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ABSTRACT 

Rapid improvements in additive manufacturing technologies has given a boost to tissue 

engineering. Scaffolding is an integral part of the process tissue regeneration as a sustainable 

support structure in appropriate environment is required for tissue culture. Fused deposition 

Modelling (FDM) can be suitable for scaffold fabrication if fabrication at higher resolution is made 

more accurate. Another concern is the build time involved in the manufacturing of scaffolds. 

Conventionally FDM machines use a fixed diameter nozzle to deposit molten thermoplastic 

filament layer by layer. The concern here is that the process becomes inefficient as the same thin 

diameter extruder that might be required to print the fine details of the scaffold will also be have 

the task of depositing larger infill volumes leading to longer build times that actually required. 

Recent advances have proposed adapting an additive manufacturing system which involves a 

variable diameter nozzle for the fused deposition of polymers. 

The paper studies the behavior of fluid flow of PCL (Polycaprolactone) in FDM machine with 

variable diameter nozzle. PCL has been known to have appropriate properties favoring its use in 

FDM process of manufacturing scaffolds. The analytical model developed shows that reduction in 

nozzle diameter and angle during the fabrication process results in higher pressure drop and hence 

leading to fine geometry of the scaffold. We also learn that the nozzle diameter is limited by the 

torque of the motor driving the extruder. If the pressure drop becomes large enough the motor 

would be unable to extrude the molten filament. 

INTRODUCTION 

Background 

Fused deposition modelling (FDM) is an additive manufacturing (AM) technique where 

thermoplastic material is selectively dispensed layer-by-layer using a nozzle. The thermoplastic 

material is heated in the extruder and the semi-molten material is placed in required patterns on 

the platform. As the material is deposited it cools, solidifies and bonds with the surrounding 

material [9].  

The field of tissue engineering aims to regenerate damaged tissues, instead of replacing them, by 

developing biological substitutes that restore, maintain or improve tissue function [5].Tissue 

engineering has the prospective to ‘manufacture’ tissues and organs. It involves the features of in 

vitro seeding and attachment of human cells onto a scaffold. Scaffold is a highly porous artificial 

extracellular matrix is required for the cells proliferation, cell migration, growth and formation of 

three-dimension (3D) tissue. Fabrication of these intricate scaffolds using conventional 

manufacturing techniques is not ideal hence the use of AM is highly desirable [11].  



Several polymers can be used as fabrication material such as Polycaprolactone (PCL), 

Polylacticacid (PLA), Tricalcium phosphate (TCP), polypropylene (PP), etc. PCL is widely used 

as it suitable for FDM as well as has appropriate properties that make it a good candidate especially 

for making scaffolds for bone regeneration. Permeability in PCL increases with higher pore 

volume which results in better bone regeneration, blood vessel infiltration and compressive 

strength in vivo when other pore parameters are kept constant [3].  

Problem statement 

The print resolution refers to the thickness and consistency of the material extruded upon exit. 

Pressure drop, nozzle exit diameter and nozzle angle are the key parameters responsible for a good 

build. The modification in these parameters provide the scaffold of better resolution, orientation 

and fine geometry [7]. Also in conventional FDM, the nozzle diameter is small to maximize the 

resolution of each layer. The extrusion head which has a small diameter nozzle, has a low 

volumetric deposition rate [4]. Hence the goal is to increase the resolution of the print when 

simultaneously reduce the build time required to fabricate a scaffold. 

Proposed solution 

Usually the build rate can be increased by increasing the extrusion rate, reducing the material of 

the part or increase the diameter of the nozzle. But for scaffold fabrication fine resolution is a 

prerequisite which in turn directly depends on reducing the nozzle diameter. In order to solve this 

problem a variable diameter nozzle for the fused deposition of polymers can be used.  

It has been shown that a Pareto-optimal nozzle diameter can be chosen to maximize resolution 

while minimizing build time. The variable nozzle allows the print resolution and the build speed 

to become independent variables which may be optimized [4]. Also to arrive at an appropriate 

value of instrument parameters the melt flow behavior of PCL has to be analyzed with respect to 

the nozzle diameter and angle, hence a mathematical model has been discussed. 

LITERATURE REVIEW 

Due to flexibility afforded my additive manufacturing, it has been extensively used for scaffold 

fabrication in tissue engineering. Scaffold design using AM by adjusting scaffold parameters such 

as pore size, porosity and pore distribution, as well as incorporating an artificial vascular system 

leads to increasing the mass transport of oxygen and nutrients into the periphery of the scaffold 

and sustaining cellular growth in that region [8]. In addition AM has been used for building models 

that provide visual and tactile information for surgery rehearsal, operation planning and prosthetic 

fabrication. Hieu et al have comprehensively covered the applications of additive manufacturing 

in medical field [6]. Bellini studied some parameters such as, deposition speed and flow rate of the 

FDM technique to improve the design of the scaffold using theoretical and numerical concept. The 

result showed a major difference between the theoretical and numerical analysis [2].  Dynamic 

analysis of FDM was studied by Agarwal [1] for scaffold fabrication.  

The basic principle of FDM has not changed much since its inception. The vast majority of system 

improvements are software based and are related to tool path generation, slicing algorithms and 

part orientation optimization. Very little research work has been published on the advancement of 



FDM extruder technology [1]. Tseng patented two novel deposition techniques called adaptive 

filament deposition (AFD) and planar layer deposition (PLD) for the freeform fabrication of metals 

and ceramics [10]. Both of these deposition techniques are not well suited to the printing of 

engineering plastics and require significant alterations to conventional FDM systems. It is also 

unknown whether these deposition techniques can practically rival the levels of detail achieved by 

conventional FDM [4]. Hence the use of variable FDM (VFDM) has a practical scope of 

application. This concept can be used to increase the efficiency of scaffold printing process. 

The Two Stage Nozzle Design  

The two stage nozzle consists of an inner and outer nozzle each with fixed orifice diameters. The 

inner nozzle is actuated by a solenoid, and in its lowest position is nested firmly against the inner 

surface of the outer nozzle, restricting the flow through the smaller orifice. When the inner nozzle 

is lifted, a secondary melt chamber is formed which allows multiple polymer flow streams to 

coalesce before leaving the larger orifice.                         

 

Figure 1: Two stage nozzle with pose (a) small diameter orifice and pose (b) large diameter 

orifice [4] 

Drawbacks of the design: First, there is a small unavoidable time delay. If we assume that the outer 

shell of each layer is deposited first, there will be a small delay required before the infill can start 

as the secondary chamber must be filled with molten polymer. Second, there is wastage of material. 

The molten material in the secondary chamber is likely to be pushed out as the inner nozzle moves 



back into the lower position thereby wasting material and time. The overall build time however 

would be much less than using the conventional nozzle. 

Analytical Model for the Extruder Dynamics  

Physical Model 

We can solve for the extruder dynamics by considering that the pose a and pose b can be treated 

as a conventional extruder separately i.e. the analysis is affected only by change in dimensions of 

the extruder and the operational principles for each individual pose is the same. 

(a) 

 

(b) 

 

Figure 2: (a) Two stage nozzle and heating assembly [4] and (b) the schematic for 

mathematical model 

The basic laws of physics suggests that the compressive force applied on the material filament has 

to overcome the pressure drop in the liquefier. In the extruder, this compressive force is applied 



through a screw which is driven by a motor. Hence the force balance equation that relates the force, 

F and the torque, T in the motor is  

𝑇 = 𝐹x 2 ∙ 𝑅                                    Equation 1                                            

𝑃𝑜𝑤𝑒𝑟 = 𝑇 ∙ 𝜔                             Equation 2 

where R is the shaft radius and ω the angular velocity of the motor driving the extruder. The 

liquefier is divided into three geometrical zones and each zone has a pressure drop equation 

specific to its particular geometry. The total pressure drop is the summation of the pressure drop 

across the three zones. 

Mathematical model 

The mathematical model is a relationship that describes the pressure drop across the liquefier. The 

following assumptions were made to develop the model [2]: 

 Steady state flow- no transient change in the flow at any point in the flow channel  

 Slow moving flow- the forces of inertia should be negligible when compared to the friction 

forces; the flow is to be laminar based on low Reynolds numbers.  

 Isothermal flow- all particles of the fluid have the same temperature  

 Fully developed flow  

 Incompressible fluid: the density is constant  

 No external forces  

 Gravity is neglected 

 No-slip boundary condition 

Based on the fluid dynamic analysis as presented by Bellini et al [2] the pressure drop across zone 

1 can be calculated by considering the case as flow through a circular nozzle. Also the PCL can be 

considered as Newtonian fluid at zero shear rates as the thermal effects continually regenerate the 

entangled polymer chain [1]: 

                       Equation 3 

Where L1 and r1 is the length and radius of the extruder respectively, V is the mean velocity of the 

fluid particle, φ is the fluidity, m is the flow exponent, σ is a temperature dependent viscosity 

constant, Tα and T0 are the reference and absolute temperatures respectively and T is the 

temperature of the fluid region in Kelvin. 

Similarly we have the following expressions for zone 2 and 3: 



 Equation 4 

                                  Equation 5 

The total pressure drop would be: ∆𝑃 = ∆𝑃1 + ∆𝑃2 + ∆𝑃3. 

The values for pressure drop across each zone will be different for pose a and pose b due to 

dimensional changes i.e. changes in values of effective length of the extruder at each zone, 

diameter and nozzle angle. 

RESULTS 

Agrawal [1] had done the mathematical simulation for the case of a conventional nozzle to show 

the effect of nozzle diameter and nozzle angle on pressure drop based on the above dynamic model 

of the flow of PCL as the melt material. 

 

Figure 3: Mathematical analysis: Pressure Drop vs Nozzle Angle (at different nozzle 

diameter) [1] 

From the data gathered we can see that the pressure drop increases by reducing the nozzle angle 

and nozzle. The higher pressure is the most important factor determining the print resolution during 

scaffold fabrication. 

 



CONCLUSION 

The flow behavior of PCL in the liquefier of a conceptual VFDM is mathematically modelled. We 

can see that VFDM creates higher pressure drop when in smaller diameter configuration which 

leads to continuity in the material extrusion thereby assisting in creation of fine structures as 

required for scaffold fabrication. In addition, the ability to shift to a larger diameter to do the solid 

infill has the added benefit of reducing the overall build time. The modification of conventional 

extruders in FDM machines to variable nozzle extruders can hence prove to be a very efficient for 

scaffold fabrication. On the other hand another application of this design may be that special 

extruders need not be custom made only for scaffold fabrication. During normal operations, the 

larger diameter nozzle can be utilized, and when finer details as required for scaffold fabrication 

is needed, the shift to a smaller diameter nozzle can be made without any hassle. 

Further research 

A simplified case of dynamic flow was considered where the fluid stream is steady and continuous 

which would be ideal if the device created continuous material road layer.  In real world, the flow 

is non-continuous and unsteady because there are breaks between each layer and material road 

where the gantry arm requires reposition of the deposition tool head and in addition the dimensions 

of road would vary when layers are stacked one above the other. A new model that explores these 

non-simplified cases should be developed for further study. Computational analysis was not done 

in this paper. A CFD model will give a more accurate representation of the problem- i.e. optimize 

liquefier parameters in variable nozzle extruder. Also the software for tool path generation and 

adaptive slicing has not been discussed which indeed have a deep impact on print resolution and 

build time. 
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