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Abstract. Additive manufacturing vat polymerization has become a leading technology and gained a massive amount of 
attention in industrial applications such as injection molding inserts. By the use of the thermoset polymerization process 
inserts have increased their market share. For most industrial applications, strength and stiffness are crucial factors to a 
successful implementation of cured photopolymer thermosets. Hence, fiber-reinforced polymers have recently been 
introduced. 
The behavior and especially orientation of fibers during the vat photopolymerization process has yet not been fully 
understood. Research indicates an orientation within the manufacturing layer and efforts have been made to achieve a more 
uniform orientation within the part. A vat polymerization machine consisting of a resin vat and a moving build plate has 
been simulated using the fluid flow module of Comsol Multiphysics™. A moving mesh with hyper-elastic behavior was 
utilized to simulate the flow of the photopolymer during the lifting of the build plate after a successful curing of a single 
layer. 
The velocity profile can thereafter be used to estimate a prediction for the orientation of the short fibers added to the liquid 
photopolymer resin. The prediction can be used to identify potential clusters or misalignment of fibers and in the future 
allow for optimization of the machine design and manufacturing process. 
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INTRODUCTION 

Fiber-reinforced polymers (FRPs) have been investigated over the last decades ranging between manufacturing 
technologies, fiber orientation, fiber-matrix interfaces, influence of fiber length and mechanical properties, and 
adaptive fiber placement and arrangement. With more recently developed technologies such as additive manufacturing 
(AM) vat photopolymerization (VP), novel approaches towards the manufacturing and design process become a 
crucial factor to successful applications. Investigations performed by [1, 2] show a large number of applications both 
for thermoplastic as well as thermoset materials processed with different AM technologies. 

A prediction of fiber orientation can be accomplished for thermoplastic materials in a material extrusion (ME) 
process, which is well defined and constraint in its degrees of freedom (DOF) and has intensively been investigated, 
e.g. by [3-7]. However, ME technology is subject to a number of limitations constraining the range of applications. 
For this reason, VP processes have gained attention e.g. in injection molding inserts due to their flexibility in 
production, freedom of design, surface features, and product design cycle time [2, 8]. In this process, fibers are subject 
to 6 DOFs (3 spacial, 3 rotational) whereas the rotational DOF along the axis of the fiber is not considered as it has 
no influence on the mechanical, thermal, electrical, and other properties of the final part particularly when considering 
fibers with a round cross section and isotropic (or at least axially aligned) internal properties.

These considerations were combined with existing knowledge on fiber orientation in moving liquids, which have 
been investigated analytically as well as numerically for several decades based on research by [9-11]. These 
investigations have been used by [12] allowing the conclusion that fibers orient along streamlines under the following 
conditions summarized in [12]: “(1) the fiber may be represented by an ellipsoid of revolution; (2) no-slip conditions 
prevail at the surface of the fiber; (3) the velocity field is only locally perturbed by the motion of the fiber; (4) there 
is no interaction between fibers; (5) the flow far from the fiber is steady and homogeneous on a length scale that is 
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large compared to the fiber dimensions; (6) the motion is sufficiently slow that inertia forces are negligible; (7) the 
fiber translates with the fluid velocity.” 

The objective of this paper is therefore to present a numerical solution to understand the fiber orientation in a VP 
part allowing in conclusion to control the fiber orientation in future printed parts. 

METHODS 

The numerical model was developed in Comsol Multiphysics® version 5.3a by the use of fluid flow modules. 
Simulations were carried out on the bottom up process, top down process, and a modified build plate design. 
Information about the three scenarios is presented in Figure 1 and Table 1. The Modified build plate is designed in 
order to facilitate a vertical fluid flow pattern. 

       
 

FIGURE 1. (left) Information about the simulated VP processes and (right) modified build plate design.   

Table 1 Description of the simulated  VP processes. 

VP Technology Process Description 
Bottom Up Process A rectangular or circular build plate is moved vertically within a photopolymer resin. 

The resin is exposed from the bottom and the part is built up layer-wise. Continuous 
printing is only possible when allowing oxygen to flow through the bottom of the 
resin vat. 

Top Down Process A rectangular or circular build plate is moved vertically within a photopolymer resin. 
The resin is exposed from the top and the part can be built up in a layer-wise or 
continuous manner. Viscosity and surface tension of the resin have a significant 
influence on the manufacturing process. 

Modified Design In order to allow faster printing as well as improve the fiber orientation, holes were 
modelled in the build plate (as seen in Figure 1 (right)) allowing the resin to flow 
through the build plate. Viscosity and surface tension are still crucial factors in the 
manufacturing. Their influence is reduced and the flow pattern of the resin changes. 

 
A liquid domain was generated according to the boundary conditions as shown in Figure 2. The moving mesh was 

adapted with a hyperelastic mesh deformation allowing the mesh to partly compensate for the shift in mesh size during 
the deformation. In order to avoid singularities and extreme mesh deformation, the starting conditions of two-digit 
micro meter gaps between the build plate and the resin vat or resin surface, the movement was started at a later stage 
of the print at movement rates of 0.25 mm/s, 0.5 mm/s, and 1 mm/s. The later was considered for result evaluation in 
order to scale the fluid movement. The full set of domain parameters is presented in Table 2. 

 
Table 2 VP domain parameters. 

Domain Parameter rectangular circular 
vatX 150 mm 300 mm 
vatZ 20 mm 20 mm 
buildX 100 mm 200 mm 
buildZ 10 mm 10 mm 
velocity 0.25 mm/s, 0.5 mm/s, 1 mm/s 

020007-2



       
 

FIGURE 2. Domain of liquid resin for a rectangular build plate (left) and circular build plate (right). Bottom up and top down 
printing processes were considered by flipping the domain by 180 degrees. 

 
For both the bottom up and top down printing process, a continuous movement was assumed as it is  expected that 

internal forces within the fluid (mostly provoked by viscous stresses) would reduce the fluid velocity in all directions, 
which would simply lead to a scaling effect of the fluid velocities. 

RESULTS 

The high velocities around the vertical boundaries of the build plate shown in Figure 3 (left) allow the 
argumentation against a clocking around those regions whereas additional vertical movement down into the resin 
before curing the next layer should be taken into account when using non-continuous printing. It can be assumed that 
a suction effect will work to move fibers into the center of the build plate. 

Figure 3 (right) shows the general movement in the three dimensional case whereas a symmetry effect is visible. 
Nevertheless, irregular fluid movement is visible around the corners of the domain around the build plate. It should 
therefore be considered to round the edges or use circular build plates especially for bottom up printing. However, 
considering a digital light processing (DLP) mechanism, most commercially available technologies base on 
rectangular projection areas where fiber content will need to be considered around the corners of the projected area. 

As mentioned earlier, streamlines give an approximation of the fiber orientation. As shown in Figure 4, fibers will 
orient preferably in parallel to the build plate the produced layers. This effect correlates to investigations presented in 
[1, 2] whereas not only the fluid flow, but also the desired layer height of the final part (and therefore during the 
manufacturing process) results in a forced orientation. 

A top down printing process can provide additional potential orientation to the fibers assuming that the surface 
tension allows the fibers to penetrate the surface of the liquid resin. As shown in Figure 5, a resin without surface 
tension can provide additional vertical orientation both for a rectangular as well as a circular build plate. 
 

 
 

FIGURE 3. Velocity of a bottom up domain cut in the middle of the build plate (left) and velocity arrows in the three 
dimensional case (right). Note the irregular arrow directions around the corners of the build plate. Both images were taken after 

2 s of simulation when the flow was fully developed. 
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FIGURE 4. Stream lines colored according to the fluid velocity of a rectangular cut in the middle of the build plate (left) and 
circular (right) build plate in bottom up printing. Note the vortices around the corner of the domain at the bottom of the build 

plate. 

 

 
 

FIGURE 5. Stream lines colored according to the fluid velocity of a rectangular cut in the middle of the build plate (left) and 
circular (right) build plate in top down printing. Note the vortices around the corner of the domain at the bottom of the build 

plate. 

A further development is given in a transmittable build plate, which in this particular case was equipped with 
circular holes in order to allow the liquid resin to flow through the building area. Figure 6 clearly shows an additional 
mixing of the fibers through the specific geometry of the build plate, which can benefit the fiber orientation in contrast 
to results presented for conventional build plates in Figure 4 and Figure 5. However, some additional modifications 
need to be considered for the part as deformations might occur for the first printed layers. A printed build plate below 
the object cannot be inserted, as it would counteract the achieved effect. 

 
 

FIGURE 6. Stream lines colored according to the fluid velocity of a modified, generally rectangular build plate cut in the middle 
of the build plate (left) and velocity volume arrows (right) showing a significant improvement in the mixture of the fiber 

orientation in the building area. 

020007-4



CONCLUSION

Orientation prediction for VP processes has become possible through streamline analysis and additional reasons 
have been found for an in-layer orientation of fibers also in top down printing processes. An additional design for top 
down printer build plates has been proposed showing a clear indication of additional mixing of the fibers in the 
building area.

It can be concluded that a significant optimization potential in the orientation of short fibers in thermoset 
photopolymer matrices exists, which can prevent crack propagation along the layers produced in previous 
manufacturing techniques.

This can also lead to methods for predictive fiber orientation. The results will be more significant if printing speed 
is increased, which currently happens for continuous top down printing.
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