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Abstract
This paper analyzes tThe post-buckling behavior of a  clamped-clamped elastic fiber constrained inside a flexible circular cylinder is analyzed theoretically, numerically and experimentally. It focusesThe focus is  on characterizing the contact configuration between the fiber and the flexible cylinder wall. The elastic fiber is variously compressed in diverse shortenings of the elastic fiber up to its elasticity limit, in which where  a segment of the fiber makes contact with the cylinder wall until the stage whereand its deformation becomes three-dimensional (3D). The analysis was performed using various tools, including representative experiments, image processing for the experimental results, finite element (FE) analysis of the finite elements (FE) of the experimental system, and analytical models. for all stages.  To this end, we employ a novel experimental method, with a  setup consisting with of a flexible cylinder, which, t. To the best of our knowledge, this represents the first experimental work time in experimental work where one can observe experimental compression on a flexible fiber within a cylinder with flexible walls can be observed. This is , combined with image processing and synchronized force measurements. Additionally, using image processing, the movement within the flexible cylinder’s centerline was measured as a function of the force placed upon the fiber using image processing. The results are consistent agree with published theoretical predictions that are based on a simplified theoretical model assuming a perfect fiber. Thise study provides insights regarding the influence of relevant parameters intoon the behavior of such systems that and may have practical implications in the fields of stent procedures, medical endoscopy, deep drilling, and the mechanics governing the growth of roots and plants, which characterize the flexible fiber’s movement within a flexible medium. This differs from research work carried out using a rigid cylinder that does not best simulate the behaviors in the aforementioned systems.
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1. Introduction
[bookmark: _Hlk63952557]1  Introduction
 -1- 

The post-buckling behavior of an elastic fiber subjected to lateral constraints is of practical importance in a number variety  of fields wherethat require access to enclosed spaces with an elastic fiber is needed, ranging. They range from medical procedures (such as in vivo diagnosis) to engineering applications. In the field of oil drillingproduction, for example, the drilling is carried outaccomplished by using a very long cylinder that serves to drill holes [1–-4].. When the fiber drill is subjected to the axial load of the drill, it may buckled and touch the wall of the borehole. AExamples of applications in the sphererealm of medical procedures include inserting fibers for the purpose of medical imaging or cardiac catheterization, as well as inserting a long catheter into a patient's blood vessel for the deployment of stents. One of them is the for treating treatment of artery disease patients in which a long catheter is inserted into the patient's blood vessel for the deploy stents [5–-8]. When the leading end of the catheter encounters a narrowing or a lesion, the catheter will may bend too much and may touch the arterial wall. In invasive microsurgery, flexible catheters are manipulated in order to reach the organs that requiringe treatment [9–-10]. In these applications, the elastic fiber's behavior can affectthere are  the interactions between the elastic fiber and the environment. that is affected by the elastic fiber's behaviors. The simplest mechanical model for oil drilling is a thin winding fiber contained within a rigid cylinder with a circular cross-section. Research of on this issue regarding a rigid cylinder this problem began as early as the 1950's and has been widely exploredaccumulated many publications [1–-3]. In cContrastingly, in applications involving an artery and human tissue, such as in the development of filopodia in living cells [11–-14], it is not enough possible to assume that the cylinder is rigid. However, aAccording to a review of articles about a fiber contained within an elastic cylinder, it appears to our knowledge that no relevant experimental research exists about this question. This current research aimsThis article  to address this gap by aims to substitutinge a cylinder with an elastic- walled cylinder for the rigid-walled cylinders with a rigid wall as in the experimental studiesy [15]. As described in previous works examiningregarding cases where the fiber is helicalx, it is possible to use an energy system to predict the relationship between the applied load and the size of the helix [16–-19]. In inclined [20–-25] and horizontal [26–-31] cylinders, gravity pulls acts on the fiber on the lower side of the cylinder to stabilize it. This stabilization stabilizes the fiber and allows the fiberit to withstand a significant amount of load. In curved cylinders [32–-34], it was found that the buckling load that of buckling that causes the sinusoid shape and helix of the fiber at the time of buckling is usually much greater than those in straight cylinders. Using geometrical calculations, the theory of elasticity [35–-40] was developed, among other things, to investigate the post-buckling behavior of the fiber moved along the cylinder wall. The end effects of the post-buckling behavior of a contained curvedbent fiber that is subject to an axial load at the end are discussed [41], see Fig. ure 1. TWhile this work refers only to the final stage of deformation, which is a point-line-point connection, and it. It  has been reported in the literature [42–-45] that before reaching a point-line-point deformation, the fiber passes through different deformation patterns, when. While aall previous studies have assumed a rigid cylinder wall, . However, in reality,the real world there is no such thing as  a totally rigid cylinder does not exist. As previously noted, iIn certain applications, especially biological and medical ones, an elastic cylinder wall would be a better model, especially in biological and medical applications as previously noted. This work aims to replaceabandon the assumption of a rigid cylinder as explored in previous studies [45] with thatin favor of an elastic one. There are existing works in the literature [12, 46–-50] studies that addressdeal with  the behavior of a fiber within an elastic- walled constraint, but the subject has not yet been empirically examined the issue thoroughly empirically in with a three-dimensional and numerical investigation of the fiber's deformation within an elastic cylinder. The intention here is to test the cylinder's sensitivity to failure after loads are applied to the wall by means of the fiber, to confirm the theoretical results empirically and numerically, and try to find an analytical model for evaluating that will describe the problem.	Comment by Susan: In the figure:
1, Guidewire appears twice – is this correct?
2. Artery Channel (both words capitalized
3.Strain Gauge (both words capitalized
4. should it read fiber clamp?
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[bookmark: _Ref61544858]Figure. 1: (a) A guidewire passes through the lesion area of an artery channel. It is assumed that the guidewire is squeezed by the elastic tissue in the lesion [6]; (b) The experimental setup, with a flexible cylinder with a diameter.



1.1. 
1.1 Description of the problem

In cases where the fiber is threaded into the cylinder and begins to experiencehave two-dimensional deformation up to its contact with the cylinder wall, it is assumed that the wall exerts a radial force. The  in the radial direction whose intensity is relative to the radial movement of the wall. We assume that the cylinder wall behaves similarly to the base of the spring as it appears in the study [51], with the spring constant β. The spring model as it appears in the study [51] is a very basic analogy to a fiber on an elastic wall, but it helps simplifyies our problem. The spring constant is not a value that is usually measured. However,, but  we assume that there is a good proportional relationship between the spring constant and the Young’s's modulus of the material of which the elastic wall is composedmade of . Aand, as a close approximation, the Young’s modulus of elasticity of the material will be chosen as our spring constant. Similarly, to the possible scenario description [46], in the case of oil drilling, we assume that the outer and inner radii of the drill casing are 0.125 m and 0.04 m respectively. The length of the drill casing between the two stabilizers is 50 m [52]. AssumingLet us assume that the drill casing and the borehole walls are made of steel, with a Young's modulus of 200 GPa,. According to these assumptions, β is approximately 1010. If the wall of the borehole is made of shale, with a Young's modulus of 20 GPa [53], then β is approximately 109. In these cases, it is likely that the elasticity of the cylinder wall is not taken into considerationneglected. 	Comment by Susan: Not clear here – does this mean that the Young modulus is chosen as our spring constant? Otherwise the sentence means that the spring constant is chosen as our spring constant.
Shifting attention toNow let us take the case of a stent deployment application with heart disease patients, with one of among the areas with the highest risk of the formation of a fatty layer in the blood vessels in heart disease patients arebeing along the main left artery and the frontal left descending artery [54], with a total length of approximatelyabout 45 mm [55]. The Young's modulus of the artery is approximately 1.2 MPa [56,57]. The radius ofFor the fiber inserted intowith which  the stent is to be inserted, its radius is 0.18 mm, with a and its Young's modulus ofis 200 GPa. GivenWith these rough estimates, the dimensionless spring constant β is on the order of 104. In this case, it iswill probably be necessary to take the elasticity of the arterial wall into account. ThisIn this research represents the first time that, we wish to carry out for the first time, a large number of experiments have been conducted about the problem of the behavior of fibers in a cylinder.. In these experiments, a thin fiber is subject to load, is exposed to the wall of an elastic cylinder [58], which, and continues to exert load on it, as occurs in the case of the treatment of blood vessels and other tissues in the human body.
2. [bookmark: _Ref530928407]
2.1. Goal, Motivation and Achievement
1.2 Goal, Motivation and Achievement
2.2. The goal of this study is to test the behavior of a fiber threaded into a flexible cylinder using axial force. The motivation for the study is to conduct a broad empirical, numerical investigation to find solutions for preventing damage/injury to a fiber found in the wall of a flexible cylinder, such as in the cases of blood vessels, tissues, and similar engineering applications, including  (deep drilling, etc.)  This study 



could have significant implications for applications through itsAchievements resulting from this project would be: a comprehensive empirical investigation of the behavior of the fiber and the flexible cylinder, its finite element simulations, its comparisons with the existing literature, and its adaptation to a dimensionless basic analytical model that may best help achieve the objective of this work. In the case of a fiber within a flexible cylinder, we expect to see two types of deformation of the external cylinder. The first, : Type 1, or  "Local" deformation, which causes changes in the shape of the cross-section in the area in which the fiber makes contact with the cylinder. The second, , and Type 2, or "Global" deformation, causes -- a global change in the shape of the cylinder;, specifically: the straight axis of the cylinder that was straight becomes curvedcrooked. To the best of our knowledge,As far as we know,  this research project is original, as in that there is no known publication or/  project that has undertaken andealt with the empirical investigation of the combined behavior of a flexible fiber within a flexible cylinder. The, exception of  for [46] , which only involved numerical research, based on assumptions that significantly simplified the subject;, i.e., it involved only local deformation with no coupling, and only Type 1 deformation was involved. Specifically, the assumption in that studythere was that the cylinder was actually a two-dimensional deformation and not a three-dimensional deformationone. In essenceother words, when the fiber makes contact with the cylinder, the cylinder exerts reactive force in the area of contact that is proportional to the extent of "penetration" of the fiber beyond the surface of the cylinder. However, this does not reflect reality,This is of course an unrealistic case, as the cylinder is not treated as a real elastic structure/ body. That is, there is no effect/ or  coupling between the radial sliding only at point A and the sliding at point B, even if it is very close to it. However, this is a good limit case in the sense that it enables significant simplification of the analysis, focusing only on Type 1 (local) deformation. Another important point is that [46] carries out only a numerical analysis (no finite elements, but rather the solution of a set of non-linear differential equations). In addition, [46] has no experimental element of experiment.   In view of the great complexity of the general problem of a fiber within a flexible cylinder, we propose executing an additionalwould also like to execute a "small step," one that would enable analysis of a problem that is somewhat less complex a littler simpler than the most general case, but still allows for insights. Based on these insights, we canwould then be able to continue on to more general and complex cases. Therefore, for our study, we have selected a "reverse" limit case chosen fromfrom that of [46]. We will examine the case in which only Type 2 deformation occurs, i.e., global deformation of the cylinder, withwhile any local deformation is negligible.  This is actually is the case whenin which the circumferential/tangential stiffness of the cylinder is very large in relation to the lengthwise stiffness. This means that these cylinders do not allow a local change of the shape or/ size of the cross-section, but do enable global deformations of the cylinder, where the cylinder changes from straight to curved. For the experiments, we use non-standard cylinders, which are actually commonly used for cladding or/ protection of another cylinder that is inserted into them. The flexible cylinders to be used are made of polymeric material, but with a thin rigid material fiber passinges helically in their circumference, sSee Figure. 1(a). In terms of simulations of finite elements, -- to create a model of the cylinder, we use a composite material that is very rigid in the circumferential direction. Another benefit of approaching the problem in this way, where taking on this problem (there are only global deformations), is that it makes itis highly likely that a relatively simple mathematical model can be createdsketched, which may even allow for analytical insights, at least regarding the first initial deformations. Specifically, the flexible cylinder can be modeled as a beam and the fiber that is withininside it makes contact in at its center and exerts force on it. Another practical advantage of performing experiments with the flexible cylinders as described above is the fact that they can be obtained without initial curvature,-- unlike other flexible cylinders that usually have acome with uniform initial curvature (rolled up): -- see Figure . 1(b). Another important point, is that the numerical study in this case is not for the purpose of confirming the experiments. Rather, iIt is rather an inseparable part of the investigation: the process involves performing experiments. From these experiments, we can then derive graphs of force versus shortening expressingwhich expresses the shortening of the axial length of the fiber whileen its original length is maintained, as well as obtainand also information regarding the response of the flexible cylinder. In contrast Contrary to experiments with a rigid cylinder, we cannot gather information regarding the behavior of the fiber inside the cylinder, since the rigid cylinder was transparent and, in our case, it here it is opaque. To obtain understanding of the behavior of the fiber, we use finite element simulations. In the first stage, we want to ensure  to make sure that the responses we obtain receive indeed corresponds to the one weexperimental measurementsed in the experiments with respect to the force-shortening graph and the response of the external cylinder.  Once it seems that there is such correspondence is found that enables us to concludesuch that we can say that the simulations indeed model the behavior very well, we can complete the picture of the experiment. Using the simulations, we can recreaterepresent the behavior of the fiber within the cylinder, including : where there is contact and , what type of contact: e.g., like point, linear, planar or three-dimensional deformation, etc.   	Comment by Susan: Is deformed or bent preferable?
Our work is expected to be innovative in several ways. It represents: it is the first systematic empirical investigation within a flexible cylinder, the first time global deformation of the cylinder is examinedthere is treatment of global deformation of the cylinder, and the first time there isthat a combination of experiments, finite element simulations, and a simple analytical model used. , whichThis approach enables us to constructhe creation of a complete picture of the behavior of a fiber inside a flexible cylinder, the response of the flexible cylinder, and the interaction between them. Afterwards tThe results of these experiments are to be compared to numerical research of similar cases, in an effort attempt to find an analytical model that will describes the process of failure of the wall of the elastic cylinder, following the continued application of load by the fiber after its contact with the wall. Drawing onWith the help of the results of this research project, we will be able to better understand the characteristics of the failure and how it canmay be prevented.

2 Materials and methods
2.1 [bookmark: _Ref504911074]
2.2 Description of system



The theoretical predictions assume the following: the thin elastic fiber of length [image: ]with circular cross-section is inextensible and unshearable. T; the fiber is uniform in mechanical properties along its length [image: ] and is stress-free when it is straight and untwisted, the fiber its deformation is constrained inside a flexible cylinder with a diameter , and the centerline of the constraining flexible cylinder coincides with the unstressed straight fiber. The diameter,   of the fiber cross-section is negligible compared to that of the flexible cylinder. We consider the deformation of the fiber when it is subject to prescribed edge-thrust and under the constraint of the cylinder. It is assumed that the fiber is completely fixed at one end and not ableallowed  to rotate aroundabout the longitudinal axis. At the other end, the fiber is clamped laterally but is free to slide longitudinally. According to small-deformation theory, the 1-point contact deformation exists only exists in planar form; while in the elasticaa model, the 1-point contact deformation of the spatial form also exists [46]. As expected, the difference between the small-deformation theory and the elastica model grows as the radius of the constraining cylinder becomes larger.
[bookmark: _Ref28594595]



2.2 Experimental system





Experiments were performed with an Instron 4483 machine, on which the designated experimental system was installed:, see Figure. 2(a). The experimental system includes a CSN EN 10270-1 steel wire fiber with a length of long and a fiber diameter of  i inside a various flexible cylinders with diameters of  and a rigid cylinder with a diameter of. Flexible cylinders come in large rolls from the manufacturing plant. Therefore, curvatures exist in cylinders of short lengths, as can be seen in Figure. 2(b). During the experiment, a small torque was applied to their ends in an attempt to align them without stretching them.

During the first stage, tensile and squeeze experiments were carried out on the flexible cylinders, without fibers, to examine their characteristics.   The flexible cylinders, without fibers, were bound at their ends to impose clamped boundary conditions at both ends of the flexible cylinders, and then stretched and squeezed using an Instron. In order to carry out the first stage of the experiments, a dedicated array was set up, as described in Figure. 2(a), with adapters adjusted to hold only the flexible cylinder, which could be thean be stretched and squeezed, without needing to compressing the fiber. Another preliminary experiment,s which is designed to determine the spring constant of the cylinder and, several experiments to measure the force exerted on the centers of the three cylinders, , were carried out by stretching the centers of the flexible cylinders without fibers. To measure the applied force and the center’s movement, a screw was affixed precisely in the center of the cylinder, to which a steel cable was connected. The other end of the cable was connected to a strain gage. These steps were taken when the cylinder was in a horizontal position and fastened at both ends. This set-up enabled the applied force to the center and the movement of the cylinder’s center to be measured.as well as the movement of the cylinder’s center to be measured. IOn Figure. 3 is a description of the experimental array using the same set-up as that employed for all the fiber compression experiments, only without the fiber within the flexible cylinder.
For the main experiments where the fiber is compressed, which constitute the bulk of the study, special adapters were designed and installed to impose clamped boundary conditions at both ends of the fiber. Then, the lower adapter was fixed to the flexible cylinder while the upper one was attached to the moving arm of the Instron machine, so the fiber coincided with the symmetricaly axis of the cylinder at the start of the experiment, as described in Figure. 4.




During the experiment, the distance between the two ends of the fiber was slowly decreased like in a slow quasi-static movement. Using the Instron machine tt, hein shortening rate of the ends was , upon lowering the upper end, by the Instron machin. Te; this process resulted in the bending deformation of the fiber constrained by the flexible or rigid cylinders. Our method in which the distance between the two ends of the fiber is shortened while the length of the fiber remains constant differs from the method in [28], where the fiber is injected from the left to the right and pulled over two feeder rollers through a slave injector, forming and forms a slack loop before being and then is pulled through a primary injector into the constraining glass cylinder. The advantages of thisIt can be said that an experimental method in this study has advantages over those used in previous studies is that involvesprevious systems, including minimal friction and greater precision in measuring the fiber force. In our experiments, reaction forces are transmitted over an air- bearing slider to the force sensor. The fiber is then pulled through a channel by an idler wheel and a drive wheel that is driven by a servo-stepper motor located close-up of to an acrylic clamp holding the pipe in place. The deformation is examined for fiber a diameter of  and for othersome different inner diameter values of the flexible cylinders: . Here,  is the free length of the fiber in the initial unloaded state, i.e., the distance between the two clamping points at the beginning of the experiment. An end state shortening of the fiber iswas determined by the displacement of the upper clamp that is controlled by the Instron machine using the displacement control method. In this configuration, loads are applied to a part based on the displacement, and the displacement is determined using an Encoder installed on the Instron. In this method, the displacement changes incrementally while the reaction force results depends on the stiffness of the structure. Axial compressive force applied on the fiber was measured by a static load cell,. T and together with displacement, both were synchronized with a digital camera, Type MAKO G-223 with a CMOSIS/ams CMV2000 sensor, global shutter and; 50 frames per second that was used to record the experiment. The maximum level of ends shortening was restricted by software to prevent fiber plastic deformations.
In each experiment, two complementing characteristics of the response were recorded: the force displacement relationship and details of cylinder movement. In order to determine these features, the axial force was applied to the fiber along with the corresponding ends shortening of the ends. The aAnalysis of the force-displacement relationship provides the core information on the fiber loading process, revealing important aspects of the fiber behavior. The details of the effect on the flexible cylinders caused by the fiber deformation were determined by analyzing the successive frames taken by the camera and complemented with MATLAB® assisted image processing, that allows for clearly representation of the distance  between the centerline of the flexible cylinder and the initial centerline of the constraining flexible cylinder. Synchronization between the camera and the Instron machine facilitatesenables the configuration of the contact configuration to be identified and related directly to the force-displacement relation. With tThis synchronization, enables qualitative and quantitative comparison between the behavior observed in the experiment and the structural response predicted by FE simulations and by the aAnalytical model can be achieved.
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[bookmark: _Ref61544925]Figure. 2: (a) The tensile and squeeze compression experimental set up, with a flexible cylinders with diameters of diameter. (b) Flexible cylinders with diameters are pictured pictures on the page embedded in order to assess the curvature of the cylinder.	Comment by Susan: Please note that the embedded numbers do not match the size and font of the text.	Comment by Susan: What does GUI  mean in the center photo? All the words in the labels in the figure need to be capitalized. Shoud it read holder or clamp?
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[image: ]Figure. 3: The force-movement relationship experimental set up, with a flexible cylinders of diameters diameter.	Comment by Susan: Please note that the embedded numbers do not match the size and font of the text.
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[bookmark: _Ref61544973]Figure. 4: (a) Schematic description of the main experiment and system components. (b) The experimental setup, with a flexible cylinders with with diameters of diameter.	Comment by Susan: Please capitalize all words in the labels in the figures. Please note that the embedded numbers do not match the size and font of the text.  Also, you have a and b and no c 




2.3 Finite-element simulations




FE simulations were performed with the commercial FE software ABAQUS FEA. A static analysis was designed to simulate the experimental system, which includeds a 500 mm fiber that is clamped at both ends and is laterally constrained by flexible and rigid cylinders. A static stress analysis iis used when inertia effects can be neglected, but takes into account rate-dependent plasticity and hysteretic behavior for hyperelastic materials into account. The model of the fiber and the cylinder are meshed with hexahedral solid elements, type C3D8R (8-node brick, accounting for geometrical nonlinearity), with over 50 elements in the fiber cross-section and a total of 1600 elements in the fiber and 2000 elements in the cylinder. Tube elements’ size was reduced in areas ofwhere there is contact between the fiber and the cylinder:, see Figure 5. A Young’s modulus of [image: ] was assigned to the fiber, in accordance with tensile experiments that were performed with the Instron machine and orthotropic characteristics for flexible with hyperelastic constant   and polycarbonate with Young’s modulus of  for a rigid cylinder. Preliminary analyses with high-order brick elements and with a larger number of elements in the mesh have resulted in similar results. Boundary conditions were implemented by defining zero-displacement of all degrees of freedom associated with the nodes at the two ends of the fiber, with the. The only exception ofis the vertical displacement of the upper end, which was gradually increased during the simulation. As shown in Figure. 5, the fiber at the end of one side (on the side where no force is applied) is fixed to the x, y, and z axes for both displacement and rotation around each axis. At the other end of the fiber, where the force is applied, the fiber is fixed to rotate on the three axes and cannotdoes not have the ability to rotate around them. On the two other axes that are not parallel to the movement of the end of the fiber, the fiber’s end is fixed and cannot move in the direction of these axes. On the axis that is parallel to the movement of the end of the fiber, the fiber’s end has a constraint that enables it to move in parallel to the axis for a defined displacement of , consistent with as the motion occurred in the experiment.	Comment by david Appleyard: Please change font and size of 200 GPa
During a static step, you a time period is assigned a time period to the analysis. The “time” increments are then simply fractions of the total period of the steps. In these cases, a quasi-static solution can be obtained only if the magnitude of the load does not follow a prescribed history; it must be part of the solution. You can control tThe time incrementation may be controlled in a quasi-static analysis directly and here, it is controlled automatically by ABAQUS.

In the numerical analysis, the vertical displacement represents the shortening between the two ends of the fiber, as described in Section ‎2.1. The vertical force on the upper end of the fiber, which is the force applied by the Instron machine in the experiment, was determined in the simulation. The shortening rate of the ends was , which is comparable to the rate at which the experiments were performed. Preliminary FE simulations showed that lower rates produced similar results, indicatingthat means that our system behaves as a quasi-static system. In the numerical analysis, a contact between the cylinder and the fiber was defined using penalty stiffness in the normal direction of the contact surfaces, pressure-overclosure with "hard" contact, and no penetration.
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[bookmark: _Ref61544990]Figure. 5: Mesh model at ABAQUS software towards making a HEX element analysis


2.3.1. ABAQUS Simulations Flexible Wall Cylinder results


Figure. 6 pPresents the results of a simulation for a flexible cylinder with a diameter  of  and fibers with diameters of . The graph describes the force that develops at the end of the fiber on which axial force is applied as a function of its shortening. In order to examine whether hysteresis exists in the ideal state, force on the fiber was released. The results of these released applications can also be seen in Figure. 7. Here, the simulation helps not only identify and explain what forces are acting upon the flexible cylinder wall, but also as well as analyze the nature of the contact. This process is critical,, as, the cylinder is opaque, and, as a result,, and information can therefore be obtained only through a simulation. The letters (a)–-(h) refer to developing deformation stages in the cylinder and the fiber, as can be seen in Figure. 7. Figure. 8 displays the force acting on the flexible cylinder wall from the fiber deformation versus end shortening, as obtained in the simulation. It , is: 4.6 N for a 1.8 mm diameter fiber of 1.8 mm diameter and 6.5 N for a 2.4 mm diameter fiber.
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Figure. 6: Vertical force versus end shortening — - FE simulations results for flexible cylinders : (a). (b) .	Comment by Susan: There seem to be inconsistencies in the fonts in the two figures.  in the The comma in the figure should either be deleted, or there should be no space between it and the preceding word. Also, D is sometimes capitalized and sometimes not – is this deliberate or should there be consistency.
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[bookmark: _Ref61545011]Figure. 7: Results of FE simulations showing the deformation of the fiber and contact with the flexible cylinder wall, for: ,. Ttop view (all images are at an identical scale).
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[bookmark: _Ref61545035]Figure. 8: Wall force versus end shortening - FE simulations results for flexible cylinders : (a). (b) .	Comment by Susan: See prior comment about inconsistencies in fonts,  comma and prior comments about inconsistency of D or d	Comment by david Appleyard: 


2.3.2. ABAQUS Simulations Rigid Wall Cylinder


In order to carry out a comparison of the behavior of a fiber and a flexible cylinder, a simulation was performed on a rigid cylinder with a diameter of  together with a fiber with a diameter of . Figure. 9. describes the force that develops at the end of the fiber on which pressure is applied as a function of its shortening. The letters (a)–-(h) refer to developing deformation stages of the fiber. The letters (a)–-(h) refer to developing deformation stages in the cylinder and the fiber, as can be visually displayed in Figure. 10. The maximum force on the flexible cylinder wall from the fiber deformation, as obtained in the simulation, is 8.7 N, which is greater than that for the flexible cylinder.	Comment by Susan: Note that the inserted figures have a different font and size than the rest of the text.	Comment by david Appleyard: I have managed to chage most but not all of these by converting to word math
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Figure. 9: Vertical force versus end shortening — - FE simulations results for rigid cylinder:.
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[bookmark: _Ref61545071]Figure. 10: Results of FE simulations showing the deformation of the fiber and contact with the rigid cylinder wall, for:,. Top view (all images are at identical scale)	Comment by Susan: Note again inconsistency between d and D and inconsistency in size and font of numbers.	Comment by david Appleyard: see earlier note



Figure. 11 illustrates a numerical simulation of the presence of different behavior for a fiber having a diameter of .diameter This is similar to what happens in the experiment when the fiber is within a flexible or stiff cylinder, both at the first contact stage, and, subsequently, with greater shortening values.
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[bookmark: _Ref61545082]Figure. 11: Vertical force versus end shortening —- FE simulations results for flexible and rigid cylinders: , and fiber:.
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2.3 Analytical insights from initial  imperfection analysiss

In this section, we present analytical derivations for three key features associated with the behavior of the fiber. The first and second features are the end displacement (shortening) of the fiber at the onset of first contact between the fiber and the cylinder with symmetric and anti-symmetric imperfections as illustrated in Figure. 10, and the third is the load at which the transition from 2D (planar) to 3D deformation occurs. The analysis assumes a linear stress-strain relation (Hooke’s law).



2.4.1 
2.4.2 End displacement for first contact


The analysis in this section is based on a well-established elastic solution of a clamped-free fiber [17] (see Figure. 12).	Comment by Susan: Should this read clamp-free or unclamped?






[bookmark: _Ref61545122]Figure. 12: Description of elastica problem for a clamped-free fiber	Comment by Susan: Where is figure 12?

There,



where

 											   (2)

and are the complete elliptic integrals.                


We deonoate  as  the lateral displacement at the middle of the fiber, as illustrated in the Figure. 13.
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Figure. 13: Description of boundary conditions and post-buckling response of the fiber in this research



In order to obtain the lengths of segments , let represent the arc length given by	Comment by david Appleyard: This equation moves position when reformatted as windows math





(3)






where   is the vector defining the location on the fiber and  is the angle of the tangent at this point with respect to a constant direction, e.g.  .
Boundary condition (6)–-(8) is used in solving the clamped-free problem by inserting the following relations into the solution of the clamped-free problem:


 
(4)



(5)


   


		(6)



The parameters are unknown; however, the following conditions must exist:	Comment by david Appleyard: Strange formating here in subscripts

a. Identical load in both segments:

(7)




b. Identical bending in the intersection of two segments:



											(8)
		



Equations (3) (combined with (6)–-(8)) can be viewed as providing the relationship between  through a single parameter. In other words, for a given value of , each member of the triad



 can be easily calculated. This approach can be used to drawas a function of.



											(9)



In addition, a similar approach can be used to plot the elastic solution for the relation between  and:
 







This relation is a geometrical property of the curve that describes the fiber center-line, and it does not depend on the cross- section geometry or on the material of the fiber. The agreement between the exact solution and the approximation is evident. Thus, (11) can safely be used safely to calculate the value of  where the  fiber makes the first contact with the rigid cylinder.	Comment by david Appleyard: Where reformatting has not been possible, the original formatting has been maintained













Figure. 14 shows the computational results for the mathematical model of the fiber's first contact with the cylinder wall. The curves describe the shortening of the fiber as a function of the cylinder’s radius; that is, the shortening required for a first contact with the cylinder wall to occur for cylinder of various radii. There are two curves. The first curve was made according to a full computation, including employing elliptic integrals. The second curve represents an approximate computation without using these integrals.
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Figure. 14: End shortening versus radial displacement —– compared analytical model results,
 approximation and without approximation model calculation.


2.4.3 Cylinder deformation analysis

2.4.2.1 Small Cylinder deformation analysis


In this case there are two different expressions for the bending moment corresponding to the two portions of the beam .
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[bookmark: _Ref61545152]Figure. 15: A clamped bBeam subjected to a concentrated load 


Eq. for the deflection curve must therefore be written for each portion of the cylinder. In this way we obtain


 			 







Since the two branches of the deflection curve have a common deflection at the point of application of the load, the two expressions  must be identical for . From this it follows that . Finally, we need to determine only two constants , for which determination we have two conditions, namely, that the deflection at each of the two ends of the beam is zero. Substituting  in the first of expressions, we find:


 						.


Substituting  in the second of expressions ,we obtain

 				.



Substituting the values of the constant into the Eq. solution for the deflection curve, we obtain:

 			 

The first of these equations gives the deflections for the left portion of the beam and the second gives the deflections for the right portion.



Substituting the value  into Eq.  solution, we obtain



 	.


TFrom these equations the slope at any point of the deflection curve can readily be calculated from these equations, although we often. Often we need the values of the slope at the ends of the beam.







Substituting  in the first part  of Eq. , in the second, and denoting the slopes at the corresponding ends by , we obtain



							.




The maximum deflection occurs at the point where the tangent to the deflection curve is horizontal. If  , as in Figure. 15, the maximum deflection is evidently in the left portion of the beam. We can find the position of this point by equating the first of the Eq. to zero to obtain , from which


					.


This is the distance from the left support to the point of maximum deflection. To find the maximum deflection itself, we substitute Eq.  in Eq.   , which gives	Comment by david Appleyard: 


				    .



If the load  is applied at the middle of the span the maximum deflection is evidently also at the middle also. Its magnitude is obtained by substituting  in Eq. (10), which results ingives


 	 			.



From Eq.  it can be concluded that in the case of one concentrated force, the maximum deflection is always near the middle of the beam. When  it is at in the middle.

2.4.2.1. 
2.4.2.1 Large cCylinder deformation analysis




Figure 16 Consideshows r a beam with uniform EI and cross-sectional area , fixed at both ends and subject to a vertical load at the center, see Figure. 16. The deflected curve is longer than the straight line between  and . This elongation develops axial forces N in the beam in addition to shear forces and bending moments.


In order to remain within the elastic range,  cannot exceed a certain value, which in turn also limits the deflection  too. Therefore, the problem will be analyzed applyingusing the moderately large deflection theory of beams by using the approximate expression for the curvature.
 y
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Figure. 16: A clamped bBeam subjected to a concentrated load 


For reasons of symmetry only the right-hand half of the beam in Figure 16 will be analyzed. Consider the beam in Fig. 16. For reasons of symmetry only the right-hand half will be analyzed. The bending moment at a point  is:

 			


where  is the fixing moment (clockwise) at the point , see Figure. 17.

 				

is axial displacement.
In addition:

 					.



The axial force  is calculated from Eq. with Eq. 

 				.




Note that  is constant but unknown. In order to make use of the kinematic boundary conditions, let us integrate both sides of Eq. with respect to 

 			.


The beam is clamped at both ends, so using zero boundary conditions for , the axial force is related to the square of the slope by

 			 	.
We define non-dimensional forces and moment as:

 			      .
Now the normalized equilibrium equation in the vertical direction becomes

[bookmark: ZEqnNum216355] 	                                              

Where 


Now, using Eq. and Eq., we write the non-dimension axial force:

 					


where for the case of a thin-walled circular cross-section  is equal to the (non-dimensional) radius of the tube. The solution of Eq.  is

 			




where . The first two terms are the solution of the homogeneous equation and the last two terms correspond are to a particular solution. The unknowns  and  are found by insertingplugging the particular solution into Eq.  and comparing coefficients, while the remaining unknowns  are determinedfound from the boundary condition.:	Comment by Susan: Why doesn’t this equation have a humber?
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[bookmark: _Ref61545180]Figure. 17: The rRight-hand half of beam for reasons of symmetry

Accordingly, we have that

	 	  	
aAnd

 			.

Also, using the last boundary condition, , we write

			.


The equation of the elastic line can be found by substituting  into Eq. 

	.


At  the deflection is , so

 				.


Taking the first derivative of Eq.  and squaring it, Eq. provides a constant axial force N as

 			


aAnd, since  , we rewrite Eq.as

[bookmark: ZEqnNum648746] 			.


Combining this expression for  with Eq. 

[bookmark: ZEqnNum361039] 			.















Although it is not possible to write an explicit relation between  and , Eqs.  and  provide an implicit relation through . This nonlinear force-deflection relationship is illustrated in Figure. 18. with and is a good match. It is instructive to compare this result to the linear force-displacement relationship predicted by the small-deformation analysis,  when  is derived from Eq. . This is can be seenshown in Figure. 19. It is evident that the accuracy of the small-deformation analysis is insufficient once deflections are larger than . For example, a deflection of  corresponds to . Next, we look for writing an explicit approximate relation between  and . To this end, we write a Taylor expansion of Eq.  near the linear-case () and neglect terms of order  and higher:	Comment by Susan: It looks like a word is missing here




[bookmark: ZEqnNum438979] 		         		.
Next, using  and , we writegives

 				       .			(40).									(4
Finally, by insertingplugging Eq.  into Eq.  we arrive atend up with the explicit (approximate) force-displacement relationship

[bookmark: ZEqnNum705639] 	   	      	  		.

Figure. 18 shows that the accuracy of this approximate relation is very goodhigh. In terms of dimensional quantities, relation  is written as


 						       


where  and .
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[bookmark: _Ref61545210]Figure. 18: Normalized force vVs. nNormalized deflection

[bookmark: _Ref61545232]Figure. 19: Normalized force/linear force vVs. nNormalized deflection 






2.4.4 
2.4.5 Fiber small-deformation analysis












In this section, we analyze the initial (planar) deformation stages of a fiber that is constrained by a flexible cylinder. For this, we conceptually replace the cylinder with an equivalent spring that applies the same force to the fiber (see Figure. 20). For simplicity, and in accordance with the experimental results, we assumeit is assumed  that the deflection of the fiber is small, , such that the behavior of the fiber is governed by the standard linear equations of bending. We denote this with  as the initial fiber length, as the fiber diameter, and  as the inner radius of the flexible cylinder and the actual (current) distance between the location of the spring and the original location of the fiber. Hence, the original gap between the fiber and the constraining spring is , as shown in Figure. 20. The fiber is clamped at one end  and supported by a horizontally movable slider at the other . The fiber is subjected to an external compressive force  acting along its long axis that results in a horizontal displacement, , of one end. After buckling, the fiber deforms and makes contact with the cylinder/ spring at the midspan  (see Figure. 20). Further increases in the external force (or alternatively, of ) results in a larger deflection, which is governed by the resisting force of the spring. We note that a similar analysis was performed in [48–-49], where a slender beam constrained by a sprung wall with linear behavior was studied theoretically and experimentally. Here, however, the force-displacement relationship of the constraining spring is cubic in Eq. . Thus, we follow the analysis of [48] and extend it to account for the cubic behavior of the spring.	Comment by david Appleyard: Converting d here to word math recreates a second d, I can’t seem to remove one without the other
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[bookmark: _Ref61545257]Figure. 20: A clamped fiber is subjected to an axial compressive forceand is subsequently constrained by the wall of a flexible cylinder, here replaced conceptually replaced here with a spring.



Treating the fiber as a thin line, , its vertical displacement at the contact point becomes:

 					 .


In order to enable non-dimensional analysis, all lengths are normalized by  and all forces by . Accordingly, the deflection of the fiber is governed by the (non-dimensional) equation:

 				  

where boundary conditions are dependent on contact conditions, as discussed below. In addition, the horizontal displacement,, is determined by:

 	  	   	     .


Symmetry allows for consideration of only half of the fiber, between  and .

2.4.3.1 Analysis of Pre-buckling and buckling of a clamped-clamped fiber

Three stages of the fiber behavior are considered: before contact, during buckling of the fiber, and during the fiber-cylinder contact stage. The solution of the buckling problem for a clamped-clamped segment with no contact is 

well established and is presented here for completeness. During the first stage, the fiber experiences a horizontal displacement, but does not flex and remains horizontal:


 				      






During the second stage, the force  reaches a critical buckling level, . The buckling of the fiber occurs instantaneously and the fiber “jumps” to contact the non-deformed cylinder equivalent at the point , where  was defined earlier (see Figure. 20). The horizontal displacement  becomes:


 				     .


During the third stage, displacement of the cylinder equivalent occurs due to contact with the fiber. A linear analysis of this process is presented in the next section.



2.4.3.2 Point contact

Once the fiber makes contact with the spring, the resistance of the spring to additional deflection needs to be taken into account. Thus, the boundary conditions are:


 	    	         				           



Here,  is the spring force , i.e.:

 	   	        	



Solving Eq. with boundary conditions (48), using Eq.leads to the relationship .


From Eq. , the solution for  takes the form:

 		      .



By substituting Eq.  into Eq. , all unknown coefficients are defined:



The equation of the elastic line Eq. is expressed as:

    	


Note that , the force in the spring, is unknown. It can be a characteristic of the spring, namely :

 	        	                  .



Spring force  in Eq.for a linear spring, when  is:

		              .

Therefore, the equation of the elastic line for linear spring with Eq. (53) is:

 	         		




Using the definition of the displacement from Eq.  and substituting Eq. for a linear spring force for from Eq. (49) when (), the normalized horizontal displacement becomes:

 		    .
[bookmark: _Ref61603962]



Now we calculate the spring force  in Eq. for a non-linear spring, when , defined as:

    	   		



Multiply Eq. in the  and rearrange the equation

 		           .



From Eq. , the spring force  for a non-linear spring, is:

 				 	..










Fig. 21 displays the deflection of the fiber   Vs.  ,when  for linear spring force from Eq.  and  for non-linear spring force from Eq. with Eq. .
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[bookmark: _Ref61603978][bookmark: _Ref61545300]Figure . 21: The deflection of the fiber   Vs.  ( ) —– compared results.












Fig.. 22(a) displays the behavior predicted by small-deformation theory for the symmetrical case with a linear spring with different  ,  Vs.   , withwhen  from Eq. . Figure. 22(b) displays the behavior predicted by small-deformation theory for the symmetrical case with linear and non-linear  spring force compared to experiment,  Vs. .   for non-linear spring force from Eq. with  for non-linear spring force and Eq. .	Comment by Susan: Is with correct? If when is used, there seems to be a word missing.	Comment by Susan: There seems to be a verb missing in this sentence.











[image: ][image: ]





[image: ]











[bookmark: _Ref62230574]




Figure. 22: The behavior predicted by small-deformation theory for the symmetrical case. Measured vertical force versus end shortening for a flexible-walled cylinder: , and fiber:. (a) linear spring force (). (b) linear and non-linear spring force and experiment result —- comparison compared graph.	Comment by Susan: Please note the difference in font and size of the nserted figures.



As can be seen in the Figure. 22 (b), comparing the linear spring force to the nonlinear spring force and to the experiment, there are small differences in the onset of force activation which are reset at larger ,,  for non-linear spring force for Figure. 22 (b), were calculated separately.	Comment by Susan: Is this change in punctuation correct?

3 [bookmark: _Ref530928842]Results
3.1. Preliminary experiment
3.1.1. 
3.1.1 Tensile and Squeezing Flexible  Cylinder
[image: ][image: ]Da
b

During the first stage of this research, tensile and squeezing experiments were carried out on the cylinders without fibers to examine the characteristics of the cylinder material. Figure. 23 presents the results of stretching experiments on the flexible cylinders. Figure. 24 presents the results of compression experiments on the flexible cylinders.
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[bookmark: _Ref61545313]Figure. 23: Vertical force versus cylinder end lengthening for flexible cylinder in tensile experiment, (a) . (b). (c).
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Figure. 24: Vertical force versus end cylinder shortening for flexible cylinder in squeeze experiment, (a) . (b). (c).
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Figure. 25: Vertical force versus end shortening for flexible cylinders, in squeeze experiment —– compared results.



It is noticeable in Figure. 25, that a cylinder with a diameter of , requires greater force in order to obtain similar shortening. Flexible cylinders with diameters of exhibit similar behavior.
3.1.2. 
3.1.2 Examination of the flexible cylinder spring constant
	
[image: ]To determine the spring constant of the cylinder, a continuous sampling was taken of the applied force on the cylinder center and the movement of the flexible cylinder from its starting centerline. In someFor some of the flexible cylinder diameters, experiments were carried out until there was a movement of 55 mm of the cylinder’s center from the central axis at the start of the experiment:, see Figure. 26. Each experiment was carried out in three iterations to test for hysteresis; that is, until reaching the required lengthening of the flexible cylinder and then releasing to the initial zero shortening position.
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Figure. 26: Vertical force versus axial distance for examination of the flexible cylinder spring constant, (a)  . (b). (c).	Comment by Susan: Note the different font and size for the inserted figures

Comparison of for examination of the flexible cylinder spring constant:
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3.2. Shortening Fiber Experiments
3.2.1. Examining the critical loading on a fiber before it contacts the cylinder
[image: ]
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Figure. 27: Vertical force versus axial distance for examination of the flexible cylinder spring constant, cylinders —- compared results.




The summary of the results in the comparative graphs of the experiments, see Figure. 26, indicates that with small movements of the flexible cylinder’s center , the relationship between the movement and the force is linear; with larger movements in cylinders with , the relationship is polynomial.



During the second stage of the research, experiments were carried out with fibers. Compression (shortening) experiments were conducted with fibers having diameters of , and with three different cylinder diameters of , as can be seen in the experiment results in Figures. 28 and  and Figure. 29. In these experiments, these fibers were shortened by up to 15 mm, with the specific shortening  determined by examining the critical load on a fiber before its contact with the cylinder wall. Each experiment was carried out in three times to test for hysteresis; that is, until reaching the required fiber shortening and then releasing it to the starting point with zero shortening. In all the experiments with the fibers, the reaction force at the end of the fiber resulting from its shortening was measured, with the distance between the two ends of the cylinder remaining unchanged. The initial contact with the cylinder wall on its return to the starting state is the result of the diameter cylinder's visco-elastic behavior, causing disengagement between the fiber and the tubing with a descending value differing fromdifferent than  that of the ascending one. Xcn.= First Contact, Pcr = Critical Buckling (Euler) and X3D = Three-Dimensions Deformation.
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[bookmark: _Ref61545371]Figure. 28: Measured vertical force versus end shortening for  and three different flexible cylinders:  (a) . (b) . (c) .
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[bookmark: _Ref61545379]Figure. 29: Measured vertical force versus end shortening for  and three different flexible cylinder:  (a) . (b) . (c) .

3.2.2. Analysis of fiber and flexible cylinder behavior through the fiber compression        experiment



In the fourth stage of the research, an analysis of the cylinder's behavior was conducted while implementing a compression experiment with two different fibers with diameters of , using three different flexible cylinders with diameters of, and shortening the fiber up to its elasticity limit in order to prevent plastic effects of the fiber on affecting the results, which can be seen in Figs. Figs. 30–-35. An analysis of the cylinder’s behavior was carried out by image processing of the video from the cylinder’s center. This analysis can indicate the amount of movement at the cylinder's center from its centerline, where the experiment began. Consequently, the mutual effect the fiber has on the cylinder and vice versa can be observed. The points (a)–-(f) marked on the graph are deformation stages of the fiber and the cylinder and are visually described in the respective pictures labeled with these letters.
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[bookmark: _Ref62230750]Figure. 30: (a) Measured vertical force versus end shortening for fiber: and flexible cylinder:. (b) Snapshots from the experiment at different levels of end shortening. End shortening is indicated by the letters a–-f that appears in the force-displacement curve (a). (c) Displacement from the axis measured by image processing versus end shortening for same system.
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Figure. 31: (a) Measured vertical force versus end shortening for fiber: and flexible cylinder:. (b) Snapshots from the experiment at different levels of end shortening. End shortening is indicated by the letters a–-f that appears in the force-displacement curve (a). (c) Displacement from the axis measured by image processing versus end shortening for same system.
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Figure. 32: (a) Measured vertical force versus end shortening for fiber: and flexible cylinder:. (b) Snapshots from the experiment at different levels of end shortening. End shortening is indicated by the letters a–-f that appears in the force-displacement curve (a). (c) Displacement from the axis measured by image processing versus end shortening for same system.
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Figure. 33: (a) Measured vertical force versus end shortening for fiber: and flexible cylinder:. (b) Snapshots from the experiment at different levels of end shortening. End shortening is indicated by the letters a–-f that appears in the force-displacement curve (a). (c) Displacement from the axis measured by image processing versus end shortening for same system.
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Figure. 34: (a) Measured vertical force versus end shortening for fiber: and flexible cylinder:. (b) Snapshots from the experiment at different levels of end shortening. End shortening is indicated by the letters a–-f that appears in the force-displacement curve (a). (c) Displacement from the axis measured by image processing versus end shortening for same system.
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Figure. 35: (a) Measured vertical force versus end shortening for fiber: and flexible cylinder:. (b) Snapshots from the experiment at different levels of end shortening. End shortening is indicated by the letters a–-f that appears in the force-displacement curve (a). (c) Displacement from the axis measured by image processing versus end shortening for same system.


3.2.3. 
3.2.3 Analysis of fiber and rigid cylinder behavior through fiber compression        experiment

[image: ]Since thea flexible cylinder is not transparent, description of the point where the fiber undergoes deformation from one plane to a three-dimensional deformation can be determined both by comparing fiber behavior in a rigid transparent cylinder with a diameter of , and from the results of a simulation made with an ABAQUS, as will be presented below. For the purpose of comparing the behavior of the fiber inside a rigid cylinder to its behavior in a flexible one, as presented earlier, experiments were carried out in a rigid cylinder. These results can be seen in Figure. 36. The graphs with results from the two types of cylinders are presented below.
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[bookmark: _Ref61545407]Figure. 36: (a) Measured vertical force versus end shortening for rigid cylinder: , andand   fibers: (a) . (b) ..



3.2.4 Analysis and comparison of experiment results and image processing






[image: ]Figure.. 37 shows that flexible cylinders with diameters of exhibit similar behavior at the cylinder contact stage. In a cylinder with a diameter of , the cylinder adjusts itself to the fiber's () movement and there is no rapid rise in force at the fiber's end. Therefore, there is a steep slope, as can be seen in cylinders with a diameter of . The highest value for force at the end of the fiber is obtained with cylinders having a  diameter and can reach double that of other flexible cylinders. Since the cylinder diameter is smaller than the others, with greater shortenings, it resists the fiber more strongly. Therefore, there is more force at the fiber's end.
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[bookmark: _Ref61545417]Figure. 37: Measured vertical force versus end shortening for  and three different flexible cylinders:  —– compared results.
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[bookmark: _Ref61545428]Figure. 38: Measured vertical force versus end shortening for  and three different flexible cylinders: — – compared results.










Figure. 38 shows that in cylinders with diameters of , there is similar behavior at the cylinder contact stage. In a cylinder with a diameter of , the cylinder adjusts itself to the fiber's () movement. There is a moderate rise for small shortenings but there is no quick rise in force at the fiber's end. Therefore, there exists a steep slope as it appears in cylinders with a diameter of . The highest value for force at the end of the fiber is obtained with cylinders having a diameter, reaching up to 1.2 times that of other cylinders. Unlike experiments with fibersdiameter, here, in experiments with fibers with a diameter of , there is a greater effect on cylinders with a diameter of .
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Figure. 39: Displacement from axis measured by image processing versus end shortening for fiber: and three different flexible cylinders:  —– compared results.






Figure. 39 shows the movement in the center of the cylinder as a function of the fiber’s shortening in cylinders with diameters of , which is very similar to that of a cylinder of diameter when experimenting with a 2.4 mm diameter fiber. That is, the movement at the cylinder center’s axial shift in a  diameter cylinder can be up to one fifth of that of cylinders with diameters of .
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Figure. 40: Displacement from axis measured by image processing versus end shortening for fiber: and three different flexible cylinders: — – compared results.
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Figure. 40 shows that the movement in the center of the cylinder as a function of the fiber’s shortening in cylinders with diameters ofis very similar compared to that ofin comparison to a cylinder of diameter in experiments using a  diameter fiber. That is, the movement at the cylinder center’s axial shift in a diameter cylinderr, can be up to four times greater than that of cylinders with diameters of . Similar behavior can be observed in a fiber of diameter.
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[bookmark: _Ref61545459]Figure. 41: Measured vertical force versus end shortening for flexible cylinder: , and two different fibers: —– compared results.




Figure. 41 shows that more than double the force is required for a fiber with a diameter of to reach a similar shortening as does the diameter fiber in experiments with flexible cylinders.
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[bookmark: _Ref61545472]Figure. 42: Measured vertical force versus end shortening for rigid cylinder: , and two different fibers: —– compared results.


Figure. 42 shows that more force is required for a fiber with a diameter  of  to

reach a similar shortening as the diameter fiber, including in experiments with rigid cylinders.
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[bookmark: _Ref61545483]Figure. 43: Measured vertical force versus end shortening for rigid and flexible cylinders: , and fiber: —– compared results.


Figure. 43 shows that a diameter fiber exhibits different behavior when it is within a flexible or a rigid cylinder, both at the first contact stage, and subsequently, when there are greater shortening values.
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Figure. 44: Measured vertical force versus end shortening for flexible and rigid cylinders: , and fiber: —– compared results.



Figure. 44 shows that a diameter fiber exhibits greatly different behavior when it is within a flexible or a stiff cylinder, both at the first contact stage, and, subsequently, when there are greater shortening values.



3.2.5. 
3.2.5 Analysis and comparison of experiment results and numerical simulation


Figure. 45 shows that there is compatibility between the experiment and the numerical simulation. That is, the experimental results with a flexible cylinder can be fairly well predicted using the ABAQUS program for a diameter fiber.
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[bookmark: _Ref61545499]Figure. 45: Measured vertical force versus end shortening for flexible cylinder: , and fiber:. The experimental results are compared to FE simulations results (red dashed curve).
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[bookmark: _Ref61545510]Figure. 46: Measured vertical force versus end shortening for flexible cylinder: , and fiber:. The experimental results are compared to FE simulations results (red dashed curve).



Figure. 46 shows that there is compatibility exists between the experiment and the numerical simulation. That is, the experimental results with a flexible cylinder can be fairly well predicted using the ABAQUS program with a diameter fiber.



[image: ]










[bookmark: _Ref61544809]Figure. 47: Measured vertical force versus end shortening for rigid cylinder: , and fiber:. The experimental results are compared to FE simulations results (red dashed curve).


Figure. 47 shows that there is compatibility between the experiment and the numerical simulation for stiff cylinders. That is, here too, the experimental results with a stiff cylinder can be fairly well predicted using the ABAQUS program.
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Figure. 48: Measured vertical force versus axial distance for flexible cylinder: , . The experimental results are compared to FE simulations results (red dashed curve).	Comment by Susan: Note different size and font of inserted figures



Figure. 48 shows a comparison of the implemented experiment on a  cylinder with the results obtained from the numerical simulation carried out with ABAQUS, wWhen it can be said that there is a good match between the experiment and the simulation, so that there is a good simulation infrastructure for future needs.

4 
5 [bookmark: _Ref530928756]Summary and conclusions





















We investigated experimentally and numerically the post-buckling behavior of an elastic clamped-clamped fiber constrained inside a flexible cylinder. By using a 2two novel experimental setuparrangements, which uses a flexible cylinder, combined with image processing and synchronized force measurements, we studiedy quantitatively the evolution of contact between the fiber and the constraining cylinder. In contrast, tThis paper presents experimental results for the evolution of deformation and contact configuration in the initial stages of deformation sSupported by FE simulations and analytical modeling. In addition, this study of fiber behavior considers a fiber in a flexible cylinder and includes an in-depth analysis of the fiber deformation at different loads. Various tools wereare used for the analysis, including representative experiments, image processing of the experimental results, finite elements analysis  used to simulate the experimental system, and analytical models for deformation from the onset of fiber load until after the transition to 3D deformation. As can be observed from the aggregate of simulation results in the ABAQUS software, in contrast to the experiments, hysteresis does not exist in the numerical calculation of the force on the fiber end as a function of length- shortening in the ideal model of a flexible cylinder. Similarly, the force exerted by the fiber on the flexible cylinder wall increases from the moment the fiber comes into contact with the wall until reaching a maximal fixed value. The magnitude of the fiber’s force on the wall resulting from its shortening can contribute to understanding the existing mechanisms and to helping future applications prevent damage to the cylinder resulting from the insertion of the a fiber. Additionally, because greater values of force wereare obtained for a fiber with  in comparison to a fiber with , it can be concluded that fiber diameter affects the developing forces acting on the cylinder. The comparative graphs of the forces acting on the fiber as a function of its shortening in the two simulations in flexible and stiff cylinders shows that different behavior was observed in each. These results emphasize the importance of this study’s innovation regarding flexible cylinders, and how itwhich differs from other studies carried out on stiff cylinders (see, for example, [23]). In a similar manner, a comparable result is obtained when comparing the two experiments using flexible and stiff cylinders. Here, again, the difference in behavior of the two fiber diameters, and , is clearly observable. The existing mathematical model for this study is compatible with the experimental results, both for calculating only slight movement as well calculating larger ones. In stretching and compression experiments with the cylinders, a difference in the behavior of the flexible cylinders of various diameters wascan be observed, which affecteds subsequent cylinder behavior during the various experiments. In the experiment comparing the force as a function of cylinder shortening, flexible cylinders with diameters of  and were found to exhibit behavior similar to that of a flexible cylinder with a diameter, which then affectsed  experimental results primarily with regard to axial movements of the cylinders. The change in distance between the cylinder’s center and the vertical axis at the experiment's start is a function of the shortening of the fiber. In the experiments, force measurement of the force ing as a function of fiber shortening was conducted to determine the initial contact, which is the critical point of stress causing collapse and the transition to 3D deformation. T, the examination of the hysteresis again revealeds again a dissimilarity between the different cylinders during first contact, followed by the transition to 3D deformation. The values for critical stress wereare comparable and a hysteresis existeds for each of the cylinders. The values for the force upon the fiber ends, as a function of its shortening, wereare consistently large for a fiber with in comparison to a fiber with a fiber. This result wasis also observed in experiments with stiff cylinders. In subsequent experiments with greater shortening between the fiber ends, the presence of a hysteresis for all cylinders and the different axial movements for various cylinder sizes couldcan be observed. The comparative graphs of cylinders of various diameters showed that in a cylinder, higher force values wereare obtained for a fiber with . But a fiber with obtains an even greater force in a cylinder with of . These results indicate that the forces developing during the process affected both the fiber and the cylinders. TheIn the comparative graphs of axial movement as a function of fiber shortening show that, higher values wereare obtained with and cylinders than with a one, thus demonstrating the effect large cylinder diameters have on cylinder movement. Accordingly, this has implications for a number of applications. As previously mentioned, it was consistently observed that large forces were obtained from fibers with  in contrast to fibers with with the same amount of shortening. As can be seen in the comparative graph, these forces can reach up to three3 times as much for fiber shortening in a flexible cylinder and up to four4 times as much in a rigid cylinder. In the last section of the presentation of experimental results, and when compared to the numerical simulation, good compatibility exists for the flexible cylinder with  and fibers with and , and the force obtained at the fiber ends as a function of their shortening can be observed. These positive correlationscompatibilities demonstrate that we now have a computational tool that can be used for a variety of cylinder diameters in numerous engineering and medical applications.
The main contribution of this work is that it is now becomes possible to characterize similar problems with a fiber in a flexible cylinder in various engineering fields and to better understand the modes of failure and how to obtain a more suitable system.
Future research should study the behavior of fibers subjected to boundary conditions different from those considered herein and extend the investigation to a range of sizes for the constraining cylinder. It is also be beneficial desired to use larger fiber- tip displacements than those used herein to examine more complicated contact configurations. In principle, this can be done by using cylinders and/or fibers made from several types of materials and controlling their surface roughness, or perhaps by changing the fluid inside the cylinder.
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