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Abstract. Numerical simulations of the 3D printing of CNT-reinforced thermoplastics using an SPH method and 

accounting for the description of fibre orientation are presented. A classical microstructural fibre suspension model is 

implemented within the SPH framework and the fluid is described as a generalised Newtonian fluid. The deposition 

of a material layer in the vicinity of the nozzle is simulated and results for the impact of fibre aspect ratio and volume 

fraction on the fibre orientation state within the deposited layer are reported.  

1 Introduction  

Additive manufacturing processes for metals and 

polymers allow the production of complex structures 

directly from a 3D CAD model with very little amount of 

wasted material. One of the most promising additive 
manufacturing processes is the fused deposition 

modelling (FDM) [1] process which relies on the 

controlled deposition of a filament of melted 

thermoplastic material through a nozzle and along pre-

programmed tool path. While the process is now well-

controlled for many applications, some weaknesses 

remain and new developments are still required in order 

to broaden the range of possibilities offered by FDM. A 
high-potential use for FDM concerns the production of 

parts with functionally graded materials with locally 

varying mechanical, electrical, optical or thermal 

properties. One possible approach relies on the 

introduction of fibre reinforcements and notably of 

carbon nanotubes (CNTs). The present work is performed 

in this context since, for such an approach to be effective, 

a means to control and predict the fibres orientation must 
be developed. The Smoothed Particle Hydrodynamics 

(SPH) method appears as a potential candidate due to its 

Lagrangian nature and inherent capabilities to model free 

surface flows [2,3]. 

2 Fibre suspension modelling  

Considering a population of fibres represented by prolate 

ellipsoids, the evolution a population of fibres in a semi-
concentrated suspension can be described by the 

evolution of an orientation tensor [4] 
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where    and    are the second and fourth order 

orientation tensors (dyadic product of the fibre 

orientation vector),   and   are the rate of strain and 

vorticity tensors,   is a function of the fibre aspect ratio 

   and    is an interaction coefficient dependent on the 

volume fraction and aspect ratio [5]. In the present, a 

hybrid closure approximation is used to relate    to   . 
The suspension stress is written following [6] as the sum 

of a contribution from the suspending fluid and a 
contribution from the fibres  
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with      and      
    (  ). Here, two types of 

models are considered for the solvent, namely Newtonian 

and Carreau-Yasuda (shear-thinning) fluids. It is assumed 

that the behaviour of the fluid is only reflected in the 

viscosity term of the stress equation. Note that fibre 

suspensions are usually classified as dilute for      
 ⁄ , 

semi-concentrated for    
 ⁄       ⁄ and concentrated 

for      ⁄ . Due to the simplicity of the constitutive 

model used, especially in its account of fibre interactions, 
the results presented herein are limited to the dilute and 

semi-concentrated regimes. 

3 SPH implementation   

The proposed implementation makes use of the standard 

weakly-compressible SPH (WCSPH) in which the 

pressure is computed from a fluid equation of state. As 

such, the problem is governed by three equations. The 
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continuity and momentum conservation written in SPH 

form [2] for a particle a are given  
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where b is the index of the neighbouring particle, m is the 

particle mass and   its density,          ,     is the 

centre to centre unit vector and     is the SPH kernel 

gradient. The evolution of the orientation tensor at 

particle a requires knowledge of the local rate of strain 

and vorticity tensors which can be computed via the 

following estimation of local velocity gradients 
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The fluid pressure is computed from the following 

equation of state 
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where    is chosen to keep density variation below 1%. 

Note that unlike in inertia dominated flows, it is possible 

to use the real fluid equation of state in the case of 

viscous dominated flows without stringent time step 

restrictions. 

The geometry considered and the corresponding 

initial particle configuration are presented in Figure 1, 

where the blue particles represent the molten polymer. 
The problem is assumed to be isothermal with the 

polymer at its processing temperature. The fluid flow is 

generated by the motion of a piston upstream of the 

nozzle (not visible in the figure) and the motion of the 

printing head is replicated by imposing a constant 

horizontal velocity to the bottom substrate. Here, the wall 

formulation of [7] is adopted in which solid walls are 

modelled by fixed dummy particle to which pseudo 
properties are assigned. For example, no-slip or zero 

pressure gradient boundary conditions can be achieved by 

properly assigning velocity and pressure values 

extrapolated from the neighbouring fluid particles. Note 

that the simulations are performed in 2D but the 

components of the orientation tensor are described in 3D, 

i.e. the components along the normal to the 2D plane are 

non-zero. 

4 Results and discussion   

4.1 Newtonian vs shear-thinning fluid 

As noted in the introduction, two types of suspended 

fluids have been considered in this study. The most 
straightforward approach is to assume that the solvent is a 

Newtonian fluid. However, most thermoplastics used in 

3D printing show non-Newtonian properties mainly 

through the existence of a shear-thinning viscosity. Note 

that the possible existence of fluid normal stress 

differences and elasticity has not been introduced in the 

current implementation and is yet to be considered. The 

presence of fibres, however, induces normal stress 
differences in the suspension through Eq. 2. PLA (Poly 

Lactic Acid), a commonly used material in 3D printing, 

has a low shear rate viscosity of O(1000Pa.s) at 

processing temperature. However, explicit time 

integration as used in SPH is associated with a maximum 

time step requirement related to the viscosity. The use of 

actual PLA viscosity leads to prohibitive time steps and 

for now, lower values of viscosities are considered. 
Hence, a Carreau-Yasuda model is introduced with a 

viscosity ranging from 0.1Pa.s to 0.001Pa.s over five 

orders of magnitude of shear rate and the model 

parameters used are λ=5.10-3s, a=1 and n=0.15. Although 

these viscosity values are significantly smaller, several 

numerical experiments with various viscosities confirmed 

that within the short physical time scale of the simulation, 

the use of larger viscosity does not question the main 

conclusions drawn here. 

 In Figure 2, results for the x-component (horizontal) 
of the orientation tensor for a Newtonian with viscosity 

equal to 0.1Pa.s and the shear-thinning fluid described 

above for two fibre concentrations. Beyond the effect of 

the suspending fluid, the primary observation to be made 

 

Figure 1. Near-nozzle geometry and initial particle 

configuration. 

 (a) 

 (b) 

 (c) 

 (d) 

Figure 2. Axx component suspensions of fibre suspensions with 

     . Newtonian fluid (a-c), shear-thinning fluid  

(b-d),        (a-b),     (c-d) 
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is the existence of a skin/core effect in all cases. Highly 

orientated fibres are found on both the free surface side 

and the bottom substrate side. The core region exhibits a 

much less aligned structure and these observations will be 

discussed further in next section. It appears that the effect 

of the shear-thinning nature of the fluid considered has a 

limited impact on the orientation behaviour and the main 

effect lies in a slightly wider spread of the misaligned 

region in the deposit core.  

4.2 Effect of fibre concentration 

Following the observations made in the previous section, 

the shear-thinning fluid model described above will be 

adopted hereafter. As mentioned in the previous section, 

the most striking feature observed in the present results is 
the development of a skin/core distribution of fibre 

orientation, where fibres are highly aligned in the skin 

region. The final orientation state appears to be 

determined by the flow field in the outlet of the gap. 

Observation of the flow field reveals similarities with a 

pressure-driven and simple shear flow superposition. 

Hence, high shear rate regions exist along the flange and 

the bottom substrate which lead to high orientation and a 

low shear rate region near the deposit centre which 

corresponds to the low fibre alignment region.  

Keeping the fibre aspect ratio fixed to      , the 
effect of an increase in volume fraction is reported in 

Figure 3 where the three components of    are shown. 

Here, values are extracted from a deposit section and 

shown as a function of the normalised deposit height. As 

already suggested in Figure 2, a broadening of the 

misaligned core region is observed on all components as 

well as a shift towards the deposit free surface. It can be 

remarked that the orientation profiles do not evolve much 

between       and   . Note that such an orientation 

state resembles the one observed near the flow front of a 
pressure-driven flow and due to the well-known fountain 

flow effect. In such a flow, the fibres tend to be aligned 

near the walls and aligned parallel to the free surface near 

the flow centreline. It is also likely that the misaligned 

core region broadening results from an enlargement of 

the low shear rate region due to the shear-thinning nature 

of the fluid. 

 

Figure 3. Components of the orientation tensor for  

            ,   and   . 

 

 
4.3 Effect of fibre aspect ratio 

Observation of Figure 4 suggests that the effect of 
increasing the fibre aspect ratio on the orientation profiles 

is somewhat similar to the one observed when increasing 

the fibre volume fraction with regards to the upward shift 

of the misaligned core region. Its spread, however, does 

not seem to be impacted by the increase of   . 

 

Figure 4. Components of the orientation tensor for  

                    . 

5 Conclusion 

Promising results have been obtained for the fibre 

orientation profiles in a 3D printing deposit layer by 
means of SPH simulations coupled with a fibre 

suspension model. The impact of fibre aspect ratio and 

volume fraction were studied. A major observation is the 

existence of a skin/core structure where particles are 

strongly aligned in the skin region only. This is likely to 

have significant implications in terms of the final part 

properties and such a simulation method represents a 

promising tool for nozzle design and optimization. 

Lastly, this work will benefit from having access to 

experimental results. 
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