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Abstract

Direct ink writing (DIW) is an extrusion-based additive manufacturing (AM) technique. One
of the required factors for printing quality in DIW is to extrude continuous and tubular
freeform extruded filaments (FEF) with diameters close to the nozzle inner diameter. This
paper established a simulation model of FEF with volume of fluid (VOF) method and then
evaluated the FEF based on the simulation results. First, ink properties including density,
surface tension coefficient and rheological properties were determined by properties tests.
Then, the model of FEF was established using VOF simulation method with the software
OpenFOAM and two evaluation indicators, mean diameter and stability, were proposed to
evaluate the FEF. Two inks, a cellulose ink and a Nivea Creme, were used under three levels
of piston velocity to verify the method universality for different inks and variable process
parameters. The prediction accuracy of the established simulation model was verified as the
relative error between simulation and experimental results of diameter was less than 10.22%.
In this work, it was found that: (1) piston velocity needed to be set higher than a minimum
value to overcome yield stress and surface tension to successfully extrude filaments; (2) mean
diameter of FEF decreased while stability of FEF decreased firstly and then increased as piston
velocity increased. The proposed model and evaluation indicators gave an accurate and
effective framework to analyze effect of the piston velocity on FEF, characterize the ink
printability and find suitable printable windows for process parameters in DIW.
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1. Introduction

Direct ink writing (DIW), which was firstly proposed by Cesarano et al. in 1998 [1] and was
patented in 2000 [2], is an extrusion-based additive manufacturing (AM) technique by
depositing slurry or paste type materials named inks onto the substrate layer by layer [3].
Compared with other AM techniques, DIW has advantages in materials flexibility, low cost
and reliability [4]. Due to the advantages, various materials have been made into inks suitable
for DIW and been successfully used in various applications: polymer inks for rubber industry[5];
bio-inks with living cells for tissue engineering and regenerative medicine [6]; metal inks for
batteries and electronic circuits [7]; ceramic inks for ceramic engineering [8]; cellulose inks
for clothing, sensors and 4D printing [9-11]; food inks for food processing engineering [12];
cement ink for buildings [13]. In the foreseeable future, more materials will be prepared into
inks suitable for DIW and used in more fields. Thus, DIW is a research focus in AM studies and
regarded as an important technique to realize advanced and intelligent manufacturing
nowadays [14].

Freeform extruded filaments (FEF) were extruded filaments in the air between the nozzle
bottom and the substrate in DIW. During the DIW, producing continuous, tubular FEF with
diameters close to the actual nozzle inner diameter is a prerequisite and also a
characterization for a high printing quality [15]. For instance, Ouyang et al. [16] characterized
ink printability through shape statuses of FEF; Paxton et al. [17] focused on the formation
properties of FEF as an initial screening to assess ink printability; Smith et al. [15] proposed a
term considering the measured diameter of the FEF and nozzle inner diameter to define
printability; Davila et al. [18] evaluated ink printability through observation of FEF formation;
He et al. [19] chose suitable ranges for process parameters setting in DIW 3D printers by
observing shapes of FEF. Therefore, modeling and evaluation of FEF are necessary for quality
evaluation and control for DIW.

Recently, filaments in extrusion-based AM have been modeled and evaluated mainly through
analytical methods [20], experimental methods [21] and numerical simulation methods [22].
Analytical methods give a model based on the mathematical description and derivation of
physical process, but model accuracy is restricted by theoretical simplification. Experimental
method presents a regression model between input factors and experimental results, but this
method is restricted by measurement method and cannot provide a dynamic prediction. In
complement to analytical and experimental methods, numerical simulation methods can
deliver a vast amount of information about the process and has proven to be an accurate and
reliable dynamic predictive tool in the analysis of extrusion-based AM techniques [23-25].
However, there is few works on modeling and evaluation of FEF based on numerical
simulation methods for DIW. Numerical simulation modeling of FEF should fully consider ink’s
properties and process parameters as the quality of FEF depends both on ink’s material
properties and process parameters setting [26]. Evaluation of FEF should consider both the
mean diameter and the stability as these two indicators have the most significant influence
on the printing quality [27].

The aim of this study is to establish a model of FEF with numerical simulation method and
then evaluate the FEF based on this model. First, ink properties including density, surface
tension coefficient and rheological properties were determined by properties tests. Then,



model of FEF was established using numerical simulation method and two evaluation
indicators, mean diameter and stability, were proposed to evaluate the FEF. Finally, two inks,
the cellulose ink and Nivea Creme, were used under three levels of piston velocity to verify
the method. After experimental verification, the model and evaluation indicators were used
to analyze effect of the piston velocity on FEF, characterize the ink printability and find suitable
printable windows for process parameters.

2. Ink preparation and properties tests

2.1. Ink preparation

To verify the proposed method considering the universality for different materials, two well
printable inks, the cellulose ink with low viscosity and Nivea Creme with high viscosity, were
prepared.

Cellulose inks, which mainly contain cellulose fibers and cellulose derivatives, are
representatives of novel inks for DIW [28, 29]. The cellulose ink used was prepared by mixing
2.36% natural cellulose fibers, 0.59% hydroxyethyl cellulose (HEC), 1.77% carboxymethyl
cellulose (CMC), 0.47% montmorillonite, 0.47% citric acid (CA) and 94.34% demineralized water
[9]. Cotton linter packs (CLP) (Goetz & Sons, Inc., USA) were purchased as natural cellulose
fibers. CLP were first left in demineralized water for 24 hours and then dried at room
temperature (25 °C). Once dried, CLP were added to a beaker with demineralized water and
the montmorillonite (reference: 42531) and mixed with a spatula. HEC (reference: 54290) and
CMC (reference: Acros Organics 332641000) were mixed and then added to the mixture in
the beaker. One quarter of the polymer mixture was added into the beaker and mixed for 1
min at 700 rpm by planetary mill with 5 grinding balls of zirconium oxide (20 mm) using a
Pulverisette 7 Premium Line (Fritsch, Germany). The remaining polymer mixture was then
incorporated, followed by another grinding cycle under the same conditions. CA (reference:
C0759) was added to the combination of all batches prepared as a crosslinking agent on the
same day by means of a spatula.

Nivea Creme with well printability is often used as printability reference for inks to test the
process parameters in DIW [17] as many inks in DIW are designed and produced to have the
same printability of Nivea Creme [30]. In this study, Nivea Créme (Art. No. 80104) (Beiersdorf
Global AG, Germany) with high viscosity and well printability was chosen and bought.

2.2. Ink material properties tests

A 5 mL pycnometer and analytical balance XSR (both from Mettler Toledo, France) were used
to assess ink density by measuring a mass of 5 mL of the ink (measuring accuracy: 0.008 mg).
A tensiometer K9 (KRUSS, Germany) was used to measure the surface tension coefficient using
the Du Nouy ring method (measuring accuracy: 0.1 mN/m). For both tests, measurements
were performed at 25 °C.

The Hershel-Bulkley model (HBM) has been verified and adopted as a suitable and reliable
model to represent the viscosity of the shear thinning inks in DIW [31, 32]. Using the HBM,
the shear stress and the viscosity of inks can be expressed by Eq. (1) and Eq. (2), respectively.

r=1,+K; . 1)
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Where r (unit: Pa), ; (unit: s'), x# (unit: Pa-s) are variables named as shear stress,
shear rate, dynamic viscosity for inks in flow; g (unit. Pa-s), z, (unit: Pa), K (unit:

y=min(,u0, 7, /7

Pa-s"), n (unit: dimensionless) are rheological properties called as limiting dynamic viscosity,
yield stress, consistency index, flow index for inks. If stress< ¢, , the ink behaves as a rigid solid,
otherwise it behaves as a fluid. For » <1, the ink is shear-thinning, whereas the ink is shear-
thickening. A large g, means that the ink will only flow in response to a large applied force.
A rheometer ARES (TA Instruments, USA) with a 25 mm plate-plate geometry at a gap
distance of 1 mm was used to obtain parameters in Eqg. (1) and Eq. (2). 4, , 7, were
determined by shear stress ramp test ranging from 0.01 to 100 Pa: abscissa and ordinate of
intersection point between two linear regressions at the plateau-region and viscosity-drop
regions of the viscosity-shear stress diagrams was g, and r,, respectively. K, n were
determined by shear rate sweep test ranging from 0.0125 to 1000 s (5 points per decade)
through regression between Eq. (2) and experimental viscosity-shear rate data.

3. Modeling and evaluation indicators

3.1. Meshes and boundary conditions

The numerical simulation was implemented within the software OpenFOAM, which is a free,
open-source and popular numerical simulation software for computational fluid dynamics
(CFD) simulations [33]. In the modeling, OpenFOAM was used to build geometrical model,
generate meshes, determine boundary conditions and solve governing equations. ParaView,
an open-source, multi-platform data analysis and visualization application, was used to build
visualizations and analyze data obtained by OpenFOAM.

As shown in Fig. 1a, FEF was produced by extruding ink in the syringe through the nozzle into
the air with the piston movement. Dimensions of the geometrical model of FEF in DIW include:
the inner diameter of syringe D, ; the ink filled length L,; the nozzle inner diameter D,; the
nozzle length L, ; the gap between nozzle bottom and substrate # . In thisstudy, h was set
as 26 mm to avoid FEF touching the substrate. D,, D,, L, and the initial L, were set to
match the actual device dimensions: 21.6 mm, 0.84 mm, 18 mm, 30 mm, respectively. Fig. 1b
presents the 3D model established in OpenFOAM for FEF at the initial time, where red regime
represents the ink and blue regime represents the air. As shown in Fig. 1c, the 3D model was
simplified into a 2D axisymmetric model by capturing 1/120 of the 3D model in the
circumferential direction to reduce computation cost under the axisymmetric laminar flow
condition for the ink extrusion.



Fig. 1 Geometrical model of FEF in numerical simulation for DIW: (a) dimensions of the geometrical

Piston

Tnk
inside

Syringe

Substrate

(a)

(b)

(©)

model; (b) established 3D model at the initial time; (c) simplified 2D axisymmetric model at the

OpenFOAM is designed as a code for 3D space and defines all meshes as 3D meshes, but
wedge type meshes are used for 2D axisymmetric problems specifically [34]. Thus, wedge
type meshes were used for the simplified 2D axisymmetric model as shown in Fig. 2a, where
lengths and widths of meshes in the same area were set nearly same and meshes in the
junction of different areas were refined to improve calculation accuracy. Total number of the
meshes was 18996. Boundary conditions were grouped into 5 categories and were defined

initial time.

as shown in Fig. 2b and Table 1.
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Fig. 2 Meshes and boundary conditions for model of FEF in numerical simulation for DIW: (a)

meshes; (b) boundary conditions.

Table 1 Definition of boundary conditions

Name Physical meaning Type Setting
B1 Piston Moving boundary Velocity is equal to piston velocity
Inner walls of syringe; walls of nozzle and
B2 No-slip boundary No-slip
substrate
B3 Air InletOutlet boundary Depended on dynamic calculation
B4 Symmetrical axis Symmetrical boundary Empty condition




‘ B5 ‘ Front and back side symmetrical sections ‘ Wedge boundary Symmetrical condition

3.2. Volume of fluid method

The volume of fluid (VOF) method [35] was chosen to capture the interface of FEF in the air.
Compared with other CFD numerical simulation methods like level set method [36], phase
field method [37], lattice-Boltzmann method [38] and direct interface tracking method [39],
VOF method has been proven to be a priority choice for the simulation of two-phase flows
due to its simplicity, robustness and straightforward implementation and been widely used in
numerical simulation for extrusion-based AM [25].

In VOF method, the ink and the air were treated as a single continuum and the phase fraction
a was defined to distinguish the interface between the two-phase fluid as follows:

Vv

a=_-. ®3)

m

Where « is the phase fraction for a mesh; 7, is the volume of the ink in the mesh; v, is

i

the total volume of the mesh. Values of a are between 0to 1 and « =0.5is defined as the
cutoff value to capture the sharp front of interface between the ink and the air.
Fluid properties of the single continuum were weighted with the phase fraction as follows:
p,=ap+(l-a)p,
: (4)
u,=op+(l-a)u,
Where p, and g, isdensity and viscosity of the single continuum; p and p, isdensity of
the ink and the air, respectively; x and g, is viscosity of the ink and the air, respectively.
Governing equations for FEF modeling include continuity equation, momentum equilibrium
equation and phase fraction equation. Each equation of the two-phase incompressible
laminar flow is written as follows [40]:
Continuity equation:

V.U=0. (5)
Where U s velocity field of the fluid.
Momentum equilibrium equation:
8’;;U +V-(p,UU)=—Vp+V-(p,uVU)+ pg+F,. (6)

Where p is the pressure in the fluid; g is the gravitational acceleration vector; F, is
surface tension. F, is defined as follows:

F,=oxVa. (7)
Where o is the surface tension coefficient, x is the surface curvature which is depended
on the shape of FEF.
Phase fraction equation:

%+V.(aU)+V~(a(l—a)Ur)=0. (8)

Where U, is velocity vector compressing two-phase free surface, which represents the
velocity difference between two-phase fluids and can be calculated as follows:
Va
,max |U|)— . 9
U5 ©)

Where ¢ is controllable compression factor and it is selected as ¢ =1 in the numerical

U, = min(c‘U

simulation.



Numerical simulation with VOF was implemented based on the solvers in OpenFOAM. The
movement of the piston (B1) along axis direction was implemented using the motion solver,
velocityComponentlLaplacian. The governing equations for flow were solved based on the
solver for two incompressible, isothermal immiscible fluids using VOF method with optional
mesh motion and mesh topology changes including adaptive re-meshing, /nterFoam. PIMPLE
algorithm, a combined algorithm of the pressure-implicit split-operator (P/SO) and the semi-
implicit method for pressure-linked equations (S/MPLE) algorithms, was chosen as the
numerical algorithm for /nterfFoam solver.

3.3. BEvaluation indicators

Evaluation indicators of FEF include mean diameter and stability as continuous and tubular
FEF with diameters close to the actual nozzle inner diameter is the basic requirement for a
successful extrusion-based AM [41]. N measuring points were set along the filament length
uniformly from nozzle bottom at fixed sampling intervals of 1 mm and diameter on each

measuring point was measured as d,(i=12,..,N). Mean diameter and stability of FEF were

expressed using average and standard deviation of d,(i=1,2,..,N), respectively.

4. Results and discussion

4.1. Material properties tests results

The density and surface tension coefficient of the prepared cellulose ink and the Nivea Creme

were obtained by density and surface tension tests and the results were listed in Table 2.
Table 2 Results of density and surface tension coefficient for cellulose ink and Nivea Créme.

P o

(kg/m*) | (MN/m)

Cellulose ink 1020 70

Nivea Creme 972 43

As shown in Fig. 3, x,, 7, were determined using the intersection point of two tangents in

Ink

the diagram of shear stress ramp test data, one was stable platform line (red dotted line) in
the plateau-region and one is the quickly-drop line (purple dotted line) in the viscosity-drop
region. Abscissa and ordinate of the intersection point was x4, and t,, respectively. The
results were listed in Table 3.
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Fig. 3 Shear stress ramp data for (a) cellulose ink and (b) Nivea Creme.

Table 3 Results of yield stress and limiting dynamic viscosity for cellulose ink and Nivea Créme.

Ink r, (Pa) | u, (Pas)
Cellulose ink 90 1650
Nivea Creme 563 1.58x%10°

As shown in Fig. 4, both cellulose ink and Nivea Creme demonstrated shear thinning behavior,
characterized by the decrease in viscosity with increasing shear rate. Shear thinning
parameters, K and n, were obtained by fitting Eq. (2) with the viscosity-shear rate data
using data regression. The results were listed in Table 4. The coefficient of determination ( R*)
and p-value of fitting results for cellulose ink was 0.9906 and 0.0000<0.05, and R* and p-

value of fitting results for Nivea Creme was 0.9947 and 0.0000<0.05, verified the fitting results
for the two inks.
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Fig. 4 Experimental data and fitting curve of shear rate sweep test for (a) cellulose ink and (b) Nivea
Creme.
Table 4 Results of shear thinning parameters for cellulose ink and Nivea Creme.
K n

Ink _ .
(Pa-s") | (Dimensionless)

Cellulose ink 132.72 0.268
Nivea Creme 867.02 0.045

4.2. Simulation results and experimental verification

In order to validate the proposed model, the prepared cellulose ink and Nivea Creme was



used as inks for FEF extrusion tests in a DIW 3D printer. As shown in Fig. 5a, a piston driven
DIW 3D printer TM-081 (Tobeca Company, France) was used to extrude ink in the syringe
into FEF in the air; and a camera (Canon LEGRIA HF R86 Noir, Canon Inc., Japan) was used to
take photos of FEF. As shown in Fig. bb, the extrusion tool in the DIW 3D printer was
composed of a 30mL syringe (Braun Melsungen AG, Germany) and a precision engineered
fluid dispensing nozzle (Nordson EFD, USA). Using the symbols in Fig. 1a, dimensions of
extrusion tool were: D, =21.6 mm; D, =0.84 mm; L, =18 mm;initial L, =30 mm.

DIwW
3D printer  [d

'y

0
Ink
inside

)i
¥
R |

(b)

Fig. 5 Experimental validation setup for the proposed model: (a) producing FEF using DIW 3D
printer and observing FEF using camera; (b) extrusion tool in the DIW 3D printer.
Disregarding ink compressibility, the mass conservation for the FEF producing process is

expressed as:

v,/v,=(D,/D,), (10)

Where v, is the piston velocity, v, is average velocity of FEF.

e

To verify the proposed model considering the universality for different process parameters, 3

levels of v, were set by setting v, from 5 mm/s to 15 mm/s at fixed intervals of 5 mm/s,

which were on the printable range. The 3 levels setting for v, was summarized in Table 5.

Table 5 Piston velocity setting in the experimental validation.

Levels v, v, v,
v, (mm/s) |5 10 15

Yp

7.56 | 15.12 | 22.68

(107 mm/s)
Simulation and experimental results for the cellulose ink and Nivea Creme under 3 levels of

v, were plotted in Fig. 6a and Fig. 6b, respectively. Here, all images were plotted using the

same graphical scale in order to provide a direct comparison of simulation and experimental
results. Modeling was verified by comparing simulation and experimental results for shape
and diameter accuracy. For shape, all simulation results had continuous extruded profiles in
accordance with experimental results by observing images in Fig. 6. Diameter accuracy
described in Section 3.3 was used to verify the prediction accuracy of the model. Diameter



accuracy for the cellulose ink and Nivea Creme under 3 levels of v, were summarized in

Table 6, where the maximum error was 0.09 mm and the maximum relative error was 10.22%,

verified the model had a high diameter accuracy. Thus, the model was verified both from

shape and diameter accuracy.

Levels| Experiment |Simulation| |Levels| Experiment |Simulation
of v, results results of v, results results
1 1 1

1 1
1.22mm: —— 1.22mm:
| | )
L V
1.22mm:—— 1.22mm:—
1 1 |
Vs Vs
I .
L.22mm: L.22mm:—

(a)

(b)

Fig. 6 Simulation and experimental results of FEF under 3 levels of piston velocities for: (a) cellulose

ink; (b) Nivea Creme.

Table 6 Results of diameter accuracy of the proposed model for cellulose ink and Nivea Créeme.

Diameter accuracy under

Ink 3 levels of 7 (mm)

v, v, v,
Cellulose ink | 0.07 0.09 0.06
Nivea Creme | 0.02 0.08 0.04

4.3. Usages of the model

After experimental verification, the simulation model was used to evaluate the effect of the

piston velocity on the FEF, characterize the ink printability and find suitable printable windows

for process parameters with the two evaluation indicators. Firstly, v, were set by setting v,

from 1 mm/s to 20 mm/s with Eqg. (10) and used as input conditions in the proposed model.

Then, the two evaluation indicators were used to evaluate FEF under different piston velocities

based on the model. As shown in Fig. 7a, there was no continuous and stable FEF when setting
of v, was below 3 mm/s and 2 mm/s for the cellulose ink and Nivea Creme, respectively, as



piston velocity should be large enough to let FEF overcome yield stress and surface tension
to produce continuous and stable filaments. The minimum setting of v, to produce stable
FEF for the cellulose ink was higher than that for Nivea Creme because surface tension
coefficient of the cellulose ink was higher than that of Nivea Creme. When setting of v, was
higher than minimum setting of v, to produce stable FEF, mean diameters of FEF decreased
with increasing setting of v, both for the cellulose ink and Nivea Creme. For the cellulose
ink, mean diameters of FEF got closer to the nozzle inner diameter as setting of v, increased
ranging from 1 mm/s to 20 mm/s. For Nivea Creme, mean diameters of FEF got closer to the
nozzle inner diameter as setting of v, increased ranging from 1 mm/s to 10 mm/s and was
equal to nozzle inner diameter when setting of v, was 10 mm/s. Then, it moved further away
from the nozzle inner diameter as the setting of v, was higher than 10 mm/s. As shown in
Fig. 7b, stability decreased firstly and then increased as setting of v, increased ranging from
1 mm/s to 20 mm/s both for the cellulose ink and Nivea Creme. From Fig. 7, it is concluded
that the printability of Nivea Creme was better than the cellulose ink as mean diameter got
closer to the nozzle inner diameter and stability was much smaller for Nivea Creme compared
with the cellulose ink. Meanwhile, considering the requirement that FEF should have mean
diameter close to nozzle inner diameter and good stability, printable window of setting of v,
for FEF was summarized from Fig. 7: 15mm/s-20 mm/s for the cellulose ink; 5 mm/s-15 mm/s
for Nivea Creme.
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Fig. 7 Evaluation of the FEF for cellulose ink and Nivea Créme using the proposed two evaluation
indicators as: (a) mean diameter; (b) stability.

5. Conclusions

In this study, a model of FEF was established with numerical simulation method and then the
FEF was evaluated based on this model. First, ink properties were determined by properties
tests. Then, model of FEF was established using numerical simulation method and two
evaluation indicators, mean diameter and stability, were proposed to evaluate the FEF. Finally,
two inks, a cellulose ink and a Nivea Creme, were used to verify the method. The established
model was verified as the shape in simulation was in accordance with experimental results
and diameter accuracy was better than 0.09 mm. After experimental verification, the model
and evaluation indicators were used to deal with these three questions in DIW as:
(1) Analyze effect of the piston velocity on FEF: there was a minimum piston velocity, 3 mm/s
for the cellulose ink and 2 mm/s for Nivea Creme for setting of v,, to produce continuous
and stable FEF; mean diameters of FEF decreased with increasing piston velocity. Stability



decreased firstly and then increased as piston velocity increased,

(2) Characterize the ink printability: the printability of Nivea Creme was better than the
cellulose ink as mean diameter got closer to the nozzle inner diameter and stability was
much smaller for Nivea Creme compared with the cellulose ink,

(3) Find suitable printable windows for process parameters: printable window of setting of
v, was 15mm/s-20 mm/s for the cellulose ink and 5 mm/s-15 mm/s for Nivea Creme.

Future work could establish a simulation model of the filaments deposited on the substrate

considering the ink properties and process parameters. The printing quality could then be

improved by using the established simulation model in order to extend the FEF contribution
in this study to deposited filaments.
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