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Abstract. This paper study presents an investigation of three different FDM/FFF 3D printing methods. For the purposes
of the study a 3D model of a part with cylindrical surfaces is built. The created model is 3D printed using three different
methods: traditional slicing with uniform layer height, adaptive slicing and non-planar slicing. A comparison between the
three produced samples is made in regard to the surface quality, printing time, volume of the used material, weight of the
sample and deviations from the nominal geometry.

INTRODUCTION

FDM (Fused Deposition Modeling) or FFF (Fused Filament Fabrication) is a technology for 3D printing with
deposition of molten material. FDM is one of the oldest technologies for Additive Manufacturing - patented in 1989
by S. Scott Crump - co-founder of Stratasys. In recent years FDM/FFF 3D printing has become the most affordable
3D printing technology not only for the industry and the science, but also for hobbyists and small businesses, mainly
because of lower prices of FDM machines and material (filament) compared to other 3D printing technologies [1, 2].

One of the main disadvantages of FDM/FFF 3D printing is the so-called stair-stepping effect, which is especially
noticeable on inclined or curved surfaces [3, 4]. It affects the smoothness and the overall quality of the non-planar
surfaces. A visualization of stair-stepping effect is shown on Fig. 1 [6].
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FIGURE 1. Visualisation of stair-stepping effect.

The stair-stepping effect could be reduced by using different FDM/FFF methods for slicing the 3D model. This
paper study presents an investigation of three different FDM/FFF 3D printing methods applied on one and the same
model which is specifically designed for the task. It is printed using the three methods: traditional slicing with uniform
layer height, adaptive slicing and non-planar slicing.
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EXPERIMENTAL DETAILS

A solid 3D model with intersecting cylindrical surfaces and fillet is built using parametric modeling [5]. Its overall
sizes (LxWxH) are 40x25x7 mm. The 3D model is shown on Fig. 2.

FIGURE 2. Isometric view of the 3D model.

After the creation of the solid 3D model it is exported in STL file format with the highest possible accuracy and
resolution for better approximation of the triangular mesh. A tolerance of 0.002 mm for the linear dimensions and 0.5
degrees for the walls and holes is achieved. The created STL mesh has 320,048 elements (triangles).

The created STL is then imported in Slic3r — a slicer software for FDM/FFF 3D printers. A special add-on for non-
planar 3D printing is installed [7].

A Creality Ender 3 FDM/FFF 3D printer equipped with a nozzle with diameter of the outlet 0.4 mm is used for the
purposes of the study. The length and angle of the nozzle and the geometry of the 3D model are compliant to the
limitations of nozzles at different angles — Fig. 3 [8].
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FIGURE 3. Limitations of nozzles at different angles.

The three samples are printed from one and the same roll of PLA and with the same slicer settings (print
temperature, heated bed temperature, orientation, 100 % infill, print speed, etc.).

Virtual visualization of the layers of the sample printed with uniform layer height - 0.2 mm (Sample 1-ULH) is
shown on Fig. 4.

FIGURE 4. Virtual visualization of uniform layers of Sample 1-ULH.
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Activation of the option for adaptive layers, “Use adaptive layers”, is required for printing the sample with adaptive
layer height (Sample 2-ALH). The setting “adaptive quality” is set to 50%. This setting affects the minimum and the

maximum height of the layers. Virtual visualization of the layers and a graph of variations of layer heights is shown
on Fig. 5.

Pants  Adoptive Layers Layer height table

FIGURE 5. Virtual visualization of adaptive layers and a graph with variations of layer heights of Sample 2-ALH.
In non-planar 3D printing, material is deposited by coordinated movements along all axes of the machine while
the final layers are printed. Installation and activation of the non-planar add-on is required in order to use this feature.

A maximum angle (depends on the nozzle type) of 60° and a maximum nozzle height of 8.2 mm (determines the

maximum height of the printed non-planar area) are set. Virtual visualization of the layers of the sample printed with
non-planar layers (Sample 3-NPL) is shown on Fig. 6.

FIGURE 6. Virtual visualization of non-planar layers of Sample 3-NPL.

RESULTS AND DISCUSSION

Sample 1-ULH — Uniform Layers

The printing time for Sample 1-ULH is 29 minutes and 7 seconds, the volume of the used material is 4.20 cm3 and
the weight of the sample is 5.24 g. Photos of Sample 1-ULH are shown on Fig. 7.
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FIGURE 7. Photos of Sample 1-ULH.
The stair-stepping effect on Sample 1-ULH is clearly visible, especially on the convex and concave surfaces.
Sample 2-ALH — Adaptive Layers

The printing time for Sample 2-ALH is 30 minutes and 38 seconds, the volume of the used material is 4.19 cm3
and the weight of the sample is 5.24 g. Photos of Sample 2-ALH are shown on Fig. 8.
T —

FIGURE 8. Photos of Sample 2-ALH.

Sample 2-ALH shows a slight improvement of the surface quality on the sides of the part but the stair effect is still
visible, especially on the concave surface.

Sample 3-NPL — Non-Planar Layers

FIGURE 9. Photos of Sample 3-NPL.

Sample 3-NPL has a non-planar layer pattern. The surface is smoother than the surfaces and the stair-effect is
avoided.
In Table 1 a summary of the data for the three samples is presented.
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TABLE 1. Summary of the data for the three samples.

Printing Time (min) Material Volume (cm3)
Sample 1-ULH 29:07 4.20
Sample 2-ALH 30:38 4.19
Sample 3-NPL 37:20 4.30

Deviations from the Nominal Geometry

The three samples are scanned with a high-precision 3D scanner Amann Girrbach Ceramill Map 400 [9]. Scanned
data is compared to the nominal geometry of the 3D model. The results are presented in the following figures: figure
10 — comparison between Sample 1-ULH and nominal geometry, figure 11 — comparison between Sample 2-ALH and
nominal geometry, and figure 12 — comparison between Sample 3-NPL and nominal geometry.
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FIGURE 10. Comparison between Sample 1-ULH and nominal geometry.
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FIGURE 11. Comparison between Sample 2-ALH and nominal geometry.
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FIGURE 12. Comparison between Sample 3-NPL and nominal geometry.

CONCLUSIONS

In the course of the research, certain advantages and disadvantages of the different methods are clearly highlighted.
The following conclusions are made:

In terms of minimum printing time and minimum amount of used material it is most appropriate to use the methods
for planar 3D printing (with uniform or adaptive layers);

The quality of the surfaces obtained using the method of 3D printing with adaptive layer height (Sample 2-ALH)
does not differ much from those produced with uniform layer height (Sample 1-ULH);

In terms of deviations from the nominal geometry Sample 1-ULH and Sample 2-ALH show slightly better results
— the biggest deviations for the two samples are in the concave area of the part. Sample 3-NPL has bigger average
overall deviations but has more precise concave area compared to Sample 1-ULH and Sample 2-ALH.

In conclusion, the most suitable for the production of the specific part is the method of non-planar 3D printing,
which shows great potential for development. If more functionality to adjust process parameters is created, this method
could evolve and for certain applications it could displace conventional planar FDM/FFF 3D printing methods.
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