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Abstract

:

Fused Deposition Modeling (FDM) is a type of Additive Manufacturing (AM) technology that is becoming increasingly common in numerous applications thanks to its versatility and reduced material waste. However, the complex physical phenomena occurring during extrusion, including the dynamics of non-Newtonian fluids, viscoelastic behaviors and rheology, make the use of heuristic observations preferable to that of analytical approaches. Consequently, engineers have focused on optimizing materials and hardware rather than control algorithms. The limited knowledge about extrusion and deposition dynamics usually confines the control action to the motion of the printing head while keeping a constant flow rate. Existing attempts to synchronize motion and extrusion consists of open loop compensations, which, however, require identified transfer functions or need to be tuned manually. This article aims to compactly review FDM technologies from a control perspective by presenting (i) the models of extrusion and deposition and (ii) the control strategies currently adopted in industry.
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1. Introduction


Additive Manufacturing is a process that, unlike conventional machining, fabricates an object by continuously stacking material in the form of layers rather than removing it from a block [1]. Initially born for rapid prototyping purposes, AM quickly shifted towards mass production thanks to its elevated versatility, reduction in material waste and ability to manufacture geometries that are otherwise impossible to obtain. However, the advantages above come with some limitations, such as low throughput, high uncertainties and sensitivity to defects.



Different AM technologies have emerged to process different materials, including polymers [2], metals [3], ceramics [4] and concrete [5]. Amongst them, the most mature ones are known as (i) Fused Deposition Modeling (FDM), (ii) Powder Bed Fusion (PBF), Stereolithography (SLA), (iii) Direct Energy Deposition (DED) and (iv) Laminated Object Manufacturing (LOM). In this work, the focus is on FDM, which is specialized in plastic materials and composites, making this technology extremely pervasive in a wide range of sectors. In general, the FDM process comprises the following subroutines [6].



	
Offline:



	→

	
slicing;




	→

	
path planning;







	
Online:



	→

	
motion control;




	→

	
extrusion control.










The offline phase is a preliminary step that takes place during simulation, in which dedicated software elaborates on the digital model (e.g., CAD) of the part with the aim of planning the optimal building trajectory based on specific factors, such as accuracy or build time. Given the nature of AM, some of these variables are inversely proportional to each other, which makes finding the optimal trajectory a multi-variable optimization problem with several trade-offs. In practice, this problem is dealt with by solving the sub-routines known as slicing and path planning. The reader is referred to [7] for a dedicated review of slicing and path planning strategies, which are briefly summarized in the following.



The slicing operation consists of determining the layer-wise partition of the part to be fabricated. Based on the application and on the machinery available, the layers can be planar or non-planar, and their height can be constant or adaptive. Planar layers allow the end-effector (EE) to keep a fixed orientation, hence enabling the implementation of simple configurations, such as gantries. Conversely, non-planar layers require the use of an EE with additional degrees of freedom.



Path planning consists of defining the ideal sequence of poses the EE needs to follow (usually represented as B-splines or Beziér curves) in order to build the part. There exist numerous path planning algorithms depending on the feature they aim to optimize, e.g., accuracy, build time or surface roughness.



The online phase represents the realization of the trajectory planned and is responsible for the correct execution of motion and extrusion. Current industrial robots can achieve accuracy and repeatability tolerances that exceed the requirements for most FDM applications. Therefore, the motion system is not discussed in this work since it is a negligible source of error with respect to the extrusion one



Extrusion is defined as the process of enforcing the flow of a semi-solid material through pressure and heat. In FDM, the raw material, which is usually powder, pellet or filament of solid polymers, is compressed and heated until reaching the melting temperature; then, it melts inside the extruder and is extruded through the nozzle as a viscous fluid. The block constituted by the extruder and the nozzle is also called the printing head, and it coincides with the EE of the printer. Outside the nozzle, the geometrical arrangement of the extrudate and the ability to maintain the shape obtained until solidification are the final and most important aspects of extrusion and are both determined primarily by the composition of the material [8].



The complex extrusion dynamics makes model-based approaches inconvenient, causing engineers to resort to experience and qualitative observations. For this reason, statistical methods are commonly used to determine optimal process parameters [9,10]. Numerous studies have dealt with rheological effects in FDM [11,12,13]; however, although providing engineers with insight and knowledge, their approach requires extensive simulation or experimentation that needs to be tailored to each application before being implementable into the production line. Hence, flow models tend to be very specific, and their correctness is highly sensitive to changes in materials and printing systems. The common approach consists of setting a constant rate of extrusion and then adapting the path to it. Although some efforts have been made towards motion-extrusion synchronization in recent years, they mostly focus on open-loop controllers to improve the consistency of deposition but have limited knowledge of the system or real-time measurements. The difficulties of monitoring online quantities such as outlet pressure or strand width do not make it possible to close the loop on flow deposition since sensors can interfere with the printing operation.



Some contributions [14,15,16] have addressed the automation of monitoring strategies, which can lead to the collection of a high-volume of data to be used both offline for analysis purposes or online for control purposes. Such a promising direction suggests that adding a control on the flow deposition through proper inline monitoring represents the next step towards tighter tolerances in AM. To this end, this study presents a selective literature review focusing on (i) analytical models of the extrusion process and flow deposition together with a set of qualitative considerations that have been observed in practice or simulations, and, in the second part of the paper, on (ii) control strategies adopted to date in industry, highlighting their strength and limitations.




2. Systems


This section describes the most viable models of extrusion in FDM, which can be divided into two phases. The first phase regards the dynamics within the extruder, while the second one focuses on the behavior of the material as it exits the nozzle.



2.1. Extrusion


Extrusion in FD consists of ejecting semi-molten material through an orifice by applying pressure. It occurs in the extruder, which processes solid material into a glass-like fluid by applying heat and pressure simultaneously, leading to an outward stream with controlled throughput and shape. This review focuses on two of the most diffused material in FDM: filament (also called Fused Filament Fabrication or FFF) and pellet, each of which requires a tailored extruder, as it is described hereafter.



2.1.1. Single-Screw


The technologies used to extrude powder or pellet involve a screw mechanism. Several different screw configurations have been developed [17], including single, twin or multiple screws. This article focuses on the single screw version since it is the most studied and widespread.



Figure 1 depicts a scheme of a single screw extruder and highlights its components: hopper, endless screw, barrel, heaters and nozzle. The pellet or powder is introduced through the hopper into the first section of the screw. The rotation presses the material toward the tip. Along the way, friction and heat melt the material. In the final section of the screw, the nozzle directs the flow outwards. The phase shift from solid to liquid occurs gradually from hopper to nozzle, forming four sections based on the percentage of melted material: solid conveying zone [18,19,20,21], pre-melting zone, melting zone [22,23,24,25] and melt conveying zone [26,27,28,29]. Continuously modeling the interaction between solid granulate and fluid-like melt is not trivial, and to date, there exists no global model that describes the complete screw extrusion process. The authors refer to this article [30] for a comprehensive review of the mathematical models of both single-screw and twin-screw extrusion configurations, grouped by melting section.



Two operating conditions of the screw can be identified: (i) flood fed and (ii) starve fed. The former is achieved at a filling factor (FF) of 1, defined as [31]


  F F =   V  f i l l   V  ,  



(1)




where   V  f i l l    is the volume of the screw channel occupied with material, while V is the volume of the screw channel. A filling factor lower than one leads to starvation. Starvation occurs when the screw rotation is so high that the output flow rate exceeds the input flow rate provided by the hopper. When air bubbles form during a flood fed extrusion, these can cause discontinuities in the flow that lead to defects of the part. A controlled starve fed extrusion, however, shows several advantages, such as a decrease in the chances of clogging and an acceleration of the melting process [31].



The key variable for control purposes is the volumetric flow rate q exiting from the nozzle. As a first approximation, the flow rate q of single-screw extrusion can be written as [31]:


  q =  q d  −  q p  ,  



(2)




where   q d   is the volumetric drag flow and   q p   the volumetric pressure flow, which can be defined as


         q d  = α ω ,           q p  = β   Δ  p c    η  L f    ,     



(3)




where   Δ  p c    is the pressure increase in the screw channel,  η  the viscosity of the material,   L f   the fully filled length of the screw channel and  α  and  β  represent geometrical constants.



Equation (3) represents a static model that is valid at steady-state, whereas it does not describe the dynamics of the flow rate during transient states. The dynamical behavior of the extruder is usually studied through demanding software simulations based on discrete element methods, often under strong assumptions, e.g., the fluid being isothermal or Newtonian. Moreover, the coupling between the flow rate and temperature is often neglected in practice, and the model of the extruder is usually considered only as a function of the rotation speed of the screw. The common approach consists of parametrizing the transfer function between the rotation speed and flow rate as a first-order transfer function with delay and then selecting the parameter values that best fit the data, which are collected as step responses of the rotation speed at a constant temperature.




2.1.2. Filament Extruder


In FFF, extrusion occurs by pushing the filament into a heated chamber called liquefier, in which the material is melted and directed to the nozzle (see Figure 2) [32]. The motion of the filament is induced by a couple of electrical motors that drive a roller each. A roller is a dented gear fixed to the end-effector whose ideal rotation impresses motion on the filament through friction in the form:


   v f  = ω r ,  



(4)




where   v f   is the linear speed of the filament,  ω  the rotation speed of the rollers and r the radius of the rollers at the gear teeth.



Loss of ideality can arise in terms of slippage or deformation phenomena.



	
Slippage  λ  causes loss of speed given by


   v f  =   ω r   1 − λ   ,  



(5)




and can be induced by roundness deviation, wear or insufficient torque;



	
Deformation occurs in the filament indentation as a result of the compression exerted by the roller teeth, which can cut into the filament.






Slippage and deformation can lead to under-extrusion, and extreme slippage causes filament shredding that can clog the extruder [34]; it is therefore important that these phenomena are avoided.



The rollers push the filament into the liquefier, where the phase shift occurs. The pressure exerted by the descending filament pushes the molten material through the nozzle. Based on the connection between the driving motors and the liquiefier, two types of extruder can be identified:




	
Direct: the motors are mounted directly on top of the liquefier. The load on the end-effector is higher, but the movement of the filament is more constrained and hence more controlled;



	
Bowden: only the liquefier is mounted on the printing head, while the motors are placed in a fixed position of the machine, diminishing the load on the end-effector. However, the filament needs to cover some distance from the rollers to the liquefier, which may lead to bending and buckling.








The liquefier has been modeled analytically [35] both in the time and the frequency domains and the models obtained have been validated experimentally, reaching satisfactory prediction accuracy. The compression force   F ¯   to be applied to the filament to extrude the melt is derived as


   F ¯  = A Δ p ,  



(6)




where   Δ p   is the total pressure drop along the liquefier, and A is the cross-section of the filament (which is equal to the cross section of the liquefier). By imposing that the two drive rollers apply a total force F on the filament that equals the required one   F ¯  


  F =  F ¯  ,  



(7)




the corresponding torque T exerted by each of the two drive rollers under ideal conditions can be written as


  T =   F ¯  2  r .  



(8)







A first-order transfer function   G ( s )   (where s is the complex frequency) between the Laplace transform of the reference flow rate   U ( s )   and the transformed measured flow rate   Y ( s )   with time delay  τ  that approximates the liquefier dynamics at lower frequencies has also been developed


        G  ( s )  =   Y ( s )   U ( s )   =  μ   T 0  s + 1    e  − τ s   ,           T 0  =  L R  ,          μ =  1 R  .     



(9)




where   T 0   is the time constant of the system,  μ  the static gain, R models the slippage between rollers and filament and L represents the properties of the material and the heat flux. The main assumptions of this derivation are that (i) the material behaves as a generalized Newton fluid; (ii) the flow is isothermal at steady-state but not during transient states, in which the viscosity is corrected based on temperature; (iii) slippage is present; and (iv) the torque is upper bounded.



Nevertheless, the flow rate is computed by approximating the extruder to a pipe, thus equaling the relationship between input and output flow


   q  i n   =  q  o u t   →   v f   π  r 2    =   v e   π  r  nozzle  2     



(10)




according to the mass conservation principle. This relation is simple and well approximates the static behavior.



Thanks to advancements in numerical simulation tools, nowadays, Computational Fluid Dynamics (CFD) software is commonly used in the industry to study a system under different conditions. Go et al. [36] have identified the main limitations to build rate in FFF and illustrated its trend as a function of resolution, under the constraints of extruder force, liquefier length and printing speed. Simulation and experimental results have shown that the trade-off between build rate and resolution is mostly influenced by printing speed, exhibiting a clear non-linear behavior.



Serdeczny et al. [37] have studied the melt dynamics in the liquefier through numerical simulations and have identified two different flow regimes, a stable and an unstable one, which derive from the interaction of two opposite phenomena, described herein:




	
Filament advancement: when the feeding speed increases, the filament takes less time to cover the channel of the liquefier. At constant heat flow, the point along the liquefier in which the phase shift of the filament occurs (called transition point ) moves further towards the nozzle. In the extreme case, the filament does not melt completely and reaches the nozzle in the solid state.



	
Backflow: at the transition point, the liquid portion of the material partially fills the thin air layer that separates the solid filament from the channel wall (see Figure 3). This creates a region where a portion of the liquid flows in the opposite direction of the feeding speed and recirculates, reducing the shear stress in the liquefier and leading to a drop in the feeding force.








These two opposite phenomena are stable up to a certain value of filament speed, which when exceeded leads to oscillations in the feeding force. Therefore, the maximum printing speed is constrained by the length of the liquefier and the heat flux provided by the heaters so as to keep the melt zone sufficiently upstream of the nozzle. The temperature of the liquefier has the effect of reducing the feeding force necessary to achieve the same feed rate, while the feeding force raises when the nozzle diameter decreases due to higher shear rates.





2.2. Deposition


This section presents some of the analytical models found in the literature that relates the process parameters to the most important features of the part, e.g., strand geometry, surface roughness and global structure. Other key properties such as strength and hardness are mostly material-related and have not been treated in detail in this work.



2.2.1. Strand Geometry


Jin et al. [38] presented a geometrical model of the filament’s trajectory during deposition. After the extrudate reaches the substrate, it is possible to identify two different deposition conditions based on the ratio between nozzle-to-substrate distance z and nozzle diameter d, defined as the normalized gap


  G =  z d  .  



(11)







In the case   G ≥ 1  : the exiting flow is free to deposit without any interference, reaching a free-standing height   h f  


   h f  = 2    γ  S E    g ρ     



(12)




which is only a function of the material’s properties at the given temperature (  γ  S E    is the surface energy, g the standard gravity,  ρ  the density).



In the case   G < 1  : the printing head prevents the melt from expanding upwards and constrains it to spread horizontally. The strand height h is often approximated to be equal to the nozzle-to-substrate distance z. A simple model of strand geometry at steady-state can be computed using the mass conservation principle while assuming the shape of the cross-section to be oblong (see Figure 4), which results in a strand width given by [39,40]


  w =  π 4    v e   v h     d 2  z  + z  1 −  π 4   ,  



(13)




where   v e   is the extrusion speed,   v h   the printing speed, d the nozzle diameter and z the distance between nozzle and substrate.



Alternatively, a different analytical model of width and height of the deposited strand has been obtained in the case of nozzle equipped with a spreading head [41], as depicted in Figure 5. The analytical model has been compared with the simulation results under the assumptions that the fluid is isothermal and Newtonian.



The strand geometry obtained is given by


        w = 2 (  r i  + L ) ,          L =  1 2   −  r e  +     (  r e  − 2  r i  )  2  +  4  v h    q z   (  r e  −  r i  )     ,          h =  q  w  v h    =  z 2  +   z L   2 (  r e  −  r i  )   ,     



(14)




where w and h are the strand width and height, respectively,   r e  ,   r i   the external and internal radii, respectively, and q is the output flow rate. Moreover, the average temperature of the deposited strand is solved as


  T =  T  inlet   +   K     v h  z    n − 1    v h 2    3 k    1 −  3  4 Br     ( 1 − exp  ( − 3 C a )  )  ,  



(15)




where Br is the Brinkman number, Ca the Cameron number, K the material consistency and k the thermal conductivity. The authors concluded that the hypothesis of isothermality holds at a substrate temperature higher than 100 °C and high printing speeds.



CFD software makes it possible to derive qualitative considerations by simulating the situation of interest. For example, Comminal et al. [39] performed simulations with the intent of studying the morphology of the strand under different printing conditions as a function of two factors: the normalized gap G and the velocity ratio   v r  


   v r  =   v h   v e   ,  



(16)




which is defined as the ratio between linear velocity of the printing head   v h   and extrusion speed   v e  . As presented in their work, variations of the above factors strongly impact the geometry of the strand cross-section but not the cross-sectional area (Figure 4). In general, both a reduction in the gap or the printing speed strengthen the side flow, thus increasing the width of the strand. The strand height, on the other hand, has been shown to shrink or swell depending on the velocity ratio. When this quantity is too low, the pressure that the exiting flow generates on the substrate can force the material to go upwards and achieve a concave section around the nozzle. In this case, the strand height is higher than the gap.




2.2.2. Surface Roughness


The surface finish of the printed part is primarily affected by the slicing strategy, which is responsible for setting the height of each layer. Intuitively, this operation can be seen as a discretization of the otherwise continuous ideal object, leading to an unavoidable loss of geometric fidelity. Smaller resolutions lead to smoother surfaces but at the expense of the deposition rate since (i) a lower diameter of the nozzle d and (ii) a higher number of layers   n l   are required to build the part. Specifically, the deposition rate decreases with the square of the increase in resolution [42].



The surface quality of the part is also determined by the roughness of each individual layer. Several models of surface roughness in FDM have been derived in the literatures [43,44]. In general, it has been shown that the surface roughness mostly depends on the layer height h and build orientation angle  α , as defined by [45]


      R a  =       p 0  h ,     α =  0 ∘         (  p 1   h 4  +  p 2   h 3  +  p 3   h 2  +  p 4  h +  p 5  )   h  sin α   ,      0 ∘  < α ≤  30 ∘         p 6   h  sin α   ,     α >  30 ∘  ,           



(17)




where    p 0  , … ,  p 6    are constants that were identified from data. Other parameters such as feed rate, temperature, road width and air gap do not have much influence on the surface finish of the part since they are mostly responsible for filling the layers rather than defining the external contour.




2.2.3. Global Structure


The properties of the complete part depend on the interaction among the different layers and are often a function of the material only [8]. However, the process parameters that control the print locally have a strong effect on the global outcome. For instance, each layer must be able to sustain the stress induced by the extruded flow of the successive layer without deforming it excessively. This constraint translates into a limitation of the elastic strain of the substrate   σ  s u b    as [8]


   σ  s u b   =  σ  c o m   +  σ  m o t   <  σ  y i e l d    



(18)




where   σ  c o m    is the compression term provided by the weight of the next layer, and   σ  m o t    represents the compression term given by the flow motion.



Similarly, the lowest layers must bear the weight of all the successive deposits; hence [8]


   σ  w a l l   =  n l  ρ g h <  σ  y i e l d   .  



(19)







The distortion ratio between structure deformation  σ  and layer height h is given by


  Δ =  σ h   



(20)




and represents the deviation of the layer from the ideal plane of deposition, as shown in Figure 6. Such error is mainly induced by the shrinkage of the extrudate that occurs upon cooling down from glass temperature to room temperature.



The maximum acceptable distortion ratio can be written as


   Δ  m a x   =  4  3 A    1 − cos (  3 8  A λ )   



(21)




where   A ∝ (  T  g l a s s   −  T  r o o m   )  . The condition becomes    Δ  m a x   < 1   to avoid interference between printing head and substrate.



A crucial element for the mechanical properties of the printed part is the interlayer strength. It is defined as the ability to resist longitudinal stress (parallel to the deposition plane), and it is mainly affected by poor diffusion, which in turn depends on the temperature of both the substrate and new layer. A model of interlayer strength for plastic materials, validated through online measurements, has been presented [46] as


   σ  p r e d   =   w b  w   σ inf  ,   for χ ≃  χ inf  ,  



(22)




where   w b   is the predicted bond width between layers, w the nominal road width,   σ inf   the strength of the fully healed polymer,  χ  the interlayer penetration distance of diffusion between layers, and   χ inf   the diffusion distance at which full strength is achieved and the healing process is complete.



The interaction among layers and the resulting global part, including the effects of layer height h and strand-to-strand distance s, has been studied through numerical simulations [47]. The results can be summarized as follows:




	
  s < w   can cause considerable distortions in new the layers;



	
Smaller h and s lead to smaller porosity and better surface roughness.











3. Control


With a slight abuse of terminology, the trajectory planning phase in FDM is included in this section, and the most widespread strategies are reviewed in the Offline subsection. The Online paragraph describes the most known techniques of real-time extrusion control divided by type of extruder.



3.1. Offline


Zhao et al. [7] reviewed both the slicing and path-planning operations for a variety of AM applications. For example, Thrimurthulu et al. [48] proposed an algorithm to determine an adaptive layer height for the whole part based on the minimization of a cost function that balances the trade-off between surface finishing and build time. The trajectory generation problem was surveyed in detail in [49], which categorized each contribution based on the goal their algorithm was designed to achieve, e.g., build time minimization or geometrical accuracy. One of the issues that planning algorithms must consider is the uneven material distribution occurring along corners. To this end, Han et al. [50] proposed to group each trajectory vector based on their similarity and to assign the appropriate flow rate to each group in order to minimize filling errors. Alternatively, a parametrization of the acceleration profile was proposed [51] in order to compensate for the uneven deposition at curves by maintaining a constant ratio between the printing head speed and extrusion speed.




3.2. Online


The simplest strategy for extrusion is to follow a constant reference throughout the complete process, irrespective of the trajectory. In this case, the online motion and extrusion controls are independent, and their joint effect needs to be considered during planning. The output flow rate is achieved indirectly by tracking a constant reference of the input actuators, e.g., the roller speed for the filament extruder or the screw rotation velocity for the single-screw extruder.



More advanced methods involve the synchronization between printing velocity and extrusion speed, which has been shown to improve the deposition evenness, especially at corners [51]. Although addressed in some cases [14], the improvement in the online control techniques is constrained by the difficulties in measuring the real flow rate without interfering with it, thus making it preferable to resort to the acquisition of the feeding speed instead.



3.2.1. Single-Screw


Abeykoon et al. [52] reviewed multiple contributions regarding the control of single-screw extruders. The earliest ones involved the tracking of heat temperature and pressure drop along the screw to control the viscosity and the flow rate, respectively. The extruder system was identified from plant data as a first-order transfer function or a time series, separately controlled via PI or PID algorithms [53,54,55,56]. Similarly, joint heat and extrusion control has been studied [57]. Other contributions employed viscosity control thanks to the implementation of an online viscometer or estimator through PID or Constrained Minimum Variance (CMV) methods [58]. Lastly, the suggested direction of improvement supported by the authors is Fuzzy Logic control [59] since its linguistic rules permit exploiting the high-level qualitative knowledge that engineers acquire through experience.



An alternative technique called Dynamic Disturbance Decoupling Control (DDDC) was presented [60]. Based on the Active Disturbance Rejection Control (ADRC) paradigm, this method has the advantages of (i) requiring little knowledge about the system and (ii) well rejecting disturbances and uncertainties. This makes it possible to control each heater independently but with limited overshoots, leading to remarkable energy savings.




3.2.2. Filament Extruder


In FFF, the control effort mainly regards the actuation of the rollers. Greeff et al. [34] introduced a slippage control by integrating a Computer Vision technique to estimate the head speed and the die width based on a stream of images. As shown in their article, the mismatch between roller speed and filament speed is often neglected by assuming zero slippage and no deformation, but this assumption becomes less valid as the roller speed increases and the temperature decreases.



A more robust approach regards the real-time synchronization or coordination between motion and extrusion, which leads to a more uniform strand deposition. Although the geometry of the extrudate is the principal concern, its control is usually performed in open-loop due to the practical difficulties of measuring die width or height in real-time. Han et al. [61] proposed a detailed block scheme of the overall FFF process, which includes the liquefier, extrusion and road forming dynamics. The approach involves the modeling of the relation between roller speed and flow rate and then the design of an open-loop compensation that controls the roller speed based on the reference head velocity, accounting for the die dynamics. However, each transfer function is assumed to be known, whereas generally, this is not the case in practice.



Ertay et al. [62] presented an adaptive controller to maintain the liquefier temperature at a constant value, while the extrusion speed was kept proportional to the head speed, showing improvements in the geometrical accuracy of the part.



A different feed-forward approach to control the flow rate of the single-screw extruder was studied [42] by identifying the system from plant data as a first-order transfer function with delay. Then, a first-order proper filter was manually tuned to fasten the plant’s response, leading to a better geometrical accuracy at corners.






4. Conclusions


Fused Deposition Modeling (FDM) is an appealing process for numerous applications thanks to its versatility and promptness, which makes it possible to fabricate arbitrary geometries in one single operation. However, extrusion dynamics is a complex physical phenomenon that is not trivial to model. In this review, (i) some formal models of the process and some qualitative considerations have been presented, and (ii) the most widespread strategies adopted in the industry have been reviewed. The goal is to ease the study of FDM from the control viewpoint, which is usually less prioritized with respect to material and hardware.



Some interesting open challenges have been highlighted, which involve the dynamic modeling of the extrusion and deposition processes. Analytical models exist, but they are focused on static relationships. Differential equations are used solely in Computational Fluid Dynamics (CFD) software, which iteratively solves momentum and energy balances to propagate the solution among each node according to Discrete Element Methods. Despite the usefulness of such tools, their computational requirements make them inapplicable for online prediction.



The most viable solutions revolve around black or gray box identification from experimental data. In this case, the extruder is usually parametrized as a first-order transfer function with delay, whose poles, gain and delay are selected as the ones that best fit the data. Nevertheless, the accuracy of this type of approximation is acceptable only locally and cannot be generalized to different printing conditions. A different and effective identification approach involves Deep Learning (DL) methods. For instance, in different applications, Recurrent Neural Networks (RNNs) or Long-Short Term Memory (LSTM) networks are able to well approximate the system dynamics, enabling the use of model-based control strategies, such as Model Predictive Control [63] or Internal Model Control [64]. However, DL is extremely data-hungry and thus properly automated acquisition systems are necessary for this approach. Nowadays, inline monitoring has been dealt with in several ways, from the installing of a rheometer on the printing head to geometry estimation via Computer Vision.



The lack of formal knowledge about the dynamics of the extrudate severely affects the choice of control strategy. The simplest one consists of keeping the extrusion rate constant throughout the print and adapting the path plan to it. Some of the contributions examined have designed synchronization between motion and extrusion along corners by decreasing the extrusion rate proportionally to the linear acceleration of the extruder. Alternatively, an open loop compensation can be tuned to fasten the extrusion response to accelerations of the printing head. A promising approach involves the use of fuzzy controllers, which are designed to translate high-level linguistic rules into suitable control laws.
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Figure 1. Scheme of the single-screw extruder: 1—solid polymer; 2—hopper; 3—barrel; 4—screw; 5—heaters; 6—die; 7—extrudate; A—solid conveying zone; B—pre-melting zone; C—melting zone; D—melt conveying zone; E—melt flow zone. Image from reference [30]. 
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Figure 2. Scheme of the extruder in FFF applications. Image from reference [33]. 
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Figure 3. Example of the backflow phenomenon that occurs in the recirculating region. 
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Figure 4. Scheme of the assumed cross-section of the deposited strand.   v e   is the extrusion speed (i.e., the exiting velocity of the extrudate from the nozzle),   v h   the printing speed (i.e., the linear velocity of the EE), d the diameter of the nozzle, and h the high of the deposited strand, which is often assumed to be equal to the distance between the nozzle and the substrate z. 
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Figure 5. Bottom view of an extruder with a spreading head. The extrudate flows from the nozzle with radius   r i  , while   r e   is the radius of the spreading head. L denotes how much the extrudate expands on the y axis during the printing with respect to the internal die, and w is the total width of the extrudate. 
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Figure 6. Scheme of the deformation phenomenon, quantified as  δ . 
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