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Abstract. Planar slicing algorithms with constant layer thickness are widely
implemented for geometry processing in Additive Manufacturing (AM). Since the
build direction is fixed, a staircase effect is produced, decreasing the final surface
finish. Also, support structures are required for overhanging portions. To overcome
such limits, AM is combined with manipulators and working tables with multiple
degrees of freedom. This is called Robot-Based Additive Manufacturing (RBAM) and
it aims to increase the manufacturing flexibility of traditional printers, enabling the
deposition of material in multiple directions. In particular, the deposition direction
is changed at each layer requiring non-uniform thickness slicing. The total number
of layers, as well as the volume of the support structures and the manufacturing
time are reduced, while the surface finish and mechanical performance of the final
product are increased. This paper presents an algorithm for non-uniform planar
slicing developed in Rhinoceros and Grasshopper. It processes the input geometry
and uses parameters to capture manufacturing limits. It mostly targets curved
geometries to remove the need for support structures, also increasing the part
quality.

Keywords: Robot-based Additive Manufacturing, Non-Uniform Slicing, Multiaxial
Deposition.
DOI: https://doi.org/10.14733/cadaps.2024.104-118

1 INTRODUCTION

In Additive Manufacturing (AM) parts are usually built along a Z direction identified as the normal
to an optimal slicing plane [16]. In the slicing process, a set of 2D curves that represent the tool
path of the printer is generated from the input 3D model. Uniform planar slicing with constant
layer thickness is widely implemented in commercial software due to its simplicity, robustness, and
limited processing time [4]. However, this strategy results in the staircase effect for processed
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surfaces that are tilted with respect to the slicing direction, decreasing the surface finish of the
final part (see Figure 1a). The staircase effect can be evaluated by measuring the cusp height. This
value describes the maximum deviation between the printed part and model surface [5].

Planar adaptive slicing algorithms were developed to control the staircase effect [19], as
depicted in Figure 1b. This approach foresees the variation of the layer thickness according to the
shape of the processed CAD [6], balancing the staircase effect with the manufacturing time [13],
(Figure 1c). Adaptive strategies can be found in commercial slicing software. The process
parameters are adapted according to the required layer thickness, considering the minimum and
maximum thickness limits of the printing device.

a) CAD Model Surface

30 mm

Figure 1: a) Staircase effect, taken from [10]; b) Adaptive planar slicing, taken from [19]; ¢)
Adaptive planar slicing, taken from [13].

In addition, the adoption of a fixed slicing direction with planar uniform or adaptive slicing leads to
suspended geometry regions where support structures are required [7]. Support structures must
be removed by a physical, chemical, or thermal process. This post-process phase is time-
consuming, reduces the surface finish, and can damage the final product.

In this context, Robot-Based Additive Manufacturing (RBAM) can overcome these limits. RBAM
is the combination of an additive process and manipulators and/or working tables with multiple
degrees of freedom [9]. For example, an extruder for plastic material [23] or a welding torch [17]
can be attached to a robot arm. These solutions are used to increase the manufacturing flexibility
of cartesian AM [10], enabling the deposition of material in multiple directions. Moreover, non-
planar [3] and non-uniform thickness [25] slicing can be realized.

In particular, non-uniform slicing presents non-parallel planar layers, so the slicing direction is
changed at each layer [25]. The possibility of a variable thickness in the layer extension allows
much expanded manufacturing options, possibly leading to a reduction of the total number of
layers, the support volume, and manufacturing time, also increasing the surface finish and
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mechanical performances of the final product [8]. Even if support structures may be still required
for some portions [10], their complete absence becomes feasible.

In this context, this paper presents a novel slicing strategy based on planar but non-uniform
thickness layers. The approach is part of the framework presented in [11] and it can be applied
after an initial volume decomposition phase [10], i.e. a subdivision of the part in regions to be
processed separately. The remainder of the paper is organized as follows. The state of the art on
non-uniform slicing algorithms is reported in section 2. The proposed approach is outlined in
section 3. In section 4, the algorithm is applied to a simplified collector with flanges to show its
robustness. Finally, conclusions and future works are presented in section 5.

2 STATE OF THE ART

Non-uniform slicing is used to process curved parts by varying the thickness within the single layer
extension [25]. This approach can be implemented by changing the slicing direction for each layer
to optimize some objective function (e.g., minimize the overhangs or reduce the staircase effect).

In the literature, the optimal slicing directions for the sub-volumes are identified by adopting
the minimal enclosing crown algorithm, as depicted in Figure 2. An initial simplification step of
small holes can be added to improve the algorithm performance [25,10]. The minimal enclosing
crown algorithm is applied considering one layer at a time and collecting in a set of cardinality n a
bunch of normal vectors sampled on the part surface within the layer thickness. The problem of
computing the optimal slicing direction is then defined as follows: given the set of normal vectors v
= (vy,..., Vi,..., vn), find the optimal vector that produces the smallest angle between this vector and
any vector v; within the set [10]. The vectors are reported in a Gauss Map [22], so they are
represented as a set of points. Practically, a spherical crown with a minimum-radius bottom
surface that contains all the points is found on the sphere surface. The normal vector to the
bottom surface of the minimal enclosing crown is the optimal slicing direction [2], as shown in
Figure 2c.

a) b) )

Optimal
N Bottom surface of ; direction
v= slicing direction Vop= optimal slicing direction| Spherical crown
—Overhang
Layer Layer
. P p
N(p)= surface normal at p N(p)= surface normal at p

Figure 2: Minimal enclosing crown algorithm, taken from [10]: a) Result in overhang with planar
uniform slicing, adapted from [25]; b) Optimal slicing direction to remove the overhang, adapted
from [25]; c) Construction of the minimal enclosing crown, taken from [25].

Due to technological reasons, the layer thickness must be bounded to a specific range since
deposition means are not able to exceed specific limits. Therefore, the deposition direction of a
layer cannot be too tilted compared to the one of the previous one because this would lead to an
excessive thickness variation within the layer.

In [25], an average slicing direction is calculated when the limits are not respected between
the direction calculated through the minimal enclosing crown algorithm and the slicing direction of
the previous layer. This process is iterated until the technological limits are satisfied. However, the
use of an average does not guarantee that the calculated direction is the optimal one for the
imposed limits. Figure 3 depicts an example of non-uniform planar slicing applied on a generic
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curved geometry. Furthermore, the minimal enclosing crown algorithm can be unstable for simple
geometries originating few normal directions.

Figure 3: Non-uniform planar slicing of a curved geometry, taken from [10]: a) Input geometry,
taken from [25]; b) Thickness of the layer ranging from t1 to t2, taken from [25].

Alternatively, non-uniform slicing can be driven by the centroid axis [18] or 1D medial axis [20] of
the input geometry. The centroid axis is composed of a series of points that are centroids of cross
sections at different locations and whose positions can be obtained by computing the barycenter of
a cross-section (Figure 4a). In [10] when overhangs areas are identified, the centroid of the lower
cross section is connected to all the centroids of the overhang area portions, creating a certain
number of vectors V. Since the normal direction is restricted to X, Y or Z axis, the new normal
direction of the intersecting plane is one of the candidate directions which forms a minimum angle
with the group of vectors V. The centroid can be used as a dorsal curve for slicing, defining curved
trajectories. However, extremal or bulky portions are often not properly captured, as shown in
Figure 4b.

On the other hand, the medial axis algorithm can be used to drive a continuous multiaxial
deposition [1]. The medial axis, also called skeleton 1D [20], is defined as the locus of points that
correspond with the centers of the maximum diameter spheres enclosed in the geometry [15]. For
instance, the skeleton can be obtained by mesh contraction [1]. Similarly to the centroid axis
algorithm, the medial axis can be used to identify the slicing direction for non-uniform planar
slicing [21] (Figure 4c) or non-uniform and non-planar slicing [24]. However, this strategy is
mainly oriented to tree-like structures. Also, the medial axis identification depends on the quality
of the mesh and could be computationally expensive to be obtained [1].

Non-uniform thickness is also implemented as non-planar layers to increase the surface finish
and the adhesion among layers [3,12,14]. However, the present work is limited to non-uniform
planar layers.

3 PROPOSED ALGORITHM

A slicing algorithm is presented here to process geometries according to variable deposition
direction and restricted thickness interval due to manufacturing limits. The inputs of the algorithm
are the initial geometry in B-Rep format, a reference layer height (hLayer), and the maximum and
minimum thickness that can be obtained with the selected technology (hMin, hMax). The overall
algorithm is reported in Figure 5 and as pseudocode in Algorithm 1. A generic index /i as a
subscript of a variable indicates the j-th element of an ordered set. Functions present in
Grasshopper and other related free plug-ins, as well as routines created based on these functions
have been used.
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Figure 4: Non-uniform slicing driven by medial axis: a) Centroid axis extraction, taken from [18];
b) Issue with centroid axis algorithm, taken from [18]; ¢) Result of deposition process [21].
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Figure 5: Overall flowchart of the proposed algorithm.
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ALGORITHM 1: NON-UNIFORM PLANAR SLICING

in: brep, hLayer, hMin, hMax, initial deposition plane

out: c[], set of the outer borders of the layers

local: curveSamplingDistance «— choose a sampling distance proportional to hLayer
planes[] « set of section planes
i«—0 > Layer counter

> Initial validity checks

1: if (hLayer < hMin) v (hLayer > hMax) then

2: error wrong parameters

3: end if

4: planeso « initial deposition plane chosen by the user

> Add first section curve
4: co « INTERSECTION(brep, planeso)
5: ApDITEM(C, Co)

> Main loop to compiute the layers sequence

6: while ¢ # NIL do

7:  ni «— GETPLANENORMAL(planes;)

8:  points «— DivIDEBYDISTANCE(c;, curveSamplingDistance)
9: normals «— GETNORMALS(points, brep)

10: fitPlane — FITPLANEONGAUSSSPHERE(normals)

11: di « GETPLANENORMAL(fitPlane)

12: O « GETPLANEORIGIN(fitPlane)

13: Oi+1 < Oi+ di * hLayer

14: planesi+i < CREATEPLANEBYNORMAL(Oj+1, di)

15: Ci+1 < INTERSECTION(brep, planesi+1)

16: if ci+1 = NIL then

17: return c > The part processing is finished
18: end if

> Evaluate curve orientation

19: XxAxis «— CrossProbucT(di, ni)

20: yAxis «— CROSSPRODUCT(XAXis, ni)

21: bBoxPlane < CREATEPLANE (Oi, xAxis, yAxis)

22: curveBBox «— GETBOUNDINGBoOX(ci+1, bBoxPlane)

23: <yMin, yMax, zMin, zMax> « BOUNDINGBOXEXTENSION(curveBBox)

D> Iterate while planei+: position respects manufacturing limits
24: while (zMin < hMin) v (zMax > hMax) do

> The plane needs to be translated only

25: if (zMax - zMin) <= (hMax - hMin) then

26: if zMin < hMin then

27: planesi+i «— TRANSLATEPLANE(planesi+:1, (hMin - zMin) = n;)
28: else

29: planesi+i «— TRANSLATEPLANE(planesi+1, (hMax - zMax) * n;)
30: end if
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31: Ci+1 «— INTERSECTION(brep, planesi+1)

32: if ci+1 = NIL then

33: return c > The part processing is finished
34: end if

35: curveBBox « GETBOUNDINGBoX(ci+1, bBoxPlane)

36: <yMin, yMax, zMin, zMax> < BOUNDINGBOXEXTENSION(curveBBox)

> The plane needs to be rotated

37: else

38: if (zMax > hMax) v (zMin < hMin) then

39: angle — ARCTAN(((zMax - hMax) - (zMin - hMin)) / (yMax - yMin))
40: di — ROTATE(di, xAxis, angle)

41: planesi+i1 «— CREATEPLANEBYNORMAL(Oi+1, di)

42: Ci+1 < INTERSECTION(brep, planesi+i)

43: if ci+1 = NIL then

44; return c > The part processing is finished

45: end if

46: XAxis «— CROSSPrRODUCT(d, ni) > Section plane rotation axis
47: yAXis « CROSSPRODUCT(XAXis, ni)

48: bBoxPlane «— CREATEPLANE (O, xAxis, yAXxis)

49; curveBBox «— GETBOUNDINGBOX(Ci+1, bBoxPlane)

50: <yMin, yMax, zMin, zMax> < BOUNDINGBOXEXTENSION(curveBBox)
51: end if

52: end if

53: end while

54: if ci+1 = NIL then

55: return c > The part processing is finished

56: end if

> The curve can be added to the output set
57: ADDITEM(C, Ci+1)
59: je—i+l
60: end while

For simplicity, the algorithm will be described referring to the first two layers, whose geometrical
entities are referred to with indices 0 and 1, respectively. The algorithm provides a set of curves ¢
as output, which corresponds to the outer bounds of each layer to be deposited. The actual
deposition path is computed in a successive phase, which is not in the scope of this paper,
according to the required infill strategy.

After placing the part on an initial support plane (p/aneso) with normal no which is defined by
the user, the slicing algorithm begins by intersecting it with the geometry, obtaining the first curve
co which corresponds to the external path of the first layer (Figure 6).

co is sampled along its length at a fixed distance (constant value), namely
curveSamplingDistance, to obtain a set of points. This distance is chosen so that it is proportional
to hLayer. Normal vectors to the processed geometry are computed for each point, as depicted in
Figure 7a. The vectors are collected in a unit Gaussian Sphere, so that each vector is represented
as a point on the sphere (Figure 7b). The plane that best fits (fitPlane) this set of points is
calculated. The normal to fitPlane identifies the new slicing direction do. The origin of the plane Oo
is moved along the do by a quantity equal to the imposed layer height hLayer, creating a new point
O:1. Then, the plane planes: with origin O: and normal do is created, as shown in Figure 7c. The
next curve c: is obtained by the intersection of the initial geometry with planes:.
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b)

First iteration+

Figure 6: Initial step of the slicing algorithm: a) Input geometry which is conveniently oriented;
b) First slicing curve from an initial section plane.

After, the plane bBoxPlane is defined which is oriented so that it lays on planeso, but its x axis is
aligned with the rotation axis between planeso and planes:, i.e., xAxis (Figure 7d). The bounding
box curveBBox of c: aligned to the plane bBoxPlane is then computed, and the maximum and
minimum values of its corners are considered (respectively yMin, yMax, zMin and zMax). The
extremes of the Z domain correspond to the maximum and minimum thickness required to
manufacture the layer. When the maximum and minimum values exceed the imposed limits, a
translation and/or a rotation are applied to the planes:.

} !

curveSamplingDistance

Bounding box of c1 respect to bBoxPlane

d) - L

C1
bBoxPlane «———

Figure 7: Description of the non-uniform slicing algorithm: a) Surface normal vectors of the input
geometry at curve co; b) Collection of surface normal vector in a unit sphere and fitting of a plane;
c) Creation of the planes:; d) Evaluation of the axes aligned bounding box of c: to verify the
required thickness of the beads.

In particular, a translation is applied when the difference between zMax and zMin is lower than the
difference between the imposed limits hMin and hMax. This is because a simple translation may be
enough to bring the required bead thickness to the limits. If zMax is greater than hMax, the
planes; is translated by a distance equal to the difference between hMax and zMax. If zMin is lower
than hMin, the translation distance is equal to the difference between hMin and zMin. On the other
hand, a rotation is required when the difference between zMax and zMin is greater than the
difference between hMax and hMin. In this case, the do is rotated along the vector which is
perpendicular to both no and do. A new planes;: is calculated with origin equal to O: and normal
equal to the rotated dbo.

In both cases, a new bounding box is calculated, and its Y and Z domains are analyzed again
to be sure that the new sectioning position leads to acceptable manufacturing limits. The algorithm
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converges after a few iterations, guaranteeing a fast identification of an optimal slicing plane. So,
the processing time is strongly reduced compared to the algorithm presented in [25]. Once planes:
is determined, it is intersected with the initial geometry to obtain c:, defining a non-uniform layer
as in Figure 8a. Finally, the algorithm identifies the following planes; and c;, repeating the
procedure until all the geometry is sliced. A typical result is presented in Figure 8b.

a) b)

C1 zMax

zMi%;

Figure 8: a) Single non-uniform layer; b) Typical result of the slicing process on the selected
curved geometry.

Note that the algorithm can process curvatures that do not necessarily lies in only one plane as
reported in the example reported in Figure 9. However, as a limitation of the algorithm, it is worth
noting that more than one curve can be obtained when intersecting the input solid with a plane. It
consists of inner loops due to cavities, and outer curves of other portions of the solid. At the
moment, the algorithm assumes the presence of only one external curve. However, it can easily be
extended to handle multiple section curves.

Figure 9: Non-planar slicing applied to a swept geometry whose dorsal curve presents curvatures
in multiple planes.

The algorithm has been implemented in the Rhinoceros version 7 CAD environment taking
advantage of the Grasshopper plug-in for visual programming. In particular, the GHPython
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interpreter was used to develop the slicing routine, integrating Python scripts with the native
functions of the Grasshopper library.

The developed Grasshopper block is called “Non-Uniform Slicing” and is represented in Figure
10. The block presents four inputs and one output. The inputs are the geometry to be processed
(brep), the layer height (hLayer), and the maximum (hMax) and minimum (AMin) heights that can
be obtained with a certain technology. All these parameters can be changed according to the
selected technology and knowledge of the user. The output is a set of slicing curves.

Grasshapper - Nan-uniform siicing - o x
fle Edit View Display Solution Help MetaHopper Non-uniform_slicing

QeOC OO0 o HeE 8 %R »7 ©
Q@G0 WEE Ea <> 4
T — T S — ST

’ ; ]
- file Edt Tools Mode Help Polest 0K
=] va @ dkii 2 Q
hiayer)| © 1600
T
-
@ save successiully completed... (1 seconds ago!

Figure 10: Developed algorithm in the plug-in of Grasshopper by using a GHPython block.

The plug-in allowed to test various parts to validate the approach and evaluate the influences of
the layer thickness limits to the slicing result, as shown in Figure 11. Note that the algorithm
provides a uniform planar slicing when the three required parameters for the technological limits
are equal to the hLayer. Also, if hMin is greater than hLayer or hMax is lower than hLayer the
algorithm provides an error message.

4 TESTING OF THE ALGORITHM

Two geometries have been selected to evaluate the reliability of the algorithm. The first test case
is a pipe that presents curvatures in multiple planes where the holes are simplified, as depicted in
Figure 12a. The bounding box of the part measures 215x133x174 mm. A constant thickness of 2
mm was used in the uniform planar slicing and 87 layers were found. However, overhangs are
encountered, and most of the external surface is subjected to a significant staircase effect (Figure
12b).

The slicing result of the proposed algorithm is presented in Figure 13. The algorithm adapts the
slicing planes according to the imposed technological limits, increasing the performance of the
algorithm. The limits have been chosen in the range between 1 and 3 mm while the layer height is
set as 2 mm. Indeed, the slicing direction can follow the multi-plane curvature of the geometry.
Despite the total number of layers is higher (147 layers) than the planar uniform slicing, the
proposed algorithm removes the need of support, and it highly increases the surface finish and
geometry accuracy. So, the proposed approach is preferable to the planar uniform slicing strategy.
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a) Yo by =

hLayer= 2 mm hLayer= 3 mm

hMin= 1.6 mm hMax= 2.4 mm hMin = 2 mm hMax =4 mm
) d)

hLayer= 1.6 mm hLayer= 2 mm

hMin = 1 mm hMax = 2.9 mm : hMin = 1 mm hMax = 3 mm

Figure 11: Result of the non-uniform slicing applied to the same geometry but with different
manufacturing limits.

a) b) Staircase effect

Overhang

hLayer= 2 mm

Figure 12: Test case 1: a) Simplified bent pipe; b) Result by applying planar uniform slicing with
constant thickness.

The second test case resembles a collector with flanges where internal cavities have been removed
(see Figure 14a). The bounding box measures are 200x120x195 mm. By implementing a uniform
planar slicing with a constant thickness of 2 mm a total number of 106 layers is found. Also in this
case, overhangs are encountered, and most of the external surface is subjected to a significant
staircase effect (Figure 14b).
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v" No overhangs

v" Reduction of the
staircase effect

/

hLayer= 2 mm hMin=1 mm hMax= 3 mm

Figure 13: Test case 1: sequence of slicing curves resulting from the application of the proposed
approach.

a) b) Staircase effect

I

\

hLayer= 2 mm

Figure 14: Test case 2: a) Simplified collector with flanges; b) Result by applying planar uniform
slicing with constant thickness.

By applying the proposed algorithm, overhangs are completely removed, and the staircase effect is
considerably reduced (see Figure 15). Also in this example, the algorithm adapts the slicing planes
according to the imposed technological limits, which have been chosen in the range between 1.4
and 3 mm. Using such parameters, the iterations to find section planes are strongly reduced, since
a maximum of 2 iterations is enough for each layer.

The resulting total number of layers is 130, which is slightly higher than the uniform planar
slicing approach. That means a higher manufacturing time. However, support structures are not
required in non-uniform planar slicing. Support structures lead to a waste of materials, also
increasing the printing time and post processing time, so the proposed solution is certainly more
efficient.

The computational time results are proportionally linked to the layer height, the technological
limits, and the dimensions of the CAD model. For the proposed parts the processing time is below
2 minutes, but it is strongly affected by the adopted technology for the algorithm prototype. A
standard implementation using C++ coding language would allow much more time savings.

5 CONCLUSIONS AND FUTURE WORKS

Non-uniform slicing is a powerful approach in RBAM to process geometries, especially curved ones.
It is beneficial to increase the adhesion of layers, the surface finishing, and the mechanical
properties of the manufactured part, also reducing the need for support structures. This paper has
introduced an algorithm for non-uniform planar slicing which leverages the RBAM possibility of
continuously varying the deposition direction and the thickness of the deposited material bead
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within each single layer. Four inputs are required to perform non-uniform slicing: layer height, the
initial geometry, and the maximum and minimum layer thickness that can be manufactured with
the selected technology. The output of the algorithm is a set of non-uniform slicing curves. The
algorithm is based on the surface orientation of the input CAD geometry. Unlike other approaches,
resulting layers minimize the cusp heights at the borders. Also, the algorithm adapts the slicing
plane according to technological limits, decreasing the overall runtime of the algorithm. Also, it
does not require the extraction of the part medial axis.

v Reduction of the
staircase effect

hLayer= 2 mm hMin= 1.4 mm hMax= 3 mm

Figure 15: Test case 2: sequence of slicing curves resulting from the application of the proposed
approach.

The algorithm was tested in two simplified geometries, to show its ability in following the shape of
the part minimizing the lateral surface quality. In future works, specific hardware solutions (i.e.,
extruder/welding torch attached to a manipulator) will be implemented to proceed with physical
parts realization. Also, an extensive experimental campaign is mandatory to connect the process
parameters to the desired layer height. In fact, it is necessary to continuously adjust the process
parameters to obtain different layer heights, allowing for non-uniform slice thicknesses. Although,
optimal infill strategies for each layer must be explored.
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