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1. Introduction

Additive manufacturing in construction (AMC) currently 
presents itself as one of the critical technologies for increasing 
productivity in the construction industry. In particular,
opportunities to reduce production costs, material usage, and 
physical labor attract a wide range of attention [1,2]. In this 
respect, the most significant potential is ascribed to eliminating 
formwork elements, whereby however the time-dependent 
material properties and the printing path decisively define the 
buildability of a component [3,4].

For extrusion-based layer-by-layer construction of 3D 
printed concrete components, the buildability is defined as the 
number of layers laid on top of each other without the previous 
layers’ failure [5]. Two basic approaches are available to 
determine the buildability. Classically the number of possible 
layers estimated based on empirical parameter studies [6-8]. 
Hence these experimental data must not be extrapolated and has 
no general validity this costly and time-consuming approach is 

displaced by more recent methods. These focus on modelling 
the printing process within finite element analysis (FEA)
software. Therefore the material behavior is described based on 
time-dependent material parameters such as Young’s modulus, 
Possion’s ration, cohesion, angle of internal friction, dilatancy
angle, and yield stress [9,10].

Although the latter strategy requires a much more complex 
material investigation and demands more computing effort, it 
offers the opportunity to generate a simulation of the entire 
printing process. The latest research programs have shown this 
approach’s suitability in principle and especially point out 
challenges regarding the model computation time and the exact 
transformation of the time-dependent extrusion path into the 
modelling environment [11,12]. Mostly the entire CAD-model 
is used, which leads to a significant discrepancy between the 
geometries used for the simulation and the actual printing 
process [13].

To enhance the modelling performance, this paper presents 
a new approach to perform a FEA based on the printing path. 
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By successively adding volume to the model and taking into 
account the time dependent material properties the printing 
process is simulated as is. Thus, achieving better results from
more detailed FEA, the obtained loads and deformations can be 
used within an additionally proposed feedback loop.

In this regard, the layer width and heights of the printed 
material are suggested as path optimization parameters to 
reduce the deviation between CAD model and simulated 
deformations. Using the optimized printing paths will finally 
lead to better component quality, reduced test effort, and fewer
buildability failures.

1.1. Path planning for additive manufacturing in construction

Concrete 3D printing is explicitly limited by the stability of 
the fresh concrete and the time-dependent flow behavior. 
Especially the latter leads to restrictions in the design of 
overhangs and is influencing the interlayer strength. Both
effects limit the printable geometries’ freedom, so in contrast 
to other additive manufacturing techniques, the predominant 
research for path planning concepts for concrete components 
with multiple layers is still based on 2.5D approaches with 
planar slicing [14,15].

The base element for most of those 2.5D printing processes 
is the target objects’ outer contour, which is used to generate a 
shell structure. In the next step, the shell’s wall thickness will 
be increased to the necessary stability level by applying one or 
more additional parallel strands with an inward offset [16,17].

Within each layer, an infill will further extend the contour 
path to generate additional stability and prevent buildability 
failures. Therefore, multiple continuous infill patterns have 
been developed and rated according to buildability 
improvement. Varying the infill density by refining the chosen 
infill pattern also improves the final component’s overall 
stability and has been used to control the result [18,19]. While 
many different approaches are available and some even take 
into account multiple planning criteria [20], there is still a lack 
of consolidation within a generally valid procedure. However, 
general boundary conditions can be derived from the 
investigated path planning concepts, which will be 
recapitulated subsequently.

Interrupting the material flow will foster the fresh concrete 
to cure within the conveyor pump, the hoses, and the extrusion 
nozzle when the printing process must be stopped. Therefore
all path planning concepts have in common that the final path 
provides a continuous material application. This continuity is 
of utmost interest for all upcoming development to prevent 
clocking and ensure a successful printing process. Besides, 
overlaps within one layer are avoided in order to ensure a 
uniform application height. Both aspects are further set as strict 
constraints for the path planning algorithm.

As an extension to existing path planning methods, the path 
coordinates derived in this paper will provide the input for a 
FEA, which allows observing the material flow during the 
printing process. Further processing resulting simulation data 
will lead to an improved component quality when minimizing 
the observed deformations by adapting the printing path and 
parameters.

1.2. Finite element analysis for additive manufacturing

The prediction of deformation and residual stress of a 
structure is essential in determining its mechanical properties. 
Especially in structures constructed through additive 
manufacturing, as they are prone to thermally or mechanically 
induced residual stresses and distortions, this consideration is 
crucial. Therefore, in FEA of structures constructed through 
additive manufacturing, the material application process is 
simulated.

As opposed to a standard structural FEA where the 
deformations and stresses of a fixed input geometry are 
calculated, in additive manufacturing the input geometry itself 
is changing with time as new layers are added on top of the 
existing layers to construct the structure. This adds an 
additional layer of complexity to the FEA. The ultimate goal of 
FEA in additive manufacturing is adjusting the printing
parameters for achieving the desired mechanical integrity, 
reducing the formation of structural failures and towards
minimizing manufacturing costs [21].

Current approaches capable of performing stress and 
deformation analysis of structures manufactured using AM 
techniques [21,22]. The CAD model (target geometry) of the 
structure to be printed, the printing speed and material 
deposition thickness are among the inputs used in FEA by 
commercial software. The complete CAD model is initially 
meshed, and a subset of this mesh is simulated with time to 
calculate the resulting deformations, as the structure is 
constructed layer wise. In order to determine which subset of 
the mesh should be simulated at a given time, the toolpath is 
used. All elements that have intersected with the toolpath at a 
given time step are then activated and simulated.

The G-Code, which contains the toolpath information,
together with the target CAD model can be used to carry out an 
FEA in additive manufacturing. The G-Code contains the 
printing information required for 3D printing such as the 
toolpath, feed rate, etc. The G-Code is used to determine which 
elements in the mesh of the target CAD model are active at a 
given time step [22].

The disadvantage of such an approach is that the target 
geometry is used for the analysis. The approach, which utilizes 
the G-Code, does not create the printed geometry and instead 
only determines the active elements of the target geometry.
However, depending on the printing path, the printed geometry 
would have deviations from the target geometry even before 
deformation due to stress are considered. Utilizing the nodal 
displacements computed by the FEA model, the deviation 
between the printed geometry and the target geometry can be 
reduced through suitable adjustments of the nozzle velocity and 
path point coordinates.

2. Contour-Offset based path planning

Initially, a contour-offset-based path-planning algorithm 
was implemented in MATLAB to be used as the resulting 
waypoint representation of the toolpath. This waypoint 
representation is used as the input to the FEA. According to 
section 1.1, a continuous printing path without overlapping was 
aimed for. Since stereolithography files are the most used 
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representation of 3D geometries, the algorithm was developed 
to take the STL as input. Additionally to the desired geometry, 
the layer height Lh and the minimal path width Lb,min, are 
required to generate the toolpath.

Based on the constant layer height Lh evenly distanced 
cross-sections are calculated along the vertical direction,
utilizing a uniform-slicing approach. The contours of the cross-
sections have varying widths, which dictates that the printing 
path’s starting point must not lay within the contour’s 
narrowest part in order to prevent overlapping and ensure a 
continuous path. For the double-curved freeform wall in Fig. 
1.a, a simple offset-based printing path would lead to the 
overlap error marked in Fig. 1.b.

The following algorithm’s main idea is to define an initial 
path point within that narrowest part and then follow the 
contour left and right until an overlap occurs, as shown in 
Fig. 1.c. The narrowest part of the contour corresponds to the 
region where the offset points are clustered closest to each 
other. Then through following the offset curve from the defined 
start point via the initial point to the end point would provide 
the longest possible printing path without an overlap. The 
determination of the initial point is conducted by utilizing a 
point representation of the offset curve and the distances 
between all these offset points. The offset value is set to 
Lb,min/2.

Fig. 1. (a) Sample wall; (b) Offset printing path; (c) Overlap elimination
approach; (d) Distance image for sample layer

According to Fig. 1.d, the calculated distances between all 
offset points of one layer can be mapped into a 2D image with 
the x- and y-axis representing the indices of each point. The 2D 
image is a 𝑛𝑛𝑛𝑛 × 𝑛𝑛𝑛𝑛 matrix, where each entry 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 corresponds to 
the distance between the offset points 𝑖𝑖𝑖𝑖 and 𝑗𝑗𝑗𝑗 . All distances 
greater than the minimal path width are set to zero and marked 
in white. Smaller values are replaced by one and appear in 
black or red. At first, the resulting image will be symmetrical 
to the main diagonal because, e.g. the distance value from point 
𝑖𝑖𝑖𝑖 to point 𝑗𝑗𝑗𝑗 will be the same as from point 𝑗𝑗𝑗𝑗 to point 𝑖𝑖𝑖𝑖 . 
Therefore, it is sufficient to consider only the upper right 
triangular matrix for further calculation, to reduce complexity 
during image processing. Thus, all entries below the main 
diagonal are changed to white.

By grouping the remaining areas, two main areas can be 
extracted for all input geometries. One area always appears 

close to the main diagonal, and another small one in the upper 
right corner of the image. Both domains emerge from 
consequent points on the offset curve as the distances of 
consequent points will always be < Lb,min. Due to this, they are 
of no interest in identifying the overlapping areas. The goal is 
to identify the closest distance between different path sections, 
which might result in overlapping.  Thus for the example in Fig. 
1.d the significant points with a distance lesser than the path 
width can be found within the red sections on the upper and on 
the right edge. In this specific case, searching for the minimal 
distance within these red areas will lead to the narrowest part 
of the sample layer and hence to the initial point.

To achieve a more general approach, a variety of sample 
geometries have been tested, and contours with a width close 
to the minimal path width caused two additional image cases. 
Additionally to the four sections in Fig. 1.d , a single area can 
also occur from the distance evaluation. This will happen for 
all layers with near minimal path width where the offset will 
form a narrow rectangle, common to all types of bar elements. 
An example is shown in Fig. 2.a, where the ideal printing path 
was also identified manually. Furthermore, Fig. 2.b shows the 
result for a combination of a bar element with a wider section, 
which will lead to two areas without additional sections.

Fig. 2. Test geometries, distance images and ideal printing paths for (a) Layer
of a bar; (b) Layer of a L-shaped wall

The selection of the initial point depends on the number of 
areas in the distance image. If there is one area as in Fig. 2.a, 
the initial point will be set to the offset curve’s first point. When 
there are two areas as in Fig 2.b, the initial point is chosen from 
the point coordinates that belong to the region of interest. This 
region is connected to the main diagonal but has the maximum 
distance to it. For images with more than two areas as in Fig. 
1.d, one of the coordinates with the minimal distance value 
within the red sections is chosen as the initial point.

After identifying the initial point, the start and end point of 
the printing path must be set. Therefore, at first, the offset curve 
points are written in order into a list. This approach will enable 
using the list of offset points to generate the whole printing path 
by searching forwards and backwards through the list and 
identifying the first printing overlaps. Two segments of the 
offset curve without self-intersection of the printing radius will 
be found, and the combination of both segments will result in 
the longest possible continuous path along the contour of the 
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components. In addition, any overlap will be prohibited, and 
the given requirements from section 1.1 are met.

Most critical in this procedure is the identification of the 
stopping points within the forward and backward search. 
Hence, loops will cause a significant rise in the calculation time 
when multiple layers have to be processed. This issue is solved 
by further evaluating the given distance images. The points 
where a potential overlap will cause a printing failure when 
moving forward through the list of offset points can be found 
by observing the distance from the upper edge to the black 
areas as shown in Fig. 3.a. The first instance at which this 
distance starts decreasing will mark the start point ns. When 
moving backwards through the list, the distance from the right 
edge to the black areas must be used to get ne. Fig. 3.b. shows 
the identified initial point, the forward result ns, the backward 
result ne and the enumeration for the point list to outline the 
search directions. Looping through multiple layers will 
generate a path for the whole component consisting of a list of 
x-, y- and z-coordinates, path width, thickness, and feed rate.

Fig. 3. (a)Search algorithm within the distance image; (b) Search direction for 
ns and ne, and final printing path

3. Path based finite element analysis

Based on the path planning output from section 2 the 
printing geometry is directly converted into a mesh. At each 
waypoint �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖 , the material applied from the nozzle is modelled 
as a circular patch with radius 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖. The mesh geometry is then 
constructed using the waypoint coordinates and the path 
thickness, as illustrated in Fig 4, where ds defines the edge 
length of the elements.

Fig. 4. Waypoint to FEA mesh conversion

At first, the algorithm will create a quadrilateral between 
two successive path points. This is used to generate a two 
dimensional mesh, from which the nodes of the finite element 
model are created by adding the z-coordinate utilizing the 
specified layer height.

To determine the four vertices 𝑎𝑎𝑎𝑎� , 𝑏𝑏𝑏𝑏� , 𝑐𝑐𝑐𝑐̅ , and �̅�𝑑𝑑𝑑 of the 
quadrilateral shown in Fig. 4, primarily the two-unit vectors 𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖
and 𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖+1 are determined according to equation (1) and (2).

𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖 =
�̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1 − �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖

|�̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1 − �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖|
(1)

𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖+1 =
�̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+2 − �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1

|�̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+2 − �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1| (2)

The coordinates of the vertices 𝑎𝑎𝑎𝑎� and 𝑐𝑐𝑐𝑐̅ are calculated
afterwards by rotating 𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖 using the rotation matrix 𝑅𝑅𝑅𝑅�𝑧𝑧𝑧𝑧 and then 
extending the result by the printing radius ri.

𝑎𝑎𝑎𝑎� = �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖 + 𝑅𝑅𝑅𝑅�𝑧𝑧𝑧𝑧 �
𝜋𝜋𝜋𝜋
2
� ⋅ 𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖 ⋅ 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 (3)

𝑐𝑐𝑐𝑐̅ = �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖 + 𝑅𝑅𝑅𝑅�𝑧𝑧𝑧𝑧 �−
𝜋𝜋𝜋𝜋
2
� ∗ 𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖 ∗ 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 (4)

Using path point �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1 , the unit vector 𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖+1 and the printing 
radius ri+1, the coordinates of the points 𝑏𝑏𝑏𝑏�𝑛𝑛𝑛𝑛 and �̅�𝑑𝑑𝑑𝑛𝑛𝑛𝑛

𝑏𝑏𝑏𝑏�𝑛𝑛𝑛𝑛 = �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1 + 𝑅𝑅𝑅𝑅�𝑧𝑧𝑧𝑧 �
𝜋𝜋𝜋𝜋
2
� ⋅ 𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖+1 ⋅ 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖+1 (5)

�̅�𝑑𝑑𝑑𝑛𝑛𝑛𝑛 = �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1 + 𝑅𝑅𝑅𝑅�𝑧𝑧𝑧𝑧 �
𝜋𝜋𝜋𝜋
2
� ⋅ 𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖+1 ⋅ 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖+1 (6)

are determined, which are then used to compute the last two 
vertices 𝑏𝑏𝑏𝑏� and �̅�𝑑𝑑𝑑. The path points �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1 , �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+2 and points 𝑎𝑎𝑎𝑎�, 𝑏𝑏𝑏𝑏�𝑛𝑛𝑛𝑛
are used to calculate angle 𝜃𝜃𝜃𝜃𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 and angle 𝜃𝜃𝜃𝜃𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖.

𝜃𝜃𝜃𝜃𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 = sin−1 �
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖+1

|�̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1 − 𝑎𝑎𝑎𝑎�|�
(7)

𝜃𝜃𝜃𝜃𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖 = sin−1 �
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖+2

��̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+2 − 𝑏𝑏𝑏𝑏�𝑛𝑛𝑛𝑛�
�

(8)

𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 =
�̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1 − 𝑎𝑎𝑎𝑎�

|�̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1 − 𝑎𝑎𝑎𝑎�| 𝑅𝑅𝑅𝑅
�𝑧𝑧𝑧𝑧(𝜃𝜃𝜃𝜃𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖) (9)

𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖 =
�̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+2 − 𝑏𝑏𝑏𝑏�𝑛𝑛𝑛𝑛
��̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖+2 − 𝑏𝑏𝑏𝑏�𝑛𝑛𝑛𝑛�

𝑅𝑅𝑅𝑅�𝑧𝑧𝑧𝑧(𝜃𝜃𝜃𝜃𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖) (10)

It should be noted that the vector 𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 will slightly slice 
through the circumference of the circle with center �̅�𝑝𝑝𝑝𝑖𝑖𝑖𝑖 . 
However, this geometric deviation is minimal since the printing 
radius 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 does not significantly vary between two consequent 
points and can therefore be neglected. The rotation utilizing the 
above angles can be used for the computation of the unit vector 
𝑢𝑢𝑢𝑢�𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 and the unit vector 𝑢𝑢𝑢𝑢�𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖. In the next step, based on the points 
𝑎𝑎𝑎𝑎�, 𝑏𝑏𝑏𝑏�𝑛𝑛𝑛𝑛 and the yet unknown scaling magnitudes Δa and Δb, the 
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equations (11) and (12) can be derived, both of which computes 
the point 𝑏𝑏𝑏𝑏�.

𝑏𝑏𝑏𝑏� = 𝑎𝑎𝑎𝑎� + 𝑢𝑢𝑢𝑢�𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 ⋅ ∆𝑎𝑎𝑎𝑎 (11)

𝑏𝑏𝑏𝑏� = 𝑏𝑏𝑏𝑏�𝑛𝑛𝑛𝑛 + 𝑢𝑢𝑢𝑢�𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖 ⋅ ∆𝑏𝑏𝑏𝑏 (12)

By expanding equations (11) and (12), the following linear 
system of equations (13)

�
𝑎𝑎𝑎𝑎𝑥𝑥𝑥𝑥
𝑎𝑎𝑎𝑎𝑦𝑦𝑦𝑦� + �

𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖,𝑥𝑥𝑥𝑥
𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖,𝑦𝑦𝑦𝑦� ⋅ ∆𝑎𝑎𝑎𝑎= �

𝑏𝑏𝑏𝑏𝑛𝑛𝑛𝑛,𝑥𝑥𝑥𝑥
𝑏𝑏𝑏𝑏𝑛𝑛𝑛𝑛,𝑦𝑦𝑦𝑦

� + �
𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖,𝑥𝑥𝑥𝑥
𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖,𝑦𝑦𝑦𝑦� ⋅ ∆𝑏𝑏𝑏𝑏 (13)

is created, which in turn can be solved to determine the scaling 
magnitude Δa.

∆𝑎𝑎𝑎𝑎=
𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖,𝑦𝑦𝑦𝑦 ⋅ �𝑏𝑏𝑏𝑏𝑛𝑛𝑛𝑛,𝑥𝑥𝑥𝑥 − 𝑎𝑎𝑎𝑎𝑥𝑥𝑥𝑥� + 𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖,𝑥𝑥𝑥𝑥 ⋅ �𝑎𝑎𝑎𝑎𝑦𝑦𝑦𝑦 − 𝑏𝑏𝑏𝑏𝑛𝑛𝑛𝑛,𝑦𝑦𝑦𝑦�

�𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖,𝑥𝑥𝑥𝑥 ⋅ 𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖,𝑦𝑦𝑦𝑦 − 𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖,𝑥𝑥𝑥𝑥 ⋅ 𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖,𝑦𝑦𝑦𝑦�
(14)

The coordinates of the vertice 𝑏𝑏𝑏𝑏� can finally be determined 
utilizing equation (11). The same procedure is also valid to 
calculate the coordinates of the vertice �̅�𝑑𝑑𝑑.In the next step, the 
two directional unit vectors 𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖,𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏

𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑐𝑐𝑐𝑐̅ − 𝑎𝑎𝑎𝑎�

|𝑐𝑐𝑐𝑐̅ − 𝑎𝑎𝑎𝑎�| (15)

𝑢𝑢𝑢𝑢�𝑖𝑖𝑖𝑖,𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏 =
𝑏𝑏𝑏𝑏� − 𝑎𝑎𝑎𝑎�
�𝑏𝑏𝑏𝑏� − 𝑎𝑎𝑎𝑎�� (16)

of the quadrilateral will be calculated. In the final step, the 
mesh can then be created for all waypoints using the FEM-
algorithm shown in Fig. 5. The coordinates of the boundary 
nodes are computed by utilizing the outside contour. For the 
tested uniform-slicing algorithm with a constant layer height, 
the z-coordinates of each element will be set to a specific value 
determined by the mesh size 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.

Fig. 5. Meshing algorithm

4. Evaluation of the Finite Element Analysis approach

The described FEA approach was implemented using
MATLAB. According to the algorithm shown in Fig. 5 the 
connectivity between the nodes in the XY-plane was directly 
determined as the nodes were created. Afterwards the 
connectivity with the nodes directly above it was calculated in 
an additional iteration loop.

Fig. 6 shows a section of the printing path illustrated in Fig. 
3.b. The points indicated in blue correspond to the individual 
path points, and the printing path is indicated in red. Three
simulation steps of the printing path are shown. The material 
properties considered in the simulation are the Young’s 
modulus and Poisson’s ratio. The model was then simulated 
stepwise with its own weight as the acting force and under the 
boundary condition that the bottom-most nodes of the bottom 
layer were fixed in the Z-direction.

The deformation at each time step is of central interest, as 
this output from the FEA will be utilized to adapt the printing 
parameters in order to compensate the computed deformation.

Fig. 6. Path planning a), model building and simulation in MATLAB
with time independent material behavior b)-d)

5. Conceptual compensation of geometrical deviations

As shown in Fig. 8 b), lower layers will expand due to the 
load. Within in the simulation this effect can be measured by
the difference between the initial path points and the nearest
deformed node, which will lead to Lh,diff and Lb,diff.

To compensate for this deviation, adjustments to the 
printing parameters are suitable. Thereby changing the nozzle 
feed rate will directly affect the layer height Lh, when, the 
concrete flow is constant. Manipulating the distance between 
the printing nozzle and the printing bed or underlying strand 
will change the strand width Lb.

Using the calculated differences as an optimization 
criterion, the values for Lh and Lb will be changed to minimize 
the absolute deviation between target geometry and the printing 
result. For the four-layer-wall depicted in Fig. 8. the strand 
width has to be reduced within the lower layers, and the layer 
height has to be raised. Since the last layer will not carry any 
other load, Lb and Lh are set to their initial values. The testing 
of the feedback loop will be the subject of upcoming research.
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Fig. 7. Printing path optimization based on FEA with (a) initial path, (b) 
simulated deformation, and its compensation through path adaption

6. Summary and outlook

Additive manufacturing processes currently represent a 
promising approach to increasing low productivity in the 
construction industry. However, existing computer-aided 
control concepts often lead to component failure during the 
printing process due to the time-dependent flow behavior of
fresh concrete. Here, the integration of physical models into the 
path planning algorithm, and the prediction of the resulting 
deformations, offers a suitable approach to increase the 
buildability. This paper provides a contour-based path planning 
algorithm and the mathematical formulation for generating a 
FEA model from the path points. The approach was tested in 
MATLAB with path points generated by the presented 
algorithm, but in general, can be applied to any printing 
trajectory. In contrast to common FEA approaches, the 
described procedure to construct the geometry by directly 
utilizing the printing path offers the possibility to depict the 
time-dependent material behavior specifically during the 
printing process. Furthermore, a methodology is proposed to 
minimize the predicted deviations of the printed structure from 
the target geometry by adjusting the path coordinates and the
related process parameters.
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