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ABSTRACT

The parts produced by additive manufacturing are inherently subjected to discretization effects due to their
layer-based addition. The stair-stepping effect on the surface quality is inevitable for most of the techniques
and it becomes more dominant for the regions having small surface inclinations. The stair-stepping
influences the mechanical properties as well as the aesthetic perception. Many researchers have been
presented several approaches to overcome or minimize the stair-stepping effects and improve the surface
quality of additively manufactured parts. One of these methods is non-planar slicing. The stair-stepping
effect was significantly decreased by this method. The attempts have been made generally for the FDM-
printed objects, however, there is no or fewer efforts have been made for parts of large-scale additive
manufacturing (LSAM). Due to higher deposition rates and larger nozzle diameters (i.e. bead size), the
discretization effect is more in large-scale additive manufacturing. In this paper, the presented methods to
mitigate the stair-stepping effect and improving the surface quality of additive manufacturing are reviewed,
and practicing in large-scale 3D printing is discussed. Moreover, a preliminary experimental study of 3D
printing with a non-planar toolpath was carried out and the results were presented.

Keywords: Large scale additive manufacturing (LSAM), non-planar 3D printing, stair-stepping effect,
surface quality.

1. INTRODUCTION

Additive manufacturing (AM) is a manufacturing method that providing huge advantages, continuously
develops for the future as well. It enables the manufacturability of complex parts thanks to the layered
manufacturing (LM) methodology. Thereby, AM perhaps become the most popular among other
manufacturing methods; an extruder moves linearly along three orthogonal axes to deposit melted material
of a fused thermoplastic material onto the previous layer and, this progress continues according to
manufactured geometry shape up to end [1].

Traditional AM process, the layers are sliced considering a slicing algorithm along the z-axis and parallel
plane to the x-y axis as flat layers by slicer software [2]. This is the main advantage of comparing AM with
traditional subtraction manufacturing methods (i.e. milling). Also, even if a part has a simple geometry,
selection of tools, and creating suitable tool paths can be simple, however, for complex parts, manufacturing
becomes difficult or sometimes impossible as well. Therefore, LM methodology can be the first choice in
the manufacturing of complex parts obviously. However, produced parts by AM are not efficient
completely; besides mechanical properties, geometrically aesthetic appearance has importance. In the
traditional AM process, the model is sliced layer by layer as planar in order to create a tool path, and the
model is manufactured with 2.5D axes [3]-[5]. Considering if there is a curvature surface that will be
manufactured additively, some stair-step effects are observed that significantly affects surface quality.
Because stair-step effects are seen further in inclined or rounded (non-planar) surfaces. This directly affects
the aesthetic appearance. But, stair-step effect not only affects the aesthetic appearance but can also
influence the mechanical properties, e.g., the aerodynamic performance [6]-[10]. Also, planar slicing
affects the surface roughness negatively [11]. So, printed with planar layer is not satisfy totally. In order to
decrease the stair-step effect, many studies were made; some researchers were made post-processing
operations (i.e. milling, smoothing, painting, and so on) after the model printed, hence, the surface quality
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is increased but, the size of geometry obviously changed as it expected. Some of the researchers studied the
slicing methodology [12]-[15]; layer thicknesses were changed to eliminate or decrease the stair-step effect,
this is called adaptive slicing [16]. However, this approach has not been become satisfied totally. Starting
from this point, a new slicing method was presented by engineers; non-planar 3D printing (another word,;
non-flat layer, variable layer, or active Z printing) has been proposed to improve the printing quality [17].
Many studies have been carried out on non-planar 3D printing. Before mentioning studies, non-planar
printing was proposed firstly by Chakraborty [18]. Regarding the surface quality, non-planar printing lead
to a decrease in the stair-step effect significantly [19]. Zhao and Ding [20], [21], stair-step effect can be
reduced by generating multi-directional curved layer 3D printing. The curved layer supports active z
printing tool path trajectory.

Many studies were made to create a curved tool path [22]-[25]. Chakraborty et al. [18] introduced this
algorithm to generate a curved layer toolpath. In their work, each surface is defined as a parametric surface,
the tool path is generated onward these surfaces; they also considered the printability of the curved surfaces;
thus, the algorithm is divided into two sections; proper toolpath generation and extrusion orientation.
However, this algorithm was only presented, it was not tried experimentally on an object. Another
researcher; Huang et al. tried this algorithm with different parameters experimentally besides electronically
and mechanically, and their studies are still ongoing [26]. Llewellyn-Jones et al. proposed three case studies
demonstrating the ability of the G code generation algorithm to solve concave and convex structures were
shown. Experimental results have clearly demonstrated the effectiveness of using curved layers to improve
the surface finish of a printed component [27]-[29]. The case study examples used in their study were
specifically selected to demonstrate the effectiveness of the slicing algorithm and consequently not suitable
for mechanical testing. Consequently, the printing time in non-planar printing was seen that longer than
comparing of planar layer printing [6], [20]. There is a report that mentions how to decrease the stair-
stepping effect [12]. The stair-stepping effect can be decreased by decreasing the sliced layer thickness.
However, as decreasing the layer means longer printing time, this not recommend due to the repercussion
of the high cost [30]-[33]. Developing the technology, the availability of material and printing system
technology was relatively enhanced. Therefore, even if adaptive slicing causes more printing time, it was
seen that the software can decrease time relatively. Ahlers et al. developed an algorithm on open-source
slicing software (Slic3r). In their software, besides non-planar surface tool path generation, an adaptive
slicing algorithm was developed. Thanks to this algorithm, decreased printing time as well as geometrical
aesthetic appearance, was enhanced [6,34-35].

All the work done so far, the attempts had been made generally for the FDM-printed objects, however,
there is no or fewer efforts had been made for parts of large-scale additive manufacturing (LSAM). Due to
higher deposition rates (up to 50 kg/hr) and larger nozzle diameters (i.e., bead size), the discretization effect
is more in LSAM [36]. In this study, the methods presented to reduce the stair-step effect of layered
manufacturing and improve the surface quality are reviewed and the application in large-scale 3D printing
is discussed. A preliminary experimental study of 3D printing with a non-planar tool path was performed
and the results were presented.

2. DEVELOPED SLICING ALGORITHMS TO DECREASE STAIR-STEPPING EFFECT

2.1 Definition of Stair-Stepping Effect

A model is sliced layer by layer parallel to the x-y plane by software, and the appearance of the geometry
seems layer by layer. In this situation, if a geometry has an inclined or curved surface, the edge of the
geometry is seen as a ladder (See in Figure 1). Therefore, it is called as stair-step effect. Many spare parts
have been started to produce using FDM recently. In particular, for old parts which are not suitable for mass
production, AM is an invaluable technology. Because AM does not require special tools such as mold,
cutting tools, etc. But additively manufactured parts cannot be compared completely with other
conventionally manufactured parts. In that considered geometrical aesthetic appearance and mechanical
characteristics, AM stays behind. Even so, researchers continuously studying to enhanced additively
manufactured parts in terms of characteristics. As a result of those researches, two methods are in the
foreground; Adaptive slicing method, non-planar toolpath generating. The methodologies were described
in detail in the following of this article.
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Stair-Step

/ Layer Thickness

4 mm

Figure 1. Stair-Stepping in a curvature top surface.

2.1.1 Adaptive Slicing

Adaptive slicing is a slicing feature that always used by sliced software [37]. This is a parameter that can
be optimized by the slicer software' user interface and, it is activated default. Adaptive slicing uses an
algorithm; especially in rounded or non-planar surfaces automatically changes the layer thicknesses. Layer
thickness is reduced in the non-uniform surface in order to decrease the stair-step effect, this is the
methodology as a matter of fact. An example was given in Figure 1. In this figure, two sliced models were
given; one is sliced straight, second is sliced using an adaptive slicing algorithm. When this 3D model
divided into two-part from a horizontal dashed line, in the part below layers are seen totally planar. Adaptive
slicing will not configure layer thickness due to the flat geometry, however, geometry is not flat considering
the top surface in the part above. The adaptive slicing algorithm will operate automatically here.

Adaptive Sliced Straight Sliced

Figure 2. Comparison of adaptive slicing (a) and straight (constant layer thickness) slicing (b).

2.1.2 Non-Planar Slicing

Most common slicer tools slice model parallel to the X-Y plane. The tool path is 2.5D because of planar
layers. So, the Model is produced by a 2.5D axis toolpath. In non-planar slices, the tool path fully 3D
because of non-planar slicing, therefore, all axes fully actively work during printing. Non-planar slicing is
divided into two groups; one of them only considers the top surface and, the non-planar tool path is
generated only for the top surface [37], [38]. An example was given in figure 3. In the top layer non-planar
slicing, the tool path is generated 2.5D from the previous top layer. Then, a fully 3D toolpath is generated
by the software; the extruder moves by following top layer surface geometry.

Figure 3. Non-Planar top-layer slicing.
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The second one is whole non-planar slicing in which a non-planar toolpath is generated from the first sliced
layer to the last layer (top surface). This is also called active Z printing or variable depth curved layer;
layers are not planar (See Figure 4) [1], [3]. In this slicing method, the extruder is in motion in z-direction
according to the top layer geometry. While the extruder moving in the z-direction, layer thickness changes
and the material flow rate relatively changes at the same time. Because changing the layer thickness changes
the layer volume as well. In order to fill the required layer volume, the extruder increases or decreases the
deposition rate.

Figure 4. Non Planar whole layer slicing.

2.2 Limitations of Non-planar Slicing

Both in non-planar and planar slicing obviously, the appearance of the vertical wall of the part will be layer
by layer in LSAM. That's why produced part is subjected to post-processing operation. This is generally in
the natural process for parts which was produced by LSAM. Considering this, non-planar printing also
provides advantages in every way. However, there are some mechanical limitations in non-planar printing;
these are collisions and nozzle orientation to layer in angular surfaces [5], [6]. Due to the geometry of the
extruder and nozzle, it may not be possible to predict the collisions by software. Therefore, while toolpath
generation for non-planar surfaces, amount of surface slope of the geometry should be regarded. Figure 5
presents LSAM direct extrusion nozzle and its collision area.

Figure 5. Direct extrusion system of LSAM and its collision area (dimensions are in mm).

A similar study on standard small-scale commercial 3D printers was made and, collision detection
algorithms were presented. This algorithm needs some parameters such as nozzle outer diameter, nozzle
height, and minimum and maximum non-planar collision angle. Then the model is sliced and a non-planar
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tool path generated. In accordance with these given parameters, software limits non-planar tool path
generation even if the surface is fully non-planar (See Figure 6).

Planar Slicing

Non-planar
Slicing

Extruder Motion

. & |

Figure 6. Model is sliced partially planar and partially non-planar due to the collision parameters and, collision.
3. EXPERIMENTAL STUDY
3.1 Material

An Acrylonitrile Butadiene Styrene (ABS) thermoplastic polymer, with the properties shown in Table 1
was used in the experimental study. The granules were dried at 80°C for 4 hours before use. The material
is deposited at 240°C onto a heated building plate at 80 °C.

Table 1. The mechanical properties of ABS.

Properties Unit Value
Density kg/m3 1060
Thermal Conductivity K (W/mK) 0.177
Specific Heat C (J/KgK) 2080
Emissivity € 0.87
Glass Transition Temperature T4 (°C) 105

3.2 LSAM System

A direct extrusion system shown in Figure 7 is designed, manufactured and it was replaced with the spindle
of the 3-axes CNC unit available in the department. The maximum displacements in X, Y, and Z directions
are 1800, 2500, and 400 mm, respectively. The extruder is a single screw extruder and it is driven by a
variable speed motor. The ABS granules are feeding through the extruder by an automatic feeder. The feed
rate of granules and the speed of the screw can be controlled to melt and deposit molten polymer at a rate
consistent with the movement of the axes (building speed) and desired bead profile. The barrel has band
heaters and a control unit to keep the chamber and nozzle temperatures in the required ranges. Also, to keep
the environment temperature, the printing area was covered, even, a heated bed was placed inside of printing
system. Thus, the environment temperature was kept steady. Thereby, the amount of deflection caused by
fast cooling was decreased.
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Figure 7. LSAM system in mechanical engineering laboratory, Gaziantep University.

3.3 Modeling and Slicing

A non-planar geometry on the upper surface is designed. The reason for this is to see that the ladder-step
effect is eliminated by generating a 3D toolpath on a non-planar surface. In addition, the distance of the
inner fill lines from each other also has an effect on the geometry of the non-planar surface. Therefore,
many findings can be reached on this model designed in the experimental study. This solid model was
drawn by using Solidworks in order to print in LSAM. Next, model transferred to the slicer software in
order to slice non-planar (See Figure 8). The printing parameters (nozzle diameter, layer thickness, printing
temperature, printing speed) were defined as well. The non-planar slicing parameters were determined
according to our LSAM machine system. These parameters and values were given in table 2.

Figure 8. 3D model with dimensions and non-planar toolpath.

Table 2. Non-planar slicing parameter
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Parameter Unit Value
Nozzle Diameter mm 6
Deposition Temperature °C 240
Layer Height mm 4
Printing Speed mm/min 400
Infill type - Line
Adaptive Slicing - Activated
Adaptive Quality % 75
For Non-planar Layers

Maximum non-planar angle degree 26
Maximum non-planar collision angle degree 26
Minimum non-planar area mm? 80
Maximum non-planar collision height mm 18
Ignore collision size mm? 5

3.4 Printing

Generated non-planar toolpath for producing the desired model was operated and printed with our LSAM
machine. The printing parameters and toolpath were already obtained in the previous steps. The extrusion
temperature and bed temperature were set at 240 °C and 80 °C, respectively. The printing parameters were
already obtained in our previous studies. These parameters and values were given in table 3. An image was
given during the printing with LSAM in Figure 9.

Table 3. LSAM printing parameters

Parameter Unit Value
Nozzle Diameter mm 6
Deposition Temperature °C 240
Bed Temperature °C 80
Printing Speed mm/min 400

Figure 9. Printing of the part with LSAM.
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4, RESULT AND DISCUSSION

Produced part with LSAM was shown in Figure 10. Because of the high layer thickness and nozzle, the
layers on the wall are obviously seen. The wall surface of the part that was produced with LSAM was
machined with a milling operation (See Figure 10). The purpose of machining the wall is to see any gap
between layers. Also, under the non-planar material deposited on the top surface layer, planar sliced layers
are there. And, these layers seem like stair-step. Because of the stair-step effect in the planar layers, some
gaps took place as the material was deposited and passing from layer to layer (see Figure 11). We can call
this “error”. Thus, occurred errors can be seen easily after the milling operation.

After Machining

Before Machining

Figure 10. Wall surface conditions before and after machining.

Moreover, some amount of saggings were observed passing from one layer to another layer (see Figure 11).
The reason for this is the maximum bridging capacity of the single bead. In our previous study, we
investigated the maximum bridging distance and the suitable bridging length was 6.36 mm without air
cooling the bead, 11.18 mm with air cooling the bead [39]. So, the saggings were due to the bridging
distance. In our printed model, the spaces between infill lines were greater than 6.36 mm.

Figure 11. Saggings due to the wide infill lines (in the left) and air gap (error) (in the right).

5. CONCLUSION
As a consequence the followings can be concluded from experimental study;

Even though planar slicing is most commonly used in LM, considering the final product, hence, the planar
sliced model has advantages in terms of production time as well. Even if the adaptive slicing method
providing advantages in order to decrease the stair-step effect, it obviously increases the production time
[40]. But some limitations are there in non-planar printing such as collision and nozzle orientation. These
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limitations can be removed by redesigning the extruder nozzle geometry, even adding an axis to gain motion
flexibility [3], [41]. When viewing from this aspect, the planar slicing stays behind non-planar slicing in
terms of surface quality and mechanical property. Open-source slicing software is adopted to LSAM using
a previously developed non-planar algorithm. The non-planar slicing was therefore enabled. The stair-step
appearance totally covered in the top surfaces by a non-planar toolpath. Thereby, the surface quality and
aesthetic appearance significantly enhanced on the non-planar top surface [42].

Even if the top surface non-planar printed, some waviness was observed due to the long bridging of the
bead. In our printed model, the spaces between infill lines must have been a maximum of 6.36mm. So, the
surface waviness is eliminated or, forced air cooling can be conducted or, two superimposed non-planar
layers can be deposited. In addition to this, some errors were seen sourced by the planar layer and stair-step
effect under the top non-planar surface. These errors caused by the gaps may decrease the density of the
non-planar top surface. Even if we suppose the bridging distance is well enough, the errors are not totally
eliminated. Because the internal corner will have an air gap [34]. And, it brings along a weakness in terms
of mechanical characteristics and aesthetic appearance. A slicing software-based solution can be
recommended; an algorithm can be developed to fill that mentioned air gaps by increasing the material
deposition rate.

The study on this subject continues within the scope of a thesis. The outputs obtained in this article are
associated with production parameters (toolpath optimization, layer thickness, printing speed, nozzle
orientation) and experimental studies continue.
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