each with its own advantages and disadvantages. The generated displacements can be transmitted by compliant mechanisms: monolithic structures that transmit movements by their deformation [ Chaillet 13]. Such mechanisms replace conventional bearings, eliminating problems related to friction. Using the feedback of a sensor, these actuators can be controlled in a closed-loop system, which actively regulates the generated displacement. The synergy between all these elements allows the creation of micromotion devices with nanometric precision and a millimetric range of motion [Tan 15b, Bettahar 22, Andre 20].

Force measurements. Forces are never a direct measurement, they rely on the use of a compliant passive structure, associated with a measurement device. Once a load is applied changes in resistance, strain, position or other are detected by the measurement device and used to calculate the related force. Several technical and physical limitations can make the force measurement procedure challenging [Clévy 11], still, many different types of force sensors can be found: strain gauge based, piezoresistive, capacitive, vision based and more, which can reach sub µN precision [Wei 15, Tiwari 21, Yang 22].

Micro-mechatronic approaches are thus key to the mechanical characterization of plant fibers, providing the necessary precision to apply small loads and measure fiber responses precisely. Furthermore, they can offer various manipulation tools [ Zhang 19], such as microgrippers, allowing delicate and repeatable manipulation of the fibers, which is not always feasible with manual approaches. Finally, micromechatronic platforms provide excellent bases for the development of automated testing. A larger number of tests can thus be performed, which is specifically important for the characterization of plant fibers, since their properties can vary significantly between plant variety, growing conditions or extraction processes.

Micromechatronics for small object characterization

Various custom micromechatronic setups have been developed for the characterization of microscale objects. The nature of theses setups can vary with some offering more general capabilities while others are tailored to a specific application. An overview of some such setups are given in Figure 1.24 and dicussed below.

Komati et al. developed a microgripper with integrated force sensing and a position estimation of its end effectors [ Komati 16] (see Figure 1.24.b). Using this gripper microscale objects can be grasped and their stiffness can be estimated. The domain of cell characterization has also led to innovative developments. For example, the elasticity of plant cell walls (pollen) have been characterized with custom micromechatronic setup using commercially available sensors and actuators [Burri 19,Läubli 21]. A custom MEMS device allowing an automated characterization of cells has also developed [Sakuma 19] see Figure 1.24.a. characterization needs The characterization of single fibers has also been investigated with micro-mechatronic means. MEMS devices have been developed to perform tensile test on synthetic nanofibers and plant tissues [Beese 13, Ramachandramoorthy 18, Ladner 19, Zamil 14, Espinosa 12] (see Figure 1.24.c). The most versatile approach however, can be found in the flexible microrobotic platform developed by Hirvonen, Saketi and Kallio [ Hirvonen 11] (see Figure 1.24.d). This platform offers capabilities to perform fiber characterization from sample preparation and morphological characterization to various mechanical tests. Most studies focused on pulp fiber, used in the paper industry. Fibers are first placed on an illuminated rotary stage [Hirvonen 14a]. Two microgrippers allow the fibers to be grasped with each gripper handling one end of the fiber. Through an overhead camera the graspability of 1.5 Conclusions the fibers is evaluated [Hirvonen 11,Hirvonen 15a]. Through the synchronous control of multiple actuators fibers can be grasped and moved to a testing zone [von Essen 14, Hirvonen 15b]. Using different tools various characterizations could then be performed. Fiber geometry and microstructure were studied through 3D fiber reconstruction [ Hirvonen 16] and MFA measurements [Hirvonen 14b]. Regarding mechanical testing pulp fiber bonds [ Latifi 15] and droplet contact angle [Saketi 14a, Hirvonen 17] along flexibility, DMA and tensile tests [ Grigoray 15] were all studied.

Overall, given the actuation, measurement and manipulations capabilities micro-mechatronic approaches can offer, many innovative platforms have been developed with the purpose of material characterization of microscale objects. Creating such micro-mechatronic platform for SFTCT and peeling applications could allow the characterization of plant fiber transverse properties and inter-fiber adhesion for the first time. However many challenges still remain. Very few commercially available force sensors are adapted to the measurement of force in the range of a mN to a few hundred mN [Andre 22b], values which as we will see in this doctoral thesis represent typical SFTCT and peeling related loads. While actuation can be very precise, measurement of fiber displacements, close to the fiber itself remain rare. Questions of actuator and sensor repeatability and drift must also be adressed before experimental campaigns, through calibration processes. Finally, fine movements and alignment between different setup components to assure no off-axis mechanical stimuli and measurements occur, remain particularly challenging.

Conclusions

In this chapter, the key role of plant fibers as an environmentally friendly composite reinforcement material was presented. Flax, hemp and nettle fibers were identified as the most highly promising candidates for such developments in Europe. Their rich hierarchical structure along with their life-cycle as a composite reinforcement were presented. The mechanical characterization of plant fibers was shown to be key for designing highperformance composites. Direct characterization at the scale of the elementary fiber or the fiber bundle was determined to be critical to understand fiber behavior and to measure their properties as reinforcing elements. For this reason, this doctoral thesis treats mechanical characterizations at these scales.

Characterizations at the scale of the elementary plant fibers are numerous but heavily focused on tensile behavior and fiber-matrix adhesion. The characterization of transverse properties is required to complement these studies and improve the prediction of Plant Fiber Composites (PFC) behavior. This characterization can be performed through SFTCTs, a test that has already been performed on various synthetic fibers. To the authors knowledge however, with the exception of wood fibers [ Mikczinski 13], no such characterization has been made on plant fibers. In this work, the transverse behavior of flax, hemp and nettle are studied through SFTCTs.

In the process of extracting fibers from the plant stem, a lack of quantitative data was identified. Indeed the retting, scutching and hackling procedures mainly rely on subjective criteria to evaluate the separation between fibers. Bad fiber separation or excessive processing however, can become a weak point of composite materials. For this reason, measuring inter-fiber adhesion was identified as a critical characterization need to provide accurate measurements that allow the evaluation of retting and extraction

Introduction

The principle of the Single Fiber Transverse Compression Test (SFTCT) was presented in subsection 1.4.2. In short, the test consists in the compression of a single fiber between a fixed and a mobile platen. The contact between the fiber and the platens induces a non-linearity in the fiber's transverse response. Analytical models are needed to model this behavior, and to identify the fiber's transverse properties by inverse method.

Existing SFTCT models make a series of hypotheses on the test's configuration and the nature of its components. The fiber is considered as a purely elastic, right circular cylinder between parallel platens. An alternative lies in the use of finite element analysis, which allow a much more flexible description of geometry, boundary conditions and material behavior. Depending on the model's complexity however, such models can be computationally expensive or lack the generalization ability required to use them for many types of fibers.

As seen in Chapter 1 plant fibers are complex objects in terms of morphology, microstructure and biochemical composition. Given this complexity, a fundamental question can be asked: to what extent can analytical models, and their ideal representation of SFTCTs, be used in the inverse identification of a plant fiber's transverse elastic modulus? Furthermore, given that plant fibers are complex structures, what does this identified modulus represent? This chapter tries to answer this question through the following steps:

The state of the art on SFTCT analytical models will be presented and the choice of model will be discussed.

A finite element model of the test will be developed and validated.

The influence of fiber morphology and material behavior on the analytical model's identification ability will be evaluated through finite element analysis. Ideal geometric representation of main plant fiber geometric features are studied first to independently assess their influence on fiber behavior. The transverse compression of complex geometries issued from microscopy images is simulate after, allowing the study of complex morphological interactions. Finally, the impact of inelastic material behavior in SFTCTs is evaluated with viscoelastic and plastic models.

SFTCT analytical models

This section establishes the state of the art on single fiber transverse compression analytical models and chooses the analytical model that will be used for the inverse identification of E T in the rest of this work.

Common model hypotheses

The source of all SFTCT analytical models can be traced back to the work of Hertz [Hertz 96] on the contact between semi-infinite, isotropic-elastic solids, as seen in Figure 2.1 in the case of two spheres. The contact is a result of a concentrated force per unit length F L at x = y = 0. Contact pressure distribution is assumed to be elliptical. The functions of the stress fields σ xx and σ yy can be calculated close to contact zone, if a series of conditions are met. In the contact zone, where -b < x < b, with b the contact halfwidth, the vertical contraction of the cylinder must be of the linear form U = ax + b to avoid interpenetration of the solids. Additionally, no shear stress should occur (σ xy = 0) and F L must be equal to: M'Ewen provided functions for the σ xx and σ yy stresses and expanded upon Hertz by modeling the contact with friction by considering tangential forces [M'Ewen 49]. Timoshenko and Goodier made the transition to finite solids, leading to a description of the stress fields on the entire cylinder cross section [Timoshenko 70]. This approach required the addition of a uniform tensile stress F L /πR to the cylinder surface, with R being its radius.

F L = -
Despite some differences, these analytical descriptions make a series of common hypotheses:

The problem is treated in plane strain conditions, assuming that cylinder length L is significantly larger than the radius R. Models are thus two-dimensional (2D). b ≪ R, the cylinder radius R is significantly larger than the contact half-width b.

Material behavior is considered purely linear elastic.

Solids in contact are uniform.

An infinitesimal strain approach is adopted. Hadley et al., based on M'Ewen's work, were the first to create an analytical model, in the case of SFTCTs [ Hadley 65]. The test presented a few differences compared to the previous theoretical work. Fibers are not isotropic since stiffness along their longitudinal axis is typically much higher than the transverse one. Compression platens had to be added as well. Material such as glass or sapphire, that are much stiffer than the fiber, were used for these platens. For this reason three fundamental modeling choices were added:

The fiber is considered transversely isotropic, with the longitudinal axis being the axis of symmetry.
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The platens are considered as flat and rigid.

The platens are perfectly parallel between each other. In all the following formulations, the axis of symmetry of the transverse isotropic formulation (x axis) is noted L, while the transverse directions (y and z axes) are noted with T . Given the material model of the fiber its constitutive law is:

ε = S : σ (2.2)
where ε the strain, σ the stress and S the compliance matrix, which can be written as follows, where the x, y and z axes are denoted with the indices 11, 22 and 33 respectively:

        S 11 S 12 S 13 0 0 0 S 21 S 22 S 23 0 0 0 S 31 S 32 S 33 0 0 0 0 0 0 S 44 0 0 0 0 0 0 S 55 0 0 0 0 0 0 S 66         =          1 E T -ν T T E T -ν LT E L 0 0 0 -ν T T E T 1 E T -ν LT E L 0 0 0 -ν LT E L -ν LT E L 1 E L 0 0 0 0 0 0 1 G LT 0 0 0 0 0 0 1 G LT 0 0 0 0 0 0 1 G T T          (2.3)
with: E L , E T the elastic modulii in the longitudinal and transverse direction respectively, ν LT , ν T T the Poisson ratios in the longitudinal and transverse plane and similarly, G LT , G T T the shear modulii where G T T = E T 2(1-ν T T ) . Plane strain compliance terms can be defined as :

s11 := S 11 - S 2 13 S 33 = 1 E T - ν 2 LT E L , (2.4) 
s12 := S 12 -S 2

13

S 33 = - ν T T E T - ν 2 LT E L (2.5)
With theses series of additional hypotheses being made, Hadley offered an equation to calculate the contact half-width b, between the fiber and the rigid platens. This formulation was used by the large majority of authors that are cited in this work:

b = 4F L R π s11 (2.6)

Model overview and common simplifications

Model overview and comparison A movement of the upper compression platen produces the compression of the fiber through the contact of width 2b, causing a vertical contraction U , equal to the platen displacement, and an horizontal expansion U D . The term "fiber displacement" is commonly used to describe the vertical contraction U . SFTCT analytical models can be constructed to relate fiber contraction or expansion to the applied force, as a function of the fiber's material and geometric parameters. To do so, fiber strain can be calculated through the stress functions and the constitutive relation described in the previous section: 

ε xx = S
σ zz = - S 12 S 11 (σ xx + σ yy ) (2.9)
By integrating these strains along the fiber diameter, the radial displacement of the fiber, in its vertical or horizontal direction (x and y axis respectively) can be calculated:

U = 2 R 0 ε yy dy (2.10) 
U D = 2 R 0 ε xx dx (2.11)
Based on this approach the following models can be found in the literature. The majority of them offer an equation to calculate the vertical displacement U . [Morris 68] and [ Cheng 04] proposed an analytical expression for U based on the stress function given by M'Ewen. [Phoenix 74] along with [Jawad 78] adopted Timoshenko's approach for finite solids. Additionally, these authors did not consider the typical concentrated loads at x = 0. Jawad considered a distributed load on the contact with upper-mobile platen, while Phoenix used a distributed load on both the upper and the lower contact zones.

Similar models of transverse compression have also been developed independently in other contexts, such as cylindrical rollers and bearings [Foppl 07, Lundberg 49] or for the compression of cylindrical biological materials such as carrots [Sherif 76 [Foppl 07]. All of these models are expressed for isotropic elastic materials. Transitioning to transverse isotropy can be achieved by converting the term (1 -ν 2 )/E to s11 as seen in [Jawad 78] and [Hillbrick 19].

Table 2.1 summarizes the equations of these models along with their modeling hypotheses. Figure 2.3 shows the force per unit length F L as a function of the fiber's vertical displacement for all models. The force level is chosen based on our experimental capabilities (see subsection 3.3.2) and the rest of the input parameters are identical to the numerical studies performed in sections 2.3 to 2.6 . The equations by Lundberg, Phoenix and Jawad produce very similar results with Föppl being close by slightly less stiff. All these models use Timoshenko's stress functions that consider the entire cylinder cross section. Models that rely on local stress function produce varied results. Morris and Cheng lead to a stiffer response while Sherif produces a lower slope. These results are in agreement with the comparison made by [Hillbrick 19] with different input parameters. 

[Morris 68] U = 4F L π s11 sinh -1 (R/b) (2.12) [Sherif 76] U = 4F L π s11 ln(4R/b) + 1/2 (2.13) [Cheng 04] U = 4F L πb 2 s11 b 2 ln √ b 2 + R 2 + R b + s12 R b 2 + R 2 -R (2.14) [Foppl 07] U = 4F L π s11 ln(2R/b) + 1/3 (2.15) [Lundberg 49] U = 4F L π s11 ln(4R/b) -1/2 (2.16) [Phoenix 74] U = 4F L π s11 sinh -1 (2R/b) - 1 2 s11 + s12 + s12 2R b 1 + (2R/b) 2 -2R/b (2.17) [Jawad 78] U = 4F L π s11 sinh -1 (R/b)+ln(2) - 1 2 s11 + s12 + s12 R b 1 + (R/b) 2 -R/b (2.18)
Table 2.1: Analytical models of fiber vertical displacement U in SFTCTs . A single arrow represents a concentrated load, multiple arrows represent a load distribution. When the whole fiber section is represented Timoshenko stresses are used, half-sections correspond to M'Ewen stresses.
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While the aforementioned models present many similarities, in terms of both approach and results, some authors offer more distinct approaches. Pinnock et al. derived an equation for the horizontal expansion U D , assuming a finite solid and concentrated loads [Pinnock 66].

U D = F L 4 π -1 s11 + s12 (2.19)
A unique approach compared to the previous models was used by [ Anazodo 81]. Based on the work of [Muskhelishvili 77] and [Loo 58], they accounted for the curvature of the compressed cylinder in the contact zone, under a purely elastic and isotropic assumption and concentrated loads. A contact arc length 2s is thus used, instead of the flat contact width 2b. Equations were derived for both the vertical and horizontal displacements in both small [ Anazodo 83] and large strain configurations [Chikwendu 84]. Contrary to all previous models however, the vertical displacement U is not calculated directly. Instead, the contact arc s is calculated with the help of U/R data. Formulas to calculate the Young's modulus E are then given. Considering a small strain assumption the equations are:

U R = ln(4R/s) -1/2 2(R/s) 2 -1 (2.20) E = 4F L πR 1 -ν 2 2(R/s) 2 -1 (2.21)
Finally, [Olesiak 75] derived a model using the contact half angle α as well as complex parameters employing the Bessel function. This model is very rarely mentioned in the open literature. Given its complexity and the work being written in its original language (Polish) further analysis of this model is not performed in this work.

Common simplifications

This subsection provides typical simplifications used by authors to simplify the equations that describe fiber behavior under SFTCTs.

Contact width simplification. The Hertz contact model is formulated for a contact strip that is much smaller than the radius of the objects in contact (b ≪ R). Considering this condition, the terms multiplied by s12 in equations (2.14), (2.17) and (2.18) can be neglected ( 

√ b 2 + R 2 -R ≃ √ R 2 -R).

SFTCT analytical models

Equations of vertical displacement with b ≪ R [Phoenix 74] U = 4F L π s11 sinh -1 (2R/b) -1/2 - 1 2 s12 (2.22) [Jawad 78] U = 4F L π s11 sinh -1 (R/b) + ln(2) -1/2 - 1 2 s12 (2.23) [Cheng 04] U = 4F L π s11 ln √ b 2 + R 2 + R b (2.24)
Table 2.2: SFTCT analytical models considering that the contact half-width is significantly smaller than the fiber radius (b ≪ R) .

High anisotropy simplification. Fibers can be highly anisotropic materials with stiffnesses in the longitudinal direction highly exceeding the transverse one (E L ≫ E T ). PAN-based carbon fibers are a typical example with E L = 291 GP a and E T = 8.94 GP a [Naito 07, Naito 17]. The following simplifications can thus be made:

s11 = 1 E T - ν 2 LT E L ≈ 1 E T (2.25) s12 = - ν 2 T T E T - ν 2 LT E L ≈ - ν 2 T T E T (2.26)
The plane strain compliance terms s11 and s12 are thus equal to the compliance terms S 11 and S 12 respectively. Many works on the SFTCT make this simplification, especially when high anisotropy fibers such as carbon or Kevlar ® fibers are tested [Morris 68, Phoenix 74, Jones 97, Singletary 00a, Guo 16,Naito 17].

Choice and study of analytical model

With an overview of SFTCT analytical models being performed, this section focuses on choosing an analytical model for the rest of this research work along with establishing a better understanding of its most influential parameters. Jawad's model produces the closest results to the predictions of the 2D Finite Element Model (FEM). Lundberg's and Phoenix's models are also quite close. The rest of the presented models however, shows significant differences with the FEM. On this basis they will not be used in this work. While any of the models of Lundberg, Phoenix and Jawad could be used without any major differences in the identification of E T , the model developed by Jawad [Jawad 78] produces the results that are the closest to the Finite Element Model (FEM) making it our analytical model of choice.

Choice of model

In their comparisons Hillbrick et al. also recommended these three models [Hillbrick 19]. They noted however that the model developed by Morris produced the best experimental predictions, however experimental uncertainties might influence this result.

In the case of plant fibers the contact width hypothesis (b ≪ R) will not be used since fiber morphology can lead to contact width's that are larger than the one predicted for cylinders. The anisotropy ratio of plant fibers will be shown to be high (see Table 3.8 in subsection 3.4.4), for this reason the anisotropy simplification E L ≫ E T will be used. Further justification and analysis on the domain of validity of these hypotheses can be found in appendix A.2.

Sensitivity analysis

Using Jawad's analytical model, E T can be identified by inverse method through a leastsquare regression analysis. Force F and fiber displacement U data are measured experimentally during compression while the fibers' geometrical and material properties: radius R, longitudinal elastic modulus E L and Poisson's ratios ν LT , ν T T are measured separately. To quantify which of these input parameters has the largest influence on the identified transverse elastic modulus, a sensitivity analysis is performed using Sobol's variance based analysis [Sobol 01]. This method has the advantage of considering not only the influence of a single parameter but also parameter interaction.

For this study, the nominal values of the input parameters are chosen based on the properties of Polyamide 11 (PA11) fiber that will be studied experimentally in Chapter 3 (E L = 2155 M P a, E T = 706 M P a, ν LT = 0.4, ν LT = 0.07, R = 17.55 µm ). The value of the force is taken from a simulated compression of this fiber at a displacement of 1 µm. For this analysis, 10, 000 samples are used. A variation of 10% is allowed on all parameters, as opposed to variations related to measurement uncertainties, in order to study the models intrinsic sensitivity to its parameters.

The results of the sensitivity analysis are given in Table 2.3. The total effect indicator is given which accounts for the interactions between parameters. The fiber radius R results in the largest Sobol index. The transverse elastic modulus E T is thus the most sensitive to R. The Poisson ratio in the longitudinal plane, ν LT , has a smaller but still important influence followed by the longitudinal modulus E L whose effect is limited. Finally, the Poisson ratio in the transverse plane, ν T T , has a negligible effect on the identification of E T . Similar results for different input parameters are reported by Wollbret-Blitz [Wollbrett- Blitz 16] who performed a sensitivity analysis with different model parameter values and the fiber displacement as the output. Plant fibers have a higher anisotropy ratio than PA11, for this reason, E L and ν LT

Model parameter R ν LT E L ν T T

SFTCT finite element model -creation and validation

are often neglected through the high anisotropy hypothesis. We can thus except the sensitivity to the radius parameter R, to be even higher in the case of plant fibers.

In conclusion, at a given force and displacement level the fiber radius, sole geometric parameter of Jawad's model, is the most influential input in the identification of E T . Accurate knowledge of fiber dimensions is thus critical. In addition, any morphological deviation from the model's representation of the test (a cylinder between parallel flat platens) might cause significant differences with the predictions of the analytical model.

SFTCT finite element model -creation and validation

This section focuses on the creation and validation of finite element models that will constitute the bases for the studies of fiber morphology and material behavior. The use of geometric symmetries, mesh element type and refinement will be discussed.

Finite element model and methods

Finite element fundamental modeling choices

The bases of the Finite Element Model (FEM), used to simulate the SFTCT are presented in this section. In order to verify a series of modeling choices, the results of Finite Element Analysis (FEA) will be compared with the ones of Jawad's analytical model. For this reason, a number of modeling hypotheses made for the analytical models will be used:

The fiber is modeled as a right circular cylinder of radius R.

Compression platens are parallel and rigid.

A small strain formulation is used. Displacements. The upper compression platen is mobile with a displacement towards the fiber along the y axis of u y = 1 µm with 20 loading increments of 0.05µm. Displacement along the two other axes is not allowed (u x = u z = 0). The lower compression platen is fixed with all of its displacements being blocked (u x = u y = u z = 0).

Contact. An augmented Lagrangian contact formulation is used to define the contact between the fiber and the platens. The platens, being stiffer, are the masters in the contact pairs with the fiber being the slave. The contact is defined in a limited zone corresponding to an arc of π/3 on the fiber perimeter, as seen in Figure 2.5. By limiting the area in which the contact search will occur, significant computation time is saved. The contact half width b does not exceed this zone. To better fit the circular geometry of the fiber a quadratic element shape function is employed. 2D-3D. Depending on the needs of the study, 3D or 2D models (representing the xy cross section) are used. When a 3D model is used, the longitudinal displacement (u z ) of one of the fiber's edge faces is blocked to eliminate rigid body motions. This configuration, also better corresponds to the one used in our experimental studies (free-clamped configuration, see Chapter 3). In the case of a 2D model a plane strain formulation is used, just like the analytical model.

Solver. For purely elastic or elastoplactic behaviors, a time-independent, stationary solver is used. In the case of viscoelasticity, a time dependent solver is employed.

Mesh. The mesh used across all models remains simple. On the fiber's xy cross section, triangular elements with sides of R/26 are used. A mesh convergence study that justifies this choice will be presented (see subsection 2.3.3). In the case of 3D models this mesh is then extruded along the fiber's length, resulting in prismatic elements. 60 prisms are used along a fiber length of 300µm.

SFTCT finite element model -creation and validation

Nominal geometric and material parameters

The fiber's nominal geometric and materials parameters, that will be used throughout the analyses, are presented in Table 2.4. The chosen radius R is representative of most single plant fibers, while the fiber length L is chosen as equal to the experimentally compressed length in our SFTCT setup (see Chapter 3). Later experimental studies will show that plant fibers exhibit a high anisotropy ratio (E L /E T ) (see Table 3.8), with the transverse modulus being in the order of the GP a. For this reason, E T was chosen as 1 GP a while the longitudinal modulus was set at 50 GP a based on results from plant fiber tensile tests (see Table 1.3). Values for the Poisson's ratios are set arbitrarily at the values of PA11 fibers [ Placet 20]. While these values might not be perfectly representative of plant fibers, the analytical model's sensitivity to these parameters were shown to be low in subsection 2.2.3. When it comes to the compression platens they are represented as rigid rectangular blocks of a width equal to the fiber's diameter, a height of R/5 and a length equal to the fiber's length.

Parameter Values Description

R 16 (µm) Radius L 300 (µm) Length E L 50 (GP a) Longitudinal Young's modulus E T 1 (GP a) Transverse Young's modulus ν LT 0.4 Longitudinal plane Poisson's ratio ν T T 0.

Transverse plane Poisson's ratio

Table 2.4: Nominal fiber geometric and material properties in numerical analysis.

These parameters are nominal values and are subject to change depending on the study. Every change in value will be noted and explained in its respective study.

Transverse elastic modulus identification

In order to perform inverse identification from simulation data with an analytical model, the fiber's vertical displacement U and compression force per unit length F L need to be extracted from the finite element model. To obtain the force data from the simulation, the vertical component of the contact pressure T ny is integrated along the defined contact zone between the fiber and the upper compression platen. In the case of a 2D model this results in a force per unit length. When a 3D model is used, T ny is integrated along the defined contact surface, resulting in a force (in Newtons). Dividing it by the fiber length results in a force per unit length. A validation of this integration is presented in appendix A.3. When it comes to displacement, the fiber's radial displacement will be identical to the imposed platen displacement. This displacement and the associated calculated force per unit length can thus be directly given to the analytical model, along with the rest of the fiber's geometric and material parameters, to feed the inverse identification procedure and identify E T .

Throughout this analysis the difference between the analytical and finite element models will often be investigated and quantified to verify modeling choices or to highlight analytical model limitations. More precisely, with the use of finite element analysis data, Insights on plant fiber compression complexity through analytical and finite element modeling a transverse elastic modulus E T id will be identified through the analytical models by inverse identification, using a least-squares method. This identified modulus will then be compared to the transverse elastic modulus that was defined in the Finite Element Model (FEM), that we will name E T sim . The relative difference between the two, ∆E T , can then be calculated with:

∆E T = E T id -E T sim E T sim (2.27)
The average residual of the least-squares identification procedure will also be used to quantify how close the fiber response produced by the analytical model is to the simulated fiber response. It is calculated as follows :

ρ = 1 N N i=1 (U i sim -U i model ) 2 (2.28)
with: N the number of data points, U i sim the fiber displacement given by the simulation and U i model the displacement predicted by the analytical model. Through these metrics, two main insights can be obtained. Through the residual, the analytical model's ability to reproduce the fiber behavior is estimated. If the residual is small, the response obtained through simulation and the one produced by the analytical model are close. ∆E T on the other hand, allows to see if the analytical model accurately identifies the transverse elastic modulus of the fiber material. Positive values indicate that the identified transverse elastic modulus is overestimated, a negative value on the other hand signifies an underestimation. It should be noted that these two metrics are independent. The analytical model might be able to accurately reproduce the fiber response, leading to a small ρ values, by over or underestimating E T , leading to large ∆E T values. Inversely, the identified E T value might be close to the one imposed in the simulation for fiber responses that can be quite different, leading to high ρ values. The analytical model's prediction ability is thus not defined by a single of these metrics but is rather estimated through the parallel study of both of them.

Modeling choice validation

In this section a series of studies are presented, to validate a number of modeling choices that aim at making the model as simple as possible while remaining accurate. More precisely, the inherent symmetries of the test will be studied followed by mesh construction and convergence.

SFTCT symmetries

In its typical right circular cylinder representation, the simple geometric nature of the SFTCT offers 3 symmetry planes, as represented in Figure 2.6. These symmetries can be used in order to greatly reduce the size of the created FEM. The yz symmetry allows to model only half of the fiber length, while the xy symmetry allows to model the compression model in a two-dimensional plane. Even though the xz symmetry would further reduce the size of the model to a quarter of the fiber, some caution is needed when considering it. The upper and lower platens perform different functions, the former moving along the y direction, compressing the fiber while the latter remains stationary. Platen movement is thus not symmetric with respect to the xz plane. A movement of the lower platen along the -y direction would allow however to use the said symmetry plane. An equivalence between these mobile-fixed and mobile-mobile platen configurations can be drawn. For a displacement dy of the upper platen in the mobile-fixed configuration a displacement dy/2 of the upper platen and -dy/2 of the lower platen should provide an equivalent fiber response.

In order to validate the choice in fiber symmetries, two separate studies are performed. First, the xy symmetry is considered and the results of a full section (no further symmetry), half section (yz symmetry) and quarter section (yz and xz symmetry) are compared. Then, the xy symmetry is studied, resulting in a comparison between a 2D and 3D model. 

2D model -Full, half and quarter sections

Representing the single fiber transverse compression problem in a 2D plane offers many advantages in terms of model size and simplicity. The elongated nature of fibers allows the use of a plane strain formulation, thus eliminating the ε zz , ε xz and ε yz strain components. Consequently, the equations for the compression stresses can be formulated as follows :

           σ xx = E T 1-ν 2 T T -2ν 2 LT E T E L (1-ν T T ) 1 -E T E L ν 2 LT ε xx + ν T T + E T E L ν 2 LT ε yy σ yy = E T 1-ν 2 T T -2ν 2 LT E T E L (1-ν T T ) ν T T + E T E L ν 2 LT ε xx + 1 -E T E L ν 2 LT ε yy σ zz = ν LT (σ xx + σ yy ) (2.29)
Despite this apparent simplicity however, 2D modeling of SFTCT can prove challenging. When modeling highly anisotropic fibers, where the ratio E T /E L becomes small, numerical locking can occur due to a disproportionately large out of plane stress [ Suri 96]. Consequently, no convergence can be obtained. To represent this, the out of plane to total stress ratio r σ can be calculated (shear stresses are omitted):

r σ = σ 2 z σ 2 x + σ 2 y + σ 2 z (2.30)
Figure 2.7 shows r σ for three anisotropy ratios for a quarter fiber model for an upper platen displacement of 0.5 µm (equivalent to 1 µm in mobile-fixed platen configuration). finite element modeling

The anisotropy ratios are changed by keeping E T at 1GP a and increasing E L . As E L increases, the ratio of out of plane to total stress becomes greater and greater. For E T /E L = 1/6 the simulation does not converge anymore. Defining ν LT = 0 solves this problem by resulting in σ zz = 0, thus decoupling the in and out of plane fiber behavior. This definition has no major influence on the in-plane stresses σ xx and σ yy since ν LT is always a product of E T /E L which becomes negligible for highly anisotropic fibers. The resulting stress equations are thus:

𝑬 𝑻 𝑬 𝑳 = 𝟏 𝟓 𝑬 𝑻 𝑬 𝑳 = 𝟏 𝟑 𝑬 𝑻 𝑬 𝑳 = 𝟏
       σ xx = E T 1-ν 2 T T (ε xx + ν T T ε yy ) σ yy = E T 1-ν 2 T T (ν T T ε xx + ε yy ) σ zz = 0 (2.31)
By fixing ν LT = 0 Jawad's model for SFTCT takes the form obtained with the E L ≫ E T hypothesis which can be written:

U = 4F L π S 11 sinh -1 (R/b) + ln(2) - 1 2 S 11 + S 12 + S 12 R b 1 + (R/b) 2 -R/b (2.32) with b the half-contact width: b = 4F R πE T (2.33)
Using this assumption on ν LT , the full, half and quarter cross sections can be simulated. For the half fiber model, the symmetry condition u x = 0 is used on the y axis. The symmetry condition u y = 0 is added along the x axis for the quarter fiber model. While these symmetry conditions block any potential fiber rigid body movement, this is not the case for the full fiber section, which is free to move along the x axis. For this reason, the horizontal translation of the lowest fiber point, which is the first to be in contact with the lower compression platen is blocked (u x = 0).

The resulting force and displacement results are essentially identical for all models, as can be seen in Figure 2.8. To correctly compare between models, the force per unit length has to be multiplied by 2 when the yz symmetry and xz symmetry are used. The upper platen displacement has also to be multiplied by 2 when the xz symmetry is used. Table 2.5 compares the computation time along with ∆E T and least-squares residual values between models. While differences remain small, the quarter and half model result in the lowest values of both the ∆E T and the residual while offering a significantly faster computation time. The quarter fiber model can thus accurately model fiber behavior in addition to lowering computation time and leading to a good prediction of E T by the analytical model. Its only limitation lies in the study of displacement fields. The quarter fiber model will, due to its boundary conditions, produce no vertical displacement on the center of the fiber. The displacement field will thus be different then in a mobile-fixed platen configuration. Therefore, if fields studies are necessary the half model should be used instead of the quarter one. 

2D Model

2D and 3D model comparison

With the benefits of the xz and yz symmetries being demonstrated, this section focuses on the comparison between models where the xy symmetry is considered or not. A 2D and 3D quarter fiber model are thus compared. The resulting force per unit length and displacement data can be seen in Figure 2.9. Once again, using symmetries has no major influence on simulated fiber behavior. The computation time along with ∆E T and residual values for each model, are given in Table 2.6. The difference in computation time is major, going from 10 seconds for the 2D model to over 3 hours for the 3D model. When

Insights on plant fiber compression complexity through analytical and finite element modeling compared to the 2D model, the 3D model does produce a lower residual value, the fiber behavior is thus closer to the one described by the analytical model, it comes however with a significant increase in the value of ∆E T . These differences between the 2D and 3D model results can be explained analytically: for the analytical model, fiber behavior is a function of the fiber's material properties (E L , E T , ν LT , ν T T ), its radius R, its radial displacement U and of the compression force per unit length F L . The FEM shares all of these parameters with the only exception being the compression force which is calculated with:

F L = b -b σ yy dx ∼ = Rcos(π/3) -Rcos(π/3) T ny dx (2.34)
For a transversly isotropic material σ yy takes the form :

σ yy = E T 1 -ν 2 T T -2ν 2 LT E T E L (1 -ν T T ) ν T T + E T E L ν 2 LT ε xx + 1 - E T E L ν 2 LT ε yy + ν LT + E T E L ν 2 LT ε zz (2.35)
In our 2D, plane strain model, ε zz = 0 and ν LT = 0. Thus :

σ yy = E T 1 -ν 2 T T (ν T T ε xx + ε yy ) (2.36)

SFTCT finite element model -creation and validation

In the case of the 3D model, the fiber is highly anisotropic, therefore E L >> E T . The term E T /E L can thus be omitted, which simplifies the equation to:

σ yy = E T 1 -ν 2 T T ν T T ε xx + ε yy + ν LT ε zz (2.37)
The main difference between the two models is thus the presence of the longitudinal strain ε zz . This term along with border effects on the 3D geometry lead to minor differences with the 2D plane strain model, thus resulting in a higher value of ∆E T . Nevertheless, these values remain small as long as the anisotropy ratio E L /E T remains large, since it results in minor values of ε zz . If the anisotropy ratio is however lower, then ε zz is not negligible and plane strain conditions are not respected. Differences between the 2D planes strain and 3D model become more important as a result. This correlation between anisotropy ratio, ε zz and ∆E T is shown on Figure 2.10. For anisotropy ratios over 20, longitudinal strain values remain very small and ∆E T values stabilize to near zero. For lower anisotropy ratios however ε zz increases leading to ∆E T values of up to 15% for an isotropic case. To conclude, the use of a 2D model, analytical or finite element, is better suited to cases of high E L /E T ratios, where ε zz values are low and plane strain conditions are thus applicable. If this condition is respected, a great gain in computation time can be achieved with a 2D simulation and the fiber's transverse elastic modulus is correctly identified. For fibers with lower anisotropy ratios, caution should be used as plane strain conditions will not be fully respected. Errors will therefore be made on the identification of their transverse elastic modulus when a 2D plane strain model is used.

Mesh optimization

Selecting the right mesh for a given problem is a key part of every Finite Element Analysis (FEA). The accuracy of the solution must be guaranteed while also keeping the memory requirements at a minimum and convergence as easy as possible. To do so, a compromise in terms of the number of mesh elements (or degrees of freedom) and solution accuracy should be found. Mesh skewness should also be kept at a minimum along with the aspect ratio of the elements [Wollblad 18a,Wollblad 18b]. The mesh should also be smooth, Insights on plant fiber compression complexity through analytical and finite element modeling abrupt changes in element size should be avoided. In this section a mesh element type is chosen and a mesh convergence study is performed. When it comes to the platen mesh, the same approach will be used in all studies. Being a rectangle, the platen will be meshed with mapped, structured quadrilateral elements, which seamlessly fit its geometry. Being the master in the contact pair, the platen can be meshed more coarsely than the fiber. For this reason, elements twice the size of the fiber elements are used in all studies.

Choice of mesh element type

Given the mainly two-dimensional nature of the studied problem two types of mesh elements are available: triangular and quadrilateral. Triangular elements are the default meshing choice. They represent a simplex, meaning any 2D surface can be meshed with triangles, regardless of shape or topology. Triangles are avoided when linear shape functions are used, since they lead to constant strain inside the element. For the quadratic shape functions used in our studies however, they represent a valid choice. Quadrilateral elements typically lead to higher accuracy, but do not adapt as easily to all geometries. Elements with higher aspect ratios or higher skewness can occur when trying to mesh complex shapes. This is especially true for structured meshes, where the connectivity between elements is regular. Using free quadrilateral elements can combat this issue, since it allows for irregular connectivity between elements. They can lead however to a worse convergence or lower accuracy [ Frei 13].

In this work, complex geometries will be studied through FEA in order to study the influence of plant fiber morphology on the identification ability of analytical models. For this reason triangular elements will be used in all studies since they represent the best compromise in terms of solution accuracy and ability to create good quality meshes regardless of morphology. A detailed study of mesh quality and accuracy for different mesh elements is presented in appendix A.4.

Mesh convergence study

With the choice of model symmetry and element type being made the question of mesh convergence can now be approached. The element size will be kept the same on the whole fiber section. The maximum size of on an edge of the triangular element will be equal to R/N where R the fiber radius and N a scalar with values from 2 to 40. By keeping an uniform mesh across the whole fiber section, its refinement can be controlled through the variation of a single parameter, N . To evaluate the convergence of the finite element model, ∆E T and the least-squares
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residual is used. If the values of these parameter converge, the analytical model closely describes the simulated fiber behavior for the same identified value of E T . The simulated fiber behavior is thus stabilized and the solution given by the finite element model has converged. Consequently, a reference is established for what an accurate finite element solution to this SFTCT problem is.

If establishing a low value of ∆E T was the only goal, a common approach would be to manually refine the mesh in the contact zone, in order to have the maximum precision in the integration of the contact pressure T ny , while having a coarser mesh for the rest of the fiber in order to reduce the size of the model. The resulting ∆E T and residual would then be compared to the one of the uniform mesh to verify model accuracy. This manual mesh readjusting and case by case convergence study is however not realistic in our case, where a great number of fiber geometries will be simulated. Instead, given the fast computation time of the 2D models, an element size that produces satisfying values of both ∆E T and residual, will be chosen and used throughout all the simulations of different geometries. This should keep solutions accurate even for complex geometries without manual adjustments and separate convergence studies at the the expense of some computation time.

The evolution of ∆E T and the residual as a function of the radius subdivision N can be seen in Figure 2.12. ∆E T starts stabilizing at N = 10 and remains steadily under 0.5 %, from N = 14 and onward, reaching its minimum value at N = 26. Variations after this point are extremely minor. It can be observed however that the value of the residual stabilizes later at around N = 35 and reaches its minimum at N = 48. This can be explained by the precision of T ny for very small displacements. In these cases, very few elements are in contact with the platen resulting in some error in its integration. Figure 2.13 illustrates this phenomenon. For displacements of 0.05 µm a difference in force can be seen between three mesh refinements levels. For greater displacements however forces are essentially identical. This very local error does not justify the switch from N = 26, which produces the lowest ∆E T , to N = 48, which produces the lowest residual. Eliminating this small error would require an increase in computation time, if the mesh is to be kept uniform, or a local refinement of the mesh, which as explained previously is not in the best interest of this study. By choosing N = 26, a converged value of ∆E T is used at the expanse of a small error on the force estimation at the lowest displacement level.

Conclusions

In this section, the construction and validation of a SFTCT finite element model was presented. Model symmetries were shown to be crucial in order to reduce the size of the model. If no displacement field analysis is needed, modeling a quarter of the fiber is the best option. The importance of the anisotropy ratio E L /E T was also shown. This highlights an important limitation of the analytical models, since they identify with less precision the transverse elastic modulus in these cases. If the anisotropy ratio is higher however, a 2D model can be used, leading to huge gains in computation time with the analytical model identifying E T more accurately in parallel. When it comes to meshing the use of triangular element is the most adapted for a fiber under transverse compression. After a mesh convergence study, the element size resulting in the lowest value of ∆E T is chosen.
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Identification error caused by main plant fiber geometric characteristics

While all analytical models represent the fiber as a right circular cylinder, many variations in fiber geometry can occur. This is especially true for plant fibers. With the finite element model of SFTCTs being developed and validated, it is used to simulate the transverse compression of plant fibers with ideal representations of their most common geometric characteristics. These studies aim at providing a basic understanding of the impact of these characteristics on fiber behavior and by consequence on the identification of their transverse elastic modulus E T . The ability of the analytical model to identify E T , despite this added geometric complexity is quantified through the ∆E T metric and the residual of the least squares fitting. Similar studies have been performed for tensile testing (see subsection 1.4.1), but to the author's knowledge, no such work exists for SFTCTs.

Choice of studied parameters

As discussed in Chapter 1, plant fibers show significant morphological complexity. Along their cross section plant fiber posses the central porosity of their lumen, while limited space inside the stem during growth, leads to flattened elliptical or polygonal geometries.

The SEM observations shown in Figure 2.14 illustrate such geometries. Plant fiber morphology is also complex along their length, where important variations in cross section can be observed [Charlet 07,Charlet 10b]. The fiber can also be twisted along its longitudinal axis, or present kink bands. This length-wise geometric variability is very difficult to predict. Accurately, reconstructing the 3D geometries of the fibers requires costly and time consuming means, such as microtomography. Simulation of the Insights on plant fiber compression complexity through analytical and finite element modeling mechanical loading of these 3D geometries can then be performed, as was done for tensile tests [Richely 22a, Guessasma 19, Beaugrand 15], it is however computationally expensive. While never performed, this would especially the case in the simulation of SFTCTs where contact between the fiber and the platens must be modeled.

During mechanical testing, tensile preloading can significantly reduce fiber twist while transverse compression preloading can force the fiber's major ellipse axis to realign and become parallel with the compression platens. The influence of longitudinal variations on fiber behavior is thus reduced.

For these reasons, as a first step in the study of the influence of plant fiber morphology in the context of SFTCTs, the fiber's cross section will be considered unchanged along its length. The influence of lumen size, ellipse flatness and contact zone flatness will be evaluated through finite element analysis. Each geometric parameter will be studied independently and using an idealized geometric representation. Following the results of the studies in the previous section, a 2D finite element model considering all three symmetries will be used as the basis to model these geometries. The fiber cell wall will be modeled as a single layer.

Lumen

The lumen is a common characteristic of plant fibers. To simulate this central void, the fiber is considered as perfectly circular with a radius R. A concentric circle of radius R L is subtracted from the original circle to create the lumen, as seen in Figure 2.15. To study its influence, the ratio R L /R is varied from 0 to 0.9 with a step of 0.05, covering all type of different lumen sizes. The resulting force-displacement data can be seen in Figure 2.16. For a given displacement value, the resulting force per unit length decreases with an increase in the lumen size. This can be explained by the structural response of the fiber. When the fiber is full, i.e R L /R = 0, it deforms locally close to the contact zones, resulting in high stress concentrations in these areas. However, the presence of the lumen renders the fiber more compliant, with the central void of the lumen reducing in size as the fiber is compressed by the platen. We can talk in this case of an added structural displacement generated by the presence of the lumen. As a result, stresses are lower and appear in zones of the fiber that are not close to the contact zone, such as the edge of the lumen. The resulting contact force is thus lower for a given displacement. Figure 2.17 illustrates this change in stress magnitude and concentration. This decrease in force has also repercussions in ∆E T . Jawad's model, not accounting for the presence of a central void, underestimates E T in order to fit on the simulation data resulting in decreasing, negative values of ∆E T , as can be seen in Figure 2. similar underestimation related to the lumen has be found in tensile tests [Placet 12b]. It is important to note however, that an apparent transverse elastic modulus is identified, that represents both the material and structural response of the fiber under compression.

𝑅

The change in lumen size also produces a slight change in the non-linearity of the forcedisplacement data, with an increase in lumen size resulting in an increase in the linear nature of the curve. This change leads to a change in the least square residual, as seen in Figure 2.18. The increase in lumen size leads to an increase in the residual, the analytical model's ability to reproduce the simulation data is thus decreased. However, the value of the residuals remains low for R L ≤ 0.6R, its influence on fitting quality is thus limited. The analytical model is therefore capable of producing fiber responses that are typical of fibers with lumens. As a consequence, ∆E T should be approached with caution. It represents the difference between an apparent modulus identified by the analytical model, which represents both the material and structural response, and the modulus of the fiber's cell wall defined in the FEM. Depending on the context of characterization, one measure might be of interest over the other.

In any case, ∆E T changes in a major way as a function of the lumen size. Lumen size, on the other hand, can change significantly as a function of plant species, growing conditions and maturity level [ Bourmaud 18]. percentage of the total fiber area for various fiber varieties. When focusing on the bast fiber of interest in this study, flax fibers have lumens that are generally under 10% of the fiber surface ∆E T is thus very minor, staying under 10%. Hemp fibers have a larger lumen ranging around 12% to 16%, which leads to ∆E T under 20%. Nettles fiber E T underestimations are potentially up to 30%, since based on our experience, they posses the largest lumen among the bast fibers of interest at 20% to 30%. Most plant fibers have lumen of similar sizes as flax, hemp or nettle. Abaca, kenaf and kapok are unique in terms of lumen size since they it can reach 45%, 60% or 90% respectively leading to major ∆E T values that can reach up to 100%. It is important to note however that both the fiber and the lumen are perfectly circular in our studies. When fiber geometry is different its interaction with the lumen could lead to different ∆E T values that can be more or less important. Results point however to moderate underestimations of the identified modulus when R L ≤ 0.3R, which can be found at good plant maturity for the most popular plant species. Identifying E T with an analytical model that considers the fiber as a uniform cylinder is thus a viable option for these fibers. A few further conclusions on plant fiber SFTCTs can be drawn from these studies. The ability of the fiber to recover to its initial structure after the lumen compresses is not guaranteed. This means that if a second compression takes place, the structural displacement of the fiber due to the lumen collapsing could be less important. In this case the fiber's walls themselves will compress more. The decrease in structural displacement 2.4 Identification error caused by main plant fiber geometric characteristics and increase in material deformation will lead to a higher identified transverse elastic modulus. In other words, the fiber's identified modulus could stay low, as long as the lumen is able to recover after compression, and increase once a certain threshold has been passed and the lumen irreversibly collapses. The lumen's likelihood of permanent collapse would be a function of the lumen's size and geometry, compared to the fiber's, along with the material properties of the fiber wall. In conclusion, it is important when performing plant fiber characterization to interpret its behavior as one of a structure instead of just a material and analyze results accordingly.

Creating analytical models that model central porosities could improve the prediction of plant fiber behavior. Analytical work on such models can be found in the context of the semi-ring test [ Markides 18] or the compression of hollow bones [ Womack 08].

Elliptical geometry

The majority of plant fiber cross sections are closer to an ellipse than a circle, due to the restricted space during growth inside the plant stem. Simulating the influence of cross section ellipticity on fiber behavior is thus important to understand plant fiber behavior. Such studies have been performed in the case of tensile test simulations [Del Masto 17]. The procedure used to simulate ellipticity in the case of SFTCT is explained below.

In order to simulate an elliptical geometry, the fiber's cross section is modeled as an ellipse, with its major radius being noted R and its minor radius being noted r, as seen in Figure 2.20. A plant fiber's major axis is typically in the range of our R parameter (16µm) with the minor radius being smaller. To study the influence of the fiber's elliptical geometry on ∆E T the ellipse's flattening factor f = 1-r/R is changed from 0.05 to 1 with a step of 0.05, by modifying r. The higher the fiber's flattening factor, the more elliptical its shape is, with a factor of zero representing a perfect circle. The elliptical form of the fiber increases the contact zone with the platen, adapting the potential contact zone in the finite element model is thus important. As seen in Figure 2.5, when the yz symmetry is used, the contact zone represents an arc of π/6 with its limits at Rcos(π/3) on the x axis and Rsin(π/3) on the y axis. To adapt the contact zone according to the fiber's aspect ratio, the limits of the contact zone are defined as Rcos( r R π/3) and Rsin( r R π/3) for the x and y axis respectively. With this definition the potential contact zone increases proportianally as the fiber gets more elliptical. To adapt to the change in fiber size the mesh element size is set as R mean /26 with R mean = (R + r)/2. The force-displacement data for different ellipse flattening factors can be seen on Figure 2.21. Increased elliptical shapes (higher f values) lead to a larger half contact Insights on plant fiber compression complexity through analytical and finite element modeling width b and larger stress concentrations close to the contact zone, resulting in an important increase in the force per unit length for a given platen displacement. By consequence, analytical models will significantly overestimate E T since they do not take the elliptical geometry into consideration. This limitation becomes apparent when ∆E T is considered. To evaluate it, three different methods are compared. The first consists of using the major ellipse radius R as a model input in the inverse identification procedure with the second one using the minor radius r. The third methods uses both R and r in different parts of the analytical model. When single fiber transverse compression occurs, rigid body movements and rotations usually result in the fiber aligning its major radius to the compression platens. The contact half width b is thus majorly influenced by R. For this reason, in the analytical calculation of b, the major fiber radius is used.

𝑅 𝑟

b = 4F R πE T (2.38)
On the other hand, the effective compressed fiber radius corresponds more closely to the minor fiber radius r, it is thus used in the rest of the analytical model. Figure 2.22 helps illustrate the aforementioned modeling choices. This new simple model that accounts for the fiber elliptical geometry can be written as follows:

U = 4F L π S 11 sinh -1 (r/b) + ln(2) - 1 2 S 11 + S 12 + S 12 R b 1 + (r/b) 2 -r/b (2.39)
The evolution of ∆E T as a function of the ellipse flattening factor can be seen on Figure 2.23. The elliptical geometry has a major influence on the identified E T with higher flattening factors resulting in very high values of ∆E T . The choice of the geometric parameter input in the analytical model is also very influential. Providing the major radius R as an input leads to the highest values of ∆E T . The minor radius r significantly reduces the identification error. If only one geometric parameter is used it is thus preferable to use the effective compressed radius of the fiber. However, using the simple proposed elliptical model leads consistently to the smallest ∆E T values. The same trends are also observed in the least squares residual with the elliptical model producing the lowest residual. Similarly to the lumen study, residual values remain low attesting to good fit quality regardless of the fiber ellipticity except for the largest flattening ratios. Once again, plant fiber ellipticity strongly depends on a number of parameters from plant species to growing and extraction conditions. Bibliography on the elliptical nature of plant fibers is scarce, however some data can be found. On their study on flax fiber morphology Mattrand et al. [Mattrand 14] reported an average flattening factor of 0.25 by considering Feret diameters. Also on flax, Aslan et al. [ Aslan 11] measured flattening factors of 0.1 to 0.57. Measurements performed in the context of this doctoral thesis on flax, hemp and nettle found their average flattening ratios to be 0.4 for flax and hemp, and 0.7 for nettle (see Table 3.6). For flax and hemp this would lead to a ∆E T of 16%, if the elliptical analytical model is used. For nettle fibers however the ∆E T value would be at 70%, a significant overestimation.

In conclusion, measuring a major and minor radius of a fiber is crucial when performing SFTCTs. These measurements along with the proposed analytical model that accounts for both major and minor radii lead to low values of ∆E T for the most plant fibers. Nevertheless, the exponential increase of ∆E T as function of the flattening factor means that overestimations can easily become major for slightly more elliptical geometries. Developing a new analytical model for elliptical geometries or performing inverse identification through a finite element model seems to be the best choice for these more extreme cases of ellipticity.

Flatness

In addition to elliptical cross sections, the reduced space inside the plant stem can also result in a flatter outer surface of the fiber. The flat section typically occurs along the longer side of the fiber (in the direction of the major radius) where the contact surface with neighboring fibers is the largest. In order to model this flatter region, the fiber cross section is constructed in 2 sections. First, a quarter of a circular cross section of a radius R is constructed. A rectangle of height equal to R and of a variable width w is then added to simulate the flat section as can be seen on Figure 2.24. The width of the contact zone is kept at arc of π/6 along the circular part of the geometry. The influence of this flat section will be evaluated by modifying the ratio w/R from to 0 to 1 with a step of 0.05, by modifying w. Similarly to the elliptical geometry study, ∆E T will be evaluated through different methods by providing: a major radius of R + w or a minor radius of R to Jawad's model. The ∆E T resulting from the use of the elliptical model will also be evaluated. The added flat section causes an increase in the contact zone between the fiber and the platen resulting in a higher force for a given displacement.

𝑅 𝑤

Identification error caused by main plant fiber geometric characteristics

The flat section also causes the fiber response to become more linear. As the flat section becomes more important the fiber's geometry gets closer to a rectangle which, since the material is purely elastic, would produce a linear response. The influence of the flat fiber section on the force per unit length is passed on to ∆E T . As seen in Figure 2.26, the increase in contact force for a given displacement results in an overestimation of the fiber's transverse elastic modulus by the analytical model. Contrary to the elliptical geometry that led to an exponential increase of ∆E T , the increase for flat sections is linear. Even small flat sections can thus lead to an important error in the identification of E T . The elliptical analytical model still results in the lowest error in its E T prediction. Interestingly, it produces however the higher least-squares residual, which remains nevertheless in the range of all previously studied residuals. The analytical model is thus able to reproduce the response of flat fibers rather well. Predicting the width of flat fiber sections as function of plant species, growth etc. proves to be more difficult than estimating lumen size and ellipticity. To the authors knowledge, no direct quantification of this morphological parameter exists in the literature. Legland and Beaugrand [Legland 13] quantified the rectangularity of lignocellulosic fibers by computing the ratio between the fiber surfaces and the Feret orientated rectangle. While this can help estimate fiber flatness it does not provide direct quantifiacations. Given the uncertainty on this parameter and its important influence even for minor values, special attention should be given to fiber flatness. For that reason, when studying the compression of flatter fibers it should be noted that the identified transverse elastic modulus of the fiber is more than likely overestimated. It is however safe to assume that the flat section width is typically inferior to 30% of the fiber radius, which would place the highest value of ∆E T at around 100%. Similarly to the conclusion drawn for elliptical geometries however, an adapted analytical model or finite element model should be used for the identification of E T for the more extreme cases of fiber flatness in order to avoid severely overestimating the fiber modulus.

Comparing main geometric parameters

The influence of each of the studied geometric parameters on the identified fiber transverse elastic modulus was shown along with the underlying mechanical phenomena that lead to fiber behavior variations. Each parameter however was studied independently and in an ideal case (circular lumen and fiber, perfect ellipse, perfectly flat sections). Nevertheless, comparing the influence of these parameters on ∆E T can still provide valuable insight into the behavior of fibers that are far from these ideal geometric approximations without performing complex simulations. The evolution of ∆E T as a function of lumen size, ellipse flattening factor and flat contact zone width is shown in Figure 2.27.

We can separate the geometric parameters into two groups: the lumen, which causes an underestimation of ∆E T and the elliptical geometry and flat section that lead to an overestimation. These groups generate antagonist behaviors, since they can cancel each other out to some extent if the fiber has both a lumen and an elliptical-flat section. When these geometric parameters are combined, low values of ∆E T could thus be obtained despite the morphological complexity of the fiber. When considered independently, the contact zone flatness is the most influential parameter, since the quasi-linear increase of ∆E T means that an important identification error is produced across the whole studied parameter range. Elliptical geometries and lumen size have a limited effect on the identified transverse elastic modulus for low ratios (under 0.3) due to the non linear variation of E T . If flat sections are excluded, lumen size is more influential than the elliptical geometry, up until ratios of around 0.7. Only for larger ratios, the exponential nature of ∆E T for elliptical geometries leads to important changes that can exceed the underestimating effect of the lumen. In any case, the complexity of fiber behavior under a transverse compression load is apparent even through these ideal case studies. Fiber morphology should be examined carefully to better predict fiber behavior and to anticipate potential over or under estimation of the transverse elastic modulus. 

SFTCT simulation of microscopy-extracted fiber geometries

The previous section demonstrated the influence of the most common plant fiber geometric characteristics on the analytical model's ability to identify the transverse elastic modulus of a fiber. Valuable insights were gained in the mechanisms that lead to an over or underestimation of E T along with the antagonist behavior they can have with each other. While the analytical model exhibited relatively good identification ability for a large range of parameters, the studies were performed on ideal geometric representations. The model's identification ability on realistic fiber geometries remains an open question given the morphological complexity that plant fibers can exhibit. In this section, a method similar to the one presented by [Legland 13, Mattrand 14, Del Masto 17], is used to extract fiber contours from microscopy images and perform morphological measurements. The transverse compression of these contours is then simulated and analytical model identification ability is evaluated through ∆E T . In order to perform this study a multistep algorithm is necessary. Starting with an initial microscope image, the algorithm can be divided into 3 main steps:

1. Detecting and extracting the fiber contours from the image.

2. Processing an individual fiber contour. The contour is smoothed to ease the construction of the finite element model. An ellipse is fitted to provide an apparent major and minor radius to the analytical model. The fiber is positioned by the user in a realistic configuration for compression.

3. A finite element model is constructed and the transverse compression of the fiber is simulated. ∆E T is calculated from simulation data.

A series of geometric indicators is also estimated to search for correlations between them and ∆E T . While some interdependences can be observed, complex interactions between morphological parameters make it difficult to predict easily the value of ∆E T for a given fiber geometry. Machine learning techniques however, are shown to perform such predictions with relatively good accuracy, even when trained on a small dataset.
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Contour extraction

A microscopic observation of part of the cross section of a hemp stem, seen in Figure 2.28, is used to extract fiber geometries. Turning the image into binary is necessary to perform said extraction. A MATLAB implentation of Otsu's thresholding method [Otsu 96] is used for this purpose. The pixel size is found at 0.28 µm, the size of the extracted fibers can thus be determined. The MATLAB function bwboundaries is then used to detect the fiber contours. The user can manually choose a fiber of interest to treat independently.

For each fiber, the biggest interior contour inside the fiber wall (the lumen) can be kept or not. Once a fiber contour is chosen, its raw data presents very fine irregularities that are most likely due to the contour detection algorithm than the fiber geometry itself. In any case, keeping such a level of detail in a finite element model would be problematic, since it would need very fine meshing and could cause very local stress concentrations. For this reason a smoothing algorithm is used to eliminate some of this fine detail while maintaining the overall fiber geometry. Such smoothing algorithms are best suited for a one dimensional signal with unique values for each abscissa. The closed fiber contour in a Cartesian coordinate system is thus not well adapted for smoothing. A conversion to polar coordinates is used instead. However, if the closed lumen or fiber cell wall contour is not centered around the origin of the cartesian coordinate system, data discontinuities can occur when switching to polar. For this reason the contours are centered before conversion with the offsets:

dx = x max -x min 2 , dy = y max -y min 2 (2.40)
with dx and dy the offsets along the x and y axis, respectively. The data is also sorted in an ascending order of angles to avoid closed contours. The described process is illustrated in Figure 2.29 with a continuous signal being obtained at the end of the process. With the contour data now ready, a smoothing spline operation is performed. The smoothed polar data is converted to Cartesian coordinates and the offsets dx, dy are removed so that the contours find their original positions without being centered on the coordinate system origin. Figure 2.30 shows this smoothing procedure on a fiber contour. The general shape of the fiber is well maintained while eliminating very fine details.

The analytical model that was established previously considers the fiber as an ellipse. For this reason, an ellipse is fitted on the smoothed fiber contour in order to provide the best elliptical approximation of the fiber's complex geometry to the analytical model. An open access MATLAB script developed by Gal [Gal 22] was used for the ellipse fitting. A major and minor radius along with the ellipse's orientation is identified. During transverse 2.5 SFTCT simulation of microscopy-extracted fiber geometries compression, the fiber will usually be subject to rotational movements that tend to align its major axis with the compression platens. Thereby, the analytical model considers that the fiber's major axis is horizontal (rotating the fiber to obtain an horizontal minor axis is also possible). The fiber contour and fitted ellipse are rotated to achieve this horizontal Insights on plant fiber compression complexity through analytical and finite element modeling configuration. While this placement represents a good initial prediction of a realistic fiber placement, it is not adapted to all geometries. For this reason, the user can rotate the fiber to a realistic compression position, where compression will happen as vertically as possible with the least amount of rotation. If such a user rotation is performed, the major axis of the fiber will not completely horizontal, which leads to some difference with the analytical model. Figure 2.31 shows such an example of ellipse fitting and rotation. (left) the ellipse in magenta is fitted on the fiber contour and a rotation is performed to position its major axis horizontally, (right) the user rotates the fiber to a position that seems more probable to occur during compression preloading.

At the end of this series of operations realistic yet smooth fiber contours, suitable for FEA, are extracted and positioned in a way that represent a realistic transverse compression scenario. Figure 2.32 shows the fibers that were extracted and simulated in this study. Fiber with varying geometric features were chosen, notably lumen size, aspect ratio and convexity. 2.5 SFTCT simulation of microscopy-extracted fiber geometries

Transverse compression simulation

Finite element model

In order to perform a finite element simulation, a series of steps must be taken to construct the model. First, contact zones must be defined between the fiber and the platens. The limits of these contact zones are defined as the points to the left and the right of the highest and lowest fiber points that have the closest value to 65% of this maximum and minimum. This method allows for a good definition of contact zones for all tested geometries, even when there are multiple convex zones. It also enables the automation of the contact zone definition, greatly accelerating the process. An example of generated contact zones is given in Figure 2.33. The limits of the contact zone on the compression platens are positioned at the same abscissa as the contact zone of the fibers. The final step in the construction of the finite element model consists in establishing the boundary conditions and the mesh. Like all previous studies the displacement of the lower platen is blocked while the upper platen moves by 1µm in order to compress the fiber. Similarly to the 2D full section simulations (see subsection 2.3.2), the horizontal displacement of the lowest fiber point, who gets in contact with the lower compression platen first, is blocked (u x = 0). Thus, the rigid body movement that can occur along the x axis is eliminated while allowing the fiber to compress and rotate freely during compression. For the meshing the same approach is used as for the elliptical geometry simulation with triangular elements with sides of R mean /26, where R mean = (R + r)/2 where R is the major and r is the minor radius of the fitted ellipse. Figure 2.34 illustrates the presented boundary conditions on a meshed fiber geometry. With the simulation complete, a force per unit length is obtained by integrating the vertical component off the contact pressure T ny along the defined contact zone.

Contact points

In some cases some rotational movement can take place during the initial phase of compression resulting in very low force levels. These points are removed and not taken into consideration in the identification of E T .
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Transverse compression results

The force per unit length as a function of upper platen displacement are shown in Figure 2.35. A variety of force levels for a given displacement are seen. However, one distinction can be made clearly. Fibers with no lumen, represented with color filled markers, lead to higher force levels while fibers with lumens, represented by markers with no filling, lead to lower force levels. This illustrates clearly the influence of structural displacement on the fiber response. This distinction becomes clearer when looking at ∆E T as seen in Figure 2.36. In accordance with the previous study 2. These results show that the analytical model's ability to reproduce the fiber response under transverse compression is good, despite the geometric complexity of the fibers. Some errors on the identified transverse elastic modulus occur but are within the deviations typically observed for plant fibers. The conclusions drawn from the ideal-case studies are also valid in many cases. It is however demonstrated that the underestimating effect of the lumen-generated structural displacement is typically greater than the overestimating one resulting from elliptical cross sections and flat contact zones, since all tested fibers with lumens produced negative ∆E T values. It seems thus reasonable to except an underestimation for fibers with lumens and an overestimation in the opposite case. The value of the error however is difficult to predict, since it is a results of complex interactions and antagonist behavior between morphological parameters.

Geometric indicators

In order to better understand the complex interactions between the fiber's geometric parameters and ∆E T a series of geometric indicators are evaluated. Such, indicators have been constructed before in the works of [ Legland 13] and [ Mattrand 14], to provide detailed characterization of fiber or bundle cross section morphology. In the present case, these indicators are an analog to the geometric parameters that were studied previously in their ideal representations: the lumen, the ellipse flatness and the contact zone flatness.

Understanding the impact of these indicators on fiber behavior could subsequently help predict the error made in the identification of E T by the analytical model. Fibers whose transverse elastic modulus can be identified with confidence and fiber for which this is impossible could be identified.

Insights on plant fiber compression complexity through analytical and finite element modeling Surface indicator. The first geometric indicator is the surface of the fiber and of the fitted ellipse. The surface of the lumen is substracted from the surface contained inside the cell wall. The MATLAB function alphashape is used to first to create a bounding area inside the the cell wall, lumen or ellipse contour. The function area is then used to calculate the surface of these bounded areas. In this way, the difference in surface between the fitted ellipse and the fiber can be studied.

Ellipse flattening indicator. The next geometric indicator consists in calculating an ellipse flattening factor. For the fitted ellipse, this consists in calculating the factor in the typical way, using the major and minor radius. For the fiber geometry, the Feret diameters (object height and width at a given orientation) [Mattrand 14] along the horizontal and vertical direction are taken to calculate the factor with the fiber in its final configuration. In this way, the elliptical nature of the geometries can be quantified.

Contact width indicator. Finally, an estimation of contact width (2b) is made at the maximum displacement. First, the analytical formula is used to estimate the contact half width b. The major or minus radius of the fitted ellipse is used for the calculation, depending on the direction of compression. In the case of the simulation, the vertical component of the contact pressure T ny is extracted along the whole defined contact zone. The lengths on which this pressure is non zero are summed in order to give an estimate of contact half width that is produced in the simulated compression. In order to accurately compare between contact widths, the values are divided by the maximum displacement level (u max ) for a given fiber.

The values of these indicators, both from analytical calculation and simulation data are shown in Figure 2.37. The color of each data point corresponds to the ∆E T value of a given fiber. Just like for previous figures, fibers with no lumen are presented with a colorfilled marker while fibers with a lumen only have a colored contour. When looking at the surface data, it can be seen that when the fiber presents no lumen, the surface contained in the fitted ellipse and in the fiber cell are very close. However, when lumens are present ellipse surfaces are larger than their fiber counter-parts. Structural displacement is thus added resulting to an underestimation of the transverse elastic modulus. Bigger differences between surfaces (points further away gets from the diagonal line) lead to larger errors. This correlation supports the hypothesis that the effect of the lumen is greater than the one resulting from flat/elliptical geometries. When it comes to the flattening ratios, the ellipse and fiber data is overall relatively close. The biggest flattening ratios do produce some of the largest ∆E T , negative or positive, however the correlation is not as clear as with the surface data. Finally, the contact width calculations can be studied. The contact width predicted by the analytical model is for most fibers, inferior to the one produced in the simulation. This difference tends to be larger for fibers with no lumen where the lack of structural displacement leads to larger stress concentrations and consequently, larger contact width. The following mechanism takes place: in simulations large contact widths occur, resulting in high force values. The analytical model prediction of the contact width is underestimated. When the model is used for inverse identification, the identified E T gets overestimated, since its the only way to account for the increase in force. However, big differences in simulation and analytical contact width do not result necessarily to high ∆E T values. This lack of clear correlation between the geometric indicators points to complex correlations and antagonist behaviors between them. Additionally, there are more morphological parameters that can influence ∆E T . Fibers 6 and 7 for example have the highest differences between analytical and simulated contact width but produce low ∆E T values. The convex nature of their lower part might be the explanation, generating some structural displacement, reducing the overestimation of E T resulting from the high contact width. Additional indicators, such as the ones found in the work of [ Legland 13] and [ Mattrand 14], could help to explain better the analytical model's identification ability. However as the number of parameters increases detecting correlations between them becomes more difficult.

Neural networks for ∆E T prediction Introduction

Identifying correlations and understanding interactions between parameters gets more complex as their number increase, however, machine learning techniques present a valuable solution to their study. More specifically, neural networks represent an established method to find correlations between a large number of parameters By assembling multiple neurons, a neural network is created. This model can be "trained" on examples where the output is known, called training data. The difference between the network prediction and the actual output is minimized by modifying the weights and biases of the the network using various optimization algorithms, notably the back propagation method [Wythoff 93, Liu 10]. Through the optimization of its parameters, the network is able to give an accurate output estimation for a series of given input parameters. Its performance is validated by evaluating its prediction ability on examples with known outputs that were not used in the training procedure, called testing data.

In our case, a neural network is trained to give a ∆E T estimation for an input consisting of 6 geometric values: the ellipse's and fiber's surfaces and flattening ratios along with simulated and analytical contact width divided by the maximum displacement level. MATLAB is used to create and train the network with the functions fitnet and train respectively. A simple feed-forward neural network is used composed of an input layer, intermediate hidden layers and output layer. Since the used dataset is small, a Bayesian regularization [MacKay 92] backpropagation algorithm is used to train the network [Dan Foresee 97]. This prevents over-fitting on the training data allowing for better generalization and consequently better prediction ability by the network. To train the network, 75% of the data is used with the 25% remaining being used as testing data. Each time a network is trained weights, biases, training and testing data are chosen randomly.

It is important to note that the network's prediction error that will be presented in the following sections, corresponds to the absolute value of the difference between the network output and the actual ∆E T values. The error is expressed in % since it is the unit of ∆E T . For example if for a given fiber, the networks predicts a ∆E T of 50% with an actual value of 40%, the error will be 10%. This is not to be confused with an error expressed as a percentage of the correct value.

Network construction and validation

In order to construct the best possible network, a few validation procedures are performed. First, three different transfer functions for the neurons of the hidden layer are compared: logistic sigmoid, hyperbolic tangent sigmoid and purely linear. A single hidden layer with 8 neurons is used. The transfer function at the output layer is maintained as purely linear.

For each function, 100 networks are trained and their error on the training and the testing data is averaged. The results are shown in Table 2.7. The hyperbolic tangent sigmoid function produces the lowest error on both the training and testing data it will thus be used in our network. Next the influence of the size of the network is studied. The number of hidden layers will be changed from 1 to 5 and the numbers of neurons within them from 1 to 20. The amount of neurons in each layer remains the same. Just like the previous study, 100 networks are trained in each configuration. The results are shown in Figure 2.38. Increasing the number of layers increases the error made by the model. The number of neurons on the other side has no significant influence on the error (with the exception of a single neuron layer). The network's generalization ability is thus low regardless of neuron number.

Given the results of these studies the network is constructed with a single hidden layer of 8 neurons. A schematic representation is given in Figure 2.39 

Network prediction ability

With the construction of neural network finalized its overall performance can be approached. Figure 2.40 illustrates the performance of a trained network through the Mean Squared Error (MSE). The MSE value converges quickly after only 25 epochs (optimization iterations). The network regression is also shown. The output of the model is plotted as a function of the target. Predictions from training and testing data are present. Both are overall close to the diagonal line, which represents a perfect prediction. These results show that a neural network can be trained, even with a small dataset, to predict the identification error on the fiber's transverse elastic modulus E T , made from a simple analytical model of the SFTCT. This is made possible by the network's ability to find correlations between the input geometric indicators and ∆E T . Such models can thus still be used, since through such a network, fiber morphological characteristics can help improve identification accuracy. These characteristics could be measured in practice, for fibers used in SFTCTs experimentally. Training the network on a larger dataset could help it improve its accuracy and become more robust. The process of fiber extraction and simulation has been designed to be easily automated, a large number of microscopy images could therefore be used. 

Conclusions

In this section, SFTCT simulations of 2D fiber geometries extracted from microscopy images are shown for the first time. Accounting for the morphological complexity of the chosen fibers the analytical model's ability to reproduce the fiber response and identify the transverse elastic modulus is decent, with the average error situated within the typical variations found on plant fiber material parameters. The influence of the main geometric characteristics of plant fibers is shown once again, with the lumen being the most influential. However, the interactions between all geometric parameters of the fiber and the resulting ∆E T is still difficult to predict. A neural network approach shows that a prediction of ∆E T with the used geometric indicators as inputs is possible.

Identification error caused by fiber material behavior

Analytical models of SFTCTs consider the fiber as a purely elastic material. Plant fibers however are complex structures not only from a morphological point of view but also in terms chemical composition and microstructure. For this reason, plant fibers are far from purely elastic materials. The polymeric and heterogenous composition of the fiber cell wall offers it significant viscoelastic behavior. In parallel, high mechanical loads can damage it resulting in irreversible deformation. These properties have made the subject of various characterizations efforts, primarily in tensile testing (see subsection 1.3.3) Accurately identifying the transverse elastic properties of plant fibers requires an understanding of the impact of inelastic behavior on SFTCTs. This section aims at studying this impact with FEA. While complex material models could be used to simulate the rich material complexity of plant fibers, knowledge of the material parameters of such models is poor to non-existent for plant fibers, especially in the transverse plane. For this reason very simple models are used instead, aiming to illustrate the impact of inelastic behavior on SFTCTs instead of accurately reproducing plant fiber behavior. In this way, signs of inelastic phenomena on the fiber's behavior under SFTCT can be identified and potentially accounted for. The ability of the analytical models to identify the transverse elastic properties of the fiber, despite these inelastic behaviors is also evaluated.

Viscoelasticity influence

Plant fibers are known to exhibit significant viscoelastic behavior, giving them an important advantage in damping properties over some synthetic fibers [ Liu 21]. Characterizing Insights on plant fiber compression complexity through analytical and finite element modeling the viscous property of a material can be done mainly through two ways: quasi-static tests and dynamic tests. Quasi-static tests, after a rapid initial loading step, apply a constant load to a material. This loading can be controlled in terms of strain (stress relaxation tests) or stress (creep tests). Under this stable load the material can express its viscous properties which can then be characterized with the help of various analytical models. Dynamic tests apply a rapid periodic load to the material. While an elastic material would produce a stress and strain response that would be perfectly in phase, a phase lag occurs for viscoelastic materials which allows for the characterization of their viscous properties.

Typical SFTCTs consist in characterizing the elastic properties of a fiber through a relatively rapid compression (or decompression). Depending on fiber nature however, viscous properties can express themselves in the fiber response if the loading speed is not fast enough. As a result, an "apparent" elastic transverse modulus will be identified through the analytical models that is not the product of a purely elastic response, but a viscoelastic one. The goal of this section is to study the influence of viscous properties on the fiber behavior during a SFTCT and quantify the error made on the identified transverse elastic modulus E T , through a finite element viscoelastic model. To the author's knowledge, viscoelastic behavior has not been studied by FEA in the context of SFTCTs

Finite element viscoelastic SFTCT model

To study the influence of viscoelastic behavior on the fiber response the two-dimensional quarter fiber model is used. As explained previously, accurately modeling plant fiber viscous behavior in all its complexity is not the goal of this study, a simple visocelastic model with a single spring and damper is thus used. Since the compression is controlled in terms of displacement, the Maxwell model of viscoelasticity is used (spring-damper in series) with a spring constant of 1 GP a. Further justifications on the model choice can be found in appendix A.5. The influence of the relaxation time of the damper τ and loading speed v on the fiber behavior will be studied. To simulate viscoelastic behavior, a time-dependent solver replaces the stationary one. The fiber is loaded up to 1 µm (0.5 µm platen movement for the quarter fiber model) at a speed v. The study is made through 21 time step increments. The nominal value of the damper's relaxation time is set at τ = 10 s while the loading speed is set at 10 µm/s, the maximum speed achievable with our experimental SFTCT setup. To study the influence of the viscous parameter, the relaxation time will be changed from 10 -2 to 10 4 s. To study the influence of the loading speed it will be varied from 10 -2 to 10 µm/s.

Influence of viscous parameter τ

The fiber's response under transverse compression can be seen through the force-displacement data in Figure 2.41. For a purely elastic response (τ = 0) or slow viscous responses τ > 1s, the fiber behavior is basically identical. Only for rapid viscous behaviors τ < 1s the influence of fiber viscosity can be seen on fiber behavior. As relaxation times get shorter the force for a given upper platen displacement decreases and the non-linearity gets gradually reversed. This is reflected on the values of ∆E T with short relaxation times resulting in an underestimation of the identified transverse elastic modulus and longer relaxation times having no impact as seen in Figure 2.42. The least-squares residual follows the observed trends. Short relaxation times with their change in non-linearity are far away 2.6 Identification error caused by fiber material behavior from the predictions of the analytical model, the fit is thus of bad quality and the residual is high. As the relaxations time get bigger, fiber behavior is extremely close to a pure elastic response, resulting in a good quality fit and low residuals.

Tensile tests have identified relaxation times at a magnitude of 100 s [ Cisse 15]. It seems reasonable to assume that in the transverse direction, relaxation times are close or at least within one order of magnitude of these values. This would mean that for the experimentally achieved loading speed the fiber's viscous behavior has no influence on the identified transverse elastic modulus. Considering the fiber as purely elastic during SFTCTs is thus a valid hypothesis for the chosen loading speed. 

Influence of loading speed v

The fiber's viscous behavior was shown to have no influence on the identified transverse elastic property for loading speeds at 10 µm/s. This speed is now decreased in order to observe when fiber viscous behavior can become influential. The fiber's relaxation time Insights on plant fiber compression complexity through analytical and finite element modeling is set at τ = 10 s. It represents a "worst case scenario" where the relaxation time in the transverse direction is a order of magnitude lower than the tensile one [ Cisse 15]. The force-displacement data resulting from tests at different loading speeds are shown in Figure 2.43. A loading speed of 1µm/s results in a small decrease of the force for a given upper platen displacement but the fiber behavior remains very close to the one observed at the original speed of 10µm/s. A further decrease by a factor of 10 results in a significant decrease in force. As expected, only with a very slow speed of 0.01µm/s, the fiber's viscous behavior has enough time to fully express itself, resulting in a complete change in fiber behavior. These changes in behavior are reflected on the identified transverse elastic modulus and the least-squares identification residual as seen in Figure 2.44. Only the lowest loading speeds result in a severe underestimation of the transverse elastic modulus and a bad fit of the model, as seen in the high residual values. We can conclude that if the overall loading time is of the same order of magnitude as the relaxation time or shorter, viscous fiber behavior will have no significant influence and the transverse elastic modulus will be correctly identified. Nevertheless, if the loading time is larger than the relaxation time, viscous phenomena will alter fiber behavior resulting in error on transverse elastic property identification. 

Elastoplasticity influence

Introduction-model choice

In addition to purely elastic or viscoelastic behavior, plant fibers can also exhibit inelastic or more generally non-reversible behaviors. Once again, these phenomena are quite complex and can be a result of many underlying mechanisms. The fiber material itself for instance can express inelastic behavior. Structural effects can also influence the response of the fiber under compression. The lumen or micro-scale porosities inside the fiber wall can also collapse irreversibly leading to a change in fiber response. In order to accurately identify the transverse elastic properties of the fiber through SFTCTs it is thus crucial to recognize the effects irreversible behavior can have on the fiber response.

Similarly to the study on the influence of viscosity on the fiber's behavior and its subsequent influence on the identification of the transverse elastic modulus, the goal of this study will not be to accurately model all the complex mechanisms that lead to irreversible phenomena. More complex finite elements models with plastic behavior have been developed to study irreversible behaviors in SFTCTs and to help identify yield stresses in experimental data [ Kotani 94, Singletary 00b, Wollbrett-Blitz 16, Sockalingam 14, Sockalingam 16, McDaniel 17]. Instead, the simplest of elastoplastic material models is chosen for the fiber and its transverse compression is simulated with FEA. The fiber material is considered as perfectly plastic (no hardening) and a von Mises yield criterion is used. The two-dimensional quarter fiber model is used with a stationary solver. A single plastic parameter, the yield stress σ Y will be varied across a large range of values to observe its influence on the fiber response. Thus, a wide range of responses can be studied and their influence on the identification of E T by the analytical SFTCT is evaluated. The chosen values for σ Y vary from 1M P a to 1GP a.

Influence of yield stress

The impact of plastic behavior is quite apparent on the force-displacement response of the fiber as seen in Figure 2.45. While for higher yield stress values plastic behavior is not being activated, resulting in an identical response with a purely elastic material, as σ Y falls under 50M P a the non-linearity of the force gets completely inverted. For a given Insights on plant fiber compression complexity through analytical and finite element modeling upper platen displacement, the force level also decreases significantly. By reducing the yield stress further, forces tend to reach an asymptotic value. These changes in force lead to an underestimation of the transverse elastic modulus once inverse identification is performed, as seen in Figure 2.46. Values of a similar order of magnitude with the viscoelasticity study are obtained. The effect on the least-squares residual is also large, since the analytical model cannot reproduce the change in non-linearity.

Experimental campaigns can be performed in order to identify a mean yield stress for a particular type of fiber. However, large deviations are to be expected, since the fiber morphology and internal structure can influence σ Y considerably. Since yield stresses are variable, it can be difficult to perform fiber loading while staying in a pure elastic regime. Repeated loads with incremental increases in compression level can be a solution to this problem. Loads where an inverted non-linearity is detected can be excluded. However if very small displacements are necessary to stay in a purely elastic regime, the fiber might not be yet in a pure compression state where no rotation and sliding occurs Such displacements can also be a challenge to measure. For all these reasons the unloading phase of the compression is the best suited for the identification of the transverse elastic modulus. The irreversible material response is expressed during loading, leaving mostly the instantaneous-reversible elastic part in the unloading. Large compression levels can be attained thus eliminating problems related to measurement accuracy or to sliding and rotation movements. 

Conclusions

In this section, the viscous and plastic behaviors were added to the typical purely elastic representation of a fiber under transverse compression. Both behaviors produced a decrease in force for a given displacement level, leading to under-estimations of the identified transverse elastic modulus. An inversion of non-linearity was observed once the yield stress was reached, in the case of plastic behavior, or for a combination of low relaxation times and slow loading speeds in the case of viscous behavior. Existing analytical models do not account for this type of behaviors resulting in a bad overall fit and high residual values. If an inverted non-linearity is observed experimentally, performing an identification would lead to an apparent transverse elastic modulus resulting from a combination of elastic and inelastic behaviors, that would be underestimated compared to the fiber's transverse elastic modulus. The use of existing analytical models is thus not well-suited in such cases. When considering the typical relaxation times of plant fibers and the loading speeds that can be attained experimentally, viscous behavior was shown to be unlikely to express itself. Inelastic-irreversible behaviors are thus the most likely material related mechanisms that can lead to significant deviations between the predictions of typical SFTCT analytical models and experimental data. Performing the identification of the transverse elastic modulus is thus best suited to the unloading part of the compression where mostly reversible material behavior is expressed.

Conclusions and perspectives

In this chapter finite element analysis was used, to better understand and quantify the influence of fiber morphology and material behavior on SFTCT results. First, a finite element model was created and validated by a series of studies and comparisons. A twodimensional, quarter fiber model with fine triangular elements was shown to be the most efficient way to model the problem. Using this model the influence of fiber morphology on fiber behavior, assuming a purely elastic material, was shown with ideal case studies (lumen, ellipse, flatness) and with plant fiber sections extracted from microscopy observations. The analytical model's ability to identify the transverse elastic modulus of the fiber was shown to be satisfactory despite the complex geometries that were modeled. The influence of different material behavior were also studied. Viscous behavior was shown to not influence fiber behavior for typical compression speeds. Plastic behavior was shown to be influential, however, methods to isolate a purely elastic response were proposed. In conclusion, when working with bast fibers (flax, hemp, nettle) and with a carefully chosen experimental approach, analytical model that represent the fiber as a purely elastic cylinder, can be used in the inverse identification of the fiber's E T .

Still, improvements in analytical models can be made. Models that account for larger contact widths, such as those found in elliptical or partially flat sections could be developed. Models for hollow structures [Womack 08, Markides 18] or with variable stress distributions [McCallion 82] could be adapted to plant fiber SFTCTs to account for their morphological complexities. MicroFibrilar Angle (MFA) and cell wall layers could also be added to analytical models in the context of SFTCTs.

Many more studies could be performed to further improve the understanding of plant fiber SFTCTs. This work establishes a framework and methodologies which can be expanded upon. For instance, morphological and material studies can be coupled. Separate cell wall layers could be also be modeled, as can be found in simulations of tensile testing [ Thuault 14], offering potential insights on skin/core phenomena in plant fibers [Wollbrett-Blitz 16, Singletary 00b]. For 2D microscopy extracted geometry studies, more geometric indicators can be used to find correlations with ∆E T . Machine learning techniques could greatly help in this regard as the number of parameters gets bigger and the interactions between them complex. Trained neural networks could indicate a ∆E T for a given geometry without the need for simulations. While the presented studies aimed to minimize rotational movements by choosing a most likely fiber position, the influence of the fiber's initial position could also be studied. Initial conditions will affect the rotational a fiber can be subjected to, causing significant changes in its behavior. Finally, while numerically demanding, 3D geometries could also be studied highlighting even more complex mechanisms. In that regard, finite element models could also be validated on experimental data. The analytical models, with their inherit limitations could thus be replaced by finite element models or trained networks for a more accurate inverse identification of a fiber's transverse material properties. 

Introduction

The bases of the single fiber transverse compression test along with valuable insights on a series of influential parameters, were presented in the previous chapter with the use of analytical and finite element models. This chapter focuses on performing Single Fiber Transverse Compression Tests (SFTCTs) experimentally, providing for the first time, results on the transverse behavior of plant fibers. First, a state of the art on the experimental SFTCT is presented, highlighting its inherent challenges, limitations and possible improvements. Then, a new micro-mechatronic setup, developed within the frame of this doctoral thesis is presented, which improves on a lot of these previous limitations, offering fine control over force and displacement measurement, relative humidity, system compliance and sample observation. Furthermore, the major influence of platen parallelism on the identification of the transverse elastic modulus is quantified for the first time. An experimental protocol to assure parallelism with high precision is proposed. The performance of this setup is evaluated and validated, experimentally induced variability is thus greatly reduced. Finally, this experimental setup is used to perform for the first time, single fiber transverse compression tests on plant fibers: flax, hemp and nettle. Their elastic parameters are identified for the first time and mechanisms of inelastic and irreversible behavior are discussed. This chapter contains numerous contributions from the work of both pre-graduate and post-graduate engineers. Work prior to this doctoral thesis laid the groundwork for future experimental developments. The intership of Hamdi Saadana (2017) produced the first version of the custom multisensing device used for force and displacement measurements. Melissa Blot (2018-2019) developed the first operational experimental setup for SFTCTs. Two undergraduate internships, related to experimental SFTCT investigations were also carried out and supervised in the context of this PhD work. Anouk Chevallier (2021-2022) made major contributions on experimental preparation and protocols, implemented a relative humidity control and performed the first experimental SFTCT campaign on plant fibers, throughout her internship and later engineering work. Guillaume Pluvinage (2021) developed a new protype of multisensing devices for compact SFTCT setups.

The presented results were also made possible by multiple collaborations within the FEMTO-ST institute. The work of Antoine André, Guillaume Laurent and Patrick Sandoz on the detection of fiducial markers and of Joël Agnus on clean room fabrication, made the fabrication and use of the custom sensors possible. Work on platen parallelism was also performed with the collaboration of Violaine Guicheret-Retel and Fabien Amiot.

The results of this chapter made the subject of three publications treating the use of fiducial markers for an innovative force-displacement sensor [Andre 22b], the importance and control of platen parallelism [ Govilas 22] and the identification of plant fiber transverse elastic properties (paper in preparation).

Experimental SFTCT setups: overview and critical assessment

This section aims at presenting an overview of SFTCT experimental setups from their earliest implementations to their most recent iterations. The design and specifications of 3.2 Experimental SFTCT setups: overview and critical assessment each of these setups can be quite unique, adapted for a specific type of fiber and using technology available at the time. For this reason, common approaches are presented and innovations are highlighted, without providing a detailed description of each one. Through this survey, a critical approach is employed, aiming at highlighting potential sources of measurement error, but also identifying and discussing possible improvements.

Overview of SFTCT experimental setups

Studying the transverse compression of a single fiber comes, regardless of its nature, with a series of experimental challenges. Most of them can be attributed to their small size, with diameters typically in the range of 10 to 100 µm. This means that if an elastic regime is studied, in a small fiber deformation range (1 -5%), sub-micrometric displacements need to be measured in order to study fiber behavior. Compression forces can vary largely with fiber nature and the studied deformation range, with typical values in the range of a few mN to a few hundred mN for small deformations and several Newtons for larger ones.

The size of the fibers also implies that large magnifications are needed in order to observe them during compression. Furthermore, two important considerations are made in the choice of compression platens. The platens have to be rigid compared to the compressed fiber and surface irregularities must be much smaller than the fiber itself, to ensure that the platens do not influence compression results. For this reason, materials such as glass, sapphire, steel and silicon are commonly used for their rigidity and low roughness. As a result of these experimental requirements, only a few authors chose to perform the test by adapting existing testing machines typically adapted for larger object testing [Phoenix 74, Sockalingam 16, McDaniel 17, Naito 17]. The majority of authors working on SFTCTs choose to develop custom experimental setups specifically for the purpose of the test.

The first SFTCT can be attributed to Hadley et al. [ Hadley 65]. The fiber was loaded using weights and glass platens were chosen for their transparency in order to measure the contact width 2b. Through the applied force and contact width data, the transverse elastic modulus of the fiber E T was identified. This approach was common in this era with Pinnock and Jawad using the same method [Pinnock 66, Jawad 78]. Morris kept the loading by weights but added a platen displacement measurement through a micrometer instead of measuring the contact width [Morris 68].

With the improvements in actuation and sensing technology most authors adopted Moriss's approach, consisting of measuring displacement. The first modern SFTCT can be attributed to Kawabata who employed an electromagnetic power drive to perform the compression [Kawabata 90]. Since, the most common approach consists in controlling the movement of one of the platens through piezoelectric actuation while the other is fixed. A load cell is used to measure the compression force while the displacement of the platen/fiber is measured through capacitive sensors [Jones 97, Singletary 00a, Lim Mikczinski 13]. A force sensor played the role of the mobile platen and compressed allowing for direct measurements on the fiber.

Common limitations and possible improvements

It can be noted that, despite the history of SFTCTs spanning many decades, a relatively small amount of experimental studies have been performed when compared to more conventional tests such as tensile testing (see section 1.3). This means that a certain number of shared limitations and possible improvements can be identified among SFTCT experimental setups. This section aims at identifying said limitations and discusses possible solutions, in the context of plant fiber SFTCTs.

Platen parallelism

As we saw in Chapter 2, all analytical models of SFTCTs consider the fiber as a right circular cylinder between parallel platens. A lack of parallelism will thus cause an error in the identification of E T if such a model is used.

The importance of platen parallelism has been recognized in the field of compression in general. The "Brazilian test" is a notable example. A standardization of the test proposed in 1978 suggested that compression jaws need to be "parallel within 0.25 • " [ Bieniawski 78], without quantifying however the induced error nor providing a method to set this parameter. Other compression studies report platen parallelism as well. In his review on uniaxial compression, [Darvell 90] noted that platen parallelism is "essential" though "rarely commented on in the print". In their study of strain rosettes under compression, [ Little 05] also identified platen parallelism as "the most predominant of the factors investigated".

When it comes to SFTCTs, only few authors consider platen misalignment and propose means to experimentally adjust it. Yet, descriptions are usually extremely short and can even lack any sort of methodology, hindering reproducibility. No quantification of the tilt angle can be found either. [Hadley 65] manually adjusted parallelism using a screw mechanism, [Jones 97] proposed an apparatus with an aligning sphere, while [Wollbrett-Blitz 16] used three external stepping motors and optical fringes to finely control platen position [ Josse 04]. [ Sockalingam 16] and [Naito 17] proposed methods using platen preloading. A unique approach was proposed by [ Guo 16] who performed a simultaneous compression of two fibers to avoid a rotation of the upper platen around the main fiber axis. Ultimately, even though platen parallelism is recognized as an important parameter and could explain variations in measured transverse properties, no clear and widely adopted solution exists to control it. Furthermore, to the authors knowledge, no direct quantification of the angle between the two compression platens has ever been performed and its influence on measured material properties has never been studied.

Developing a protocol to assure platen parallelism and quantify the error induced by a misalignment angle is therefore key in improving the accuracy of SFTCT experiments.

Low throughput

Another challenge in the experimental study of single fiber transverse properties lies in the time consuming nature of SFTCTs, leading to a low throughput in terms of testing. The small size and delicate nature of single fibers adds to the overall preparation time of the test, from sample observation and dimension measurement to proper positioning and loading. For this reason, the number of tested fibers in the literature is low, with authors usually testing 1 to 5 samples of each fiber type. Only a few authors reported testing a 3.2 Experimental SFTCT setups: overview and critical assessment larger amount of fibers ranging from 20 to 40 [Singletary 00b, Stamoulis 07, Wollbrett-Blitz 16, Naito 17].

Literature on the tensile testing of synthetic fibers indicates that large data-sets are required to significantly reduce uncertainty and provide more confidence in experimental results [ Joannès 20]. Such data sets can only be achieved realistically through automation. Automated tensile testing has been developed and employed [ Mesquita 21], fiber preparation remains however, manually performed. More general microrobotic platforms able to perform both fiber preparation and measurements in addition to various mechanical tests, have been developed [Saketi 12, Hirvonen 15b, Latifi 15, Laurikainen 20] (see section 1.4 for more details), however a modest amount of fibers or filaments was tested.

The question of throughput becomes even more important in the case of plant fibers since their properties are naturally more variable than those of synthetic fibers [Bour- maud 18]. Therefore, testing a larger sample size than for synthetic fibers should be a long-term goal. Developing a setup that reduces the overall testing time, from fiber preparation to data post-treatment is thus essential.

System compliance

In mechanical testing setups, dealing with system compliance is key to assure the accuracy of the obtained result. In SFTCT experimental setups, complex assemblies are often made between actuators, pushing rods, platens and sensors. Small gaps and irregularities between components, or even component deformation, can cause small displacements and changes in force during compression, that need to be subtracted from the fiber compression related measurements. Many authors perform compression tests between platens without a fiber between them in order to characterize this system compliance [Singletary 00a, Sockalingam 16, Guo 16, Naito 17]. Some of them even chose to repeat these measurements before or after each fiber compression [Phoenix 74, Jones 97, Wollbrett- Blitz 16]. While such calibration procedures can reduce compliance-related uncertainty, they cannot eliminate it fully.

Furthermore, compliance characterization procedures increase the overall testing time significantly. For this reason some researchers find ways to avoid this characterization altogether. [ Stamoulis 05] compresses in the upward direction to eliminate compliance related to the compression platen weight. [ Hillbrick 19] in their cylinder compression studies use a video extensometer to directly measure displacement. This is possible due to the large diameter of cylinders used (25mm). Finally, [ Mikczinski 13] eliminates numerous compliance issues by replacing the mobile platen by a force sensor. A direct force measurement is thus obtained, eliminating most compliance-related uncertainties.

Developing a setup that limits system compliance can thus reduce both measurement uncertainty and overall testing time, increasing throughput and measurement accuracy.

Force and displacement measurement

The measurement of force is key point in many different mechanical tests. However, force sensing presents a challenge when micro-scale objects such as fibers are tested due to many technical and physical limitations [Clévy 11, Liang 14, Wei 15, Zhang 19]. For this reason only a few commercially available sensors exist, that can measure forces in the range of interest for small deformation SFTCTs (few mN to a few hundred mN ), which are the most adapted for the characterization of elastic properties. For this reason, excluding precision micro-mechatronic setup researchers who use weights as a force load reference, many researchers use sensors with a full measurement range of 100-200 N across a single direction [Jones 97, Cheng 04, Sockalingam 16] or even higher [ Stamoulis 05]. Typical precision for such sensors is around 0.05 to 0.1% of their full scale measurements, resulting in force measurement precision in the order of the mN . While serviceable, such sensors are not well adapted to study SFTCTs, at least not in a small deformation range. [ Mikczinski 13] used a sensor offering great accuracy (0.4 µN ) (FT-S270, Femtotools, Switzerland), which comes however at the expense of a small measurement range of 2 mN . Only very small compression loads could thus be studied. Nevertheless, a few authors do use sensors with better adapted measurement range of 2 N [ Naito 17] or 500 mN [Singletary 00b], offering adequate precision while allowing more important compressive loads to be studied. Such force sensors, that combine precision with a larger measurement range, should be preferred in SFTCTs.

In most setups developed since the one from [Kawabata 90], capacitance sensors and LVDTs provide displacement measurements with a precision reported by the authors of tens of nm [Kawabata 90, Kotani 94] down to a few nm [Jones 97, Guo 16] or even sub-nanometric precision [ Lim 10]. Such precision is adequate to study fiber transverse compression, even in small deformation ranges where displacements are in the order of a few hundred nm to a few µm. However, these sensors are systematically positioned far from the fiber itself, measuring the displacement of the mobile platen or its pushing rode, adding to the compliance issues discussed previously. Measuring platen displacement closer to the fiber, or measuring fiber displacement directly, should be prioritized.

Fiber observation

Observing the fiber in-situ during compression can offer many advantages. First, it can greatly help in the fiber mounting stage and as a way to monitor the test, ensuring that it is taking place as expected. Sliding or rotating fiber motions, platen misalignments and platen surface conditions, can all be identified and assessed. A view of the fiber along its longitudinal or transverse cross section can also be used to identify the Poisson's ratios in the longitudinal and transverse plane, ν LT and ν T T , respectively.

These observations however, can be challenging. The small size of fibers means that microscopes with large magnifications are needed. However, space in the setups can be limited, making the addition of multiple microscopes to observe the fiber from different angles difficult. Furthermore, the fiber and the mobile or fixed compression platen are typically situated in different planes and can have edges that are not perfectly flat. Obtaining a sharp image can thus prove difficult even with larger depths of field.

Researchers who incorporate vision into their setup typically use vertically mounted microscopes, used for observing and sometimes measuring the contact width through transparent platens [Hadley 65, Jawad 78, Kotani 94, Jones 97, Stamoulis 05, Sockalingam 16]. In contrast, [Kawabata 90] and [Naito 17] use a horizontally mounted microscope to help with fiber positioning and monitoring. It is unclear which fiber cross section is observed. It should be noted that authors do not typically share images from these microscopes in their publications, which attests to the difficulty of obtaining good quality fiber observations during SFTCTs. The use of a setup inside a Scanning Electron Microscope (SEM) as seen in the work of [Mikczinski 13] offers exceptional observation abilities, it does need however a very compact experimental setup and increases overall testing time significantly. The environmental conditions inside a SEM chamber (vacuum, drying, electron beam) can also alter the properties of the tested fiber or damage it.

Developing and validating an innovative micro-mechatronic SFTCT setup

In conclusion, while challenging the use of high magnification microscopes in SFTCTs can offer great advantages in terms of test preparation and monitoring or even for measuring parameters of interest. For this reason incorporating it in SFTCT setup should be favored.

Relative Humidity (RH) and temperature control

Control of the test environmental conditions is also crucial in experimental measurement repeatability. Both sample behavior and geometry but also sensor measurements can be impacted by changes in the test's environmental conditions.

As already discussed in Chapter 1, plant fibers are particularly vulnerable to changes in Relative Humidity (RH), which can cause swelling or changes in material properties (see subsection 1.3.3). Controlling the experimental environment in terms of relative humidity is thus key. Existing SFTCT studies however, were performed exclusively on synthetic fibers (with the exception of [ Mikczinski 13]) where sensitivity to humidity is less important. For this reason no active control of humidity can be found in the open literature and few authors document the relative humidity in which the tests are performed [Kawabata 90, Singletary 00a, Stamoulis 07, Naito 17].

Control of temperature during testing is also important. For one, it can be of interest to test fiber behavior in wide temperature ranges. Heating elements can be used for this purpose [Hadley 65,Kawabata 90]. Furthermore, accurate temperature control limits drifts in sensor measurements. Such changes are larger during an initial transient stage, when all the setup's electronic components are turned on and start heating. This transient behavior generally stabilizes to a stable one after some time [ Mauze 20]. If no active temperature control can be established it thus important to ensure that temperatures are stabilized before performing tests, or limit overall testing time.

Developing and validating an innovative micromechatronic SFTCT setup

In the previous section, a critical overview of previous SFTCTs was performed. Good practices and equipment choices were discussed, while possible improvements were proposed. This section presents an innovative experimental setup developed specifically to perform SFTCTs while addressing previous limitations and integrating innovative approaches. A force-displacement sensor, developed for this application is introduced and its operating principle and calibration are detailed. Measurement accuracy and repeatability are evaluated and compared to those found in the literature. Finally, the question of platen parallelism is treated, showing its major influence on E T identification while also proposing an experimental protocol that minimizes platen misalignment.

Overview of new SFTCT setup

This subsection aims at providing an overview of the SFTCT experimental setup that was developed and used in this work. The experimental setup can be seen in Figure 3.1.

The most typical configuration of the test is adopted, with the fiber placed between two compression platens with the lower one being fixed and the upper one being mobile. The test configuration in our case can be summarized as follows:

Single plant fiber transverse property characterization with high precision micro-mechatronic setup

The lower-fixed compression platen is a metallic parallelepiped fixed on a stationary aluminum support. It provides a surface of 21 × 2 mm on which a fiber can be positioned and compressed. Initially an aluminum platen was used, whose stiffness greatly exceeded the fiber's, with a roughness of S a = 980 nm (mean arithmetic surface height). Knowing the fibers can have diameters at the scale of a few microns this roughness was not satisfactory. For this reason, this platen was eventually replaced with a tungsten carbide one, providing a roughness of S a = 390 nm and an even higher stiffness. 

Developing and validating an innovative micro-mechatronic SFTCT setup

The tested fiber is positioned in a fixed-free configuration, with its free end resting on the lower compression platen. This configuration allows the observation of the fiber cross transverse section during compression (see Figure 3.1.e ). The fixation is made with photo-polymerized glue on a special tab (see subsection 3.4.1). The tab is then mounted on a XY Z manual micropositioning stage (Newport) to accurately place the fiber on the lower platen.

The upper-mobile compression platen is replaced by a custom force-displacement sensor, positioned directly above the fiber (see Figure 3.1.c). The sensor is a compliant structure that allows for vision based measurements through the tracking of fiducial markers (see Figure 3.1.d). A detailed discussion on its functioning will be given in subsection 3.3.2. Its thickness of 500 µm covers with ease the entire diameter of all tested fibers along the x axis (see Figure 3.1.e). Contact between the fiber and the sensor tip is established on a length of 300 µm along the z axis (see Figure 3.1.f). The use of this sensor allows for direct measurements close to the fiber, limiting the measurement uncertainty of system compliance, along with the time consuming nature of its calibration.

In order to carry out the SFTCTs, actuation is required to move the sensor against the fiber and compress it. Our setup uses two different actuators to accurately and repeatably perform fiber compression:

A rotary actuator (SmarAct SR-2013 ) to control the angle between the forcedisplacement sensor and the lower compression platen (see Figure 3.1.c). This system is closed loop controlled, employing a rotary encoder with a resolution of 25 µ • . The sensor is mounted on the actuator through an intermediate aluminum piece. The use of this actuator allows for the control of parallelism between sensor and platen (see subsection 3.3.4).

A linear piezoelectric nanopositioner (PI PIHera 629.1 ) to move the sensor-rotary actuator assembly towards the fiber and compress it with a resolution of 14 nm. The system is closed loop controlled with a capacitive sensor performing a direct position measurement. Its travel range extends to 1.8 mm. An intermediate aluminum push rode links the nanopositioner to the rotary actuator (see Figure 3.1.b). A manual XY Z micropositioning stage (Newport) is used to position the nanopositioneractuator-sensor assembly above the fiber.

Vision is also a key parameter in our experimental setup. In order to measure the displacement of the sensor's fiducial markers and observe the fiber during compression, three microscope assemblies are used: Microscope 1: Guppy F-046B camera with 5X lens (Mitutoyo, Japan), for the forcedisplacement sensor's fiducial marker observation (yz plane) (see Figure 3.1 b,c and d).

Microscope 2: uEYe camera with a 20X magnification lens (Mitutoyo, Japan), for the fiber diameter observation (xy plane) (see Figure 3.1 b,c and e). Microscope 3: uEye camera with 0.8X magnification lens (Edmund 62-789), for the fiber length observation (yz plane) (see Figure 3.1 b and f).
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Design and operating principle

The proposed force-displacement sensor is a compliant structure that includes 8 bending beams organized along a Compliant Translation (CT) joint [Trease 05]. This architecture is very compliant along a single axis (axis of beam bending) while presenting a high translational and torsional rigidity along the other axes. This allows a highly straight and guided motion along the measurement axis with off axis movements being limited. The use of a compliant sensor to eliminate system compliance might seem paradoxical. As it will be detailed later, when using this sensor, measurements are made by tracking the relative displacement of its different parts. In order to track these movements, their amplitude must be important enough to be detected with a microscope. For this reason high sensor compliance is important. Nevertheless, this compliance is stable, can be accurately measured by calibration (see subsection 3.3.3) and can be changed if needed.

The sensor is a product of clean room fabrication on a silicon wafer (FEMTO-ST MIMENTO Technology Center ). Being a brittle material [ Hull 99], silicon will present no plastic behavior and exhibit a linear elastic behavior until failure. Coupled with the CT joint architecture, a linear sensor behavior during compression is ensured in this way. Silicon also presents high stiffness in the wafer's plane at E = 169 GP a [Hopcroft 10] which is much higher than the stiffness of the fibers that will be compressed.

The sensor is comprised of three main parts as seen in Figure 3.2: (i) the upper part, connected to the linear actuator; (ii) the lower part, whose tip gets directly in contact with the fiber and (iii) 8 beams connecting the upper and lower parts. The sensor's operating principle can be summarized as follows: the linear actuator moves the sensor vertically downwards (y axis), establishing a direct contact between its lower part and the fiber. Once the contact is established, a compressive load is generated and the sensor's beams start bending through elastic deformations. This allows the upper part of the sensor to continue its imposed downwards movement. The lower part however, moves only as much as the fiber contracts. Since the stiffness of silicon is much higher than the one of the tested fibers and all of the sensor's compliance is expressed through the deformations of its beams, the lower part of the sensor acts as a rigid compression platen. This difference in behavior between the two sensor parts leads to a relative vertical displacement, ∆Y , between them.

In order to measure ∆Y , fiducial markers, similar to QR codes, are printed by photolithography and metal deposition on two emplacements at the center of the sensor. The term High Precision (HP) code is used to describe them. The left HP code is printed on the sensor's upper part, which is fixed on the push rode of the linear actuator. Its movement is completely dependent on the actuator movement. For this reason this HP code will be referred to as "dependent". The right HP code is printed on the bottom sensor part, that moves independently of the actuator's movement reacting to the movements of the compressed object. For this reason it will be referred to as "independent".

The horizontal (Z) and vertical (Y ) position along with the in-plane rotation (ψ) of each HP code, can be tracked and measured [Guelpa 16, Andre 21]. Through the HP code's periodic nature, changes in its position are detected through the use of Fourrier transforms. This method offers sub-pixel accuracy which can be at the nanometer scale [Andre 20]. This offers exceptional measuring capabilities for SFTCTs. Such measurements can also be expanded to off plane Degrees Of Freedom (DOF) [André 22a]. HP codes can thus form the basis for accurate, multi-DOF measurement devices [Andre 22b].

Using HP code tracking the relative vertical displacement between the two sensor parts where: Y d and Y i are the vertical coordinate of the dependent and independent HP codes respectively. Consequently, the applied compressive force can be calculated by:

F = k • ∆Y (3.2)
with k being the sensor's stiffness. A calibration procedure to determine k will be presented in 3.3.3.

Since the lower part of the sensor plays the role of a conventional rigid mobile platen, the displacement of the fiber under compression, U , corresponds directly to the displacement of the lower part of the sensor, from the position at which contact is first established. It can be calculated by:

U = Y i -Y ic (3.3) 
with: Y i the current coordinate of the independent fiducial marker and Y ic its coordinate when the contact is first established (where Y d becomes greater than Y i ). A more accurate method to detect the contact point is discussed in appendix B.1. The HP codes at the contact point and at maximum compression as seen, by the microscope, are shown in Figure 3.3. While the measurement along the compression (y axis) are of main interest in SFTCTs, the off-axis measurements can also be used to estimate displacements and forces.

Using a compliant sensor to directly compress the fiber, presents an interesting side effect in the manner the compression is performed. The test is controlled through the nanopositioner that generates displacements following a reference loading protocol. As already detailed, the upper part of the sensor will follow these displacements for many tens or hundrends of µm from the initial loading point, according to the chosen loading level. The lower part however will move only as much as the fiber contracts, generally in the order of a few µm. The vertical displacement of the independent HP code is thus significantly smaller than the displacement of the dependent one (Y i ≪ Y d ). The relative displacement between the two is therefore almost equal to the movement of the sensor's dependent part (∆Y ≃ Y d ). Since the applied compression force is calculated by: F = k • ∆Y , the compression test in our SFTCT is essentially controlled in terms of load. The following, statement thus stands: using our custom compliant sensor, a test controlled through nanopositioner generated displacement produces a compression controlled in terms of force.

Sensor dimensioning

The overall characteristics of the sensor are depended on multiple parameters. Choosing the dimensions of key sensor parts is the main way to control them. A first main parameter is sensor stiffness, which is mainly dictated by the dimension of the bending beams. Sensors with different stiffnesses can be produced by changing the length l and width w of these beams, or by choosing a wafer of different thickness t. Beam width is the most influential parameter in the final stiffness since it represents the dimension in the direction of the applied force and is therefore cubed in the calculation of the second moment of area:

I y = tw 3 12 (3.4)
Considering a bending of the beams along the y axis, the sensor's lower and upper parts, with their according beams, can be considered as two sets of 4 parallel springs connected in series. Through this approximation the sensor stiffness can be calculated with:

k = 2 tw 3 l (3.5)
The maximum force that can be applied constitutes another important sensor parameter. It is a function of the sensor's stiffness and maximum possible relative displacement ∆Y max . This parameter depends on the spacing between the upper and lower parts of the sensor and by the strength of the beams, where stress concentrations will be the largest and the risk of material failure is the highest.

Finally, the accuracy in the measurement of HP code displacement is dependent on their relative size inside the field of the view of the microscope that observes them. The Single plant fiber transverse property characterization with high precision micro-mechatronic setup larger the size the better the accuracy. However, enough space inside this field of view must be present in order to track the HP code in their entire range of motion.

Overall, designing such a force sensor consists in finding an optimum compromise between maximum force and HP code tracking accuracy. If the sensor is very stiff, large forces can be applied at the expense of very small HP code displacement, that can be difficult to track. Sensors that are more compliant, offer less maximum force with HP code displacements that are easier to track.

For the sensor used in all presented experimental studies the chosen dimensioning can be summarized as follows:

Beam dimensions were chosen as l = 6 mm and w = 100 µm with a wafer thickness of t = 500 µm. The theoretical sensor stiffness, as calculated by equation 3.5 is of k = 782 N/m. With a gap between the upper and lower sensor part of 500 µm the theoretical maximum force that can be measured is F max = 391 mN , which is well adapted for the transverse compression of most fibers in a small deformation range.

The HP code width is chosen as 390 µm with a periodic pattern of 10 µm. This allows to observe the HP codes for the full range of movement of the sensor while offering good accuracy (characterized in subsection 3.3.3). The sensor's tip length was set at 300 µm. Given the average diameter of plant fibers at 20 -40 µm, the contact length with the sensor is an order of magnitude greater than fiber diameter.

The overall footprint of the sensor was chosen such as to maximize the amount of sensors that can fit on a wafer, while allowing easy manipulation and mounting.

Finite element simulations were also used in order to quantify the sensors stiffness in compression and torsion. A detailed description of this finite element analysis can be found in appendix B.2. Torsional rigidity is found to be very high at k t = 0.06 N • m/ • , limiting off-axis movements and attesting to the good design of CT joints. Compressional stiffness on the other hand is found to be low enough, to allow for a linear sensor compression along its vertical axis, with k = 773.5 N/m, which is very close to the analytical prediction.

Setup validation and calibration

Before proceeding to SFTCTs, it is necessary to analyze the behavior of the components of the experimental setup, perform calibrations and evaluate the measurement repeatability in order to validate the experimental procedure and quantify the level of precision. This section focuses on quantifying the repeatability of displacement measurements through HP code tracking, on the calibration of the force-displacement sensor. The subject of thermal drift is also discussed.

Displacement measurement repeatability

In order to examine the sensor's behavior and to quantify the repeatability of HP code measurements, compression tests are performed against the fixed platen, to eliminate the influence of a deformable and potentially geometrically complex object. Given the compliance of the force sensor, the fixed platen can be considered as rigid.
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Ten successive tests were performed on the fixed platen in ambient conditions. The parallelism between the force-displacement sensor and the fixed platen was adjusted with the rotary actuator by observing the objects through Microscope 3. The presented results, are thus obtained in sub-optimal experimental conditions compared to the setup capabilities and represent a type of worst-case scenario in terms of repeatability. Using the parallelism setting protocol (see subsection 3.3.4) and controlled environmental conditions should result to even better results.

Figure 3.4 shows the evolution of the three HP code coordinates (Y , Z, ψ) as a function of time. Their evolution over the ten tests is plotted. In the y direction both HP codes follow the same trajectory until contact is established (see Figure 3.4.a). The movement of the independent HP code is then stopped, since it is pushing against the fixed platen. The sensor's beams are bending allowing the dependent code to continue its trajectory. The HP codes follow the same trajectory once again during the unloading phase, once the contact is lost. A similar behavior occurs on the z axis (see Figure 3.4.b), with a much smaller magnitude of displacement at the micrometer scale. Before contact, movements in the z axis can be attributed to a movement of the sensor which is not perfectly aligned with the vertical axis of the camera's frame. Small misalignment angles between the different components and the camera are the main reason. Slight non-linearity in the movement generated by the nanopositioner could also contribute to these changes in the Z coordinate. Once the contact is established, the evolution of the Z coordinates becomes slightly different. Sliding motions due to small parallelism defects between the sensor tip and the fixed platen are the most probable cause. This is why the Z movement of the independent HP code is slightly higher. However, the overall Z movement of the two HP codes is very close, attesting to the sensor's ability to limit off axis motion. Finally, rotation behavior follows a slightly different pattern (see Figure 3.4.c). The dependent HP code rotation can be attributed to a nonlinear displacement of the actuator that does not produce a perfectly straight movement [Tan 15a]. For the independent code, contact with the fixed platen stops the rotation. These rotations however are very small in the order of 0.1 • pointing to the sensor's ability to limit torsion.

To quantify HP code measurement repeatability, the standard deviation of the Y , Z and ψ quantities is calculated at each time step for the 10 tests. This deviation is then averaged for the entire procedure and for both HP codes, resulting in values of : 41 nm in the y direction, 111 nm in the z direction and 69 µrad for the rotation. Contrary to Y and ψ, the deviation in Z is much more important since sliding motions are hardly predictable and repeatable at the microscale.

Overall, these repeatability values are of the same magnitude, or larger, than the precision announced in the literature for SFTCT measurements (1-50 nm, see subsection 3.2.2). However, displacement measurements with this new sensor are much more direct and not dependent on setup assembly compliance. Larger HP codes or higher microscope magnification could be used to improve measurement accuracy, at the expense of some force range (the movement of the HP codes has to stay in the observation frame). A new sensor was also designed and fabricated during the internship of Guillaume Pluvinage. A single HP code was placed at the sensor's tip. An observation of the fiber's compression and HP code movement could thus be made in parallel, leading to even more direct measurements. Further details on this work are given in appendix B.3. 
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Force-displacement sensor calibration

Calibration of our custom F U sensor is made through the compression of a commercially available sensor (TEI FSB 101) that is used as a reference. The reference sensor is calibrated according to the ISO-10012 norm. With the use of the force given by the reference sensor F and the relative displacement between the two HP codes ∆Y , the sensor stiffness k can be identified by linear regression. The reference sensor was chosen for its measurement range of 200 mN which is relatively close to the one of our sensor (≃ 350 mN ). The manufacturer claims a non-linearity of ±0.1% and repeatability of ±0.05%, the sensor's accuracy is thus expected to be between 0.1 and 0.2 mN . A spherical ruby tip is mounted on the top of the reference sensor. Its spherical nature limits error related to a lack of parallelism between the sensors. The experimental setup's microscopes are used to center the tip of the F U sensor over the ruby tip. To perform the calibration, the mount holding the fixed platen is replaced with a mount holding the reference sensor. Figure 3.5 illustrates this experimental configuration along with a photo of the two centered sensor tips. Every time a new F U sensor is used, this calibration is performed, since small irregularities in the sensor's beam can lead to changes in stiffness between sensors. Calibration results for three different sensors are presented in Table 3.2. The stiffness was calculated at both the load and the unload phase. Calibrations were repeated 20 successive times. Average sensor stiffness was found to be k = 666.70 N/m. The small value of the standard deviation (0.95 N/m on average) in the identified stiffness of each sensor, illustrates a great repeatability of the calibration test. Given the gap of 500 µm between the upper and lower part of the sensor, the F U sensors can measure, on average, a maximum force of F max = 327.4 mN . Pearson's coefficient [Pearson 96] between F and ∆Y is calculated at 0.99, with a value of 1 representing a perfectly linear correlation. Sensor response is thus extremely linear throughout the whole calibration process. Caution was used in the maximum displacement of the F U sensor to avoid exceeding the maximum force that can be measured by the reference sensor. Since, a real time force measurement numerical feedback was added, which will allow to easily assess when the limit of the reference sensor is reached. A reference force sensor with a measurement range that is equal to the F U sensor's range would also allow the study of sensor stiffness and linearity across its whole measurement range. Nevertheless, given the elastic and brittle nature of silicon and the architecture of the CT-joint, no changes in the linearity of the sensor should occur at any force, before reaching its breaking point or the maximum relative displacement allowed by the gap between the upper and lower part of the sensor.

A small difference exists between the stiffness calculated by analytical or finite elements models (782 and 773 N/m respectively) and the one obtained experimentally through calibrations. This can be mainly explained by a difference in beam width resulting from the clean room fabrication. Deep reactive-ion etching [Laermer 20] is used to separate the sensor contour from its wafer. This process creates a "sidewall angle", meaning the 123 Single plant fiber transverse property characterization with high precision micro-mechatronic setup sides are not perfectly vertical, due to the different times of exposure to the ion beam. Beam width is thus slightly smaller than the theoretical one, leading to a decrease in sensor stiffness. Other small geometric imperfections and some inaccuracy in the Young's modulus used in the models can add to these differences.

A final point of interest in the calibration tests lies in comparing the force measurements between the sensors. Three types of force related data are calculated across the whole length of the calibration test: dF , the difference in measured forces from the two sensors across the whole calibration test.

δF an estimate of measurement noise for each sensor. It is calculated in a similar way to displacement repeatability measurements (see subsection 3.3.3). The standard deviation in force measurement is calculated at each step, across the 20 tests. These deviations are then averaged to give a mean value of force measurement deviation across the whole test.

N R, noise to measurement range ratio. The noise estimate δF is divided by the sensor's measurement range. Table 3.3 summarizes this force data for three calibrated sensors. The average value of dF for the four calibrated sensor is of 0.27 mN or 0.13% of the reference sensor's measurement range. This difference may result by noise, slight misalignment between sensors and slippage at the contact surfaces. It is nevertheless very small compared to the applied forces and in the order of magnitude of the reference sensor's accuracy. Force measurements coming from both sensors are thus consistent. When measurement noise is considered, the reference sensor produces a very repeatable δF of 0.27±3•10 -4 mN which represents 0.13 % of its measurement range. The force displacement sensor produces a lower yet slightly less repeatable value of δF of 0.10 ± 0.02 which represents only 0.03 % of its measurement range. Table 3.3: Difference in force measurements between reference and F U sensors during calibration dF , along with noise estimate δF and noise to range ratio N R. Overall data is presented with an average and standard deviation value.

Several conclusions can be drawn from these results. The performed calibration tests are very repeatable as attested by the small values of deviation in measured forces, noise levels and by consequence identified sensor stiffness. The developed force-displacement sensor also produces a lower level of noise compared to the reference one while also offering a larger measurement range. When compared to the force sensors used in the literature for SFTCTs (see subsection 3.3.1) it also offers great performance. The sensor used by [Mikczinski 13] offers greater precision at 0.4µN it has however only 0.28% of the F U
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sensor's measurement range. All other used sensors are adapted for much higher force levels, allowing the study of large deformation regimes, but offering precision that is orders of magnitude lower than the F U sensor. Given that small deformation ranges are needed to identify elastic parameter, the use of such sensors makes such studies difficult, while the F U sensor is very well adapted.

Thermal drift

Temperature related drifts in position measurement have been observed for HP code measurements [ Mauze 20] and typical microrobotic setups [ Tan 13]. Changes of 1 • C were shown to cause drifts at the micrometer scale. Changes in temperature are more important when all experimental components are first turned on. As lighting, electrical circuits etc. are activated a transient increase in temperature occurs, which eventually gives places to temperature changes that are much slower. While, force measurements should not be severely influenced by a position drift, since they rely on the relative difference in the position of the two HP codes, the measurement of fiber displacement could be impacted since it relies on the position of a single HP code. Since temperature related drifts have not been characterized on our SFTCT setup, tests that are conducted over long periods of time, such as creep of fatigue tests will not be performed. Measurement repeatability however, was demonstrated for shorter testing times (a few minutes). For this reason, SFTCT will performed over such shorter time scales.

Introduction

As we saw in Chapter 2, all analytical models of SFTCTs consider the fiber as a right circular cylinder between parallel platens. This allows to model the contact between fiber and platens through Hertzian contact as long as the contact half-width b is significantly smaller than the fiber radius R. It was also shown, through sensitivity analysis (see section 2.2.3), that the identified transverse elastic modulus E T is very sensitive to R, the only geometric parameter in the model. Consequently, any change in the geometry of the test, that deviates from its typical representation, can cause a significant variation in the identified E T . This change in geometry can be linked to complex fiber morphology which deviates from the right cylinder hypothesis, as shown in section 2.5. It can also be caused by a lack of parallelism between the platens, which can significantly change the contact surface between fiber and platen.

Figure 3.6 illustrates platen misalignment through two main rotations of the upper platen. A rotation along the fiber's longitudinal axis (z axis), with an angle named θ, and a rotation along the x axis, with an angle named φ. In the case of a θ angle rotation, the whole fiber length remains in contact with the upper platen. Furthermore, Single plant fiber transverse property characterization with high precision micro-mechatronic setup the circular nature of the fiber minimizes the change in contact surface resulting from this rotation. The main problem with this rotation lies in the fact that the compression force is not completely vertical, pushing the fiber horizontally (along the x axis) in addition to compressing it. This can lead to deviations from the analytical model predictions and errors in the identification of E T . For small angles however (< 1 • ), these differences should be limited. When a φ angle rotation takes place however, only part of the fiber is in contact with the upper platen. The contact surface is thus majorly impacted, even for small angle values. For this reason, we choose to study the influence of the φ angle on the identification of E T . The term "tilt angle" will be used to describe it. 

Upper platen

Lower platen

Fiber

Platen parallelism control

Analytical model -In order to use the existing SFTCT analytical models the parallelism between compression platens must be assured. In other words, the tilt angles must be experimentally minimized. For this reason, an experimental protocol was developed that allows to place the tip of our force-displacement sensor, parallel to the fixed platen through rotations generated by the rotary actuator.

The basis of this protocol lies in the analytical description of the evolution of the distance between two objects when one of them is fixed and the other is subject to a rotation. In the present case, the objects are the fixed lower platen and the forcedisplacement sensor, rotating with an angle α given by the rotary actuator. The sensor is modeled as a rectangle of length L and width w, with a distance of Y 0 from the fixed platen when the tip of the sensor is parallel to the fixed platen. The length L also corresponds the distance between the sensor's tip and the rotation center of the rotary actuator. A representation of the sensor-fixed platen configuration for an angle a > 0 • is given in Figure 3.7. In this configuration, the distance between the rectangle and the plane, Y c is given by:

Y c = Y 0 + L 1 -cos(α) - w 2 sin(α) (3.6)
Figure 3.8 shows the distance Y c as a function of the angle α. Its overall shape is similar to a lower-case omega(ω) with the parallelism between sensor and platen located at the center tip. In practice, different misalignments with respect to the vertical axis of compression occur during the assembly of the different components of the experimental setup (sensor, rotary actuator, nanopositioner etc.). Therefore, the reference position of the rotary actuator (α = 0 • ) does not correspond to a sensor parallel to the lower platen. An angle β is thus introduced to describe the combination of all these misalignments. Consequently, the rotary actuator has to generate a rotation of α = -β from its reference position, to ensure parallelism. In order for β to represent all misalignments between the sensor and nanopositionner, L must represent the distance between the sensor's tip and an apparent rotation center point located on the nanopositioner instead of the rotary actuator. The new equation can be written as follows:

Y c = Y 0 + L 1 -cos(α) - w 2 sin(α + β) (3.7)
Single plant fiber transverse property characterization with high precision micro-mechatronic setup Experimental tilt angle minimization -Using the presented analytical model, the necessary rotation generated by the rotary actuator that ensures the parallelism between the sensor and the lower platen can be identified experimentally. The sensor is approached to fixed platen and pressed against it with different α angles. The distance Y c corresponds to the distance traveled by the sensor's lower part, until it gets in contact with the fixed platen and stops moving because of the platen's rigidity. This procedure is repeated for multiple α angles in the range of -4 • to 4 • . Equation 3.7 is then used to fit the experimental α and Y c data using a least squares algorithm. The misalignment angle β is thus obtained by inverse identification. The initial distance between the sensor tip and the platen, Y 0 , is also identified along with L, since the apparent center of rotation on the nanopositioner assembly cannot be properly defined. A trust region-algorithm is used in the identification, allowing to set realistic bounds for each parameter. The sensor's tip width w is known and equal to 300 µm Using the XY Z manual micropositioning stage the nanopositioner-actuator-sensor assembly is mounted on, the same contact zone is approximately kept to minimize the influence of the fixed platen surface on the results. Table 3.4 shows the result of the parallelism setting procedure for 4 separate tests, performed throughout many days on approximately the same point of the fixed platen. The misalignment angle is identified at β = -0.58 • ± 0.01 • (mean value and standard deviation). Figure 3.9 shows the results of test number 4. Good correlation can be observed between the analytical model and the experimental data. An apparent omega tip can be observed around 0.57 • . The distance L is identified at L = 70 ± 0.8mm (mean value and standard deviation), which corresponds to a distance between the sensor's tip and a point on the nanopositioner, situated across 2/3 its length. The good fitting of the model, small standard deviation of L along with its value that corresponds to a realistic sensor-nanopositioner distance, altogether validate the approximation that was selected to represent the inherent misalignments in the experimental setup. Taking all this into consideration the proposed experimental protocol ensures a sensor-platen parallelism with an accuracy below 0.1 

Tilt angle influence on the identification of E T

While an experimental procedure to minimize the tilt angle can now be used, quantifying the influence this angle has on the identified E T from SFTCTs, is crucial in order to draw conclusions on its importance. To quantify this influence two types of studies are performed. First, a finite element model of a SFTCT with a tilt angle is created and the compression is simulated. This allows to see the influence of the angle in an ideal representation of the problem's geometry, boundary conditions and material behavior. The influence of the tilt angle is then studied experimentally by compressing a fiber with different tilt angles.

For the purpose of this study, the tested fiber needs to be as close as possible to the hypotheses in the analytical model of the test. In that way, the tilt angle will be the main parameter which will cause deviations from theoretical predictions. For this reason, a Polyamide 11 (PA11) fiber is chosen for its cylindrical geometry, homogeneous structure and transversely isotropic nature. The fiber's mean diameter was measured at D = 35.17 ± 0.02 µm (mean value and standard deviation) at 6 cross sections along the fiber length, using the Fiber Dimensional Analysis System (see 3.4.1 for details on fiber morphological characterization). [ Placet 20] measured the properties of this fiber lot at E L = 2155 M P a, for the longitudinal elastic modulus and ν T T = 0.07 for the Poisson's ratio in the transverse plane. The Poisson's ratio in the longitudinal plane is set at ν LT = 0.4 based on data provided by the bulk material provider. These geometric and material parameters are used throughout both the numerical and experimental studies. Their values and source are summarized in Table 3 To quantify the influence of the tilt angle, the same approach as the one presented in 2.3.1 is used, employing ∆E T and the residual of the least squares identification. Numerical simulations or experimental tests are performed with different tilt angles. Force and Single plant fiber transverse property characterization with high precision micro-mechatronic setup displacement data are extracted from these tests, which along with the fiber's geometric and material properties allow for the identification of E T . The modulus identified for a compression with parallel platens is used as the reference. In the experimental study, the tilt angle is varied between -1 • and -1 • with a step of 0.1 • . Values from 0 • to 1 • are studied in simulations since in its ideal representation the problem is symmetric.

Tilt angle -finite element analysis. The finite element model used to simulate SFTCTs with a tilt angle is based on the 3D model presented in section 2.3. The geometry of the problem presents a single symmetry along the yz plane as seen in Figure 3.6. The tilt angle is modeled with a rotation of the upper platen around the x axis. Compression platens exceed the fiber by 5 µm to avoid a point to point contact of the fiber and the upper platen after compression, which would lead artificially high stress concentrations.

Given that, with the exception of platen rotation, the geometry of the problem remains the same, a different approach in terms of meshing is adopted compared to the finite element studies presented in Chapter 2. Fourteen mesh elements are used along the potential contact zone, which corresponds to the number of elements used for the mesh of the previous studies (see section 2.3.3). To ensure numerous elements are in contact even for the smaller platen displacements, elements along the potential contact zone follow an exponential distribution, with a denser concentration of elements close to the initial contact point. To make sure that multiple mesh elements will be compressed for an upper platen displacement of 1 µm, 4 mesh elements are placed along one micrometer on the fiber's edges that are in contact with the platens at x = 0. The rest of the fiber is meshed in a coarser way, since gradients in these zones are less important and no data for the identification of E T will be extracted there. Sixty mesh elements are placed along the fiber length. Along the fiber's length (z axis), to adapt to the change in tilt angle and keep more elements in the contact zone, a ratio of |1 -500 • sin(φ)| is kept between the size of the first element (inside the contact zone) and the last element (potentially outside the contact zone). The change in size between these two elements is made progressively through an arithmetic progression. In this way, the fiber mesh along its length is uniform when the platens are parallel (ϕ = 0 • ), while an active refinement along the contact zone occurs as the tilt angle increases. For compression platens, the same approach as before is used, with elements being twice the size of the fiber, in each respective zone. Figure 3.10 illustrates the mesh and boundary conditions of the finite element model. Figure 3.11 shows the evolution of the force per unit length as a function of the mobile platen displacement for four different simulated tilt angles. The fitted analytical model is represented with dotted lines. For parallel platens the analytical model follows the simulation data closely. However, with the increase of the tilt angle and resulting decrease in contact surface, the contact force decreases for a given upper platen displacement. The non-linearity of the force displacement curves also changes. The analytical model cannot match this behavior as closely, leading to a worse fit.

These changes are reflected on the identified transverse elastic modulus E T and least squares residual. Their evolution as a function of the tilt angle are shown in Figure 3.12. The value of E T gets underestimated with the increase in tilt angle, decreasing rapidly for smaller angles and decelerating towards tilts of 1 • . The influence of the tilt angle on ∆E T is major, with an angle of 1 • causing a decrease of 92.53 % on the identified E T . This underestimation of E T is linked to the decrease in compression force resulting from the reduction of the contact surface. The model's ability to predict fiber behavior also decreases as tilt angles increase. The value of the residual, rises rapidly for smaller tilt angles and stabilizes as the tilt angle approaches 1 • . SFTCTs simulations, therefore directly demonstrate the key role of the mobile platen's tilt angle. In order for the analytical model to correctly identify the transverse elastic modulus of the fiber and successfully predict fiber behavior, maintaining the compression platens parallel is critical.

Tilt angle -experimental analysis. In order to study the influence of the tilt angle experimentally, a loading protocol must first be chosen. Every test starts with the sensor at a certain distance from the fiber and its tilt angle is set with the rotary actuator. Then, the sensor descends and compression takes place with a single loading and unloading cycle for each tilt angle. The maximum speed attainable by the actuator of 10 µm/s is used to

Single plant fiber transverse property characterization with high precision micro-mechatronic setup minimize the influence of fiber viscocity (as seen in subsection 2.6.1). Identical displacements are generated by the linear actuator for all tilt angles. During the loading phase the fiber exhibits some rigid body motions and small rotations before being completely restricted between the sensor's tip and the fixed platen, where it starts compressing (see section 3.4.2 for details on fiber preloading). For this reason, the transverse elastic modulus of the fiber is identified on the unloading phase where the fiber's rigid body motions are less important. The last 12 data points were also eliminated for all tests, to eliminate potential fiber rotation and sliding.

Fibers such as PA11 can exhibit complex material behavior, mainly through viscous and inelastic mechanisms. The identification of E T is made through Jawad's model (no simplifying hypotheses are used). Given the purely elastic, transverse isotropy hypothesis made by the model, the identified E T from experimental data represents an apparent elastic modulus. Before studying the influence of the tilt angle, its important to verify that this apparent modulus can be identified repeatably, showing that fiber behavior is not loading history dependent. 10 consecutive loading-unloading cycles were performed on the fiber with a minimized tilt angle configuration (φ = 0 • ).

The compression protocol along with the force displacement results at the unloading stages are shown in Figure 3.13. Experimental data are shown as markers with the fitted analytical model being represented by dotted lines. No significant change in fiber behavior can be observed after successive loadings. The PA11 fiber's apparent elastic modulus is identified at the unloading stage at E T = 706 ± 32 M P a. The standard deviation represents a variation of 4.45% of the mean value. These results point to a good repeatability of fiber behavior, the fiber's inelastic behavior can thus be safely omitted from the study of the tilt angle's influence.

With the fiber behavior repeatability being validated, the influence of the tilt angle can be studied. Figure 3.14 shows the view of microscope 3 for tilt angles of 0 and ±1 • . The angle of the sensor's tip is visible, with negative tilt values leading to an initial compression force close to the fiber's edge, while for positive values contact is established away from the edge, which could lead to some local indentation. Figure 3.15 shows the evolution of the force per unit length as a function of fiber displacement for compressions with a tilt equal to zero and ±1 • . The decrease in the contact zone surface induced by the tilt angle leads to an importance decrease of compression force for a given fiber The decrease in force produced by the tilt angle leads to an underestimation of the fiber's apparent transverse elastic modulus by the analytical model. Figure 3.16 shows the evolution of ∆E T and the least-squares residual as a function of tilt angle. An angle of ±1 • leads to decrease in the identified E T of up to 35%. This is much higher than the variation of 4.45% observed during the repeated tests with a minimized tilt. These large variations of E T can thus be attributed to the tilt angle. When looking at the values of the residual no clear trend can be observed. This lack of trend can be attributed to the precision in the measurement of the HP code position, which is in the order of 40 nm as seen in subsection 3. Finite element -experimental study comparison. When comparing the evolution of ∆E T between the finite element and experimental studies, the tilt angle's influence is significantly larger in the simulations. This difference also becomes apparent when comparing the force-displacement data directly, as seen in Figure 3.17. In a parallel configuration, simulation and experimental results are very close. For tilt angles of 1 • however, experimental results are close to simulation results at 0.1 • .

To understand the source of this difference, measurements of HP code position, as seen in Figure 3.18 can be examined. The most distinct values of tilt are used : -1 • , -1 • and 0 • . The vertical position Y of the HP codes follows the expected trend, with the dependent code continuing its movement freely, while the independent code moves as much as the fiber contacts, once contact is established. The angle of the HP codes also follow expected trends. Since the independent code moves very little and is restrained by the contact with the fiber, very small changes in angle inside the camera's frame are observed once contact is established. The dependent HP code on the other hand, experiences an unrestrained motion and shows a smoother change in angle. In either case however, angle values remain very little, no significant rotation thus occurs. Therefore, the sensor experiences no significant torsion even when compressing objects in a non parallel configuration. The high torsional rigidity evaluated in appendix B.2 is thus demonstrated experimentally. An unexpected phenomenon occurs however, when looking at the translational move-Single plant fiber transverse property characterization with high precision micro-mechatronic setup ment Z of the HP codes. For a tilt angle of ±1 • , the independent HP code experiences a much higher translational movement than the dependent one, in the order of 3 µm. This sliding motion, which can also be observed in videos of the test, contributes to an increase of the contact surface compared to a purely uniaxial compression, as the one in the finite element simulations. The decrease in force due to the tilt angle is thus not as important, lessening the overall effect of the tilt angle compared to simulation where no such sliding occurs. The exact nature of this sliding motion could not be identified. Given that sensor torsion is unlikely, knowing the sensor's torsional rigidity and lack of HP code rotation, some type of unaccounted system compliance must occur that needs to be further studied. No such sliding can be observed for a parallel configuration, this compliance thus only expresses itself when the sensor performs an off-axis compression.

Conclusions on SFTCT development and validation

In this section, a custom SFTCT experimental setup was presented that focused on addressing a number of previous setup limitations. Improvements were made in terms of vision and relative humidity control. A custom force-displacement sensor was also developed for this application, offering unprecedented capabilities in terms of direct measurements with a disruptive noise to range ratio. The repeatability and linearity of the sensor's behavior were demonstrated leading to repeatable measurements. While applied to the compression of plant fibers, these approaches can offer many advantages in a variety of micro-mechanics or micro-robotics applications.

The question of platen parallelism was also addressed and the influence of the tilt angle in SFTCTs was demonstrated and quantified for the first time. The tilt angle needs to be controlled precisely during single fiber transverse compression tests in order to limit the resulting identification errors on the apparent transverse elastic modulus. For this purpose, an identification protocol was presented, that enables a minimization of the tilt angle with a precision below 0.1 • . With this precise control, analytical models can be used to identify the transverse elastic properties of fiber with higher accuracy. The presented parallelism setting protocol could be the basis for tilt angle control for compression at any scale. By adding an additional rotational degree of freedom to the experimental setup, a minimization of the θ angle in the xy plane could also be performed, improving even more measurement accuracy.

An alternative to the tilt angle minimization lies in incorporating it into the analytical model itself. Such a model was developed by Fabien Amiot and Violaine Guicheret-Retel and work on its validation is being performed in the context of this PhD work, through comparisons with finite element analysis and experimental results.

Experimental SFTCTs: preparation, protocols and results

With the development, verification and validation of the SFTCT micro-mechatronical setup being performed, testing of plant fibers can be carried out in order to study their transverse behavior. This section first presents the experimental preparations that precede the compression tests and the protocols followed to perform them. The choice of tested fibers will also be discussed. The results of the experimental campaign on three types 3.4 Experimental SFTCTs: preparation, protocols and results of plant fibers (nettle, hemp and flax) and a reference synthetic fiber (Kevlar ® 29) are presented. Their overall behavior is discussed and material or structural mechanisms are proposed to analyze it. A transverse elastic modulus is identified providing the first such measure on plant fibers. This identified modulus is compared with the values identified through indirect techniques and the anisotropic nature of plant fibers is discussed.

Experimental preparation and morphology measurements

Before performing a SFTCT, a series of preliminary steps must be followed, starting by choosing the fibers to be tested, performing fiber separation and diameter measurements and finally positioning and preloading them on the experimental setup. This section, provides a description of each of these steps.

Choice of fibers

One of the main goals of this PhD thesis is the characterization of plant fiber transverse behavior notably by providing, for the first time, their transverse elastic properties, to improve models and property prediction of bio-based composites. The three bast fibers that can be found in Europe are studied: flax, hemp and nettle. Flax fibers were obtained by EcoTechnilin who produces the well separated, unidirectional flax fiber non-woven mats FlaxTape TM . Hemp was sourced by the European Union's SSUCHY project (2018 roving). Finally, nettles of the Roville variety of the NETFIB project were used (120 hours of retting). Kevlar 29 (K29) fibers, graciously provided by the École des Mines de Paris -Université PSL, are used in this study as a reference material. Indeed the properties of this fiber have been measured before in the literature [Phoenix 74, Kawabata 90, Singletary 00a, Wollbrett- Blitz 16]. Furthermore, Kevlar fibers also have diameters that are comparable to those of plant fibers, albeit with geometries that are simpler and more predictable. Extensive comparison of morphological characteristics will be seen in section 3.4.3. As it will also be seen later, Kevlar fibers also present similar material properties to plant fibers, both in the transverse elastic modulus E T but also the anisotropy ratio E L /E T . Overall, these shared characteristics make Kevlar an ideal reference synthetic material for this study.

As extensively discussed in Chapter 2, plant fibers come with a series of challenges in the context of SFTCTs, both morphological and material related. For this reason, a few different fiber types were also used in the context of this PhD, for development and validation purposes. PA11 fibers are used for their uniform geometry during the development of the experimental protocol and to study the influence of the tilt angle on the identification of E T (see 3.3.4). Horse hairs, provided by the Hochschule Bremen (HSB) were also studied in a wider inter-laboratory exercise on the characterization of natural fibers. In the context of this PhD they were notably used to compare the results of different morphological measurements (see subsection 3.4.1).

Fiber extraction and diameter measurement

Fiber extraction. The first step in any SFTCT lies in isolating a single fiber from its lot. This is relatively easy for synthetic fibers which are well separated from each other. Isolating a single plant fiber however presents some added challenge. Even after being Single plant fiber transverse property characterization with high precision micro-mechatronic setup submitted to various extraction processes fibers usually remain, at least to some extent, in a bundle with neighboring fibers. Single fibers must thus be separated from their bundle manually, using tweezers. This procedure adds a survivor bias to experimental measurements. Weaker fibers will break during this manual extraction and will not be tested. Eliminating this bias would require an approach that eliminates manual extraction, in favor of more delicate microrobotic approaches (see subsection 1.4.4).

Fiber morphological characterization. Once a fiber is separated its ends are glued on two separate one-part plastic tabs (Diastron Ltd. Hampshire, UK) using a photo-curing glue (DYMAX, 3099, GmbH, Wiesbaden, Germany). This procedure takes place with the tabs placed inside a sample holder, with a fixed inter-tab distance of 12 mm. Fibers are then mounted on a Fiber Dimensional Analysis System (FDAS, Diastron Ltd.). Photos of the system and sample preparation are given in Figure 3.19. Laser shadowgraphy is used to measure the fiber's diameter at a given angle. A laser (Mitutoyo, Japan) hits the fiber and the width of its projected shadow is measured giving an apparent diameter value. The plastic tabs are held pneumatically and can thus be rotated, allowing for 360 • measurements. The principle of the measurement is represented in Figure 3.20. The FDAS also uses actuation to move the sample along its longitudinal axis (z axis) allowing for multiple cross section measurement along the fiber's length. Overall, the system allows for fast and easy measurements of a fiber's apparent diameter at various angles and positions along its length. Its has become quite standard in the study of fiber morphology with many works using it for dimensional analysis [Haag 16, Bourmaud 17, Garat 18, Garat 20].

It should be noted however, that the FDAS system cannot provide an accurate reconstruction of a fiber's cross sections. Concave regions for example, cannot be detected. Furthermore, the evolution of an object's apparent diameter in polar coordinates, can generate shapes that are quite different from the real cross section. Elliptical cross sections for example generate a shape that resembles the number "8" as illustrated in Figure 3.20. The narrowest part of this shape represents the minor ellipse radius, r, and the largest one the major radius R. In order to evaluate the ability of the FDAS to assess fiber morphology, a comparison with X-ray micro-tomography is performed. A horse hair is used for this study. Its large elliptical cross section (minor radius of r ≃ 70 µm, major radius of R ≃ 100 µm) limits Maximum and minimum apparent diameters, noted R and r respectively, are measured. For elliptical cross sections, apparent diameter evolution in polar coordinates generates an "8" shape.

measurement noise allowing for an easier comparison. Comparison between the FDAS and tomography measurements are found in Figure 3.21. The FDAS measures the ellitical cross section's minimum and maximum diameter with very good accuracy. By measuring an apparent diameter through projected object's projected shadow, it fails however to accurately measure diameter between these two extreme values. For this reason, only maximum and minimum FDAS measured values are used in our analyses. Fiber cutting. With apparent diameter measurements completed, the next step in fiber preparation consists in cutting the sample in two parts. This provides a fiber in a clamped-free configuration which allows for observations of its transverse cross section during SFTCTs. In order to perform these observations, a regular and straight cross section must be obtained after cutting. For this purpose a custom "guillotine" cutting apparatus was developed, shown in Figure 3.22. A razor blade is mounted on a spring

Single plant fiber transverse property characterization with high precision micro-mechatronic setup loaded, manually activated sliding mechanism. A steel piece with two machined grooves is positioned under the blade. The first groove, named fiber groove, is used to hold the fiber during cutting. A 3D printed tabs sample holder, mounted on two manual micropositioning tables is used to place the fiber inside this groove. The second groove, named cutting groove, is perpendicular to the fiber one and placed directly under the blade. As the blade moves down it meets the fiber, cutting it and goes through the cutting groove. To optimize cutting quality, the blade is changed after each use. All extraction, measurements and cutting steps are performed in the same room that is controlled in terms of temperature and relative humidity.

Compression protocol

With fiber preparation and measurements completed, transverse compression tests can be performed. The choice of loading protocol is crucial in order for these tests to produce good quality results. In this section, a preloading stage, performed once the fiber is 3.4 Experimental SFTCTs: preparation, protocols and results mounted on the experimental setup is described, followed by the compression protocol that is used to study fiber behavior.

Fiber compression phases -preloading control

Once fiber extraction, measurement and cutting is performed, the fiber's plastic tab is mounted on the experimental setup's sample holder and rested on the fixed lower platen with the use of a XY Z manual micropositioner. The fiber is positioned close to the platen edges to facilitate observations with Microscopes 1 and 2. The force displacement sensor is then placed over the fiber using a different manual positioner. The edges of the sensor and the fiber along its length (yz plane) are aligned as much as possible. In that way, the compression of the fiber's end can be observed along its transverse section (xy plane) through Microscope 2. Care is taken to center the fiber's transverse cross section (xy) under the sensor tip. A representation of fiber-sensor positioning as seen by the microscopes was given previously in Figure 3.1.

Once the fiber is positioned on the setup, its end often lifts up and is not in contact with the lower platen due to morphological or internal stress constraints. This is especially true for plant fibers that present more complex morphologies. Furthermore, electrostatic forces can cause the fiber to adhere to the sensor tip once it is placed close to the fiber. Once the sensor is lowered further to perform a compression test, three distinct stages occur:

Rigid body movement stage. During this stage the fiber moves or slides without deforming. It is most common when the end of the fiber is lifted and not in contact with the fixed platen. Once the fiber gets in contact with the sensor, it follows its movement downwards without deforming. Force measurements fluctuate around a zero value during this stage. Partial fiber compression. This stage typically occurs when the fiber first gets in contact with both the fixed platen and the sensor. Sliding and rotation movements occur with the fiber readjusting its position as a result of its restriction between sensor and platen. It is typically in this stage that elliptical fibers rotate with their major axis becoming parallel to the compression platens. During this stage, some fiber deformation takes place therefore the compression force gradually increases non-linearly. The added movement of the fiber however, means that this evolution does not match theoretical SFTCT predictions. Full fiber compression. In this stage, the rigid body motion and partial compression has ceased and the fiber is completely constrained between the sensor and the platen. Force increases rapidly during this stage and the fiber deforms in a way that is consistent with theoretical predictions. It is during this step that fiber properties can be identified.

The three described steps, as seen by Microscope 2 are shown in Figure 3.24 in the case of a PA11 fiber compression. In the presented case, the end of the fiber is lifted resulting in a large rigid body motion phase. The partial compression phase is not that important since the geometry of PA11 fibers is quite uniform. The evolution of the force and the sensor's tip displacement1 during the test are shown in Figure 3.25. No distinct change in Single plant fiber transverse property characterization with high precision micro-mechatronic setup behavior can be seen between the partial and full compression stage because the transition generally take places gradually and smoothly. For this reason, the end of each phase is determined by visual observation. The partial compression stage is less important during the unloading stage compared to the loading one, less rotations and sliding occur during unloading.

Rigid body motion

Partial compression

Full compression

Previous position This multi-step process of compression presents several challenges related to the partial compression stage. Indeed, during this stage the fiber already starts deforming, but the unpredictable nature of the fiber movements makes the use of theoretical models inadequate. Furthermore, identifying the transition between the partial and full compression stages in order to accurately point to the start of full compression is difficult. [ Kotani 94] and later [Hillbrick 19] used the least squares method to determine E T and a distance δ, representing the change in position from the start of contact until the full compression 3.4 Experimental SFTCTs: preparation, protocols and results stage. A different approach is used in our case. The fiber gets loaded slowly and incrementally with the operator monitoring its movement. Once the fiber stops showing important rotation movements the platen is stopped. All compressions on Kevlar and plant fibers are performed by returning to this chosen point. The contact between fiber and platen and sensor is thus never lost during testing. Furthermore, 20% of the points at the start of the loading stage or at the end of the unloading stage are discarded systematically in this experimental campaign. This ensures that the remaining data is obtained in a full compression stage and can thus be used for the identification of the fiber's transverse elastic modulus. The influence of the amount of removed points on the identified transverse elastic modulus was shown to be very low through finite element analysis and through experimental data. The details of this study can be found on Appendix B.4.

SFTCT protocol

With a good approximation of the point of pure fiber compression being made, the SFTCT can finally be performed. In order to characterize material properties through mechanical testing, the choice of experimental protocol is crucial. The loading must allow the material to exhibit its behavior in a way that can be measured with the available experimental means and that allows the identification/measurement of its properties. In this study, both the elastic and inelastic behavior of single fibers are investigated.

Loading protocol. Some important constrains guide the choice of loading protocol for the presented experimental campaign. Overall testing time has to be kept short to avoid issues related to thermal drifts in measurement. Furthermore, the protocol has to allow the identification of the fiber's apparent transverse elastic modulus E T . To do so, a fiber response that is as close to purely elastic as possible is needed at some point of the test. Viscous behavior along with irreversible phenomena such as plasticity, damage and failure must thus be avoided in these zones. On the other hand, the complex transverse behavior of plant fibers, resulting from their unique morphological and material characteristics, is to be demonstrated and studied for the first time. In order to comply to these criteria, the loading protocol presented in Figure 3.26 is chosen. 

Single plant fiber transverse property characterization with high precision micro-mechatronic setup

To identify the transverse elastic modulus of the fiber the loading protocol has the following characteristics: Every compression load is succeeded by an unloading phase, performed at the same speed. During the loading phase different inelastic phenomena can occur, that can be structural or material in nature. In addition, partial compression is more likely to happen during this phase, even if a preload is applied as discussed in subsection 3.4.2. During the unloading phase however, both inelastic phenomena and fiber movements should be significantly less important. Fiber behavior in this area will thus be closer to purely elastic. For this reason, the identification of fiber transverse elastic modulus is made on the unloading stage.

The loading speed is set at 10 µm/s, the maximum available from the used nanopositioner. The same speed is used in the unloading phase. As seen previously in subsection 2.6.1 this should minimize the influence of viscous behavior on the identification of E T .

Multiple levels of loading are used. Studying the elastic regime at the fiber scale is a compromise between measurement accuracy and risk of inelastic behavior activation. Performing compression with very low levels of fiber displacement, leads to results that are closer to a purely elastic response, at the expense of a nosier measurement due to low amplitude of force and displacement. Higher loads however can trigger various inelastic mechanisms compromising the measurement of the fiber's elastic parameters. For this reason, multiple amplitude levels (cycle 1,3 and 5) are used to allow an identification of E T at different deformation ranges.

Inelastic phenomena can be studied through the following protocol attributes:

In addition, to offering measurements at different deformation ranges, multiple levels of loading allow the study of irreversible behavior as a function of applied load. A large amount of successive tests with numerous incremental increases force level could be used to study this evolution closely. However, this would significantly increase testing time which comes at the risk of thermal drift.

Repeating a loading cycle at the same amplitude as the first occurrence (cycles 2,4 and 6) allows the study of the material accommodation. Once again the number of repetitions was chosen to be low, to reduce overall testing time.

Performing a final loading cycle in an identical way to the first loading cycle (cycle 7), offers valuable information on the effect of loading history on material behavior.

Finally, the loading protocol starts with an initial rest of 20 s (phase 0), allowing all the different setup components to load and start registering data properly. Overall testing time is kept under 3 minutes.

Environmental condition regulation. Before each test relative humidity inside the testing chamber is set at 50 %. The time needed for the RH to regulate at 50% is around 45 minutes, as illustrated in Figure 3.27. As the RH stabilizes, the fiber preloading stage can be performed, where the operator determines the transition to full compression. Temperature inside the chamber rises during regulation. During tests however changes in temperature are minor (the chosen loading protocol has a duration of 160 s). 

SFTCT experimental resullts

This section presents the results obtained through the methods and protocols detailed previously. Morphological measurements are given first with the SFTCT results following the later.

Fiber morphology measurements

Plant fibers were prepared and their diameter was measured with the FDAS as discussed in subsection 3.4.1. Overall, 27 sections were scanned three successive times on a 3 mm segment centered around the center of the fiber. The quick scanning option of the system was used that provides a maximum and a minimum fiber diameter. While the compressed fiber length is of only 300 µm, given the uncertainty related to fiber positioning and cutting inside the guillotine, a larger fiber segment was measured to ensure that the zone that will be compressed is part of the measurements. Averages values of the minimum d and maximum D apparent fiber diameters across the 3 mm segment of each fiber are given in Table 3.6. The standard deviation (SD) of these measurements is also given. Finally, under an elliptical cross section hypothesis, the ellipse flattening factor f , defined as

f = 1 -d/D is calculated.
Flax fibers present the smallest average diameter values and are considerably elliptical with a flattening factor of 0.47. Hemp fibers are slightly larger in size and present a similarly elliptical geometry with flax. Nettle fibers have a minimum diameter that is comparable to hemp but present a much higher maximum diameter, giving them a high flattening factor of 0.65. The standard deviations represent on average across all fibers 14.7 % of the average minimum diameter and 14.9 % of the maximum diameter. Deviations in diameter measurements across the 3 mm measurement segments are thus not negligible, but modest considering the morphological variability fibers can exhibit.

For Kevlar, diameter measurements were performed inside a SEM electron microscope, since its light diffracting properties [ The average value on a 3mm segment is given along with the standard deviation for d(SD(d)) and D (SD(D)). The ellipse flattening ratio f = 1 -d/D is also given.

shadowgraphy. No metallic deposition was used. Its mean diameter across 5 fibers was measured at: D = 11.06 ± 0.84 µm. These measurements are consistent with the ones found in the literature [Phoenix 74, Kawabata 90, Singletary 00a, Wollbrett- Blitz 16].

Single plant fiber behavior under transverse compression

Following the loading protocol detailed in section 3.4.2, Figure 3.28 presents the forcedisplacement results for the 5 fibers of each tested fiber type. A few key characteristics become immediately apparent when looking at the results:

Each compression cycle produces an hysteresis loop and results in a residual fiber displacement. It thus clear that inelastic phenomena take place.

The surface response of plant fibers is much larger than the one of Kevlar because of larger displacements taking place for plant fibers.

Loading phases present an inverted linearity compared to one predicted by analytical and finite element models (see Chapter 2). It is however similar to the one observed with plastic behavior simulation or extreme cases of viscoelastic behavior (see 2.6). This inversion however, can be seen from the loading phase of the very first cycle, where it is very unlikely for viscoelastic phenomena to have time to express themselves. This behavior thus strongly points to the presence of irreversible mechanisms.

Fiber behavior during unloading is similar to model predictions, validating the choice to use analytical models to identify the transverse elastic modulus at the unloading stage. This is the case even for the later compression cycles, where 2 to 3 minutes 3.4 Experimental SFTCTs: preparation, protocols and results of testing have occurred. This points to a weak effect of viscoelasticity in the fiber's behavior during the rapid decompression.

The compression control in terms of force is apparent, with the three distinct force levels being respected for all fibers and loading cycles. Overall these results showcase a complex and rich plant fiber behavior that deserves a close investigation. The inelastic nature of fiber displacement will be discussed first, by studying the evolution of fiber residual displacement. A normalized fiber residual displacement U r , is calculated for each loading cycle as follows;

U r = U ue -U lb R c (3.8)
where U ue is the fiber position at the end of the unloading phase, U lb is the fiber position at the beginning of this loading cycle and R c an estimation of the fiber radius that is being compressed (along the y axis). For all plant fibers, observations along the fiber diameter (xy section) point to fibers with their major axis aligned horizontally (x axis) and their minor axis being compressed (y axis). For this reason, their minor radius r was used in Single plant fiber transverse property characterization with high precision micro-mechatronic setup the calculation of the normalized residual displacement (R c = r). For Kevlar fibers the average fiber diameter is used. The evolution of the average residual displacement, across the 5 tested fibers of each type, is given at each loading cycle in Figure 3.29. Plant fibers show a much larger residual displacement than the Kevlar fiber. For Kevlar, this displacement stays under 170 nm or 2 % of the compressed radius. For plant fiber residual displacement is comparable across all fiber types with different fibers showing the highest residual displacement depending on the loading cycle. Its value stays under 1.0 µm or 10 % of the compressed radius. Furthermore, the residual displacement and loading cycle are strongly correlated for all fibers regardless of nature. For the first occurrence of each loading level, residual displacement are significantly more important than for the second one. As expected, higher levels of loading also produce higher levels of residual displacement. An additional way to study the inelastic of fiber behavior lies in an energy study. The energy change related to each hysteresis loop is calculated by the loop's surface area2 through numerical trapezoidal integration using the MATLAB function trapz. The evolution of this energy is given in Figure 3.30. Very similar trends with residual displacement results are observed. Energy exchanges are significantly higher for plant fibers. Energy also significantly increases for the first occurrence of a load level before dropping for the second one.

This strong correlation between fiber residual displacement and dissipated energy, offers valuable insights into the inelastic mechanisms that takes place in single plant fiber compression. Typical irreversible material behavior could explain these results. As the fiber gets compressed beyond a certain force level it yields in, or close to the compressed area, storing deformation energy and producing a residual displacement. These quantities increase, as the fiber gets compressed further since the contact width expands and a larger area of the fiber can yield and deform permanently. However, when the fiber gets compressed again at the same level, less yielding occurs lowering both the residual displacement and stored energy compared to the previous cycle. The observed, open, inelastic hysteresis loop could also be a product of viscoelasticity. Since the used loading protocol does not feature a recovery phase after each compression cycle, viscoelastic deformation does not have the time to decrease. With the current loading protocol, it is not possible to quantify the effect of each of these mechanisms (irreversible or viscoelastic), since an instantaneous residual displacement is studied. As explained previously however, fiber behavior during the loading stages points to a stronger effect of irreversible material behavior compared to viscoelastic.

In addition to these material-related phenomena, the large difference in behavior between Kevlar and plant fibers points to another possible irreversible mechanism. Indeed, structural effects could explain these results. Plant fibers generally possess the large central porosity of their lumen. As extensively previously discussed in subsections 2.5 and 2.6 the lumen adds a structural related displacement to the fiber as it gets compressed. For a given force level however, it could collapse irreversibly producing residual displacements in the fiber's loading history. This permanent deformation also stores energy adding to the surface of the hysteresis loop. When the same force level is repeated, residual displacements are less important since the lumen has already collapsed to some extent. When a higher force level is reached, it collapses further, increasing the residual displacement and stored energy. Kevlar fibers on the other hand, and synthetic fibers in general, can present some porosities [Wollbrett- Blitz 14], they are however much smaller than plant fiber lumens. Therefore, no such structural effects take place and their irreversible behavior is less important.

While the choice of limiting overall testing time was made and thus not many repetitions of each loading level were performed, some conclusions regarding material accommodation can still be made. As explained previously, the nature of the proposed irreversible Single plant fiber transverse property characterization with high precision micro-mechatronic setup mechanisms shows that as the same loading level is repeated, less permanent deformation will occur leading to a decrease in the surface area of the hysteresis loop3 . The presented results, shows this to be true for all fiber types at repeated force levels. Furthermore, loading cycle 7 results in a significant decrease of residual displacement and energy compared to cycles 1 and 2 that are performed at the same force level. While this result is probably affected by the previous loading cycles performed at higher levels it does point to the same conclusion.

Plant fiber transverse elastic modulus identification

While our transverse compression tests revealed a complex fiber behavior, the mechanisms of which were discussed, the unloading phase of each loading cycle produces forcedisplacement measurements that resemble purely elastic model predictions. The majority of the inelastic phenomena must therefore occur during the loading stage of compression, while the unloading phase is closer to a purely elastic response. As discussed previously, during unloading partial compression problems are also less important. For all these reasons, the transverse elastic modulus of plant fibers is found by inverse identification at the unloading phases of compression. A least squares, trust-region algorithm is used. To obtain a starting point for the identification procedure, that adapts to the given fiber and loading cycle, a linear fit is performed before hand on force per unit length (N/m) and fiber displacement data. The identified slope (in P a) is used as the starting point of the identification.

For plant fibers, the elliptical geometry approximation (see subsection 2.4.3) is used in the analytical model, with the minor and major ellipse radius being approximated by the minimum and maximum average apparent fiber diameter respectively, as measured by the FDAS. The Kevlar fiber is approximated to a circular section cylinder, with the mean radius measured by SEM images being used in the analytical model. It will be shown next, that all tested fibers are highly anisotropic, the high anisotropy simplification was thus used in the model used (E L ≫ E T , see subsection 2.2.2). The parameters E L and ν LT are thus not needed for the inverse identification of E T , while the highly non-influential ν T T (see sensitivity analysis in subsection 2.2.3) is fixed arbitrarily at 0.07.

It is important to note that while closer to purely elastic, fiber behavior will still probably present some inelastic mechanisms during unloading. Fiber morphological complexity is also not represented in the model. For this reason, the term apparent elastic modulus is used to refer to the transverse elastic modulus identified by the analytical model.

An example of analytical model fitting is given for the unloading of cycle 6 in Figure 3.31. While measurements for some fibers (notably hemp fiber 2 and flax fiber 1) are quite noisy, the overall fit matches the experimental results quite well. The average apparent transverse elastic modulus E T for each fiber type, is given for each compression cycle in Figure 3.32.

The apparent modulus of Kevlar 29 fibers is identified between 1.6 and 2.9 GP a depending on the compression cycle. These values are consistent with the ones found in the literature. [Kawabata 90], [Jones 97] and [Singletary 00a] report values around 2.5 GP a while [Wollbrett- Blitz 16] studies the fiber as a core-skin structure with transverse modulii of 3 and 0.2 GP a respectively. Finally, [Phoenix 74] identifies a modulus at 770 M P a, albeit with less modern experimental means. Our experimental setup is thus able to repro- duce results found in the literature for synthetic fibers and their relatively uniform nature (atleast compared to plant fibers). Its ability to perform SFTCTs for later identification of the fiber's transverse elastic modulus is thus further validated. For plant fibers, the apparent transverse elastic modulus is quite similar for all tested plant types, with values between 1 and 3.6 GP a. Interestingly these values are similar to those of Kevlar 29 and can sometimes surpass them, in the case hemp, albeit with high values of standard deviations. Furthermore, as seen in sections 2.4 and 2.5 potential sources of modulus overestimation exist, these results should thus be treated with caution.

When looking at the evolution of the identified transverse modulus with the different compression cycles, a correlation between load level and modulus is quite apparent. This trend in the evolution of fiber apparent modulus is present for all fibers. At a given loading level, no matter if it is the first or second time it is applied, the apparent transverse elastic modulus is identified at a similar value, for a given fiber type. When a higher loading level is applied however, the value of the identified modulus increases and then stabilizes for its repetition. When the load is decreased again for cycle 7, the apparent fiber modulus decreases, without retrieving however the value found for the identical loading level of cycle 1 and 2. It is thus clear, that the inelastic phenomena that take place during compression affect the apparent elastic modulus of the fiber.

Material irreversible mechanisms could explain the increase in identified fiber trans-Single plant fiber transverse property characterization with high precision micro-mechatronic setup verse elastic modulus with the increase in load level. First, a permanent material deformation of the Kevlar fiber or plant fiber cell wall could have a hardening effect, increasing the value of the apparent transverse elastic modulus. For higher levels of force, more permanent deformation and thus more hardening occurs leading to a correlation between load level and identified E T .

Structural effects could also contribute in an overestimation of E T leading to higher values of apparent modulus. As a compression cycle is completed, if the fiber deforms permanently, it might adopt a more elliptical geometry or possibly become flatter on the zone that was in contact with the platen as seen in [ McDaniel 17]. As identified in sections 2.4.3 and 2.4.4 this can lead to overestimations of the fiber's transverse elastic modulus. Furthermore, in the case of plant fibers, lumens lead to an underestimation of the transverse elastic properties of the fiber, due to the additional structural displacement. Nevertheless, if the lumen collapses irreversibly due to high loads, this underestimating effect is lost. All these mechanisms lead to higher values of identified transverse elastic modulus and are more likely to appear and become influential for higher load levels.

While, both the previously described material and structural mechanisms provide a possible explanation to the correlated increase between loading level and apparent modulus, they fail to explain the reason behind the decrease in the fiber's apparent transverse elastic modulus at cycle 7. After cycle 6 no change in fiber geometry or decrease in permanent deformation should occur, that would lead to a decrease in the apparent elastic modulus at cycle 7. However, fiber damage and fibrillation could explain a decrease in transverse elastic modulus. Material softening has also been reported after a yield point is surpassed. Therefore, if no increase in compression load takes place, (which would lead to an increase in apparent modulus) and if some damage or material softening has occurred during previous cycles, a decrease in apparent modulus could become apparent for cycles performed at lower compression levels.

Experimental SFTCTs: preparation, protocols and results

Given the complexity of the described inelastic and irreversible mechanisms, the apparent modulus at higher load cycles could be overestimated compared to the fiber's pure elastic modulus. The unloading phase of the two first cycles must therefore be the closest to a purely elastic response. It does take place however, within a smaller deformation range, meaning fiber displacement measurements are more effected by noise. Table 3.7 gives the average apparent elastic modulus of each tested fiber type for all cycles and for cycles 1 and 2. Even though the number of tested samples for each fiber type is small (5 fibers), when all loading cycles are considered, the standard deviations in the identified E T for plant fibers is in the same order of magnitude with the Kevlar fibers, despite their natural origin and consequent diversity. When only the loading cycles 1 and 2 are considered, Kevlar and nettle fibers show significantly lower values of standard deviation compared to flax and hemp. 3.7: Kevlar 29 and plant fiber apparent transverse elastic modulus for all compression cycles and for cycles 1 and 2. Averages values are given along with standard deviations.

Plant fiber transverse properties: summary and new perspectives

In this section, plant fiber SFTCT were presented for the first time. A specially adapted multi-step experimental protocol was developed for this purpose. Through careful elimination of partial compression effects and rapid loading-unloading cycles, a purely elastic, full compression was isolated as much as possible. This allowed the identification of an apparent transverse elastic modulus for nettle, hemp and flax. The value of this modulus varies as a function of loading cycle, it is roughly situated however between 1 and 2 GP a. These values are in contrast with the ones obtained by 'back calculation' through tests on composites containing plant fibers. With the use of such methods, [ Baley 06] measured a transverse elastic modulus for flax fibers at 8 GP a. Many sources could point to an apparent stiffening of plant fibers when used in composites. Boundary conditions are very different, with the fiber being severely more constrained inside the matrix. During the manufacturing of the composite material, important compression loads are also applied. This could lead to lumen collapse and overall changes in ellipticity and flatness, coupled with material stiffening due to irreversible mechanisms. However, as analyzed by [Shah 16] in the case of tensile properties, numerous sources of uncertainty impact back calculated properties (see subsection 1.3.2). Overall, the direct measurement of the plant fibers transverse properties offer more reliable results that happen to be quite different from the ones that were previously considered.

Finally, the presented direct measurement and resulting values of E T offer a new perspective on the anisotropic nature of plant fibers. Indeed, the longitudinal elastic modulus of plant fibers is generally in the order of several tens of GP a. Table 3.8 shows this anisotropy ratio (E L /E T ) for all tested fibers with values of E L taken from the Single plant fiber transverse property characterization with high precision micro-mechatronic setup literature. Our experimental SFTCT results directly show that nettle, hemp and flax fibers are highly anisotropic materials, potentially more so than Kevlar in some cases. 

Conclusions and perspectives

In this section an innovative high precision, micro-mechatronic experimental setup, was developed specifically for the purpose of SFTCTs while addressing previous setup limitations. Coupled with a unique multisensing device it allowed for direct measurements of fiber displacement and applied compressive force. The setup's and sensor's measurement ability was validated through repeatability and calibration procedures.

The major influence of platen parallelism on the identification of E T was demonstrated for the first time and an experimental protocol was developed to address it.

Finally, trough a specially developed, multi-step experimental protocol the transverse behavior of plant fibers was studied for the first time. Their transverse elastic modulus was shown to be similar to the one of Kevlar ® 29, between 1 and 2 GP a. Inelastic phenomena were also observed and material and structural mechanisms were proposed to explain them. These results also highlighted the highly anisotropic nature of plant fibers and differences between directly measured and 'back calculated' transverse elastic properties.

This work established the groundwork for the study of single plant fiber transverse compression focused on the identification of their transverse elastic properties. In its current configuration, the influence of relative humidity on the fibers transverse behavior could be studied. Compressive failure could also be investigate through the use of higher loads. However, a few improvements could also enable the study of even more fiber behaviors. The most notable, is a fine control of temperature or at least a finer characterization of the temperature's influence on sensor measurements. Such an improvement would allow for loading protocols of larger duration to characterize viscoelasticity or fatigue. Preliminary creep tests were performed and show promising results. More details can be found in Appendix B.5.

The microscopes integrated in the setup could also be put to further use for imagecorrelation based studies. Such studies were already shown to be possible with this setup on PA11 fibers [ Placet 20]. Some studies were also performed on horse hair, since its larger size and macroscopically uniform nature made the analysis easier. For smaller fiber however, like the plant fibers that were tested, a higher magnification and more regular fiber edge would be needed to employ such methods more systematically.

A limitation of the current experimental setup and protocol, lies in its low throughput. Efforts were made to accelerate testing by automating and streamlining software related tasks in the launching and post-treatment of tests. However, samples are still manually extracted, measured and positioned in the setup which is a time-consuming and laborintensive task. As already discussed, manual extraction also adds biases in the final results. To address these limitations, a new PhD thesis has started, focusing on the development of a micro-robotic platform for the manipulation and testing of plant fibers. In the long term, larger volumes of fibers and statistical approaches could be used to treat the results, offering further knowledge on their properties and characteristics.

In a more general context, this works highlights the development and validation of a custom experimental setup for the study of miro-object transverse behavior. With the added use of a carefully selected experimental protocol complex material and structural behavior can be brought to light. While our work focused on plant fibers other objects of the same scale could be studied.

Introduction

This chapter treats the characterization of the adhesion between plant fibers, through the use of peeling tests. A custom micromechatronic platform, developed specifically for the purpose of these tests is designed and put to use. Through peeling tests, the force required to separate elementary plant fibers is measured for the first time. Comparison of fiber adhesion between different plant varieties, retting or extraction processes, thus becomes possible. Furthermore, real time observation of the tests offers unprecedented insights into the fracture mechanisms that occur during fiber separation. Macrofibrilar elements bridging and breaking at the peeling interface along with changes in peeling due to kink bands are observed and their influence on the peeling force is quantified.

A major part of this chapter's content is a result of two 6-month internships. First, Thomas Guibaud designed a micromechatronic platform for the purpose of plant fiber peeling. Second, Wajih Akleh performed the first experimental campaign, to measure and compare the interfacial adhesion between different fiber lots. Furthermore, he categorized and studied the fracture mechanisms that occur during peeling in a semi-automated way.

Characterization method -experimental setup design and validation

Determining fiber interface adhesion -analytical model Peeling model

As discussed in section 1.4.3 a great number of analytical models has been developed in order to relate measurable quantities to the adhesion between surfaces in a peeling test. Following some earlier works on the subject [Rivlin 44, Spies 53, Gardon 63], a popular peeling model was developed by Kendall [Kendall 75]. His model treats the peeling of an elastic film from a rigid substrate and allows the calculation of a surface energy R. This energy represents the fracture energy required to separate the film from the substrate per unit of area (homogeneous to J • m -2 or N • m -1 ). In this work the term adhesion energy will be used to refer to it and the letter γ will be used to note it 1 . The surfaces are considered homogeneous and rectangular, as seen in Figure 4.1.a. The model is written as follows:

γ = F b (1 -cosθ) + F b 2 1 2dE (4.1)
with: F the peeling force, θ the peeling angle, b the surface width, E the film's Young's modulus and d the film's thickness. Kendall showed that for larger peeling angles the films elastic extension term can be neglected (see Pesika et al. showed the existence of two peeling regimes for the peeling of ideal geometries: the constant and variable peel-zone regime [ Pesika 07]. Above a critical angle θ 0 the constant peel-zone regime is established, where the peeling force becomes independent of the peeling angle. Below this critical angle, in the variable peel-zone regime, the peeling force increases with an decrease in angle. This critical angle is below 90 • (θ 0 ≤ π/2). This means that as long as peeling angles are maintained close to 90 • , the adhesion energy can be calculated only with the peeling force and the film width, without the need to measure the peeling angle.

Model adaptation to plant fiber peeling

To the author's knowledge, the peeling of elementary plant fibers is a test that has not been performed before. For this reason, in this work, existing peeling models will be adapted to fit the needs of the test. However since existing peeling models typically consider ideal geometries, caution is needed in their adaptation to the complex nature of plant fibers.

Characterization method -experimental setup design and validation

The peeling model developed by Kendall, presents several advantages and disadvantages for plant fiber peeling tests. First, if the peeling angle is large enough, the longitudinal Young's modulus E L of the peeled elementary fiber can be omitted. Determining the stiffness of the peeled fiber, or providing an average modulus for the tested plant type (which can show great variability) is hence avoided. On the other hand, Kendall's peeling model considers the peeling substrate to be rigid. In the case of plant fiber peeling, the substrate consists of one or several elementary fibers along with middle lamella that connects them. While this substrate is not rigid, determining its stiffness and integrating it in the model, would represent a significant challenge, considering the complex morphology and composition of plant fiber bundles. Nonetheless, the application of a longitudinal pretension would limit its deflection. For this reason, in this work, the deformation of the peeling substrate are not accounted for and the fiber bundle is considered as rigid.

A significant advantage of the model can also be found in the possible simplifications related to the peeling angle. Given the complexity of plant fibers in terms of morphology, MFA, kink bands and more, it could be expected that the peeling angle varies throughout the test. The fact that this angle can be omitted if it remains close to 90 • , eliminates the need to measure the angle during the test, an important simplification.

Finally, in order to use Kendall's model in the context of plant fiber peeling, the contact width b between the peeled fiber and its bundle is needed. This represents a significant challenge. The interface between elementary fibers can have a complex geometry that changes along the fiber's length while also being difficult to access. For this reason in this study, the peeling contact width will be approximated to the fiber's apparent diameter, i.e. its width as observed from an overhead microscope. While this approximation is certainly not the most accurate, it introduces an estimation of elementary plant fiber geometric properties into the model, thus allowing the calculation of the adhesion energy and the comparison of adhesive properties between fibers of different sizes.

In conclusion, the adhesion energy at the interface between plant fibers is calculated through:

γ = F D (4.3)
with F the peeling force and D the apparent fiber diameter. A schematic representation of the plant fiber peeling test, as it is performed in this work, is represented in Figure 4.2.
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Experimental setup requirements and design

Peeling test requirements

Since plant fiber peeling has not been performed before, a new experimental setup must be designed. The means necessary to perform accurate characterization in a way that is as simple as possible for the operator, need to be identified accurately. The main requirements to create an experimental setup capable of reliable plant fiber peeling tests are the following.

An apparatus to hold the elementary fiber that will be peeled. The fiber's orientation should be controlled as much as possible and slipping during peeling should be avoided.

A support to hold the fiber bundle from which a fiber will be peeled. To minimize movements of the bundle during peeling, in order to help approach the rigid substrate hypothesis of Kendall's model, bundle tension must be controlled. Furthermore, some bundle rotation around its longitudinal axis is crucial, in order for the peeled fiber to face towards the peeling direction. An example of a correct and incorrect peeling configuration is represented in Figure 4.3.

Actuation, to separate the fiber from its bundle and to maintain a peeling angle close to 90 • .

Force and displacement sensing capabilities, to measure the peeling force and peeled fiber length.

Observation capabilities, to monitor the peeling test, observe fracture mechanisms and measure the fiber's apparent diameter.

Positioning capabilities, to keep the fiber grasping and fiber bundle in the same plane. In order to ensure a smooth peeling that matches the geometric representations used in peeling analytical models, the peeled fiber must be facing toward the direction of the peeling force. 

Peeling setup design

In order to satisfy the requirements that were deemed necessary to perform plant fiber peeling tests, a custom micromechatronic experimental setup is designed. An overview of its layout and components is given in Figure 4.4. A list of all used components is given in Table 4.1. Further details and explanations are given next. General concept -peeling angle control. The peeling setup is comprised of two main elements: a support for the fiber bundle and a support for a microgripper, which grasps an elementary fiber and separates it from the bundle. In order to perform the peeling, the microgripper and its support structure are mounted on a linear actuator, that moves the gripper away from the bundle. The chosen microgripper's (SmarAct, SG-1730 ) gripping force of 1 Newton, allows for minimum fiber slipping during peeling.

To maintain a peeling angle that is close to 90 • , the peeling zone must remain in the same axis as the gripper throughout the whole test (at the same y coordinate). To do so, the bundle support is also mounted on a linear actuator moving in the opposite direction to the peeling's propagation. By setting an identical speed for both actuators, the peeling zone stays at the same y coordinate keeping the peeling angle at 90

• . An open loop control system is used, no correction of actuator movement is performed to control the peeling angle.

To facilitate the manipulation and mounting of the fiber samples and various setup components, the peeling is performed in the horizontal plane (xy plane). To limit vibrations, the platform is built on an active antivibration table (Newport). A graphical representation is given in Figure 4.4.a. A closeup view of an elementary fiber being pulled from its bundle by the microgripper is given in Figure 4.4.e.

Peeling force measurement. In order to measure the force which is responsible for the peeling of the elementary fiber, force sensing capabilities must be added to the microgripper. A design inspired by the patent of Saketi and Kallio "Micro gripper with force sensor" is produced [ Saketi 16]. The design is showed in Figure 4.5. It relies on the use of a micro-rail with a very small friction coefficient. The gripper is fitted into a casing fixed on the moving part of the rail. A small spring links the back of the gripper casing to the fixed part of the rail. This design allows the generation of a relative displacement between the gripper and the fixed part of the rail, compressing or elongating the spring. Through the measurement of these spring deformations the force can be estimated. If the gripper pulls on an object, the reaction force will make slide towards it elongating the spring. If it pushes an object, the reaction force will push it away from it, compressing the spring.

Our experimental setup uses the same gripper-rail configuration, but replaces the spring with a conventional force sensor. Preliminary peeling measurements were performed on a microscale to evaluate the force needed to separate an elementary fiber from its bundle. These preliminary tests showed that the peeling force was in the order of a few mN . For this reason, a sensor with a 100 mN range was chosen. The completed gripperrail-sensor assembly is shown in Figure 4.4.b. The microrail is fixed onto an aluminum support which is then fixed on a linear acuator. A custom 3D printed casing is made to hold the microgripper. Fiber bundle support. A custom fiber bundle mounting assembly is also designed (see Figure 4.4.c.). Two screw-closing jaws are used to hold the fiber bundle. One of the bundles can freely rotate around the y axis to help position the elementary fiber, so that it faces towards the microgripper. This mount is fixed on a small manual micropositioning stage allowing a control of bundle tension. A force sensor is placed on the opposite mount to measure the tension force. By eliminating fiber bundle slack, peeling takes place in a smoother since bundle movements become limited. By consequence, this also creates a peeling substrate that is closer to the rigid assumption made by the analytical model.

Test observation. In order to add observation capabilities to the experimental setup, a camera is mounted overhead, above the peeling zone. The synchronous movement of the two actuators to maintain a 90 • angle keeps the peeling at roughly the same position throughout the whole test. The camera can thus be stationary but still monitor the peeling procedure in its entirety. A telecentric lens is used, for its constant magnification properties and minimized perspective errors, allowing for consistent measurements of fiber apparent diameter. Its larger depth of field also helps keep the peeling zone in focus even if slight off-plane movements occur. An overview of the setup with the overhead camera can be seen in Figure 4.4.d. Finally, a series of manual micropositionning XY Z stages (Newport) allow for a fine adjustment of the position of each setup element. Notably, the gripper and the bundle can be positioned in the same horizontal plane and the peeled fiber can be aligned with the grippers movement axis. 

Experimental setup validation

Before proceeding to the experimental valorization of the created experimental setup, verifying and validating its operation, as well as investigating influential parameters, are important prerequisites. In this section, the influence of peeling speed on adhesion measurements will be discussed along with the influence of microgripper inertia on the measurement of the peeling force.

Micro-mechatronic peeling test -plant fiber interface adhesion characterization

Influence of peeling speed

In their work on the adhesion between polymer films and flat indenters, Choi et al. showed a dependence of the adhesion's strength to detachment velocity, with higher forces needed for surface separations at higher velocities [ Choi 08]. In order to avoid overestimating plant fiber adhesion due to high peeling velocity, its influence was studied experimentally.

To eliminate the influence of plant fiber variability on the results, a synthetic, uniform material was considered. Conventional office adhesive tape was chosen for this purpose. Two thin pieces of adhesive were joined together and peeled using the microgripper, as seen in Figure 4.6.a. The same width was used for all tested samples. The peeling force as a function of the peeled distance for different velocities can be seen in Figure 4.6. Higher velocities lead to significantly higher peeling forces. These results are in accordance with the observations made by [ Choi 08]. The peeling force stabilizes under 2 µm/s. While it cannot be said with certainty that the influence of peeling speed on adhesive tape accurately reflects what happens during plant fiber peeling, it indicates that lower peeling speeds should be preferred to avoid an overestimation of adhesive properties. For this reason, a peeling speed of 1 µm/s is chosen for all plant fiber peeling tests. 

System calibration

Since the measurement of the peeling force relies on the relative displacement between the microgripper on one hand and its support structure on the other, the inertia of the 4.2 Characterization method -experimental setup design and validation gripper will affect force measurements. The cables coming out of the gripper and the sensor can also have an effect, since their size and stiffness is far from being negligible compared to those of the setup's components. To limit it, their position was fixed and enough slack was allowed to avoid cable tension.

To characterize the change in measured force resulting from gripper intertia and cable stresses, a calibration process is proposed. It consists in repeatedly retreating the gripper away from the bundle support without grasping onto a fiber. The speed of 1 µm/s, used in all future plant fiber peeling tests is used.

The results for 5 retreats are shown in Figure 4.7.a. As the actuator moves, the microgripper, which can freely move on the low friction rail, will tend to resist this movement. The force sensor will thus be in tension, as attested by the increase in force. The change in force measurement is quite repeatable with only one retreat being noticeably different at the start of the test. Figure 4.7.b shows the average result over the five tests, with the shaded area representing the standard deviation. The differences between tests are more important at the beginning of the calibration procedure and progressively reduce. A quadratic polynomial is fitted over the average response with the following expression:

F calibration = -0.03x 2 + 0.70x (4.4)
with x being the displacement generated by the actuator. During peeling tests the influence of cables and microgripper inertia on force measurements can thus be eliminated through:

F peeling = F measured -F calibration (4.5) 
with F peeling the force separating the fiber from its bundle, F measured the raw force given by the force sensor and F calibration the polynomial identified through the calibration procedure. 

Materials and methods

Fiber material

In the context of the NETFIB project, different nettle fiber extraction processes were tested by colleagues at the City University of Applied Sciences of Bremen, Germany (Hochschule Bremen (HSB)). Notably, two decortication methods were employed on nettle (L18 clone, grown in Germany) using a Hammer Mill (HM) and a Breaking Unit (BU), which separate fiber bundles from the rest of the plant. A decrease in tensile properties was observed for composites making use of fibers separated with a HM compared to the ones using a BU. Fiber bundle damaging during decortication was identified as a possible explanation for this change in properties. Indeed, the hammer mill is a more agressive process, leading to high fiber individualization at the expense of shorter and sometimes damaged fibers [ Bourmaud 18]. The breaking unit is less likely to damage the fibers. The peeling test was chosen to compare the adhesion between fibers issued from these two decortication methods. The ease of fiber separation can then be compared between the two methods and confronted to the risk of damaging the fibers. Samples from other academic partners have also been received to study the influence of retting level, plant variety and more. These studies are however not finalized at the time of writing of this thesis and will thus not be discussed.

Peeling test preparation

Sample extraction. The first step in the preparation of a peeling test lies in the extraction of fiber bundles from the available material. Fiber material can be found in longer or shorter strands (see Figure 4.8 (a) and (b) respectively). Using, tweezers or his hands, the operator isolates a bundle from its strand. The bundle is inspected under a magnifying lens for any protruding elementary fibers. Once one is spotted, it must often be partially peeled using tweezers until an adequate length is freed to allow an easier grasping by the microgripper (around 10 mm). 12 samples of hammer mill and 10 samples of breaking unit decortication were extracted and tested. Sample mounting. With the fiber sample being prepared, mounting on the experimental setup is next. The bundle is first placed in the mounting jaws. Particular care is

Materials and methods

taken in the alignment2 of the bundle and its centering it inside the jaws. The rotating jaw is also used to assure a correct peeling orientation as illustrated in Figure 4.9. Finally, using the tensile control micropositioning stage, tension on the bundle is adjusted to eliminate slack. The tension force is monitored in real time to avoid large stresses that can damage the bundle. While simple in principle it must be noted that the preparation and mounting of a sample for peeling tests, is a delicate process needing particular dexterity and attention from the part of the operator. The elementary fiber can easily be broken off from its bundle during manipulations. Sample preparation can thus take significant time. Force reference point. The next step in the preparation of the peeling test consists in moving the microgripper close to the bundle. The force measured at this empty gripper configuration is saved as a reference of "zero" load F ref . Indeed, some small compressive or tensile force can be detected even when no peeling occurs and when no fiber is gripped.

It is a result of the stresses applied during the assembly of the gripper mount, cable stresses, or due to gripper movement on the rail. This force value is subtracted from the force measured by the peeling force sensor. For the sake of consistency, this reference measurement is made at approximately the same position along the peeling axis (x axis).

Position adjustment. With the reference force measurement being made the elementary fiber protruding from the fiber bundle is gripped using the microgripper. The manual micropositioning stages controlling the gripper and bundle supports are used to place the bundle and the gripper in the same horizontal plane. Lateral y positions, of the bundle or gripper, are also adjusted to obtain a 90 • angle between the bundle and the elementary fiber as seen in Figure 4.10. Monitoring through the overhead camera makes this process relatively simple. Finally, the gripper is retreated pulling on the elementary fiber and getting it in tension. This movement is stopped, once some peeling starts initiating. During this stage the bundle and the elementary fiber can move quite a lot, moving sometimes, outside of the camera's field of view. It thus important to perform this pretension before launching a test to maximize the chances of observing the fiber peeling in its entirety. 

Diameter measurement.

In order to calculate the adhesion energy γ at the fiber interface, a diameter measurement is necessary (see section 4.2.1). To do so, an image treatment algorithm is constructed to calculate the fiber's apparent diameter, as seen by the overhead camera. Measurements can be quite challenging, fibers can have many defects or protruding tissues, their orientation can change from photo to photo, while the high magnification of the camera's objective means that the depth of field is quite shallow, leading to often blurry fiber contours. To overcome these challenges, the steps used by the algorithm are the following.

Starting with a raw image of the peeling zone, any major defects which could influence diameter measurements, such as protruding fibrils, are removed using an image processing program. The edited image is then turned into binary, using Otsu's thresholding method [Otsu 96] and the elementary fiber section of the image is cropped. Figure 4.11 illustrates this process. With the image of the elementary fiber being cropped, its average width along the horizontal axis w is calculated. If the fiber is at an angle inside the frame of the image, this width might not be completely representative of the fiber's diameter. For this reason, a linear fit is performed on the median line of the fiber. Through the slope of this linear equation the angle of the fiber inside the camera's frame α is approximated and an apparent fiber diameter D can be calculated:

D = cosα • w (4.6)
Multiple diameter measurements are typically made for a single peeling test. The followed procedure will be discussed in the following subsection. However the number of measurements stays limited, since the process still needs a manual initial editing of the image and cropping of the elementary fiber. This process could be automated, in order to provide apparent diameter measurements across the whole test.

Data treatment

Data segmentation. During the peeling test, important variations in measured force can occur. These variations can be caused by changes in fiber morphology, the presence of kink bands, the sudden rupture of inter-fiber tissues and more. None peeling phenomena can also occur, such as bundle twisting, intra-bundle rupture and separations and more as illustrated in Figure 4.12. To calculate an adhesion energy that is representative of the actual fiber interface despite these changes in peeling behavior, the results must often be segmented in a number of sections that are treated differently. 13.a illustrates a case where peeling behavior is distinctly different between three stages of the test. In stage 1, at the beginning of the test shows an increase in force as the fibers still gets in tension, therefore this stage does not correspond to peeling. Two distinct peeling regimes are then seen (stages 2 and 3). When such cases occur the video recorded by the overhead camera is examined to understand the nature of the change between peeling regimes. In the present case, the diameter of the peeled fiber decreased significantly in stage 3, inducing a decrease in peeling force (see Figure 4.13.c and c). In this case, to accurately estimate adhesion energy, stage 1 is not used in its calculation and two separate diameters measurements are made for stage 2 and 3 each. This approach is adopted for all peeling tests. If a certain test stage does not correspond to a smooth peeling behavior, such as those illustrated in Outlier detection. The detection and categorization of the phenomena that cause abrupt changes in peeling behavior can be very time consuming. For this reason, a semiautomated simple algorithm is constructed. First, the derivative of the peeling force with respect to the peeling length is calculated. For most of the peeling tests this value remains relatively stable with most variations being caused by the force measurement noise (see Figure 4.15). When sudden changes in peeling force occur however, peaks in the derivative value are produced. To detect these outliers in the value of the derivative, the InterQuartile Range (IQR) is used [Dekking 05]. The IQR represents the difference between the 25th (Q1) and the 75th (Q3) percentile of a given dataset. A lower (LF) and upper fence (UF) can then be defined (they represent -2.698σ and 2.698σ respectively):

LF = Q1 -1.5 × IQR, (4.7) 
U F = Q3 + 1.5 × IQR (4.8)
Any value in peeling force derivative that is smaller than LF or higher than HF is considered a statistical outlier. For each detected outlier in a given test, the according snippet of the test's video is shown to the user. The user can then choose between a series of categories to define the source behind the change in force. The change in peeling force ∆F related to this abrupt change in peeling behavior is also calculated. 

Sample saving

Once the peeling test is completed, the fiber bundle along with the protruding peeled fiber are taken off their experimental setup. To allow for future studies on the sample, such as microscopic observations of the peeling zone or Raman spectroscopy, the fiber samples must be saved. For this purpose, custom cardboard frames for the bundle and the peeled fiber are fabricated by laser cutting (see Figure 4.16.a and b respectively). Millimetric graduations are engraved to help with position referencing.

The process of sample saving is performed as follows. The fiber bundle is positioned on a paper frame with the peeled fiber facing vertically upwards as seen in Figure 4.16.c and d. The peeled bundle surface is thus oriented towards the upper face of the cardboard frame, making future observations easier. The peeling zone's end is positioned at around a millimeter away from the lower frame border, offering a consistent reference position for the end of the peeling zone. The ends of the bundle are glued onto the cardboard frame. The elementary fiber is then removed and placed in its own frame. While care is taken to orient the peeled surface toward the upper face of the frame, it is much more difficult than in the case of the fiber. Indeed, the small size and cylindrical nature of the elementary fiber does not offer the operator many points of reference. If the fiber is rotated slightly during manipulation, finding the peeling zone again is close to impossible without powerful microscopy tools. Typical elementary fiber peeling behavior is shown in Figure 4.17.a. These results can be compared to those at the stem scale as observed by Réquilé et al. for hemp [ Réquilé 18] (see Figure 4.17.b). In the initial peeling stage (stage 1) the force increases as the peeled object gets in tension and deforms elastically. For tests on our experimental setup, the application of a pretension to the elementary fiber before the test starts, to help keep the peeling zone in the field of view of the camera (see section 2.3), means that some of stage 1 occurs during test preparation. As peeling continues, the force increases and a crack between the peeled object and substrate start propagating (stage 2). For plant stems a drop in force (or energy) can be seen at that stage, as the peeled object elastically unloads. This is generally not observed at the elementary fiber scale. Finally, in stage 3, variations in force can be seen as morphological or compositional differences in the interface of peeled object and the substrate cause changes in peeling behavior. These difference are much more pronounced at the fiber scale. 

Experimental campaign results

The results of all peeling tests for hammer mill and breaking unit separated nettle are presented in Figure 4.18. The peeling force as a function of the peeled distance is represented. All fibers were tested with a speed of 1 µm/s over 5 mm. The peeled fiber broke in four separate occasions, for fibers separated by HM, before reaching this distance. No rupture was observed for BU fibers.

In most cases the peeling force does not exceed 10 mN . The force data is characterized by gradually increases in force, with sudden drop offs. These increases are related to points along the fiber interface that are more difficult to peel. The exact nature of these variations will be discussed in the next subsection (4.4.2). As the peeling reaches these "hard points", peeling can momentarily stop, or stutter until the fiber separates from the bundle and a smoother peeling resumes. During these stops, the peeling zone can momentarily get out of the camera's field of view. Observation of the peeling zone can be lost in more extreme cases.

The average adhesion energy γ across all tests and for each decortication method, along with the average peeling force and apparent diameter measurements is given in Table 4.2. The average adhesion energy between fibers that have been decorticated by the breaking unit (0.27 mN ) is higher compared to those where a hammer mill was used (0.22 mN ). HM fibers thus seem easier to separate, attesting to a higher degree of elementary fiber individualization within the bundle or potentially some fiber bundle damaging. Indeed fiber rupture only occurred for HM fibers, pointing to larger damage in the fibers compared to the BU method.

Nevertheless, the overall difference in adhesion energy between the two methods is minor, especially when the standard deviation values are considered. Therefore, BU fibers are almost as easy to separate as HM fibers. Using the breaking unit for fiber decortication can thus produce a quasi-equivalent level of elementary fiber individualization compared to the hammer mill while using a less aggressive approach, limiting the risk of fiber damage. In any case these measurements, represent to authors knowledge, the first direct measurement of plant fiber interfacial adhesion properties. 

Fracture mechanisms classification

Through the outlier detection algorithm, two main rupture mechanisms that cause large changes in peeling force are detected: peeling over kink bands and macrofibril breaking at the interface between the peeled fiber and its bundle. Examples are shown in Figure 4.3. Kink bands are local defects along the fiber length, often accompanied by changes in MicroFibrilar Angle (MFA) (see subsection 1.2.3). While, their observation can be challenging with the lens used in the current peeling setup, kink bands can be seen however as spots along the peeled fiber, that are larger and darker compared to the rest of the fiber (see Figure 4.19.a). During the test, a noticeable stutter can be seen when the peeling reaches these spots, with decohesion momentarily stopping and the peeling force increasing, before the peeled fiber suddenly separates again and peeling resumes.

To the authors knowledge, the macrofibril breaking mechanism has never been observed before. These objects, with diameters in the order of 1 to 5 µm, are seen bridging the interface between the peeled fiber and its bundle (see Figure 4.19.b). As the fiber keeps getting pulled by the microgripper, they elongate increasing the value of the peeling force. The exact nature of these macrofibrils is difficult to determine. Cellulose mesofribrils are characterized by diameters of a few hundred nanometers [ Güven 16] (see subsection 1.2.3). Observed macrofibrils could thus potentially be an assembly of cellulose mesofibrils. Fine layers of the middle lamella or the compound middle lamella (middle lamella + primary cell wall) could also explain the nature of these objects.

In any case, macrofibril apparition during the test, begs the question: which is the interface that gets separated during plant fiber peeling ? If the observed macrofibrils are pieces of the middle lamella then separation occurs at the elementary fiber interface, with eventually some cell wall layers getting separated from their fiber as well. Let us now consider the case wherethe macrofibrils are cellulosic. Than, the observed peeling phenomena are very unique. As discussed in Chapter 1 a noticeable change in MFA can be seen between the cell wall layers of the fibers, with some fibrils possibly creating bridges between layers [ Roland 95]. Peeling might thus occur between the primary and secondary cell wall of the fiber or between layers of the secondary cell wall (S1, S2, S3). If this is not the case, then fibrils must be bridging the gap between elementary fibers across the middle lamella. Across all tested fibers and drops in peeling force that were statistical outliers, 24 force changes were classified as kink band related (11 for BU and 13 for HM fibers) and 10 as macrofibril related (5 each for BU and HM fibers). Table 4.3 shows the drop in force (∆F ) characterization resulting from these phenomena. On average the ∆F for kink bands is in the order of 1 mN while for the cellulose macrofibrils it is around half that value at 0.52 mN . ∆F can be interpreted as the force that must be added to the baseline force that causes the peeling of the interfiber surface, in order to break the macrofibrils or overcome the adhesion at the kink bands. To the author's knowledge no other such measurement can be found in the literature. Diving ∆F by the according surface area of these objects would result in a measurement of their strength. While an estimation of kink band strength is difficult, knowing that the observed macrofibril diameters are around 1 to 5 µm (see Figure 1.6), by considering them as cylinders of circular cross section, their ultimate strength can be estimated at 25 to 650 M P a.

Force drop after breaking ∆F (mN) When comparing the values of ∆F between the two decortication methods, values are significantly higher and more variable for HM fibers compared to the BU ones. The reasons behind this are still unclear.

Of course, many other instances of kink band and macrofibril breaking might have occurred during peeling tests, however they must have produced smaller changes in force, which were not statistical outliers. Such cases are more probable for macrofibril bridging, where only the breaking of largest ones might be easily detectable, in terms of visual observation or force measurements. Finer macrofibrils, or mesofibrils, must have a lower impact on the peeling force, making semi-automated detection difficult.

Overall, the presence of kink bands and macrofibril bridging causes a significant increase in the force needed to separate the plant fiber surfaces. Furhter investigation and understanding of these mechanisms could provide the basis for biomimetic approaches, to reproduce such natural adhesion mechanisms in engineered materials.

Microscopic observations -additional characterization perspectives

In order to better understand the mechanisms that take place during plant fiber peeling, SEM observations were performed at the INRAE BIA facilities in Nantes, France. A single bundle-peeled fiber sample was observed, resulting from a series of preliminary peeling tests. Observations were performed separately on the bundle and the peeled fiber, seen in To discover the exact nature of the bridging macrofibrils and which are the fiber layers that get separated during, Raman spectroscopy can be used [ Gardiner 89]. Through this technique, the molecules present in the tested sample can be detected, allowing the determination of its structural fingerprint. By using Raman spectroscopy on the peeled surface of the bundle and elementary fiber the presence of cellulose, hemicellulose, lignin or phenolic compounds could be identified. According to the detected biochemical composition, the nature of the studied object could be determined.

Conclusions and perspectives

In this chapter, the adhesion properties of the interface between plant fibers was studied experimentally with the use of a newly designed micromechatronic setup. This setup allows the peeling of an elementary fiber from its bundle and the measurement of the associated force, while maintaining the peeling angle close to 90 • and offering an observation of the decohesion zone throughout the test. A series of peeling tests on nettles fibers produced the following main results: the adhesion energy of the fiber interface was determined for the first time. These measurements allowed the comparison of two different decortication methods. fiber separation over kink bands and macrofibril bridging and breaking at the fiber interface were observed for the first time. These mechanisms were shown to increase 4.5 Conclusions and perspectives the strength of the fiber interface. The resulting increase in peeling force to overcome them was quantified. SEM imagery and X-ray microtomography were used to observe the peeled surfaces, showing visible separated layers and fibrils.

The samples were saved in a way that allows further investigations, new mechanisms of natural adhesion and fiber separation in bast fibers could thus be discovered. The experimental setup and protocol will also allow the study of the influence of many other parameters on interfiber adhesion such as retting, plant variety, extraction processes, MFA and more. These peeling tests can thus actively contribute in the development of fiber production chains that offer high quality plant fiber, composite reinforcements, by helping the optimization of fiber separating procedures through direct adhesion measurements.

Many improvements can also be made to significantly increase the accuracy of the adhesion measurements: the measurement of contact width between the separating surfaces during peeling can be significantly improved. The current apparent diameter measurement is a first approximation allowing the calculation of adhesion energy, however an additional camera observing directly into the peeling zone would improve contact width measurements greatly. First attempts were made during this thesis work, however the dynamic nature of the peeling tests makes observations very difficult. Observations of the peeling zone after the test, could also be used to perform these measurements. Finally, performing the peeling test in-situ would provide great morphological characterization abilities however, the setup would need to be miniaturised to achieve them.

the peeling model used to calculate adhesion energy could be enriched to account for more of the various parameters that could impact interfiber adhesion. Models found in the literature for ideal objects could be adapted for plant fibers to account for parameters such as of the properties of the peeling substrate [Lamblet 07], peeling velocity [ Choi 08], viscoelasticity [Kim 88, Chen 13], preload [Chen 09], friction [Tian 06] or microfibrillar angle. Finite element analysis could also be used to simulate the peeling of complex geometries or to account for plastic deformations [Crocombe 82, Hadavinia 06].

similarly to the single fiber compression setup presented in Chapter 3, a custom chamber could be built for the peeling setup to allow for an active relative humidity control during peeling tests. the influence of fiber bundle tension on the measured adhesion properties could be studied.

General conclusions and perspectives

General conclusions and contributions

This doctoral thesis is positioned in the context of the growing need and demand for sustainable and environmentally friendly materials. Plant Fiber Composites (PFC) have become a major driving force towards the adoption of such materials. The main goal of this PhD work, consisted in characterizing previously unknown plant fiber mechanical properties, to actively contribute in the design and development of new high performance PFCs. Through a literature review, a plethora of plant fiber tensile properties characterization was evidenced in contrast to a complete lack of transverse properties. The importance of fiber separation for composite performance has also been identified as a major indicator of PFC performance, however the complex process of fiber extraction still relies on subjective and organoleptic criteria to evaluate interfiber adhesion.

This thesis presented for the first time, a study of plant fiber transverse behavior and interfiber adhesion through tests at the elementary fiber and bundle scale, using innovative micromechatronic setups, developed especially for this application.

Single fiber transverse properties

Plant fiber transverse behavior was studied through the Single Fiber Transverse Compression Test (SFTCT). A critical review of existing experimental platforms was performed identifying several key limitations. A new micromechatronic setup was developed offering major advances in terms of measurement accuracy, system compliance, relative humidity control and observation capabilities. The major influence of platen parallelism on compressive property characterization, was also quantified for the first time (error over 30% on E T for 1 • angle) and a new method to control it was proposed (sub 0.1 • accuracy). This unique setup allowed the study of plant fiber compressive behavior. The transverse elastic modulus of plant fibers was characterized through direct fiber testing for the first time, showing a highly anisotropic fiber nature, with a stiffness that is comparable to synthetic fibers (1 -2 GP a ). The intricate nature of plant fiber compressive behavior was also approached with Finite Element Analysis (FEA). The influence of fiber morphology and material behavior was studied and the limitations of SFTCT analytical models were identified. Hybrid approaches employing microscopic observations, finite element analysis and neural networks were shown to have significant potential in the mechanical characterization of complex objects such as plant fibers. Overall, this newly found knowledge, on plant fiber transverse properties should significantly improve the design and modeling of plant fiber composites.

Interfiber adhesion properties

Interfiber adhesion was studied through peeling of an elementary fiber from its bundle. A new micromechatronic experimental setup was developed for this purpose. The energy needed for the separation of the elementary fiber was calculated for the first time. Previously unknown fracture mechanisms were also observed, offering a new perspective on natural adhesion mechanisms and new insights into the fiber layer separation that takes place during extraction. Indeed, kink bands and macrofibrils were shown to increase the strength of adhesion between fibers and the force needed to break them was quantified. Finally, microscopic observations offered a close look at the structurally rich and complex peeled interface. A sample saving protocol was proposed to make such observations easier and more reliable in the future. Overall, the characterization of plant fiber adhesion properties should help the optimization of fiber extraction processes by providing an accurate way to compare fiber separation as a function of plant variety, retting level, decortication process and more. Well separated fibers will thus be easier to obtain, increasing the mechanical performance of the composites they will reinforce.

Experimental platform development and maturation

This thesis work contributed in the creation and the maturation of innovative experimental platforms. Work on a microcompression experimental setup had began a few years before the start of this thesis. The Technological Readiness Level (TRL) of this setup could be characterized by a level 3 [Mankins 09], since it represented an experimental proof of concept, with a small number of performed tests and little to none validation procedures. Throughout this thesis significant time, material and labor investments were made to facilitate the use of the platform, develop experimental protocols and finally, quantify and validate its performance. It was also used to perform a first experimental campaign, placing it at the end of this thesis at a TRL of 4 to 5, as a platform validated in lab environment and used in its relevant setting. The setup was also recently made part of the micro and nanorobotics center (µROBOTEX ) of the FEMTO-ST institute, part of the wider French ROBOTEX network, offering compression characterization to the industry. A new PhD thesis plans to push the setup's TRL even further focusing on the automation and eventual commercialization of the setup. Finally, a new experimental micro-peeling setup was also designed, fabricated and used in a lab environment during this thesis. Its proof of concept has been demonstrated, and a few additional validation procedures would place it at a TRL of 4.

Perspectives

The presented work can constitute the foundations of many future developments, in the field of compression and peeling but also in the wider scale of plant fiber characterization. Some of these perspectives and future works are discussed below.

Single fiber transverse compression

The current SFTCT setup would allow for the study of the influence of Relative Humidity (RH) on the transverse properties of plant fibers. A fine control of temperature would also minimize small measurement deviations, unlocking the ability to characterize the viscoelastic behavior of plant fiber through creep tests. The compressive failure, or the fatigue of plant fibers can also be studied. Compression of fiber bundles or other microscale objects would also be possible, expanding the characterization of transverse properties to new fiber scales or research domains. An alternative to tilt angle control, by accounting it in analytical models is also possible, making accurate transverse compression more accessible. Finally, Finite Element Analysis (FEA) can greatly expand transverse property characterization. Complex 3D geometries and behavior laws, structural defects, starting fiber position and more could all be modeled and studied expanding our knowledge and understanding on the subject.

Plant fiber peeling

Similarly to compression experiments, the influence of RH on fiber adhesion properties could be studied, provided a testing chamber with active RH is made for the peeling setup. Analytical peeling models accounting for more parameters (substrate properties, pretension, peeling speed and more) could be adapted to plant fiber peeling, improving adhesion calculation precision and opening the way to new characterizations. Morphology, microstructure and material behavior could also be modeled and studied, notable through FEA. Microscopy and spectroscopy studies should also improve our understanding on the separation of bundles into elementary fibers. Observed natural adhesion mechanisms could form the basis for new bio-inspired adhesives.

Wider outlook on plant fiber characterization

While this thesis focused on plant fiber transverse and adhesion properties, other characterization efforts can also be made. Notably, plant fiber damping properties can be characterized through modal analysis or dynamic loading. When looking at a wider scale however, four major challenges in plant fiber characterization remain:

1. The number of tested samples. Given the natural variability of plant fiber properties, a large number of fibers should be tested to reduce the uncertainty on their mechanical properties. This can only be realistically achieved through the automation of the testing process. Major contributions from the fields of automation, control and microrobotics are needed to achieve this.

2. Fiber manipulation. The manual handling of plant fibers during the testing preparation stages can introduce defects and damage the fibers, causing a subsequent underestimation of their mechanical properties. On the other hand, a measurement bias can also be introduced, as weaker fiber who tend to break during preparation will not be tested. For this reason, advances in fiber manipulation should be made to prepare fibers in a way that is delicate and precise while also being more repeatable, eliminating operator influence on the preparation procedure.

3. Fiber morphological characterization. Accurate knowledge of fiber morphology greatly increases the understanding of its mechanical behavior, while also improving accuracy in the characterization process. Scanning electron microscopy or X-ray tomography offer great characterization accuracy, albeit with a limited space to place samples. This makes in situ testing with conventional experimental setups impossible, while moving the fiber between testing and microscopy devices increase the risk of damaging them. Therefore, the miniaturization of mechanical testing apparati, should be explored, allowing for parallel observation and testing of the fiber in situ.

4.

Plant fiber behavior modeling. The complex morphology, structural organization and biochemical composition of plant fibers, makes the modeling of their behaviors extremely complex. Analytical models of increased complexity can be developed to model these parameters, their complex interactions however can cause major modeling difficulties. FEA can be used to remedy this to some extent. Mechanical testing of fibers with complex geometries and material behavior can be simulated, as complexity increases however, so does the computation time and cost. Phenomenological approaches can be used, they require however a great number of experimental testing to create robust models. Data-driven approaches can breach the gap between analytical, numerical and phenomenological modeling. Experimental datasets can be created with a few well-chosen experiments and expanded on through FEA, while analytical approaches can be used to construct indicators.

The combination of all these data can feed machine learning algorithms, providing models of plant fiber behavior that should be unmatched in terms of richness and complexity at the expense of some transparency due to their "black box" nature.

Overall, plant fiber characterization is a complex subject requiring the synergy of many scientific fields to explore nature's finely optimized structural reinforcements. Their environmental and mechanical potential however, are worth the efforts of the scientific community, as they can form the basis of what a modern, state of the art material should be: high performance and environmentally friendly.

A Additional SFTCT modeling elements

A.1 Analytical-finite element model comparison

In this section the ability of SFTCT analytical models to identify the transverse elastic modulus E T of a fiber is evaluated through finite element analysis data. The 2D quarter fiber finite element model presented in section 2.3 is used. The model identification accuracy is evaluated by the relative difference between the transverse elastic modulus defined in the Finite Element Model (FEM) and the one identified by the analytical model based on FEA results, named ∆E T . The least square residual of the identification is also considered. More details on this process are given in 2. It can be seen that regardless of simplifying hypotheses, Jawad's model leads to the lowest value of ∆E T , followed by Phoenix's and Lundberg's models. The rest of the models lead to larger ∆E T values, their predictions are thus different from the one of the simulation. An underestimation of E T (∆E T < 0) occurs with models with a stiffer response (Cheng, Morris) and an overestimation with models with a less stiff response (Foppl, Sherif) (see Figure 2.3). The values of the least-squares residual are comparable between all models except for Cheng and Morris who produce higher values. Their ability to reproduce the simulated behavior is thus worse.

For the Anazodo models the contact arc length s is calculated from U/R data. Then a value of E T is calculated directly for every force and displacement data point. These A.2 Domain of validity of analytical model simplifying hypotheses E T values are then averaged to give a single prediction, which is used to calculate ∆E T . Since no inverse identification takes place, no residual is calculated.

The SFTCT model chosen for all studies in this work is Jawad's since it produces a result that is very close to the simulations.

A.2 Domain of validity of analytical model simplifying hypotheses

The goal of this section consists in providing a framework to determine if a simplifying hypothesis can be used on the analytical model, given the studied fiber type. To do so the difference between the displacement calculated with the original (U original ) or simplified Jawad model (U simplif ied ) is calculated, for different combinations of input parameters. This difference is then expressed as a percentage of the fiber radius R to assess if it is significant or not. The resulting parameter will be named ∆U .

∆U =

|U original -U simplif ied | R (A.1)

A.2.1 Contact width simplification

As seen in equation 2.6 the contact half width b is a function of the force per unit length F L , the fiber radius R and the material properties E T , E L , ν LT . The sensitivity analysis performed by [Wollbrett- Blitz 16] showed that the parameters E L and ν LT have a minimal influence on the fiber's transverse displacement. There is no reason to assume this is not the case for b. For this reason, in the study of contact width simplification these parameters are fixed at E L = 50 GP a and ν LT = 0.4. The applied force will have a major impact on the contact width during transverse compression. However all models are derived with a purely elastic and small strain assumption. Studying the contact width under very high levels of force, which would lead to large strains and inelastic phenomena, is thus not justified. For this reason F L will be fixed at 350 mN , the maximum level of force attainable with our experimental setup (see Chapter 3). Therefore, ∆U is evaluated as a function of R, with values between 1µm and 100µm, and E T with values between 100 M P a and 10 GP a.

Isovalues of ∆U as a function of R and E T are given in Figure A.1. Larger and stiffer fibers results in very low values of ∆U , the outputs of the original and simplified model are thus very close. For smaller and less stiff fibers however, the difference can go over 1%. Given the difficulty to obtain accurate measurements at the fiber scale, a difference of this scale resulting only from modeling choices is not negligible.

In conlusion, for fibers such as carbon where E T > 2 GP a [Naito 07] the hypothesis could be used without any major impact even for small radii. Caution should be used however for polymer fibers where E T < 1 GP a [ Stamoulis 07] or even aramid fibers where E T ≈ 2 GP a. This work, will show that the value of E T for plant fibers is similar to aramid fibers, for this reason the contact width simplification is not used.

A.2.2 High anisotropy simplification

The simplifying hypothesis used in cases of high anisotropy is given in equations 2.25 and 2.26. This simplification is performed on terms that depend only on the fiber's material properties. For this reason, in this study of ∆U , the maximum experimentally obtainable force of 350 mN is used along with a radius R of 16 µm. The sensitivity of the fiber's radial displacement to the ν T T Poisson ratio has been shown to be very weak [Wollbrett- Blitz 16], for this reason it is set at 0.07. ∆U is evaluated as a function of the ν LT Poisson ratio, with values between 0.05 and 0.5, and the anisotropy ratio E L /E T , with values between 1 and 50.

Isovalues of ∆U as a function of ν LT and E L /E T are given in Figure A.2. Values remain small for the majority of the parameter space. The simplification can be performed without any major differences for anisotropic fibers such as carbon and aramid. However, for fibers with lower anisotropy ratios and higher values of ν LT , such as polymer fibers [ Placet 20], caution should be employed in the use of this simplification. In the case of plant fibers, this work will show that anisotropy ratios are high, in the range of 30, the high anisotropy simplification can thus be used. 

A.4 Mesh element quality and accuracy

To choose the best suited element type for SFTCTs four different meshes are compared.

A mesh with triangular elements, free and mapped quadrilaterals and finally a mix of mapped quadrilaterals and triangular elements are compared. The element size is set at R/26 for all elements. The values of ∆E T and of the least-squares residual are given in Table A.3 for each element time, along with the number of degrees of freedom and the computation time. Triangular elements lead clearly to the lowest value of ∆E T , with the rest of the meshes yielding similar results. In terms of residual, structured quadrilaterals lead to the lowest value with others being very similar. A small gain in computation times is gained with quadrilateral elements since they result in a lower number of degrees of freedom. While the amount of saved time is small in these 2D studies they could become more important for 3D models. Mesh quality is evaluated by COMSOL with a skewness criterion (the closest to 1 the better). Overall the differences between different element types remain small for all compared criteria. However some choices can still be made. The mixed element mesh offers no improvement in terms of accuracy or quality, but requires a time consuming manual adjustment of the mesh for each fiber geometry. It will thus not be used. The mapped quadrilateral elements did results in the lowest residual, however, they produce some low quality mesh zones and average ∆E T values. For this reason they will also be excluded. Free quadrilateral offer a gain in computation time in the expense of some mesh quality and identification accuracy. Triangular elements are thus the best choice. They easily adapt to all geometries producing high quality meshes while also remaining accurate.

A.5 Choice of viscoelastic model

In their simplest form stress relaxation and creep behavior can be represented by the changes illustrated in Figure A.5. Under a constant strain (or displacement) stresses gradually relax with an exponential decrease. With a constant stress (or force) strains increase at a decreasing rate, approaching an asymptotically steady state. To represent this material behavior viscoelastic models can be used. These models are represented by a combination of springs, of elastic constant E, and dampers characterized by a viscosity constant η (P a • s). The simplest viscoelastic models are result of a combination of one of each of these elements either in series, known as the Maxwell model, or in parallel, known as the Kelvin-Voigt model, as seen in Each of these models is better suited for one type of quasi-static test. The Maxwell model predicts an exponential decrease (relaxation) of the stress when subjected to a constant strain (cf. equation A.7). Under a constant stress however the strain keeps increasing linearly as a function of time, which does not represent realistic material behavior under these conditions (cf. equation A.8). For this reason the Maxwell model is B Additional elements on SFTCT experimental development, validation and results

B.1 Contact detection

As long as the sensor is not in contact with an object the vertical coordinate of the dependent and independent HP code must be roughly the same (given some noise and angle within the camera frame). The relative displacement between the two is thus close to zero, ∆Y ≃ 0. As soon as contact occurs the sensor's beams start deforming and a relative displacement appears between the two parts of the sensor ∆Y > 0. To detect the point at which contact occurs a robust method that is not sensitive to sensor noise is necessary.

In an ideal case, ∆Y can be represented by a section with two linear parts: one that is constant and equal to zero as long as no contact occurs and one that is increasing with a constant slope when compression takes place. The function can be written as: 

B.2 Stiffness determination with finite element analysis -detailed model

In this section, finite element analysis is used to determine the compressive and torsional stiffness of the F U sensor.

To do so, the CAD model of the sensor is loaded into COMSOL Multiphysics ® (see To evaluate compressional stiffness the relative displacement of the two HP codes needs to be known. The vertical coordinates of two points located at the center of the HP code regions are used. Knowing these coordinates throughout the test, the relative displacement between the two, ∆Y , can be calculated. A linear fit of ∆Y and F comp results in a compressional stiffness of k = 773.5 N/m (see subsection 3.3.2) with a coefficient of determination of R 2 = 1. The calculated stiffness value is very close to one calculated analytically, the small difference can be attributed to structural effects of small geometric beam features such as rounded edges, that are not accounted for analytically.

To evaluate torsional stiffness the overall reaction moment τ is evaluated along the out of plane x axis. The rotation of the sensor's tip γ is also evaluated. A linear fit of γ and τ results in a torsional stiffness of k t = 0.06 N • m/ • with a coefficient of determination of R 2 = 1. Considering the sensor as a beam of length 13.8 mm (distance between sensor tip and fixation hole) an horizontal force of 4.48 N would be required to turn the sensor tip by 1 degree. Such values are completely unrealistic in the context of our SFTCTs. and results

In conclusion, finite element simulations were used in order to quantify the sensors stiffness in compression and torsion. Torsional rigidity is found to be very high, limiting off-axis movements and attesting to the good design of CT joints. Compressional stiffness on the other hand is found to be low enough, to allow for a linear sensor compression along its vertical axis. 

B.3 Micro-fabricated assembly for compact SFTCT experimental setups

In an attempt to create a SFTCT that is significantly more compact than the one presented in 3.3.1 a new force-displacement sensor was designed and fabricated. The following design choices were made:

A two part structure is made on 390 µm thick silicon wafers. The upper part is a force displacement sensor similar to the one presented in 3.3.2. The lower part plays the role of the fixed platen. Two breakable joints link the two parts to ensure parallelism between them. Once the sensor-platen assembly is solidly mounted the joints can be broken.

HP codes are positioned on the sensor tip and on the platen. Fiber displacement can be measured though the sensor's HP code, while the platen one is used to correct potential movements of the platen due to system compliance. Both HP codes can be tracked with a single camera.

No dependent HP code is printed since it would not be possible to fit it along the independent HP code inside the same camera's field of view. The position generated by the actuator would be used to calculate relative displacement between the two parts of the sensor. While less robust, this approach was shown to produce satisfactory results.

B.4 Influence of removed data points on E T identification and residual

This sensor and SFTCT configuration have not been tested or characterized yet. The reduced footprint and relative simplicity of the setup could serve as a basis for test automation or in-situ measurements in environments such as scanning electron microscopes or topographers, where space is limited. 

B.4 Influence of removed data points on E T identification and residual

When SFTCTs are performed, determining the point for which the fiber is in state of full compression is difficult. A possible approach is to eliminate a certain amount of compression data (at the start of the loading or at the end of the unloading stage) for which it is estimated that partial compression occurs. Thus a new zero point in force and displacement is fixed and analytical models can be used for the identification of E T . However a question can be asked: what is the error made on the identified modulus if too many points are removed and the new zero point represents a state where the fiber is already deformed. In this section finite element analysis will be used to answer this question. Furthermore, the adequate number of removed points for the experimental fiber compression tests presented in section 3.4.3 will be discussed, through the study of the evolution of the least squares residual, in the identification of E T .

For finite element analysis the 2D quarter fiber model presented in section 2.3 is used. Finite element analysis has the advantage of offering a true "zero" point representing the start of a full compression. Points, starting from 0, are gradually removed from the force-displacement data. Each time a point is removed the next one is set as to zero. The analytical model's ability to identify the transverse elastic modulus of the fiber and describe its behavior is studied through ∆E T and the least squares residual (as presented in subsection 2.3.1). A maximum fiber displacement of 1 µm was simulated with this model.

The results of this study are shown in Figure B.4. As the number of removed points grows, both ∆E T and the residual increase. The transverse elastic modulus gets overestimated (∆E T > 0) because the removed points are at the start of compression where the slope is the lowest. However, both the values of ∆E T and of the residual remain low for all studied configurations. Even when 70 % of the force-displacement points are removed the error on the identification of E T remains under 1 %. Removing a large amount of points from the SFTCT force-displacement simulation curve has no significant influence on the identification of E T . and the analytical model's ability to describe fiber behavior. Contrary to finite element analysis, the true "zero" point where full compression begins cannot be determined accurately experimentally, in order to perform the same type of study on ∆E T . However the influence of the number of removed points on the leastsquares residual can still be evaluated. While the value of the residual will be majorly impacted by measurement noise its correlation with the number of removed points can be studied.

The following procedure is followed to perform this study. The initial zero in the experimental point corresponds to the point where the operator determined that the end of the partial compression of the fiber occurred, by visual monitoring. Identification of E T is performed at the unloading stage of the compression tests presented in section 3.4, with 0 % to 70 % of the final points (close to the loss of contact) being removed. Fiber displacement values are comparable to the ones of the previous finite element study with values under 1 µm. The residual of the least-squares identification is then averaged across all tested fibers (5 fibers of Kevlar, nettle, hemp and flax) for each unloading phase of identical level (protocol details can be found in subsection 3.4). Figure B.5 presents this average value as a function of the number of removed points. The standard deviation is represented by the shaded area around each curve. For the average residual of cycles 1, 2 and 7 the value of the residual steadily increases with the number of removed points. Measurement noise at these low amplitude levels is however quite high, as attested by the larger average values and the large standard deviation of the residual. For the higher amplitude levels, 3 and 4 or 5 and 6 both the average residual value and its its standard deviation is lower, thanks to a reduced amount of noise and higher overall amount of points. Furthermore, residual values remain stable until 30 to 40 % of the total points are removed, where they starts rising. Overall, removing some points from the end of the B.5 On the identification of viscoelastic properties through creep tests unloading phase has thus no significant impact on the analytical model's ability to fit the experimental data, especially for compressions with higher amplitude levels. In conclusion, the minor impact of data removal from the start of the loading phase and the end of unloading phase was shown through finite element and experimental analysis. For fiber displacements at the order of the micrometer, up to 30 % or 40 % of these points can be removed without any major impact on the identification of E T . This removal can help to ensure that a full compression regime is studied and no rotation or sliding motion occur (which should cause a significantly larger error).

B.5 On the identification of viscoelastic properties through creep tests

As discussed in subsection 3.3.3, performing SFTCTs over long periods of time, might come with temperature related drifts in HP code measurements. For this reason, systematic investigation of fiber behavior over longer time scales were not performed. However, some creep tests were performed to evaluate the possibility of performing them in the future, if the temperature related effects are minimized. A typical creep loading protocol is used. After a rapid loading performed at maximum nanopositioner speed (10 µm/s) a steady nanopositioner position is held for 10 minutes. As already explained in subsection 3.3.2 this results in a steady force level applied on the fiber, due to the compliant nature of the used force-displacement sensor. During this stage the fiber can thus exhibit its viscoelastic behavior. Once the 10 minutes have passed, the fiber is rapidly decompressed at the same speed as the loading. A 10 minute recovery phase then takes place. Relative humidity is regulated at 50 % during this test.

The results of the creep test on a nettle fiber are shown on Figure B.6 through the evolution of the applied compressive force and fiber displacement as a function of time. The regulation of the force is apparent with only a small relaxation of 0.2 mN taking place during the creep phase and 0.4mN during recovery, for a force amplityde of around 64 mN . Fiber displacement, follows a typical creep behavior with a non-linear decelerating and results increase in displacement during the steady load phase, and gradual non-linear decrease during the recovery phase. Changes in the displacement are in the order of 100 nm. It is unclear how much of this change is related to temperature related measurement drifts. Fiber visco-elastic generated displacement could thus be even smaller which would bring them to the limits of the current sensor design measurement ability of around 40 nm.

In conclusion, these preliminary tests show that fibers might exhibit typical creep behavior that could be used to identify their viscous mechanical properties. Temperature regulation is however important to guarantee the validity of these measurements. Changes in sensor design to allow detection of even smaller movements could also be beneficial. U BF- 32' O 25000B 
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 11 Figure 1.1: Number of topic occurrences in scientific publications (appearance in title, abstracts and author keywords) for plant-fiber (or with english speeling "fibre") composites per year of publication. Data included herein are derived from Clarivate Web of Science © . Copyright Clarivate 202. All rights reserved .
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 13 Figure 1.3: SEM images of plant fibers along: (a) the fiber length, (b) the fiber cross section [Bourmaud 18].
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 14 Figure 1.4: Plant fiber structure: (a) Flax stem microtomography [Zeng 15], (b.1) flax stem edge SEM with visible fiber bundles [Zeng 15], (b.2) fiber bundle representation, (c) elementary fiber microstructure representation [Melelli 20b], (d) representation of cellulosic micro-mesofiber in hemicellulose and lignin matrix [Brandt 13].
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 1 Figure 1.5: SEM kink band observation [Melelli 21b].
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 16 Figure 1.6: Overview of bast fibers from stem to cellulose fibrils [Güven 16]
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 17 Figure 1.7: Polarized microscopy images of fiber microstructure [Roland 95]. Changes in cellulose fibril orientation can be seen between the cell wall layers.
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 118 Figure 1.8 illustrates the different stages taking place during this life-cycle. A brief description of each stage is given below.
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 21 Figure 1.10: a) Dew retting of flax in Normandy, France (By Stanzilla -Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=20540015), b) Jute water retting in Bangladesh (By Nahid Hossain, CC BY-SA 2.0, https://commons.wikimedia.org/w/index.php?curid=61669134).
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 111 Figure 1.11: Overview of nettle fiber mechanical extraction processes taken from [Viotti 22].
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 112 Figure 1.12: Scutching and hackling procedure for hemp fibers. Figure taken from [Grégoire 21] rearranged from [Müssig 15].
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 2113 Figure 1.13: Typical fiber configurations within a composite material. Representation inspired by [Bourmaud 18].
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 114 Figure 1.14: Examples of plant fiber composite use: a) Transportation industry, a.1, a.2 automobile components [Mohammed 15] [Markarian 07], a.3 electric scooter load-bearing structure (NPSP ,Netherlands), a.4 sports car flax bodywork (BCOMP , Switzerland), b) Structural applications, b.1 flax composite bridge in Eindhoven [Smits 16], b.2 bio-composite facade (NPSP , Netherlands) c) Sports equipment with reinforcements from BCOMP (Switzerland), c.1 sailing boat (green-boats, Germany) , c.2 padel racket (Adidas, Germany), c.3 sustainable surfboard (ERTHA, Spain)
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 115 Figure 1.15: Schematic of single fiber/matrix adhesion tests: (a) pullout test, (b) microbondmicrodroplet test. Schematic adapted from [Teklal 18, Sockalingam 12].
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 116 Figure 1.16: Fiber loop test configuration.
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 117 Figure 1.17: Tensile test configuration to determine the interface shearing between elementary plant fibers. Adapted from [Charlet 11b].
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 118 Figure 1.18: Hemp elementary fiber tensile test -types of observed behavior [Duval 11].
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 119 Figure 1.19: Examples of plant fiber morphological characterization: (a) Transverse section measurements: (a.1) fiber bundles [Thomason 11],(a.2) elementary fibers [Del Masto 17]. (b) longitudinal section measurements: (b.1) shadowgraphy measurement device [Garat 18], (b.2) fiber geometry reconstruction from microscopy images [Ilczyszyn 12]. c reconstructed geometry of horse hair from microtomography measurements (performed at FEMTO-ST-MYPHISTO).
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 120 Figure 1.20: SFTCT basic principle with the fiber in an undeformed and deformed state.

  these tests [Hadley 65, Pinnock 66]. Phoenix et al. were the first to test the stiffer
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 121 Figure 1.21: (a) Single arm peeling test, (b) T-peeling test. Representation adapted from [Hadavinia 06].
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 122 Figure 1.22: Hemp stem peeling by [Réquilé 18]. (a) peeling apparatus, (b)(c) peeled surface SEM images and stem microstructure, (d) fracture energy as a function of peeling length for different retting levels.
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 1 Figure 1.23: Commercially available micromechanical testing devices: (a) T150 tensile tester (KLA corporation), (b) 200 N in situ uniaxial tester (DEBEN UK Ltd.), in situ nanoindenters: (c) FemtoTools Switzerland, (d) Alemnis, Switzerland.
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 1 Figure 1.24: Micromechatronic setups for characterization of microscale objects. (a) MEMS device for cell characterization [Sakuma 19]. (b.1) microgripper with sensorized end effectors (b.2) [Komati 16]. (c) MEMS device for nanowire tensile testing [Ladner 19]. (d.2) microrobotic platform for fiber manipulation and characterization [Saketi 12], (d.1) added cameras for 3D geometry reconstruction [Hirvonen 16], (d.3) close-up view on microgrippers and fiber rotary stage [Hirvonen 14a].
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 21 Figure 2.1: Typical representation of contact between semi-infinite solids.

Figure 2 .

 2 Figure 2.2 illustrates a 2D representation of a SFTCT test. A movement of the upper compression platen produces the compression of the fiber through the contact of width 2b, causing a vertical contraction U , equal to the platen displacement, and an horizontal expansion U D . The term "fiber displacement" is commonly used to describe the vertical contraction U .SFTCT analytical models can be constructed to relate fiber contraction or expansion to the applied force, as a function of the fiber's material and geometric parameters. To do so, fiber strain can be calculated through the stress functions and the constitutive relation described in the previous section:

  ] and corn [Anazodo 81, Anazodo 83]. McCallion derived a general equation based on Timoshenko's work [McCallion 82]. Its originality lies into a parameter named β which controls the form of the pressure distribution. For an elliptical distribution (β = 0.5) the resulting equation is identical to the one formulated by [Lundberg 49]. Sherif et al. [Sherif 76] arrived to a similar equation based on the work of [Poritsky 50]. For a parabolic distribution (β = 1) the resulting equation corresponds to the one derived by
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 23 Figure 2.3: Comparison of SFTCT analytical models with input values of R = 16 µm, E T = 1 GP a, E L = 50 GP a, ν LT = 0.4, ν T T = 0.07. The force per unit length F L is chosen based on our experimental capabilities (a maximum of 350mN applied on a length of 300 µm)
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 2 Figure 2.4 offers a geometric representation of the model along with its boundary conditions. The model's boundary conditions are defined as follows:
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 2425 Figure 2.4: Representation of SFTCT with compression platen boundary conditions.
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 2 Figure 2.6: The 3 symmetry planes of a single fiber transverse compression test.
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 2 Figure 2.7: Out of plane stress ratio r σ for different anisotropy ratios.
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 2 Figure 2.8: Comparison of 2D SFTCT models.
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 2 Figure 2.9: Comparison of analytical model identification ability and computation time for 2D and 3D quarter fiber finite element models.
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 2 Figure 2.10: ∆E T as a function of fiber anisotropy.
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 2 11 illustrates five different levels of mesh refinement.

Figure 2 . 11 :

 211 Figure 2.11: Five levels of mesh refinement of the finite element model mesh convergence study.
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 212 Figure 2.12: Mesh convergence study through the evolution of ∆E T . The graphs on the right represent the values inside the right rectangles on the left graphs.
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 2 Figure 2.13: Force-displacement data for three different mesh refinement levels. The graph on the right represents the values inside the right rectangle on the left graph.
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 214 Figure 2.14: Scanning electron microscope observations of plant fiber cross sections [Hamad 17]. A single fiber is shown in the case of ramie (bottom left) with the rest being fiber bundles
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 2 Figure 2.15: Quarter fiber cross section of radius R and central void of radius R L .

Figure 2 .

 2 Figure 2.16: Force-displacement results for varying lumen radii R L . The data from the simulation is represented by markers with the fitted analytical model represented with dotted lines.

Figure 2 .

 2 Figure 2.17: σ yy field for various lumen sizes. As the lumen radius increases, stress become less important and expands on the lower part of the lumen. The fiber is shown in its deformed state with black continuous lines representing its initial position.

Figure 2 . 18 :

 218 Figure 2.18: Evolution of ∆E T (left) and least squares residual (right) as a function of lumen radius.

Figure 2 .

 2 Figure 2.20: Quarter elliptical fiber cross section of of major radius R and minor radius r.

Figure 2 .

 2 Figure 2.21: Force-displacement results for different ellipse flattening factors. The data from the FE simulation is represented by markers with the fitted elliptical analytical model (presented hereafter) represented with dotted lines.

2. 4 Figure 2 . 22 :

 4222 Figure 2.22: Representation of compression of elliptical fiber. The contact width 2b is mainly influenced by the major radius R while the compressed radius corresponds to the minor radius r.

Figure 2 .

 2 Figure 2.23: Evolution of ∆E T (left) and least squares residual (right) as a function of the ellipse flattening factor for three different inputs in the analytical model. The bottom figure gives a closer look to data inside the red rectangles.

Figure 2 .

 2 Figure 2.24: Quarter fiber cross section with a flat section of width w.

Figure 2 .

 2 Figure2.25 illustrates the force per unit length as a function of upper platen displacement for different values of w/R. The added flat section causes an increase in the contact zone between the fiber and the platen resulting in a higher force for a given displacement.

Figure 2 .

 2 Figure 2.25: Force-displacement results for different aspect ratios w/R. The data from the simulation is represented by markers with the fitted elliptical analytical model represented with dotted lines.

Figure 2 .

 2 Figure 2.26: Evolution of ∆E T (left) and least squares residual (right) as a function of the aspect ratio r/R for three different inputs in the analytical model.

Figure 2 .

 2 Figure 2.27: Comparison of ∆E T as a function of different geometric parameters. The right represents a zoom on the parameter space that is the most realistic for bast fibers (flax, hemp, nettle).

Figure 2 .

 2 Figure 2.28: Steps for fiber contour detection : a) original hemp stem microscopy image, b) image binarization, c) contour detection with bwboundaries. Each independent contour is shown with a different color.

Figure 2 .

 2 Figure 2.29: Polar conversion to prepare for data smoothing: (top) raw contour data in cartesian coordinates, (left) direct polar conversion, (right) polar conversion with an ascending angle order and from centered cartesian data.

Figure 2 .

 2 Figure 2.30: Smoothing operation: (left) smoothing spline algorithm operating on polar data, (right) comparison between the initial and smoothed cartesian contours.

Figure 2 .

 2 Figure2.31: Ellipse fitting and rotation: (left) the ellipse in magenta is fitted on the fiber contour and a rotation is performed to position its major axis horizontally, (right) the user rotates the fiber to a position that seems more probable to occur during compression preloading.

Figure 2 .

 2 Figure 2.32: Chosen fiber contours on original image (left), fiber contours after smoothing and rotation operations (right). The scale between fibers is respected.
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Figure 2 .

 2 Figure 2.33: Example of contact zone definition on an extracted fiber geometry.

Figure 2 .

 2 Figure 2.34: Example of fiber geometry mesh with finite element model boundary conditions.

4 . 2 ,

 42 all fibers with a lumen result in negative values of ∆E T . Fibers with no lumen on the other hand, produce positive values of ∆E T with the exception of fiber 10. Despite the morphological complexity of the studied fibers, the average ∆E T values are rather low at -7%. The standard deviation is calculated at 33.04%. Such deviations values are in the same order of magnitude with the typical standard deviation found in identified plant fiber parameters such as the tensile modulus and strength [Aslan 11, Jeannin 20, Lefeuvre 14b,Baley 14]. Least-square residual values are also low with an average of 2.5nm. Therefore, the analytical model fits well to the simulation data.

Figure 2 .

 2 Figure 2.35: Force-displacement results of different fibers. The data from the simulation is represented by markers with the fitted elliptical analytical model represented with dotted lines.Maximum displacement values are not identical for all fibers due to the removal of initial rotational movement for some fibers.

Figure 2 .

 2 Figure 2.36: ∆E T and least-squares residual values for all fibers.

Figure 2 .

 2 Figure 2.37: Geometric indicators for analytical and simulated compression. 2b represents the contact with and u max the maximum displacement level of a given fiber.

  . The artificial neuron, as developed by McCulloch [McCulloch 43] represents the elementary unit of a neural network. It receives N inputs x and produces an output y in the following way; y = ϕ N i=1 w i x i + b i (2.41) where: w the weight, allowing to increase or decrease the effect of a given input, b the bias allowing to shift the function value by a constant amount and ϕ the transfer function. Different transfer functions can be used depending on the nature of the problem [Duch 99].

Figure 2 .

 2 Figure 2.38: Average error of 100 networks on ∆E T values for different network sizes.

Figure 2 .

 2 Figure 2.40: Network performance and regression.

Figure 2 .

 2 Figure 2.41: Force-displacement results for different relaxation times τ . The data from the simulation is represented by markers with the fitted elliptical analytical model represented with dotted lines.

Figure 2 .

 2 Figure 2.42: Evolution of ∆E T (left) and least squares residual (right) as a function of the relaxation time τ .
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 243244 Figure 2.43: Force-displacement results for different loading speeds. The data from the simulation is represented by markers with the fitted elliptical analytical model represented with dotted lines.

Figure 2 .

 2 Figure 2.45: Force-displacement results for different yield stresses. The data from the simulation is represented by markers with the fitted elliptical analytical model represented with dotted lines.

Figure 2 .

 2 Figure 2.46: Evolution of ∆E T (left) and least squares residual (right) as a function of yield stress.

Figure 3 . 1 :

 31 Figure 3.1: SFTCT experimental setup. a) testing chamber on active anti-vibration table and relative humidity generator, b) overview of setup with its three microscopes, linear actuators and micropositioning tables, c) closeup view on rotary actuator, force displacement sensor and fixed platen with views from all three microscopes (d, e, f).

Figure 3 . 2 :

 32 Figure 3.2: F U sensor design with close-up view on fiducial markers (a) and sensor tip (b).

  can thus be obtained by:∆Y = Y d -Y i (3.1)
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 333 Figure 3.3: Image of sensor HP codes as observed by a microscope at: initial contact point, with the tracked coordinates Y , Z and ψ (left), at maximum fiber compression for a fiber displacement U and relative displacement between HP codes ∆Y (right).

Figure 3 . 4 :

 34 Figure 3.4: HP code measurements over 10 compression tests against the fixed rigid support for: a) Y , b) Z and c) ψ coordinates. Each line represents a different test. In the Y coordinate plot, the dependent HP code coordinate is shown with a thicker line for visibility purposes. a.1 and a.2 show a closeup of the Y position of the dependent and independent code respectively.

3. 3 Figure 3

 33 Figure 3.5: SFTCT experimental setup for force sensor calibration. The F U sensor tip is centered over the ruby tip of the reference sensor as seen on the microscope image on the right.

Figure 3 . 6 :

 36 Figure 3.6: Representation of possible misalignment angles between compression platens. The angle φ is defined as "tilt angle".
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 3338 Figure 3.7: Sensor-fixed lower platen simple geometric representation in a parallel state and with an angle α.

3. 3 Figure 3 . 9 :

 339 Figure 3.9: Distance between sensor tip and fixed platen as a function of the angle of the rotary actuator. Fitting the analytical model to the experimental data gives the necessary rotation to minimize the tilt angle. The tilt is thus found at its minimum φ = 0 • when the actuator is rotated at α = 0.57 • from its reference position.
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 3311 Figure 3.11: Force-displacement results of finite element analysis for different tilt angles. The data from the simulation is represented with markers and the fitted analytical model represented with dotted lines.

Figure 3 . 12 :

 312 Figure 3.12: Evolution of ∆E T (left) and least-squares residual as a function of tilt angle.

3. 3 Figure 3 . 13 :

 3313 Figure 3.13: PA11 repeated transverse compression results. The compression protocol is shown on the left with the force and displacement data at the unloading stage being shown on the right.
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 33315316 Figure 3.15: Force-displacement results of experimental compression of PA11 fiber for different tilt angles. The data from the simulation is represented with markers whith the fitted analytical model represented with dotted lines.
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 3317 Figure 3.17: Comparison of force-displacement results of a PA11 fiber compression at different tilt angles, from finite element and experimental studies.

Figure 3 . 18 :

 318 Figure 3.18: HP code coordinates for the compression of a PA11 fiber under different tilt angles. Compression is performed along the y axis.

Figure 3 .

 3 Figure 3.19: a) Single fibers glued on tabs placed inside the sample holder, b) FDAS measurement system, with a larger fiber sample (horse hair) mounted on a single tab placed inside the pneumatic holders. The laser is positioned on the left with diameter measurements taking place with the sensor on the right.

3. 4 Figure 3 . 20 :

 4320 Figure3.20: Principle of shadowgraphy for elliptical cross section fiber diameter measurements. Maximum and minimum apparent diameters, noted R and r respectively, are measured. For elliptical cross sections, apparent diameter evolution in polar coordinates generates an "8" shape.

Figure 3 . 21 :

 321 Figure 3.21: Comparison between FDAS and tomography measurements on horse hair.

Figure 3 .Figure 3 . 22 :Figure 3 .

 33223 Figure 3.22: Custom fiber cutting system (guillotine) with its different components.

Figure 3 .Figure 3 .

 33 Figure 3.24: PA11 compression stages as seen by Microscope 2.

Figure 3 .

 3 Figure 3.26: Loading protocol for fiber compression, controlled through nanopositioner generated displacement. Equivalent force level is given on the right.

3. 4 Figure 3 .

 43 Figure 3.27: Relative humidity regulation and related change in temperature. The start of the compression test is represented with a black square. Each colored line represents a test on a different fiber (Kevlar,flax,hemp or nettle).

Figure 3 .

 3 Figure 3.28: Force-displacement experimental results, for the transverse compression of Kevlar and plant fibers.

Figure 3 .

 3 Figure 3.29: Fiber residual displacement normalized by the value of the compressed radius.

Figure 3 .

 3 Figure 3.30: Dissipated energy during loading-unloading cycle in single fiber compression.

Figure 3 .

 3 Figure 3.31: Force-displacement experimental results, at the unloading phase of cycle 6, with the fitted analytical model for the transverse compression of kevlar and plant fibers.

Figure 3 .

 3 Figure 3.32: Apparent transverse elastic modulus E T identified by the analytical model at the unloading phase of fiber compression.
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 42241 Figure 4.1: (a) Kendall model geometric representation, (b) dependence of surface energy on peeled film extension as a function of peeling angle [Kendall 75]. The adhesion energy R is noted γ in this work.

Figure 4 . 2 :

 42 Figure 4.2: Schematic representation of plant fiber peeling.

Figure 4 . 3 :

 43 Figure 4.3: Plant fiber peeling correct (a) and incorrect configuration (b).In order to ensure a smooth peeling that matches the geometric representations used in peeling analytical models, the peeled fiber must be facing toward the direction of the peeling force.
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 42 Characterization method -experimental setup design and validation

Figure 4 . 4 :

 44 Figure 4.4: Plant fiber peeling micromechatronic setup: (a) illustration of testing main principle, (b) microgripper assembly with force sensing capability (c) fiber bundle support with tension control capability, (d) setup overview, (e) closeup view of plant fiber being pulled from its bundle.

Figure 4

 4 Figure 4.5: (a),(b) view of the gripper (1), rail (4,5) and spring (2) assembly, (c) isolated view of rail and spring. Illustration taken from [Saketi 16]

Figure 4 . 6 :

 46 Figure 4.6: Adhesive tape peeling test: (a) experimental configuration, (b) peeling force evolution for different peeling speeds.

Figure 4 . 7 :

 47 Figure 4.7: Microgripper retreat with no grasped fiber calibration: (a) results of five retreats, (b) average response over 5 tests with fitted quadratic polynomial, the standard deviation is represented as a shaded area.

Figure 4 . 8 :

 48 Figure 4.8: Examples of processed fibers from which bundles are extracted for peeling tests : (a) long strand, (b) short strand.

Figure 4 .

 4 Figure 4.9: (a) Example of incorrect peeling orientation. The peeled fiber (2 fibers in this photo) faces in the opposite direction of the gripper and is being pulled over the bundle. (b) the peeled fiber is facing towards the gripper and can be peeled smoothly.

Figure 4 . 10 :

 410 Figure 4.10: Examples of peeling angles: (a) acute, (b) right, (c) obtuse. Micropositioning stages are used to position the peeling zone in front the gripper resulting in a right angle.
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 411412 Figure 4.11: Elementary fiber apparent diameter measurement: (a) raw image, (b) edited image, (c) image binarization, (d) elementary fiber apparent diameter measurement.

Figure 4 .

 4 Figure 4.13.a illustrates a case where peeling behavior is distinctly different between three stages of the test. In stage 1, at the beginning of the test shows an increase in force as the fibers still gets in tension, therefore this stage does not correspond to peeling. Two distinct peeling regimes are then seen (stages 2 and 3). When such cases occur the video recorded by the overhead camera is examined to understand the nature of the change between peeling regimes. In the present case, the diameter of the peeled fiber decreased significantly in stage 3, inducing a decrease in peeling force (see Figure4.13.c and c). In this case, to accurately estimate adhesion energy, stage 1 is not used in its calculation and two separate diameters measurements are made for stage 2 and 3 each.This approach is adopted for all peeling tests. If a certain test stage does not correspond to a smooth peeling behavior, such as those illustrated in Figure4.12, it is not used in the adhesion energy calculations. If a change in peeling behavior is a result of a

  Figure 4.13.a illustrates a case where peeling behavior is distinctly different between three stages of the test. In stage 1, at the beginning of the test shows an increase in force as the fibers still gets in tension, therefore this stage does not correspond to peeling. Two distinct peeling regimes are then seen (stages 2 and 3). When such cases occur the video recorded by the overhead camera is examined to understand the nature of the change between peeling regimes. In the present case, the diameter of the peeled fiber decreased significantly in stage 3, inducing a decrease in peeling force (see Figure4.13.c and c). In this case, to accurately estimate adhesion energy, stage 1 is not used in its calculation and two separate diameters measurements are made for stage 2 and 3 each.This approach is adopted for all peeling tests. If a certain test stage does not correspond to a smooth peeling behavior, such as those illustrated in Figure4.12, it is not used in the adhesion energy calculations. If a change in peeling behavior is a result of a

Figure 4 .

 4 Figure 4.13: (a) Peeling test results with three distinct stages, (b) image of peeled fiber in stage 2, (c) image of peeled fiber in stage 3. The adhesion energy of stage 2 and 3 (γ 2 , γ 3 are calculated with the according apparent diameter D 2 , D 3 ).

Figure 4 .

 4 15 shows an example of a peeling test with the derivative value and its outliers.

Figure 4 . 14 :FFigure 4 . 15 :

 414415 Figure 4.14: InterQuartile Range (IQR), lower and upper fence and outlier representation
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 444441 Figure 4.16: (a) fiber bundle and (b) peeled fiber, cardboard supports. Bundles are positioned with the peeled fiber facing upwards as seen (c) and (d). The peeled fiber is then removed and positioned on its dedicated frame.

Figure 4 . 17 :

 417 Figure 4.17: Typical peeling behavior at: (a) the elementary fiber scale, (b) the stem scale [Réquilé 18].

Figure 4 . 18 :

 418 Figure 4.18: Results of peeling test campaign on hammer mill and breaking unit decorticated nettle fibers.

Figure 4 . 19 :

 419 Figure 4.19: Example of common plant fiber rupture mechanisms causing abrupt variation in peeling force: (a)rupture over kink bands seen as larger and darker small spots on the peeled fiber, (b) cellullose macrofibril bridging and braking in the interface between the peeled fiber and its bundle.
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 420420 Figure 4.20: SEM observations of nettle fiber bundle peeled zones: (a) apparent track left by the extraction of the peeled fiber, (b) signs of fibrils on the peeled surface. Observations on the peeled fiber: fiber layer separation (c and d) and fibrils (d) can be seen.

Figure 4 .

 4 Figure 4.21: X-ray microtomography of fiber bundle and peeled fiber. The fiber bundle separated during tomography preparations. (a) Potential track left behind by peeled fiber, (b) semi-detached fiber layer.

Figure A. 1 :

 1 Figure A.1: Isovalues of ∆U (as a percentage) for different combinations of fiber radius R and transverse elastic modulus E T . A maximum value of 2.8% is obtained for R = 1µm and E T = 100 M P a. A minimum value of 0.01% is obtained for R = 100µm and E T = 10 GP a.

Figure A. 2 :

 2 Figure A.2: Isovalues of ∆U (as a percentage) for different combinations of Poisson ratio ν LT and anisotropy ratio E L /E T . A maximum value of 12.5% is obtained for E L /E T = 1 and ν LT = 0.5. A minimum value of 5 • 10 -4 % is obtained forE L /E T = 50 and ν LT = 0.05.

  Figure A.4 illustrates this mesh quality assessment for the different studied meshes. Triangular elements and the mixed mesh lead to the best results. Quadrilateral elements result in a lower average quality. Mapped quadrilateral elements especially lead to zones of low quality, since the cannot easily adjust to the circular geometry. Average quality: 0.93 0.87 0.81 0.93

Figure A. 4 :

 4 Figure A.4: Skewness mesh quality for triangular, free quadrilateral, mapped quadrilateral and mixed elements.

  Figure A.6. Their governing constitutive relations are derived from the laws of mechanical elements in series or in parallel and can be written as follows, considering a solid isotopic material: model : σ = Eε + η ε (A.6) By solving the differential equations it is possible to study the material response as a function of time. For the Maxwell model: σ = σ 0 e -t τ + η ε(1 -e -τ = η/E the relaxation time (for stress relaxation tests) or retardation time (for creep tests).

fFigure B. 1 :

 1 Figure B.1: . Contact detection through linear segment fitting and derivation.

Figure B. 2 )

 2 Figure B.2). Since the sensor thickness (500 µm) is small compared to its dimension along the y and z axis (16.8 mm and 15.1 mm), a 2D plane stress model can be used. The sensor material is modeled as linearly elastic with a Young's modulus of E = 169 GP a based on values given by Hopcroft et al.[Hopcroft 10]. The displacement of the sensor around its 2 mounting holes, located on the uppermost part, is blocked. To simulate sensor compression a vertical load, F comp , is applied to the sensor tip along the -y direction. An amplitude of 350 mN is chosen, since it results in a quasi-total deformation of the sensor, with the HP codes almost reaching the end of their 500 µm clearance. To simulate sensor torsion an horizontal load, F tors , is applied to the sensor tip along the x direction. The same amplitude as compression tests is used. The load is applied with 20 increments to provide multiple data points. The boundary conditions of the simulation along with the sensor deformed shape at F comp = 350 mN are given in Figure B.2.To evaluate compressional stiffness the relative displacement of the two HP codes needs to be known. The vertical coordinates of two points located at the center of the HP code regions are used. Knowing these coordinates throughout the test, the relative displacement between the two, ∆Y , can be calculated. A linear fit of ∆Y and F comp results in a compressional stiffness of k = 773.5 N/m (see subsection 3.3.2) with a coefficient of determination of R 2 = 1. The calculated stiffness value is very close to one calculated analytically, the small difference can be attributed to structural effects of small geometric beam features such as rounded edges, that are not accounted for analytically.To evaluate torsional stiffness the overall reaction moment τ is evaluated along the out of plane x axis. The rotation of the sensor's tip γ is also evaluated. A linear fit of γ and τ results in a torsional stiffness of k t = 0.06 N • m/ • with a coefficient of determination of R 2 = 1. Considering the sensor as a beam of length 13.8 mm (distance between sensor tip and fixation hole) an horizontal force of 4.48 N would be required to turn the sensor tip by 1 degree. Such values are completely unrealistic in the context of our SFTCTs.

  Figure B.2: Left: Boundary conditions of sensor behavior finite element analysis. The black dots replacing the HP codes are where the Y u and Y l data are calculated. Right: meshed and deformed geometry after applying a vertical compressive force of 350 mN .

Figure B. 3 :

 3 Figure B.3: Micro-fabricated assembly for compact SFTCT setup: a) view of silicon wafer with microfabricated assemblies, b) single sensor platen assembly (sensor on top, platen on bottom) with breakable connecting joints, c) zoom on sensor and platen HP codes.

Figure B. 4 :

 4 Figure B.4: Influence of force-displacement simulation data removal on ∆E T and least-squares residual.

  Unloading n°F igure B.5: Influence of experimental force-displacement data removal on least-squares residual. The mean values of the residual are represented by the continuous line with the shaded representing the standard deviation.

Figure B. 6 :

 6 Figure B.6: Creep test imposed force and fiber response. Fiber creep behavior is in the same magnitude as thermal drifts.
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Table 1 .

 1 Faruk 14, Mohammed 15, Pickering 16, Ramesh 17, Sanjay 18, Gholampour 20, Chaudhary 20, Mahmud 21, Liu 21].

	Test domain	Characterization
	Mechanical	Tensile
		Compressive
		Flexural
		Impact
		Fiber/matrix adhesion
		Nanoindentation
	Durability	Fatigue
		Fracture-damage
		Wear-tribology
	Time dependent	Creep
		Shrinkage
	Damping	Dynamic mechanical analysis (DMA)
		Modal analysis
		High frequency characterization
	Thermal	Fire resistance
		Thermal conductivity
		Thermal analysis
	Humidity-water absorption Change in mechanical properties
		Swelling
	Physical	Weight and density
		Porosity
	Morphology	Optical microscopy
		Scanning electron microscopy
		X-ray microtomography
		Atomic force microscopy
	Spectography	Fourier transform infrared spectroscopy

.1 [Ku 11, Dittenber 12, Faruk 12, Koronis 13, CW Nguong 1.3 Plant fiber mechanical characterization S Debnath 13, 1: Plant fiber composite characterization, overview of different tests found in the literature.

  To characterize these longitudinal properties, numerous tensile tests have been performed for the bast fibers of main interest in this work: flax [Davies 98, Andersons 05, Aslan 11, Charlet 09, Bos 02, Baley 02, Baley 14, Lefeuvre 14b, Melelli 22, Richely 22b, Nuez 22], hemp [Cisse 15, Duval 11, Guicheret-Retel 15, Pickering 07, Fuentes 19, Placet 12a, Placet 12b, Placet 14] and nettle [Davies 98, Bodros 08, Lanzilao 16, Jeannin 20]. Various other fibers such as wood [Page 71, Burgert 03, Zhang 13] but also bamboo, kenaf, jute and others have been tested as well [Defoirdt 10, Hu 10, Yu 11, Wang 11, Ren 14,

Table 1 .

 1 

	Strength at break	Strain at break
	(M P a)	(%)

3: Overview of the range of bast fiber tensile properties. Values taken from: [Bourmaud 18] for flax and hemp, [Jeannin 20] for nettle.

  17, Guessasma 19], influence of humidity [Davies 98, Placet 12a, Guicheret-Retel 15, Nuez 22], creep behavior [Cisse 15, Guicheret-Retel 15], free fiber rotation [Placet 12a], influence of morphology and defects [Fuentes 19, Richely 21b, Richely 22b, Placet 12b], drought impact [Melelli 22], and more.

Table 1 .

 1 4: Overview of fiber morphological characterization methods.

		1.3 Plant fiber mechanical characterization
	Fiber observation	Method	Advantages	Disadvantages
	Transverse section	Optical microscopy, SEM coupled with image processing	Accurate measurements	Single position along fiber length, surface preparation
	Longitudinal section	Optical microscopy, Fraunhofer shadowgraphy diffraction,	Multiple length and perimeter measurements along	Apparent diameter
	Volume	Microtomography	Accurate, complete fiber reconstruction	Expensive, time consuming

microscope configuration is needed to obtain good quality results. Authors can then use the available tools of microscopy software

[Thomason 11, Marrot 13] 

or custom methods

[Nitta 13, Mattrand 14, Del 

  , DelMasto 17, Richely 22b] has been studied numerically.

			1.4 Plant fiber characterization -new horizons
	Reference	Fiber type	Fiber scale	Behavior	Geometry	Parameters
					Laminated	MFA, cellulose
	[Gassan 01]	Plant	Elementary Elastic	structure or thick	content,
					elliptical tube	ellipticity, lumen
	[Nilsson 07]	Flax-hemp	Elementary Elastoplastic	Monolayer tube	Dislocations
	[Roudier 12]	Flax	Elementary Elastic	Monolayer tube	Relative humidity
					Hexagonal fibers	
	[Beakou 13]	Flax	Bundle	Elastic, bilinear cohesive zone	with no lumen, staggered arrangement into	Middle lamella, gauge length
					bundle	
	[Thuault 14]	Flax	Elementary Elastic	Multilayer tube	MFA, cell width and composition
					Optical	
	[Beaugrand 15] Hemp	Elementary-bundle	Elastic-damage	microscopy and microtomography	Notch shape
					reconstruction	
	[Del Masto 17]	Hemp Elementary Viscoelastic	Monolayer tube	Degree of ellipticity, MFA
						26 parameters
	[Del Masto 19]	Flax-hemp	Elementary	Viscoelastic-failure	Monolayer tube	(ultrastructural, morphologi-
						cal. . . )
	[Guessasma 19] Hemp	Elementary-bundle	Damage	Microtomography reconstruction	Notch shape, stress criteria
	[Richely 22b]	Flax	Elementary Elastic	Monolayer tube	Lumen, MFA, fibril realignment
	[Richely 22a]	Flax	Elementary Elastic	Microtomography reconstruction	Porosity, irregularities

Table 1 .

 1 5: Overview of finite element analysis studies on plant fibers. Tableadapted and

expanded based on [Del Masto 18, Richely 21a]. (a) damage simulation on reconstructed 3D geometry [Guessasma 19], (b) multilayered simplified geometry simulation [Roudier 12], (c) complex 3D geometry simulation [Del Masto 17], (d) fiber bundle simulation (hexagonal fibers with symmetry conditions) [Beakou 13].

Table 1 .

 1 and Pinnock were the first to perform 6: SFTCT history overview and main milestones.

	c	
	b	b
	a	a

  11 σ xx + S 12 σ yy + S 13 σ zz yy = S 12 σ xx + S 22 σ yy + S 13 σ zz

		2.2 SFTCT analytical models
	𝑥 Mobile platen		
	𝑈		
	𝑦		
	2𝑅		
	Fixed platen	2𝑏	𝑈 𝐷
	Figure 2.2: 2D representation of single fiber transverse compression test in an undeformed and
	deformed configuration.		
			(2.8)
	with, given plane strain conditions:		
			(2.7)

ε

  Jawad proposed this simplification for his model while Phoenix and Cheng did not. The simplified equations are given in Table 2.2. Jawad simplified his model further by neglecting the remaining s12 term. Doing so eliminates the Poisson ratio in the transverse plane, ν T T , from the models. Many authors chose to use this simplified model [Kawabata 90, Kotani 94, Jones 97, Singletary 00a, Sockalingam 16, McDaniel 17, Guo 16, Naito 17].

Table 2 .

 2 Sobol total effect indicator 0.77 0.18 0.04 3.7 • 10 -8

3: Sobol total effect indicator for each analytical model input parameter.

Table 2 .

 2 CPU time ∆E T (%) Residual (nm)

	Quarter	13 s	-3 • 10 -4	0.4334
	Half	19 s	-3 • 10 -4	0.4344
	Full	44 s	0.02	0.4388

5: Comparison of analytical model identification ability and computation time for 2D finite element models with different symmetries.

Table 2

 2 

.6: 2D-3D model comparison.

Table 2 .

 2 7: Average error of 100 networks on ∆E T values for different transfer functions.

		Logistic sigmoid Hyperbolic tangent sigmoid Purely linear
	Training data	3.74%	2.19%	9.34%
	Testing data	9.34%	6.82%	13.88%

Table 2

 2 .8 gives a detailed quantification of the model's performance. The error on training data is low at Insights on plant fiber compression complexity through analytical and finite element modelingFigure 2.39: Schematic representation of final neural network.2.42%. Error on training data is slightly higher but close to the training error at 2.99%. No overfitting has thus occurred. Pearson coefficients and coefficients of determination are close to 1 for both data sets. The linear regression is thus of good quality and is close to the perfect prediction line.

	6		
	ℎ 𝑗 =	tanh(𝑤 𝑖𝑗 • 𝑥 𝑖 + 𝑏 𝑗 )	
	𝑖=1		
	Fiber surface	8	
	Ellipse surface	𝑦 =	𝑤 𝑘 • ℎ 𝑘 + 𝑏
	Simulation 2𝑏/𝑢 𝑚𝑎𝑥 Ellipse flatness Fiber flatness	Output layer Δ𝐸 𝑇 𝑘=1
	Theoretical 2𝑏/𝑢 𝑚𝑎𝑥		
	Input layer		
	Hidden layer	

Table 2 .

 2 8: Network performance and regression values, with r the Pearson coefficientof correlation and R 2 the coefficient of determination

	2.6 Identification error caused by fiber material behavior
		Error	r	R 2
	Training 2.42% 0.995 0.990
	Testing 2.99% 0.978 0.947
	Global	2.56% 0.994 0.987

  10, Guo 16, Naito 17] or Linear Variable Differential Transformers (LVDT) [Kawabata 90, Kotani 94, Stamoulis 05, Cheng 04]. In most setups the upper compression platen is mobile and moving downwards towards the fiber, some setups however, move the lower platen upwards [Stamoulis 05, Wollbrett-Blitz 16].

The work of Mikczinski et al. is a standout among SFTCT experimental work, with an experimental setup developed to operate inside a scanning electron microscope, offering unprecedented observations capabilities [

Table 3 . 2

 32 Sensor k (N/m) F range (mN ) F max (mN )

	r P earson	N test

: Results of F U sensor calibration with: k the identified sensor stiffness, F range the force measurement range of the F U sensor, F max the maximum applied force during the calibration test, as measured by the reference sensor, r P earson the Pearson correlation coefficient and N test the number of repeated calibration tests.

  • 10 -4 0.13 ± 1 • 10 -3 0.10 ± 0.02 0.03 ± 7 • 10 -4

			reference TEI sensor	F U sensor
	Sensor dF (mN )	δF (mN )	N R (%)	δF (mN )	N R (%)
	1	0.32	0.27	0.13	0.06	0.02
	2	0.22	0.27	0.14	0.11	0.03
	3	0.26	0.26	0.13	0.10	0.03
	Overall 0.27 ± 0.04 0.27 ± 3			

Table 3 .

 3 4: Results of tilt angle minimization procedures. Both the misalignment angle β and the distance from the apparent rotation point are identified with a small standard deviation.

  .5.

	Parameter	Value	Source
	R	17.55 (µm) FDAS measurement
	E L	2155 (M P a) Determined by [Placet 20]
	ν LT	0.4	Given in [Placet 20]
	ν T T	0.07	Determined by [Placet 20]
	L	300 (µm)	Compressed fiber length (sensor tip width)

Table 3

 3 

.5: PA11 fiber geometric and material parameters.

Table 3 .

 3 Roche 85] prevent accurate measurements through Single plant fiber transverse property characterization with high precision micro-mechatronic setup

	Fiber n°P

6: Plant fibers FDAS measurements: minimum diameter d and maximum diameter D.

  (GP a) cycles 1 & 2 1.71 ± 0.06 1.02 ± 0.04 1.47 ± 0.33 1.24 ± 0.19

		Kevlar 29	Nettle	Hemp	Flax
	E T (GP a) all cycles	2.21 ± 0.47 1.76 ± 0.60 2.21 ± 0.81 1.71 ± 0.39
	E T Table			

Table 3 .

 3 8: Anisotropy ratios E L /E T for all tested fiber with longitudinal values taken from the literature. The average E T across all cycles and tested fibers is given.

	Plant	Kevlar	Nettle	Hemp	Flax
	E L (GP a)	84	36 -79	14-44	37 -75
		[Bencomo-Cisneros 12]	[Jeannin 20]	[Bourmaud 18]	[Bourmaud 18]
	E T (GP a)	2.21	1.76	2.21	1.71
	E L /E T	38	20-44	6-20	22-44

Table 4 .

 4 1: Overview and specifications of components used in the micromechatronic fiber peeling setup.

	Component	Company	Model	Specifications
	Microgripper	SmarAct	SG-1730 gripping force: 1 N
	Linear actuators	Physik Instrumente M-111	range: 15 mm, repeatability: 0.25 µm
	Peeling force sensor TEI	FSB	range: 0.1 N , non-linearity: ±0.01%
	Tension force sensor AEP	TCA	range: 1 kg, non-linearity: ±0.03%
	Camera lens	Edmund optics	67-317	telecentric ,zoom: 8X, field of view: 1.1 mm × 0.8 mm
	Microrail	IKO	-	range: 15 mm; friction coefficient: 0.001

Table 4 .

 4 2: Average value and standard deviation of peeling force, diameter and adhesion energy for each decortication method. 12 samples were tested for the hammer mill and 10 for the breaking unit.

	Decortication	Adhesion energy	Peeling force F	Apparent diameter D
	process	γ (mN/µm)	(mN )	(µm)
	Breaking unit	0.27 ± 0.14	7.80 ± 0.97	34.28 ± 8.92
	Hammer unit	0.22 ± 0.10	6.37 ± 0.99	29.10 ± 7.50

Table 4 .

 4 3: Peak force and force drop related to peeling over kink bands and cellulose fibril breaking for different decortication methods of nettle.

	Decortication method Kink bands	Fibril bridging
	Breaking unit (BU)	0.42 ± 0.32	0.25 ± 0.08
	Hammer mill (HM)	1.51 ± 3.02	0.78 ± 0.86
	Global average	1.01 ± 2.26	0.52 ± 0.64

  3.1. Results are presented in Table A.1.Table A.1: Results of inverse identification on finite element simulation data for different SFTCT analytical models.

	Model	∆E T (%) Residual (nm)
	Cheng	-9.32	0.98
	Cheng b ≪ R	-7.32	0.87
	Morris	-7.88	0.87
	Lundberg	-0.17	0.45
	Phoenix	-0.13	0.44
	Phoenix b ≪ R	1.28	0.42
	Jawad	-3 • 10 -4	0.43
	Jawad b ≪ R	-6 • 10 -5	0.44
	Foppl	5.48	0.48
	Sherif	12.13	0.45
	Anazodo (small strain)	-12.10	-
	Anazodo (large strain)	38.06	-

  Table A.2: Comparison of σ yy and T ny integrations.

	Integrated parameter ∆E T (%) Residual (nm)
	σ yy	0.92	0.62
	T ny	-3 • 10 -4	0.43

  T         (  K)     -w       . R   w   k            w  . I     w   w   w     . W      w kw       . Y z         w   .    z        j    z. I    w        . F   -          -. U        -     z              . S                   . S       . T          -      . F     k j                . B                     . T j           w      . A w   z     . F   -       . T    -             -            . U                  .P          w . A w -          . A  - w             T       w    . T   w                w   j    . F    w                    . O       w     z    . T             z    j   .

	Tite: Pzw-
	-
	Keywords: 
	
	Abstrat

U BF- 32' O 25000B

depending on the crop, sowing or planting might not be required every year.

With the exception of some efforts during the second world war [Baley 21].

as measured by the independent HP code

The surface under the unloading curve is subtracted by the surface under the loading curve

In a similar way to shakedown and ratchetting behavior [Lemaitre 94].

this avoids confusion with the fiber radius, often noted R in this work.

along the y axis, see Figure 4.4.a
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Single plant fiber transverse property characterization with high precision micro-mechatronic setup Finally, control of the Relative Humidity (RH) during compression is also critical especially in the case of plant fibers. For this reason a custom enclosure was created for the setup, its total volume being around 200 liters. A RH generator (HumiSys HF) was added with a flow of 20 L/min (see Figure 3.1.a). Active regulation is performed with a temperature and relative humidity sensor placed close to the compressed fiber. Based on the measurements of these sensors, the generator adapts an air mixture inside the preparation chamber. This prepared air mixture then gets transmitted inside the testing chamber. No active temperature control is implemented in the setup.

Overall, the approaches used to address the previous discussed SFTCT limitations (see 3.2) are summarized in Table 3 Table 3.1: SFTCT experimental setups, overview and proposed improvements.

Custom force-displacement sensor: design, operation and characteristics

Given the questions raised in terms of system compliance and force/displacement measurement (see. section 3.2), a custom sensor was developed, designed to directly compress the fiber and measure both the applied compression force and the fiber's displacement. The term F U sensor will be used to refer to this sensor (F and U to symbolize force and displacement respectively). This section presents the sensor's design, operating principle and dimensioning that results in a sensor suitable for SFTCTs. Analytical and numerical estimations of stiffness are also presented.

A.3 Comparing σ yy and T n y integrations

In analytical SFTCT models, the force per unit length is typically obtained by integrating the vertical stress component along the contact width as follows:

Through finite element analysis however, the contact half width b cannot be known precisely in advance. For this reason a potential contact zone of width 2Rcos(π/3) was defined in the finite element model. In the finite element model the integration performed is thus :

If vertical stresses occur outside of the actual contact half-width they will also be integrated causing an error in the estimation of the contact force per unit length. While these errors are small for a circular geometry, for more complex geometries the errors can be larger. Integrating the vertical component of the contact pressure T ny offers an alternative to this issue. Figure A.3 shows the distribution of σ yy and pressure T ny over the defined contact zone for 0 ≤ x ≤ Rcos(π/3) (the 2D quarter fiber finite element model presented in section 2.3 is used.). T ny is calculated only within the contact half width, resulting in positive values with zero values outside of it. σ yy has both positive and negative values, as well as non-zero values in zones where T ny is zero. Its positive values are also higher overall compared to T ny . These differences are reflected in ∆E T and the residual as seen in Table A.2. Both are higher when the force per unit length, that is given to the analytical model for inverse identification, is a result of an integration of σ yy . Values for a force integrated from T ny are very small, attesting to a very close result with analytical predictions. For this reason T ny is used in all presented studies. The following statement can be made:

T ny dx (A.4) well suited to stress relaxation tests but not creep tests. In the case of the Kelvin-Voigt model, under a constant stress, strains gradually tend towards the value of a purely elastic strain σ/E with a decelerating rate (cf. equation A.10). At a constant strain however, stresses increase linearly in pure elastic manner (cf. equation A.9). For this reason the Kelvin-Voigt model is adapted to the prediction of creep behavior. Often material viscoelastic behavior can be much more complex than the simple cases illustrated in Figure A.5. This is the case for plant fibers, knowledge however on the underlying mechanisms is still poor. Additional springs and dampers can be added in series or in parallel to the models in order to describe these complex phenomena. The association between elements and the properties of each spring or damper might be very different between plant species and fiber micro-structure. For this reason a more general approach will be used in the context of this study. A simple viscoelastic model will be used with a single spring and a single damper. This viscous constant will be varied along a large range of values. The impact of fiber viscosity on the material response of a fiber under transverse compression will thus be studied along a wide range of possible viscoelastic behaviors.

𝐸 𝜂

Maxwell model 𝜂 𝐸

Kelvin-Voigt model

The used finite element model imposes the upper platen displacement in order to compress the fiber. For this reason we will use the Maxwell model. A simple analogy can be made to justify this choice. We saw that the Maxwell model is best suited for relaxation tests, where strain is imposed. In terms of loading conditions imposed displacement and imposed strain are analogous. The constitutive relations can also be used to understand this choice. Under a constant strain increase rate, for the Kelvin-Voigt model, the resulting stress would be the result of the addition between the elastic part and the viscous part of the model as seen in equation A.10. The overall stress would thus be higher than a pure elastic material and change linearly. For the Maxwell model however, a nonlinear response with lower stress levels than a purely elastic response are obtained. The comparison between the two viscoelastic models and a purely elastic one for a strain increasing at a constant rate can be seen in Figure A.7. For the loading conditions that are used in this study, the Kelvin-Voigt response is clearly not a realistic material response contrary to the Maxwell model.