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Abstract

Converse to the conventional additive manufacturing methods based on constructing a body
layer by layer, volumetric additive manufacturing produces the whole geometry at the same time. While
it is faster, creates features with high surface quality, requires no overhang support structures, and can
print in high-viscosity resins, all of which push the limits of additive manufacturing, this technique is still
premature and suffers from some effects such as body sedimentation that impacts the geometric fidelity
and resolution of the final product. The sedimentation rate of the printed body during its formation is
highly dependent on the resin type, its viscosity, and its curing behavior. Herein, we propose a CFD
model that takes into account the synergistic effect of reaction-based heating, curing behavior, and
resin properties to predict the sedimentation rate of the printed geometry. The results show that heating
effects can slow down the sedimentation rate of the curing part significantly.

Keywords: Volumetric additive manufacturing, Volume of Fluid, Sedimentation, Boussinesq
approximation, ultra-violet (UV) Curing, Photopolymerization

Introduction

E L L L L L L L e e e e T s s

Volumetric additive manufacturing (VAM) is a new additive manufacturing method developed by
Kelly et al. [1], which prints the whole volume of the geometry at the same time unlike conventional
methods that function in a layer-by-layer manner. VAM offers higher printing rates, no requirement of
a support for overhanging parts, and applicability to high viscosities, which are the shortcomings of the
conventional additive manufacturing methods [2]. In VAM, a cylindrical container that rotates at a
constant rotational velocity encompasses the photosensitive resin. An algorithm that is based on the
tomographic reconstruction method takes predefined geometries and converts them into modulated
intensity profiles. A projector illuminates these intensity profiles into the cylindrical container,
synchronized with its rotation rate so that the accumulated energy dose inside the printing domain
matches the desired geometry. The photosensitive resin contains some inhibitors, such as molecular
oxygen for acrylates, which prevent the photocuring process. Thanks to the inhibition effect, the
polymerization would not occur at the very first instant when the resin receives light, which makes the
VAM process feasible [2]. The curing of the resin would start where and when the accumulated light
energy dose goes above a threshold for which the inhibitors are depleted locally. Accordingly, it is very
important that the VAM algorithm modulates the intensity in a way that the built-up intensity in the
desired locations reaches the threshold at the same time. Otherwise, one part of the geometry would
cure faster than the others. The cured part would start to sink down due to its higher density which
prevents the formation of the geometry. The schematic of the geometry is shown in Figure 1.
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Figure 1: The schematic of the principles of the VAM technique. The tube containing the photo-curable resin and the photo-initiator rotates inside
a container with index-matched fluid.

Kelly et al. pioneered in the field of VAM by introducing its working principles and its computed
tomographic algorithm and presenting the specifications of the 3d geometries they produce with this
method [1]. Later, they used the VAM method to print complex, sub-centimeter scale geometries with
different materials, including acrylate polymers and hydrogels, in a time span between 30 and 300
seconds [2]. They further explained the underlying physics of the method and formulated the effect of
some optical parameters and properties of the resin on the VAM printing time. By applying the VAM
method to the printing of complex geometries, Loterie et al. improved the method by enhancing its
resolution and diminishing the printing time to less than 30 seconds [3,4]. Orth et al. [5] suggested some
corrections in the VAM algorithm to computationally account for the beam lensing effect and its non-
telecentricity. Rackson et al. [6] showed that introducing a uniform illumination at the end of the
projection period will not only mitigate some surface defects known as striations but also increase the
possibility of simultaneous part formation, mitigating its premature sedimentation. In another study [7],
they proposed a new projection algorithm that increases the contrast between the built-up light intensity
of the target region of the resin and its surrounding, leading to more accuracy and higher geometric
fidelity of the printed part. Wang et al. [8] used two different projection wavelengths to create structures
with gradient in their mechanical properties. Some researchers applied the VAM method to other
materials. Cook et al. [9] formulated thiolene resins, which are printable with the VAM method and
managed to create structures with diverse mechanical properties. Using preceramic polymer resins,
Kollep et al. [10] applied the VAM method to build ceramics. Wolff et al. [11] further extended the VAM
applicability to scattering resins.

Despite all the benefits of VAM, this method still suffers from some issues, such as premature
sedimentation, in which the printed part starts to sediment before it is fully formed. The sedimentation
phenomenon adversely affects the geometric fidelity and resolution of the printed part, and in some
cases, it even prevents its formation. Kelly et al. tried to derive an analytical formulation for the
sedimentation rate of a simple spheroid by considering the Stokes drag applied to the geometry [2];
however, the model's predictions were much higher than the experimental results. Letorie el al.
observed that the oval-shaped VAM-printed geometry does not sink until 20 seconds after the end of
the print time [4], and Rackson et al. reported that sedimentation could be so intense that it can even
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disturb part formation [6,12]. Kollep et al observed that their part slightly moves upwards during the
print time while it gradually starts to sink after the projector turn-off [10].

Herein, the different and sometimes strange behaviors of the printed parts during and after the
projection are attributed to the thermal effects and how the mechanical and thermal properties of the
materials react to those effects. To substantiate our hypothesis, we present a simple numerical model
taking into account thermal effects and their influence on mechanical properties. Numerical models
have shown to be very potent when it comes to predicting the results and elucidating the underlying
physics. In the field of additive manufacturing, many studies have been done to model and improve the
metal [13—15] and polymer [16—20] 3D printing. Here, we present the first numerical model for the
subject of the VAM method, which is a sub-category of polymer additive manufacturing.

khkkhkkkkkhkkhhkkhkhhkhkhkhhhkhkhkhhkkhkhkhhkhhkhhkhkhkhhkhkhkhhkhkrhkhkhhkhrhrhhrhkdrdrrhxhrrhxd

The physics of the problem is modeled using the VOF method by considering the uncured phase
as the 1%t phase and the curing phase as the 2" phase. On top of the two-phase Navier-Stokes
equations, an energy equation is also solved to obtain the temperature field, which is then used to
modify the density of the fluid. To make the model simple, the temperature-based variation of the fluid
density is implemented according to the Boussinesq approximation, in which the change in density is
only made in the gravity force. The governing equations are as follows [21,22].
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In Egs. ((1)-(9)), U is the velocity vector, p is the pressure, T is the temperature, and « is the
phase indicator variable which takes the value of 0 for one phase, and 1 for the other phase. The set
of partial differential equation introduced in Egs. ((1)-(9)) are solved using OpenFOAM. Other
parameters and variables are defined below.

Table 1: parameters and variables used in this simulation

Parameter/Variable Definition Formulation Value (if applicable)
To Reference temperature - 300K
P1 Density of the uncured phase - 1100 kg/m?3
P Density of the curing phase - 1210 kg/m?3

884




p Mixture density Eq. (4) -
D Boussinesq density - -
U1 Viscosity of the uncured - 5Pa.s
phase
Us Viscosity of the curing phase - 5Pa.s
U Mixture viscosity Eq. (5) 5Pa.s
Pd Modified pressure Eq. (8) -
g Gravitational acceleration - (0,0,-9.81) m/s?
X Position vector - -
K Interface curvature Eq. (6) -
U, Relative velocity between the - -
phases in the interface
B Coefficient of thermal - 0.0011/K
expansion
k Thermal conductivity - 0.142 W /mK
Cp Specific heat - 1500 /kgK
qv Heat generation per unit - 5 kcal/mol per

volume

acrylate double bond

The values for densities (p; and p,) and viscosities (u; and u,) are based on a 3:1

BPAGDA:PEGDA ratio mixture according to reference [2]. The thermal properties are considered to be
equal for both phases and are taken close to the ones that are reported in reference [23]. For the heat
generation, the value that is reported in reference [23] is 20.6 kcal /mol for the complete polymerization
process with high enough intensity. However, as only a ratio of the photopolymerization process takes
place in the VAM and the intensities might be lower than the one for which the value of heat generation
is reported, here, a value of 5 kcal/mol is used, which is approximately one-fifth of the value reported
in [23]. The heat source is only active where the curing phase exists. It means that it moves with the

movement of the second phase.

The computational domain along with the boundary and initial conditions is shown in Figure 2.
The printed part is considered to be a simple cylinder that deforms because of the shear-induced forces

that are exerted on it when it moves down.
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Figure 2: The computational domain, boundary and initial conditions

Results and discussions

E e S S T e e e s st

Figure 3 shows the phase indicator field (top row) and temperature field (bottom row) at t=2 s
(left column), t=4s (middle column), and t=6s (right column). The viscosity of the curing phase is set
equal to the surrounding uncured resin so that the deformations are shown with exaggeration. From
this figure, it is clear how the curing phase sinks down because of its higher density compared to the
surrounding fluid. In sub-figures (d-f), the temperature field is depicted. As discussed in the previous
section, the heat source is active only in the curing phase to mimic the exothermic reactions that are
happening inside it. Because of the low conductivity of the material, only the near vicinity of the curing
phase sense the thermal effects, and for the other parts of the resin, it takes a long time until they are
influenced by the heat source.

(a) a field, t=2 s (b) a field, t=4 s (c) a field, t=6 s
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Figure 3: phase indicator variable for sub-figures (a), (b), and (c), and temperature field for sub-figures (d), (¢), and (f).

Figure 4 compares the change in the vertical position of the printed part’'s center of gravity for
two cases with and without heating effects. This figure clearly shows how the temperature increase
inside the curing phase influences its density which in turn impacts the gravitational force exerted on
the part and its sedimentation rate. Furthermore, it can be seen that as the temperature builds up inside
the curing part, the difference between the graphs is also increased.

- With heating
---  Without heating

t(s)

Figure 4: Variation in the center of gravity of the printed part in the vertical direction with and without heating effects

If the heating rate inside the curing part increases even further, it is possible that the sinking
effect does not happen. In some situations where the heating effect is intense and the growth in density
is slow, the printed part may even move a bit upwards during the print time; in reality, the density
increases gradually as the photo-resin converts. If the reaction-induced generated heat is strong
enough and the density rise is not considered during the initial stages, there is a chance that the curing
part follows an upward trend, provided that the coefficient of thermal expansion would not be small.
The upward and downward movement of the printed part can be controlled by adjusting the viscosity
of the resin.
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Conclusion

E T L T e T e e e T s s

In this study, a new hypothesis for the different sedimentation behaviors that were reported from
different experimental studies in the literature was put forward and investigated numerically.
Discrepancies between the experimental results and the results of the previous models were attributed
to the heating effects and its effects on mechanical properties, especially density. A CFD model which
took advantage of the simplicity of the Boussinesq approximation was developed to numerically
investigate the printed part sedimentation in the presence of a heat source. The results show that the
heat generated from the exothermic photopolymerization reactions can influence the sedimentation of
the part.
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