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Abstract. Additive manufacturing of cementitious materials is a rapidly growing branch of man-
ufacturing both in research and industry, particularly the variant of material deposition by ex-
trusion. This process results in a strong anisotropy in mechanical properties, owing largely to
the interfaces between adjacent filaments. This anisotropy is even more pronounced when
fiber reinforced mortars or continuous entrained reinforcement components such as cables are
used. To exploit orientation-dependent performance, the print path can be designed to align
with the principal (tensile) stress trajectories. However, obtaining an appropriate print path
based on this concept poses several challenges, related to the filling of intermediate spaces
between two trajectories. In this paper, an approach for planning such a robot toolpath is pre-
sented, elaborated, and illustrated by means of a case study on a well-known reference case.
The main features of the tool planning method are the relaxation of the offset width, the avoid-
ance of toolpaths with acute angles by intersecting offset curves, and a continuous toolpath.

Keywords: Additive Manufacturing, Structural Design, 3D Concrete Printing, Fiber Rein-
forced Concrete, Carbon Fiber, Principal Stress Trajectories

1. Introduction

Research into extrusion-based additive manufacturing of concrete, commonly known as 3D
concrete printing (3DCP), is rapidly expanding due to the promising potential of the technology,
including the possibility of producing geometrically intricate and non-repetitive elements at
practically no additional cost [1]. However, although 3DCP allows considerably more geomet-
rical freedom than conventional casting of concrete, its possibilities are primarily defined by
two constraints that originate in the nature of the process. First, the variations in the z-direction
are limited because there is usually no support material as can be found in some other additive
manufacturing processes such as particle bed binding processes and the more recently intro-
duced method of injection 3D concrete printing [2, 3]. Second, the material is typically depos-
ited in continuous filaments (even though some facilities have functionalities to stop and restart
the material flow with a secondary material extruder at the print head, this cannot be done in a
resolution that really allows to move away from geometries dominated by continuous fila-
ments). These constraints largely dictate the appearance of 3D printed concrete elements,
which, although they are used in a variety of different applications, are characterized by printed
wall segments consisting of vertically stacked layers, with a more or less consistent geometry
over the height and arbitrary shapes in the horizontal print plane.
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Mainly due to the deposition in continuous filaments, 3D-printed concrete exhibits
strongly anisotropic behavior caused by the interfaces between filaments. This anisotropy is
particularly pronounced under tension [4-9]. Considering that tensile strength is usually ig-
nored in structural concrete engineering anyway due to its brittle failure behavior, one might
consider this of minor relevance. However, practically all the hitherto proposed reinforcement
solutions for printed concrete are likewise governed by the filament deposition and are effective
either in the u-direction (i.e., parallel to the print path) or the perpendicular directions (v and w)
[10]. The u, v, w notation is a local coordinate system for describing the orientation of the print
path, which is used to characterize the anisotropy [11]. Thus, reinforcement options for printed
concrete are also highly defined by the direction of the print path.

Several of the 3DCP reinforcement options with the least impact on the flexibility of the
3DCP process are largely or even only effective in the u-direction. This includes solutions
based on adding short fibers to the cementitious matrix. Their orientation, and thus the perfor-
mance of the fiber-reinforced material, is strongly dependent on the flow behavior of the ma-
terial during deposition and the geometry characteristics of the print nozzle. Generally, fibers
thus tend to orientate in the u- or u/v-direction [12, 13]. Considering, however, that short fibers
are hardly effective across interfaces between layers, fiber-reinforced printed concrete tends
to exhibit significantly higher tensile strength and ductility in the u-orientation than in the v- and
w-orientation. Such anisotropic effects are even more pronounced when continuous tensile
components are introduced in the print filament, such as cables, or glass- or carbon fiber yarn
[14-17].

To optimally exploit the structural capacities of such reinforcement concepts, the geo-
metrical flexibility of the 3DCP process can be employed. Rather than designing an orthogonal
reinforcement layout, as it is standard in conventional reinforced concrete, in printed concrete,
the filament can follow the orientation of the principal tensile stress trajectories. In beams, this
might even obviate the need for separate shear reinforcement in addition to main bending
reinforcement since no other tensile components remain when the principal tensile stress di-
rections are reinforced. Considering the limitations of most of the current extrusion-based
3DCP facilities, this strategy could be applied to elements that are printed in a flat or curved
u, v-plane.

Obtaining a suitable print path, however, remains a challenge. First, Finite Element Anal-
ysis (FEA), used to derive principal stress distributions, typically delivers stress data in points,
not in continuous lines. Furthermore, since stress trajectories are not equidistant throughout a
computational domain, filling up the intermediate space between them is not apparent, partic-
ularly when this must be done using a continuous print path. This paper presents a method to
automatically generate an appropriate continuous print path from principal stress data from
FEA that can be used to print optimized structural elements.

2. Computational Methods
2.1 Methods of Principal Stress-Aligned Structures

Additive manufacturing (AM) revolutionizes the way materials are strategically structured, of-
fering unprecedented control over the orientation of fibers in composite materials like fiber-
reinforced concretes. Traditional manufacturing methods often limit fiber alignment to simple
configurations, usually parallel or perpendicular to the plane of the material; see reinforced
concrete slabs, for example. However, additive manufacturing allows for the precise deposition
of fibers along paths that can be aligned to the principal stresses experienced by the structure
in its final application. This targeted alignment enhances material properties like strength, stiff-
ness, and fatigue resistance, enabling the creation of not only lighter but also more efficient
and durable components, thus pushing the boundaries of material science and engineering.
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The surge in computing power, coupled with the growing importance of sustainable man-
ufacturing, has paved the way for innovative toolpath generation methods to optimize the ad-
ditive manufacturing process for greater resource efficiency and better material properties. The
most recent works in this field of research are given in [18-26], primarily treating non-cementi-
tious materials. In the context of 3DCP, the works of Blagojevic [27], Breseghello [28, 29],
Doérrie [30], and Liu [31] deal with toolpath planning and principal stress trajectories. Most
works previously mentioned typically employ principal stress trajectories as the direct basis for
toolpaths, resulting in gaps within the computational domain. These gaps can alter the struc-
tural behavior. Alternatively, some works use a uniform angle for an entire layer. The algorithm
described here effectively fills the entire computational domain with curvilinear toolpaths.

2.2 Finite Element Simulations as a Basis for Principal Stress Trajectories

Due to nonlinear material behavior and increasingly complex geometries, finite element simu-
lations are used instead of analytical solutions to determine loaded structures' stress and de-
formation responses. However, this greater flexibility comes with an increased cost to deter-
mine the stresses at any location in the computational domain (.

Starting from an arbitrary initial point x, z, with k = 0, the stresses must be determined
first. In the plane stress state, these are oy, (X, Zx), 02, (XK, Zx), @and oy, (X, zx). From this, the
principal stress direction ¢ (xy, zi) acc. Eq. (1) can be determined.

2- Oxz (Xk' Zk) ) (1 )

(X, zg) = 0.5 - arctan(
P % O-ZZ(Xk’ Zk) - Gxx(Xk’ Zk)

A simple but not optimal method for trajectory determination is the explicit one-step
method by Euler, as shown in Egs. (2) and (3). The accuracy depends strongly on the selected
step size At. Usually, multi-step methods with adaptive step size control are used.

s = Xk A5+ At c05(9Gt 7)
Axy (2)

Zisr = 7 + As - At - sin(@(x,71))
T 3)

If determining the principal stress direction is interpreted as the solution of an eigen-
value problem, the principal stress direction corresponds to an eigenvector. However, eigen-
vectors have the property of being ambiguous. In the case of the determination of principal
stress trajectories, this means that the negative eigenvector is also an eigenvector. This leads
to the principal stress trajectory deviating from the correct solution, and strong oscillations oc-
cur. By comparing two consecutive principal directions in their vectorial forms
(Axy, Axy_1, Azy, Azy 1) the correction factor As acc. Eq. (4) can be determined.

As = [+1 ifAXk_l . AXk + Azk—l . AZk >0 (4)
-1 else
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The previous calculations are performed until the next point xy.j,zx,; is outside the

computational domain Q. Then the trajectory is determined starting from the initial point in the
other direction and merged to the final trajectory. Figure 1 shows the first principal stress tra-
jectories with randomly chosen initial points for a common structural system.

Figure 1: 1% principal (tensile) stress trajectories for a beam with the following boundary con-
ditions: on the left side, a unit vertical displacement of 1, a constrained rotation of 0, and on
the right side, a constrained vertical displacement of 0 and an unconstrained rotation, as il-
lustrated in the subfigure. The loading equals the symmetric half of a roller-supported beam
with a three-point bending loading. The dimensions of the computational domain 2 are 3500

mm in length and 1000 mm in height.

3 Print Paths between Two Principal Stress Trajectories — Naive Ap-
proach

Figure 1 clearly shows that two adjacent principal stress trajectories are not equidistant
throughout the computational domain Q, see the distribution along the top and left edges. This
chapter briefly demonstrates which problems arise when trying to fill the area between two
adjacent principal stress trajectories T4 and Tz completely. This is illustrated in Figure 2 and
Figure 3. For this purpose, a nominal nozzle width w,,,,, of 16 mm is assumed. The next chap-
ter shows an optimized approach.
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Figure 2: Offsetting two principal stress trajectories by 16mm toward the other principal
stress trajectory. T, (pink) is offset towards T (blue) and Ty towards T,. Figure 2 is equal to
Figure 1 with a reduced number of trajectories.

If the offset curves are naively intersected, a multitude of sharp angles remain as well
as a gap, that this approach cannot fill (Figure 3). The disadvantage of sharp angles is that the
print paths are spaced less than the nominal filament width w,,,,, over longer distances, re-
sulting in toolpath-induced over-extrusion in 3DCP. If one looks at the dimensions of the gap
on the top side, we see that it is smaller than 2 - w,,,, with 30.19 mm. Thus, no offset curves
intersect, and a gap is created unless further measures are taken. If toolpaths are added here
anyway, a local over-extrusion occurs compared to the rest of the surface between the trajec-
tories.
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Figure 3: Result of path planning with the naive approach. The occurrence of a gap, sharply
angled toolpaths, and the fact that the toolpath ends again at the same side where it was
started is strongly dependent on d,,,,, (T4, Tg) with 414.19 and cannot be influenced. The gap
with 30.19 mm is created by evaluating the expression d,,; 4, (T4, Tg) mod 2 - Wy oy =
414.19mod 2 - 16 = 30.19.

4. Print Paths between Two Principal Stress Trajectories — Optimized
Approach

The improved approach proposed in this paper targets the previously mentioned flaws. The
sharply converging toolpaths are reduced by sidestepping to the offset curves of the adjacent
trajectory and are locally limited. On the other hand, by adjusting the nozzle width to an effec-
tive value, gaps are prevented from occurring, as seen in Figure 9. The toolpath is planned
with a nozzle width we¢ < wyom, Which ensures complete filling of the area between two tra-
jectories. wegr < wpom results in almost everywhere uniform over-extrusion to a reasonable
extent (~15%), whereby better interlayer bond properties within the plane can be expected.

The effective nozzle width we¢ can be computed by determining the maximum distance
dmax(Ta, Tg) between two adjacent principal stress trajectories T, and Tg and performing an
integer division on the half distance d acc. Eq. (5) by the nominal nozzle width w,,,,. Eq. (6)
gives n, which is the total number of necessary offset curves of each T, and Tg.

dmaX(TA: TB) (1)

d= >

Ny @

Wnom

The reason for the addition of 1 is that the effective nozzle width w¢ and thus the offset
of the extrusion paths is always smaller than the nominal nozzle width w,,, thus one addi-
tional offset curve is required to ensure that no gaps remain between adjacent extrusion paths.

If n is an odd integer, it is recommended to add another 1 to get an even integer, as
outlined in Eq. (7). The reason for this can be taken from Figure 4. If a tool traverses an even
number of offset curves, the path ends on the same side where it started, increasing planning
reliability. In the naive approach of the previous chapter, this was also not addressed.
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Figure 4: Effect of even and odd numbers of offset curves on toolpaths' start and endpoints.
The start and end points are on the same side for even numbers. For odd numbers, they are
on different sides.

. [n if nis even
n—[n+1 if nis odd (3)

Finally, with Eq. (8) the effective nozzle width w¢ can be computed by dividing the half
distance d by the even number 1 of offset curves with which the n offset curves are generated.

Wesf = a (4)

All computations are illustrated with Figure 5.

41619

Figure 5: d, ;4 (T4, Tg) is 414.19 mm, resulting in d = 207.095 mm, resulting in n = 13, result-
ing inn =14 and w,rr = 207.095/14 = 14.7925 mm

With the help of the counting variable i € [0,1n — 1], the magnitudes o0, (i) and og(i) of the i
offset curve of both T, and Ty are computed. Table 1 shows, depending on the layer, different
strategies to minimize the cavities between the layers in w-direction by shifting the offset
curves by half a filament width. For n = 14 and w.g = 14.7925 the 13 offsets of T, would be
op(i) =[7.40 22.19 .. 184.91 199.70].

Table 1: Overview of parallel offset strategies per layer (briefly visualized in top left) to

achieve an offset of the toolpath of half a filament width between vertical layers to minimize
cavities in w-direction.

Layer |
A A A A

Layer Il
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. Weff .
0,(1) = +( Ze + l'Weff)
Offset of trajectory 0a(1) = +(Wegr + i
Ta * Weff)
. Weff .
og(i) = —( ; +i Weff)
Offset of trajectory
Tg og() = —(0 +1i- wer)

The following part of the methodology deals only with the intersecting subset ii = 13 of
the n = 14 offset curves. Figure 9 shows the final output, which is derived based on a schematic
illustration of Figure 6, shown in Figure 7. Figure 8 corresponds to Figure 9, only the curve
segments were straightened, and the intersections were arranged on a regular grid.

Figure 6: Both trajectories T, and Ty are offset n times in the direction of the other trajecto-
ries. Note, that only a subset 7ii < n of the offset curves intersect. In this example only i =
13 < n = 14 curves intersect. The trajectories T, and Tz have been extended on both sides
for better visualization. o, (i) and oz (i) are computed with strategy “Layer I”.

Figure 7: Schematic representation of the offset curves, where only intersecting offset
curves are assigned a number. The black points correspond to an intersection, A; corre-
sponds to the j*" intersecting offset curve of T,. The same holds for B and T.

The generating functions g, (k) and gg(k) acc. Egs. (9) and (10) construct a series of
integers for 0 < k <ii —1 = 13, which determine, which segment between two intersections
along an offset-curve needs to be deleted. The results of g, (k) and gg(k) can be converted
into a pattern, analogous to Table 2, by simply filling the g, (k) or gg(k) first rows with 1. This
forms the basis of a continuous toolpath with minimal over-extrusion and no remaining gaps.
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0 ifk=0
(k) = k ifkisoddand1 <k <in-2
8a k—2 ifkisevenand1 <k<i-—2 (5)
n—1 ifk=i-1
0 ifk=0
(k) = k+2 ifkisoddand1<k<ii-2
8B k ifkisevenand 1 <k <ii—2

n—1 ifk=i-1 (6)
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Table 2: The rows of the table indicate the offset curves A; and B;, respectively, and the col-
umns indicate the segments between the intersections with B, and By, and A, and A1,
respectively, that should be removed (0) or preserved (1) so that the desired pattern can be
obtained. For clarity of orientation, the segment between the intersections with A;, and A4, of
curve By; was marked in green. The first and last columns represent the areas before and
after the last intersection.

- Aos
Aos

- Acs
- A

Bo2
Bo2 - Bos
Bos - Bos
Bos - Bos
Bos - Bos
Bos - Boz
Bo7 - Bos
Bos - Bog
Bos - B1o
B1o - B11
B11 - B12
Aoo - Aot
01 - Aoz
Aoz
Aos - Aoa
Aos - Aoz
Aos - Aos
Ao - A1o
A0 - A1

Boo - Bot

11 10 13 12 13 E)B( 0 1 0 3 2 5

Applying the pattern from Table 2 to Figure 6 and Figure 7, we obtain Figure 9 and
Figure 8 correspondingly, from which we can see the characteristic sidestepping.
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Figure 9: lllustration of the final toolpath with the following characteristics: complete cover-
age of the area between the trajectories T, and Ty, no local over-extrusion by consistent dis-

tance between toolpaths, no gaps, and toolpath finish at the same side it starts.

It should be noted that the evaluation of g, (k) and gg(k) works only for odd values of ii. For
even values of i, round up ii to the nearest odd integer by adding 1, evaluate g, (k) and gg(k)

for it + 1, construct the pattern, and remove the last row and column, see Table 3.

10
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Table 3: Modification of the pattern for even values of #i = 12 by removing the last row and
the last column of the pattern from Table 2.

00 - Aot
01 - Aoz
Aoz
Aos - Aoa
Aos - Aos
Aos - Aos
Aos - Aoz
Aos
Aos - Aos
Ao - A1o
A0 - A1

Bo7 - Bos
Bos - Bog
Bos - B1o
B1o - B11

Boo - Bot
Boz2
Bo2 - Bos
Bos - Bos
Bos - Bos
Bos - Bos
Bos - Boz

A00
AO1
AD2
A03
AD4
A0S
A0B
A0T
A8
A9
A10
& Al
B11
B10
B0O9
BO8
BO7
B06
B0S
BO4
B03
BO2
BO1
BOQ

Figure 10: Pattern of Table 3 applied to Figure 7 (excluding A4,,/B;,). The only difference is
the intersection of the last two curves.

11
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4.1 Case Study

The previously described algorithm is applied to the initial example in Figure 1. It can be shown
that the complete computational domain can be covered with a single, continuous toolpath,
see Figure 11. This is especially advantageous for extrusion-based 3DCP if there is no further
material discharge mechanism at the end effector and a pump stop is only noticed with a delay
at the end effector. Figure 12 shows the results of the naive method, which yields a toolpath
not suitable for 3ADCP as outlined in the caption.

_———

Figure 11: Continuous toolpath following the principal stress pattern, with reduced sharp an-
gles and no gaps, equidistant spacing of toolpaths between two trajectories T, and Tj.

® @

M
(1) Sharp Angles I Wi ’wwm”ﬂ
(2} Closed Toolpaths "‘ i | w“‘ i “ | w‘{j ““:I' Il I i y‘l‘/l ;‘/-U "f I\“I‘\'"M’J i

(3} Joining Toolpaths

Figure 12: Toolpath based on the naive variant. This results in many sharp angles, curves
that are closed in on themselves and curves that are too far apart, as well as unfavorable
joining of partial toolpaths.

5. Conclusion & Outlook

It can be concluded that by relaxing given nozzle widths and accepting uniform over-extrusion
between T, and Tg, a toolpath suitable for 3DCP can be derived. The developed methodology,
shown in Figure 11 shows promising initial results compared to the naive method, shown in
Figure 12. If the algorithm is allowed an offset dimension smaller than the nozzle diameter and
enforces an even number of offset curves, a toolpath can be planned that can be continuously
processed by an industrial robot used for 3DCP. Incorporating a rotationally symmetrical noz-
zle not only simplifies robot programming through the specification of X,Y,Z coordinates but
also eliminates the risk of hose entanglement, as the print head does not need to rotate.

Further improvements to the algorithm proposed herein will include the determination
of the optimal set of adjacent trajectories T4 and Tg and the determination of one single w¢ <
Wnom fOr the complete computational domain Q.

12
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