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A numerical model of packing applied to rigid objects is presented. It aims at describing a random stack of polymer composite chips in order to model the packing step of an existing recycling technique. The geometric properties of the stack play a major role in the mechanical properties of the recycled products. Short, simple and effective geometric descriptors of the stack are proposed. Their ability to differentiate random stacks is illustrated with an example. Then, a validation is proposed based on experimental data obtained from a bench specially designed for this work. The tests consist in the free fall of square chips. Finally, the developed model is compared to other models (free fall and packing of fibers) in order to enforce its relevance in the simulation of packing of rigid objects.
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1 INTRODUCTION
Composite materials are used in various fields and their production has been increasing over the last decades. They have become one of the most widely used materials in the aerospace and automotive industries thanks to their high mechanical performance and light weight. These outstanding properties are due to the high-strength fibers that reinforce the polymer matrix, which maintains the shape of the fiber reinforcement and protects it from environmental aggressions. As the production of composite materials has increased, so as the amount of waste generated. In fact, some processes can generate a significant amount proportion of waste, up to 25[image: image] of the material volume (Kropka et al., 2017). At the same time, older parts reach their end of life and feed a new recycling stock. Thus, recycling of composite materials is currently a major challenge. Many studies have already been conducted to increase the knowledge of recycled composites as highlighted in (Oliveux et al., 2015; Bernatas et al., 2021). Industries tend to choose thermoplastic composites over thermoset composites in some applications because of their toughness, short processing times, welding capabilities and recyclability (Babeau et al., 2020; Liu et al., 2017; Murray et al., 2021; Sudhin et al., 2020; Nishida et al., 2018). However, the lack of models has been identified in the literature as one of the major bottleneck in understanding and optimizing recycling processes (Bernatas et al., 2021). In order to fill this current scientific gap, this work aims at developing a numerical model which will describe the first steps of most mechanical recycling processes for thermoplastic composites, i.e., deposition and packing of chips. This work uses a recycling pilot line as an industrial reference but could be extended to any application including packing of discontinuous rigid objects. The objectives of this work are to:
[image: image] develop a numerical model that allows the generation of random packing, a good control of the stacks would lead to a reduction of defects such as porosity and an overall improvement of mechanical properties of parts made from recycled composites.
[image: image] propose geometric descriptors of the stacks.
[image: image] design an in-house test bench to validate the numerical generator.
This work focuses on the packing step of the considered mechanical recycling technique and does not model the shredding or the consolidation steps as depicted in Figure 1. This characterization of defect formation in both thermoplastic and thermoset discontinuous fiber-reinforced composites, its evolution and the resulting mechanical properties play a key role in the development of robust recycling methods and have already been investigated (Landry and Hubert, 2015; Levy and Hubert, 2015; Selezneva and Lessard, 2016). The paper is structured as follows. First, the pilot line as well as the numerical model are described in detail. Then, the numerical results obtained are presented. Finally, some theoretical and experimental validations are presented before concluding on the findings of this work.
[image: Figure 1]FIGURE 1 | Definition of the focus of the article among the whole recycling process. The top process in yellow is the physical process and the bottom line in orange represents the numerical chain to model the studied part of the process.
2 MATERIALS AND METHODS OF NUMERICAL DEPOSITION
2.1 Process
CETIM has developed a new process for the recycling of thermoplastic composites, which was patented in 2016 (World Wide, 2023). This line combines the Thermoprime® technology, which uses virgin fiber reinforcements with recycled thermoplastic matrix (Cetim Grandest, 2023), and the Thermosaïc® technology which is the main process studied in this work. Switching from one technology to the other is possible on the same recycling line by changing a few components. Thermoprime® technology enables to reinforce the recycled thermoplastic matrix with long or continuous virgin fibers. In this configuration, the recycling line has to include a spool unwinder at the entrance of the line. The recycling line, in the Thermosaïc® configuration, transforms composite chips into a quasi-isotropic plate. These chips are the result of a shredding step on composite waste (end-of-life product or more often production waste). Different types of chips are shown in Figure 2, the top ones were shredded while the bottom ones have been cut. Once the shredding step is completed, the chips obtained are poured into big containers from which the chips are deposited on the main conveyor belt of the line. The conveyor belt then transports the stack of chips under two successive heating presses which will consolidate the stack into a plate as the one shown on the right hand side of Figure 2. It is a semi-continuous process, the panels are produced continuously in the direction of the line in small discrete increments. Typical step duration is around a minute long with 800–1,000 kN loading at temperatures between 200[image: image]C and 300[image: image]C (Nachtane et al., 2022). This technology has many advantages, including low investment cost, small space requirement, processing of industrially adapted materials and high performance materials (Cetim Grandest, 2023). Another feature is that the fiber and the matrix are kept together throughout all steps. It reduces the complexity and the number of steps.
[image: Figure 2]FIGURE 2 | Examples of chips to feed the Thermosaïc® line and a Thermosaïc® panel after consolidation (440 mm [image: image] 540 mm).
2.2 Materials
In this work, the material used for experimental comparisons is a PA6 matrix reinforced with 60% weight balanced glass fiber twill fabric. The PA6 matrix has a glass transition temperature of 80[image: image]C and a melting temperature of 220[image: image]C. The virgin composite has a tensile modulus of 18 GPa and a bending modulus of 13 GPa in warp and weft directions. In order to simplify the study and focus on controlled parameters, the simulated chips are chosen to be square chips with sides of 20 mm. The chips are 2 mm thick and come from classical thermoplastic woven industrial products. All chips come from a batch that was used by the industrial partner (CETIM, France) to manufacture 10 mm thick panels with Thermosaïc® process. A comparison is made with rectangle chips with a length of 40 mm, a width of 10 mm and a thickness of 2 mm.
2.3 Packing model
2.3.1 Software presentation
To simulate and understand the behavior of chips during packing, a numerical packing model has been built. This packing model has been developed using PyBullet, the python interface of Bullet physics (Coumans and Bai, 2021). This open source library provides real-time contact detection and multi-physics simulation solutions. It is widely used in robotics and machine learning. An example is the training of robot motion and collision avoidance (Mower et al., 2023; Panerati et al., 2021). This library was used and described in (Izadi and Bezuijen, 2015) to simulate the behavior of granular soil, and in (Forró et al., 2020) to simulate the deposition of metal nanowires in networks.
2.3.2 Assumptions and framework
Rigid body dynamics is used to simulate the chips. The chips are considered as infinitely rigid thus, the model could be applied to thinner chips without any modification except modifying the geometry in the numerical modeling. To solve the contact problem, he computational structure includes collision data, pair detection of collision shapes, contact computing and then dynamic integration. During the collision resolution, a resolution of normal and frictional forces and moments is conducted to update the positions and velocities of the rigid bodies. This process is then repeated until the end of the simulation. The solver uses Newton-Euler equations to compute the motions of the rigid bodies in both translation and rotation cases. Contact equations and detailed resolution methods can be found in the literature (Bender et al., 2014).
2.3.3 Numerical packing procedure
The principle of the model developed for the present work is to generate chips at controlled positions and orientations and use the gravity of the Bullet physics environment to stack them to form a pile. The vocabulary used to describe a stack of chips during deposition and the vocabulary used to describe the configuration after deposition are defined in Figures 3, 4. The numerical deposition process of the chips works as described below and illustrated in Figure 5:
[image: image] A first batch of chips is generated, the position and the orientation of each chip are randomly defined above the 150 mm square that is the deposition target and at an height randomly chosen between 100 mm and 200 mm from the deposition target. These conditions represent the acceptable range of deposition. A batch represents 20[image: image] of the amount of chips required to build the stack under consideration, in this case 54 chips per batch to build a 270 chips stack which is representative of the industrial packing density. A sequential batch deposition strategy is chosen to ensure computational simplification. It is nevertheless in agreement with the process as the chips are sequentially poured by rising conveyor belts supplied by several storage baskets as shown by the schematic view of the process presented in Figure A1 in the Appendix.
[image: image] Once the batch is generated, the gravity is applied to the environment, causing the chips to fall, bounce, rearrange and pack.
[image: image] Once the configuration is stable (no movement detected) a second batch is generated and deposited like the first one. This process is repeated for each batch until the number of batches deposited (NBD) reaches 5, which ends the deposition process and builds a stack out of five batches similar to the stack displayed in Figure 6.
[image: Figure 3]FIGURE 3 | Schematic view of the chip deposition procedure. The vocabulary used to describe each element of deposition process is presented.
[image: Figure 4]FIGURE 4 | Schematic view of a random stack after five batches of chip deposition. The vocabulary used to describe each element of the stack is presented.
[image: Figure 5]FIGURE 5 | Deposition algorithm, green boxes represent main algorithm steps, orange boxes represent simulation variables, blue boxes represent descriptors and outputs. NBD stands for number of batch deposited.
[image: Figure 6]FIGURE 6 | Stack made of 270 square chips with random initial chip positions. One chip is 20 mm [image: image]20 mm in plane and 2 mm thick.
During this deposition step, the position, the orientation and the detected contacts of each chip are available. No deformation of the chips is calculated because they are assumed to be infinitely rigid due to the small mechanical forces that occur during stack formation under gravity. This saves computation time. These data allow to build descriptors of the packing, metrics allowing a rigorous description of the random stack as developed in (Torquato and Haslach, 2002). The descriptors serve two purposes. First, to provide a short, simple, effective and discriminative description of random packings. Second, to establish a direct link between the geometry of the stack and the mechanical properties of the consolidated sheets. Since the initial positions of the flakes are randomly defined, the extracted results may vary from one deposition to another. Therefore, the mean value of a descriptor and a confidence interval based on 10 independent repeats are used to obtain a global interpretation. Single deposition results are kept to describe the local behavior. The independent repeats consist in running the deposition process 10 times with the same target deposition surface (a square of 150 mm side) and the same number of chips (270 chips), but with a variation in the initial position of each flake as it is randomly defined within the acceptable range of deposition. Means and standard deviations are then extracted in order to build the global descriptors, the contact type descriptor is one of these global descriptors and will be the first to be introduced in the next section. All simulations were run on a laptop equipped with Intel core i9 (2.60 GHz). The deposition of 270 chips takes about 2 min and 30 s of computing time, and another 3 min and 30 s are necessary to analyze the stack and build all the descriptors.
3 RESULTS
3.1 Definition of descriptors
3.1.1 Contact type
This first descriptor is a classification of the type of contact. Considering a chip in the stack, it can have contacts with chips below, over or around it. Each contact can be either a point, a line or a surface of contact. These three types of contacts need to be added to obtain the total amount of contact of a chip. Figure 7 shows the mean value of the distribution of these three types of contact during the five batches of the deposition. Contact points are displayed in blue, contact lines displayed in red and contact surfaces displayed in green. For each type, the colored area represents the 95[image: image] confidence interval based on the standard deviation of the 10 independent repeats. According to Figure 7, a chip in the stack has the probabilities close to 1, 0.5 and 0.5 for point, line and surface contacts respectively. Adding these leads to a mean value of two contacts per chip in the stack. Thanks to the links between the density of the stack and the number of contacts that have already been studied in rigid body packing such as spheres (Aste et al., 2006), this descriptor could be a useful tool to follow the evolution of the density of a stack in the next steps of the simulation such as the consolidation of the deposited stack.
[image: Figure 7]FIGURE 7 | Average number of contact for one chip with its [image: image] confidence interval in the stack (270 square chips) on the left. Example of each type of contact on the right, (A) is a surface, (B) is a line and (C) is a point.
3.1.2 Local stack thickness
The second descriptor aims at providing local information on the stack, it is a representation of a single deposition in order to focus on local differences that might be hidden by using averages. A description of the process to build this descriptor is given in Figure 8. The principle is to scan the stack, generate a vertical ray and increment the number of elements hit (NEH) each time the ray hits a chip. As soon as there is no element left on the path of the ray, another position of the stack is inspected. Each pixel of Figure 9 corresponds to a position of the stack in the horizontal [image: image] plane, where position (0,0) is the center of the deposition surface. A pixel is a square of 3 mm side. The resolution has been chosen to be small relative to the in-plane size of a chip (20 mm [image: image] 20 mm) in order to detect gaps and overlaps larger than 2.25% of a chip. The color of a pixel is then assigned according to the number of chips overlapping in the vertical [image: image] direction of this area, from light yellow for zero overlap to dark red for eight or more overlaps. This descriptor gives an overview of the surface density of the stack with access to the location of local chip shortages or excesses. This can be a useful information to track during the consolidation step that follows the packing. Any region with high chip content will be a starting point for material displacement or flow towards the low density regions.
[image: Figure 8]FIGURE 8 | Detection algorithm to compute local stack thickness descriptor. NEH is the number of elements (chips) hit.
[image: Figure 9]FIGURE 9 | Mapping of the local number of chips in the stack given by the number of superimposed chips.
3.1.3 Layer filling
The layer filling descriptor provides access to the filling level of the layers of the stack, as shown in Figure 10. The horizontal axis represents the successive overlapping layers, where each layer is a 2 mm section of the stack thickness. The vertical axis represents the number of chips in the considered layer. Each chip is assigned to a layer by the position of its center of mass without any consideration of its orientation. It means that a flat chip or a chip crossing multiple layers will be counted only once, in the layer which contains its center of mass. This descriptor aims at identifying a possible overfilling or underfilling of some layers. Thanks to this descriptor it is possible to assess if a layer is totally filled, partially filled or empty. An empty layer would correspond to 0, which is the case for layers 14 and above, and partially filled would correspond to the rest. A completely filled layer (i.e., with no porosity) is a layer containing 56 chips, since 56 square chips of 20 mm length are required to obtain the same area than the deposition target. This descriptor allows to track the filling rate of each layer and helps to detect potential gaps and porosity. It could also be a useful tool to follow the evolution of a stack during a consolidation step to track the level of filling along the thickness as well as the overall thickness of the stack.
[image: Figure 10]FIGURE 10 | Number of chips per layer (one layer = 2 mm section of the stack thickness).
3.2 Discrimination of stacks using descriptors
3.2.1 Stacks to compare
Since the goal of the descriptor is to allow an effective, short and simple discrimination of the random packing structure, a first development of this ability is presented in this work. Descriptors have to be sensitive enough to the different structure parameters that can vary in a stack and translate them into metrics that can be interpreted. One of these parameters is the geometry of the chips. A change in the geometry of the chips is easily detected by visual inspection of the stack is possible but the effect of this change on the stack is less obvious. In order to illustrate this concept, a comparison between two stacks is realized. The first stack is the reference stack already shown in Figure 6. This reference stack is compared to the stack presented in Figure 11. This is a stack made of 270 rectangular chips with random initial chip position and the same process of deposition as the reference stack. Each chip has a length of 40 mm, a width of 10 mm and a thickness of 2 mm, which means that the volume of chips deposited is the same as in the reference stack made of square chips. The geometry of the chips is therefore different but all other parameters remain constant between the two stacks. These stacks look different to the naked eye, mainly due to the obvious difference in chip geometry. However, it is impossible to predict changes in porosity, local excess or lack of chips and contact distribution. This is where the descriptors come in.
[image: Figure 11]FIGURE 11 | Stack made of 270 rectangle chips with random initial chip position. The chips are 40 mm long, 10 mm wide and 2 mm thick.
3.2.2 Analysis
The stacks presented in Figures 6, 11 are used to analyze the changes induced for a specific descriptor. It could be applied to any descriptor and has to be applied to each descriptor for a complete in-depth analysis of a stack. In this work, the influence of the chip geometry on the layer filling rate is studied. Figure 12 compares the number of elements per layer with the mean value obtained after ten repeats of the square deposition and ten repeats of the rectangular deposition (270 chips for each repetition). It appears that the lower layers of the rectangular chips, layers 0 to 4, are less filled. The stack of rectangular chips also tends to have a higher height. These characteristics can be directly related to the density of the stack. A stack with more layers that are less filled is less dense. This is useful information that could lead to adaptation of the consolidation parameters, for example, by increasing the temperature or the consolidation time for instance since the heat transfer is less favorable in this configuration.
[image: Figure 12]FIGURE 12 | Comparison of the number of chips per layer for two differents stacks containing 270 rectangular or square chips (one layer = 2 mm section of stack thickness).
4 EXPERIMENTAL FITTING
4.1 Experimental setup
An experimental deposition setup has been designed and built to validate the predictions of the numerical model. The sequence of steps is shown schematically in Figure 13. The setup aims to achieve a controlled deposition of chips with high confidence in reproducibility. The principle is to use a home-made vacuum box to hang a chip above the target deposition surface and follow a defined sequence visible from left to right in Figure 13:
[image: image] Step 1: set the deposition setup with the camera pointing down and place the composite chips that are to be deposited on the vacuum box with the vacuum activated. The positions of the chips are machined in the vacuum box in order to ensure a reproducible initial position. Take a picture of the current state of the target deposition surface (empty area in Figure 12).
[image: image] Step 2: rotate the vacuum box so that the composite chips are facing down. A picture of the setup at this step is given in Figure 14.
[image: image] Step 3: turn off the vacuum supply to allow the composite chips to fall under gravity (free fall).
[image: image] Step 4: when the chips are stable on the deposition surface, start again from step 1 (camera facing down) to take a picture of the current state and to perform another deposition if necessary.
This sequence of steps is similar to the deposition of batches of chips in the numerical simulation and aims at providing an experimental equivalent to the developed model. Only single chip depositions are performed experimentally. Since single chip depositions are the first step of any deposition and the simplest one, it seems to the author that the fitting of complex behaviors without prior single chip validation would not be relevant. The experimental fitting will focus on the behavior of a single chip as it falls and bounces on the deposition surface without any interaction with other falling or previously deposited chips.
[image: Figure 13]FIGURE 13 | Experimental method and setup for single chip or batch deposition.
[image: Figure 14]FIGURE 14 | Picture of the setup for single chip or batch deposition at step 2.
4.2 Comparison with numerical predictions
The comparison between experimental measurement and numerical predictions is given after 50 depositions of single square chips with removal of previous deposited chips. Each deposition is performed with a controlled initial chip position (same position and orientation for each deposition) at a 20 cm height. First, the experimental deposition is performed. After each chip deposition, its final position is measured and displayed with a green marker in Figure 15. Figure 15 shows the top view of the target deposition surface, with the (0,0) position corresponding to the center of mass of the deposited chips in the initial position. In this initial position, the sides of the chips are aligned with the [image: image] and [image: image] axes. After 50 depositions, the standard deviation on the chip distance to (0,0) is calculated, and a green circle is used to visualize the smallest disk containing at least 95% of the final chip positions. The same procedure is used to run simulated depositions. A chip is generated at a controlled position and orientation at 20 cm height. In the case of numerical deposition, the orientation is not kept constant. A chip rotates freely about the [image: image] and [image: image] axes randomly in a defined angular interval. This freedom is necessary to create a dispersion as no external perturbations or geometrical defaults on the chip are introduced into the simulation. Without this orientation freedom, each chip would fall, bounce and stabilize at position (0,0). No rotation about the [image: image]-axis is allowed to match the experimental setup. In fact, in the experimental setup, the chip is initially placed within a defined volume that does not allow any rotation about the [image: image]-axis. After free fall, bounce and stabilization, the final position of the chip is stored. 50 independent depositions are performed with identical initial positions. The final chip positions are displayed with red markers in Figure 15 and the same metrics are used to build the 95% disk. The results displayed in Figure 15 are those obtained after optimizing the parameters. The behavior of a numerical chip is dictated by several parameters in PyBullet which are listed in Table 1. The parameters used to fit the experimental behavior (initial orientation and damping) play a major role in bounce and dispersion of the chips during deposition which is the behavior that was studied. Other parameters such as mass, and stiffness are less important due to the rigid body hypothesis of the model. Finally, the restitution parameter plays a role in the bounce, however PyBullet user guide recommends to set it between 0 and one which was done in this work and then damping was used to fit the experimental behavior.
[image: Figure 15]FIGURE 15 | Comparion between the experimental and numerical depositions of square chips.
TABLE 1 | PyBullet parameters after experimental fitting.
[image: Table 1]After this optimization, both experimental and numerical results look similar. The disks containing 95% of the chips have the same radius and the level of dispersion is similar. It is also interesting to note that some directions gather a majority of the final positions. An X-shaped distribution is visible in the center of the circle for both experimental and numerical chips. This is due to the controlled orientation of the chips. Each chip starts with sides parallel to [image: image] and [image: image] axes, due to the experimental perturbations or the allowed initial orientation freedom each chip will hit the target deposition surface with an edge or a corner first. Hitting the target deposition surface with an edge is less likely to generate large rotations and large bounces and increase the final distance between the chip and (0,0). Therefore, the X-shaped distribution of the final positions of the chips is oriented according to the corners of the initial orientation of the chips. This information allows to anticipate the potential dense deposition regions according to the initial positions of the deposited chips.
5 THEORETICAL VALIDATION
A similar model (Mahé’s model) based on a purely geometrical approach has been developed to describe the packing of fiber bundles in sheet molding compound (Mahé et al., 2022), this model has been compared to the model developed in (Sommer et al., 2020) and shows similar results. In the (Mahé et al., 2022) model, the prediction of values taken by descriptors, such as volume fraction, is based on integral geometry principles. It is valid for low density packing of thin and slender objects such as fibers and fiber bundles. This model has been extended to allow stack densification using finite element simulation (Mahé, 2023). The Timoshenko beam model (Timoshenko, 1921) is applied to the fiber bundles to accept rotations and an iterative compaction of the stack is performed. This sequence of random generation and densification is compared to the deposition model developed in this article. Mahé’s model is relevant for one dimension elements and does not take into consideration contacts such as side by side contact or end to end contact. In this work the aim is to map the contacts of three dimensions elements, that is why a new model was developed. The comparison of thin and long elements is here to validate that on similar objects that fulfills the hypothesis of both models the results are similar.
To achieve a fair comparison, the simulated objects (chips on one side and fibers on the other) had to be unified into similar objects. The comparison is then conducted on thin and slender objects, a rectangular chip of 1 mm width, 1 mm height and 25 mm long in the PyBullet environment, visible on the left hand side of Figure 16 and a cylindrical fiber of 1 mm diameter and 25 mm long visible on the right hand side of Figure 16. In each model, the studied configuration is a deposition of 1,000 objects on a square target deposition surface of 100 mm side. In the PyBullet environment the deposition is performed as a free fall of objects under gravity and in Mahé’s model (Mahé, 2023) the objects are randomly generated and then compacted using Timoshenko beam model to a density similar to that obtained with gravity. For both models, 10 random depositions are performed. Finally, the volume fractions and the number of contacts in the stacks are compared. Both models predicted very similar volume fractions as expected, a mean value of 6.68% for PyBullet and 6.61% for Mahé’s model. In terms of contacts, the average number of contacts for PyBullet is 2,169 with a standard deviation of 24, while in Mahé’s model the average number of contacts is 2,212 with a standard deviation of 42. Considering the means and standard deviations, both models are considered to give the same results.
[image: Figure 16]FIGURE 16 | Comparison of stacks of 1,000 fibers on a square target deposition surface of 100 mm side. PyBullet stack on the left hand side and Mahé’s model (Mahé, 2023) stack on the right hand side (colors represents the labels of the of fibers in the stack).
To extend the validation process, a comparison with random packing of fibers in cylinders is also conducted. In (Freeman et al., 2019), fibers with different aspect ratios are packed in cylindrical containers of controlled height and diameter. Both experimental and computational data are post-processed to study the density of this type of packing. In order to generate a similar packing and compare the results, fibers are packed in a cylindrical container with the following parameters:
[image: image] Containers height is equal to 4 times the length of a fiber
[image: image] Containers radius is equal to the fiber length
[image: image] Fibers aspect ratio of respectively 25 and 10 in both tested cases
[image: image] Fibers are generated above the container 5 by 5 until the container is full
[image: image] The number of fibers packed is recorded to calculate the volume fraction inside the container
[image: image] Each fiber with a center of mass within the container is considered as completely inside in the calculation of the volume fraction. Similarly, a fiber with a center of mass outside of the container is not counted in the calculation of the volume fraction.
Each case is repeated 10 times and post-processed to extract a mean volume fraction and a standard deviation. An example of container filling is given in Figure 17. Fibers with an aspect ratio 25 led to a volume fraction of 14.8[image: image] with a standard deviation of 0.26, while in (Freeman et al., 2019) it resulted in a volume fraction of about 18[image: image]. Then, for fibers of aspect ratio 10, it led to a volume fraction of 28.6[image: image] with a standard deviation of 0.52, while in (Freeman et al., 2019) it led to a volume fraction of about 37[image: image]. In both cases the results are of the same order of magnitude and show the same tendency to increase the volume fraction as the aspect ratio of the packed fibers decreases. These comparisons strengthen the confidence in PyBullet to model the packing of solid objects.
[image: Figure 17]FIGURE 17 | Fiber packing in progress in a cylindrical container (cylinder height to cylinder radius ratio = 2) without the view of the container to allow fiber vision. Snapshot during one packing in the 25 fiber aspect ratio case.
6 CONCLUSION
The developed packing model presented in this article aims to provide in-depth knowledge on stacks made of rigid objects such as composite chips. It has been shown that several descriptors can be calculated from the simulations in the PyBullet environment and that these descriptors allow the quantitative description and discrimination of stacks. The model has been validated by comparison with experimental data using a newly developed deposition setup. A comparison with other models was also presented, and it was found that the results are in agreement with analytically based models such as Mahé’s model (Mahé, 2023). This model is a promising tool to improve the understanding of packing. It could be improved in several ways in order to increase accuracy or to accommodate more materials and processes. First, the study of objects with random or complex shapes as the stack presented in Figure 18 would add more accuracy in modeling a real industrial mechanical recycling line. The geometry of the chips can be seen as a parameter of the model, thus changing the geometry does not change the process and as long as the amount of contacts generated are in the same amount, the computation time remains identical. Each chip can be generated from a geometry file, a database of admissible geometries could then be used to list all desired chips geometries. At each generation of chip one geometry could be picked up in the dataset either on purpose or following a statistical distribution. Then, several other descriptors can be developed using the same model, such as the measurement of the overlap area between solid objects, the angle distribution of the deposited chips, the fiber orientation among the deposited chips. In the stack presented in Figure 18, the addition of a variable tracking the orientation of the fibers inside the chips would be very relevant. This variable can be seen as a vector representing the fiber orientation in the chip coordinate system, which could be updated and available at each time step of the simulation. It highlights that the designed packing simulation is powerful and allows many possibilities in post-processing to build purpose-oriented quantitative descriptors. Moreover, finite element export from this model to create a meshed stack that would become the input file of a finite element solver would allow a complete model of the recycling process from shredded material to consolidated panels. Such a work is in progress. Finally, some parameters of the model and some steps of the deposition of the algorithm could be modified in order to match different recycling methods or other fields that include deposition steps, such as the manufacturing of OSB panels (Nishimura et al., 2002; Nishimura et al., 2004), controlled deposition of thermoset prepregs as performed by Fairmat company for recycling purpose (Fairmat, 2023), TUFF process (Yarlagadda et al., 2019), HiPerDiF method (Longana et al., 2016) and chip based aluminium recycling (Shamsudin et al., 2016).
[image: Figure 18]FIGURE 18 | Stack generated in PyBullet with multiple geometries including: square, beam, star and random polygon geometries.
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APPENDIX
[image: Figure A1]FIGURE A1 | Schematic view of Thermoplastic recycling process, from left to right, the line is fed by two sequential rising conveyor belts which are then horizontally conveyed, pressed and consolidated into semi-continuous panels (Cetim Grandest, 2023).
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