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Abstract

Additive manufacturing processes show potential and utility in the construction industry by enabling new design freedoms and increasing the
degree of automation. Accurate prediction of structural deformations and optimization of process parameters is a crucial consideration to ensure
better component quality, reduced test effort and fewer buildability failures. This paper introduces an approach to build a nonlinear model that
maps the interlayer waiting time in the building process to the corresponding structural deformation based on FEM results obtained from a process
based FEM simulation. The model is utilized to optimize the interlayer waiting time during the printing process using the maximum deformation
of'the structure as the objective function and the allocated printing time together with the allowed maximum interlayer waiting time as constraints.

Finally, the validity of the approach is numerically verified using a test component.
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1. Introduction

The construction industry is currently facing two
significant challenges. On the one hand, there is a
considerable shortage of well-trained specialists, particularly
in high-wage countries. On the other hand, more
environmentally friendly construction processes must be
created to consume fewer resources and use them more
efficiently in terms of sustainability [1].

In this sense, additive manufacturing processes offer
enormous potential for overcoming future challenges [2].
Such processes are characterized by high automation,
requiring fewer skilled personnel and offering more
component design freedom than conventional processes.
While the first aspect can solve the staff issues, the latter
opens the possibility of using less material in a more force-
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flow-oriented manner, thus reducing the overall resource
requirements.

One of the most significant material saving potential in the
construction industry is attributed to the elimination of
formwork components. Particularly for complex geometries,
specific single-use solutions are designed to keep the fresh
concrete in place. Since no reuse is possible, these structures
are then disposed and thus account for a significant
proportion of waste generation [3].

However, the widespread introduction of additive
manufacturing processes to avoid such one-off formwork is
currently confronted with the time-dependent material
behavior of fresh concrete. An important consideration when
manufacturing components with concrete is the considerably
longer curing time as compared to plastics or other
conventional material. While curing accelerator essentially
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reduces the period, the rheology of the material is still
measurable up to several minutes [4]. This makes it necessary
to explicitly consider the time-dependent flow behavior of the
material for the additive manufacturing of the designed
concrete components. If not, the rheology can result in
printing failure by elastic buckling or plastic collapse.

Therefore, the buildability of a material is used as a
measurement to predict a potential printing collapse. It is
defined as the number of printable layers without elastic or
plastic collapse of previously printed parts [5]. For the
individual layers, the layer geometry (layer width and layer
height) are determined by the deposition rate, nozzle velocity
and nozzle distance to the printing surface [6]. For single
experiments, it is sufficient to determine the buildability with
small-scale experiments and use the results for an estimation
[7, 8]. However, the long-term implementation of additive
manufacturing approaches in the construction sector requires
a more systematic and general approach. Therefore, a model-
based description of the printing process can be combined
with a representation of the time-dependent material
properties to simulate the component deformation during the
printing process [9, 10, 11, 12].

This paper presents an advanced method to enhance the
process-based simulation using the finite element method
(FEM). This methodology can be utilized to predict and
minimize deformations of the designed part. In the presented
approach, the interlayer waiting time is optimized to reduce
the risk of printing failure and increase the accuracy of the
designed part while keeping up the interlayer strength and
realize a dedicated printing time. The validity of the
presented approach is numerically verified using a test
component.

2. Deformation prediction and minimization in additive
manufacturing processes

2.1. Finite element analysis in additive manufacturing

The prediction of deformation and residual stress of a
structure is crucial in determining its structural properties.
This is especially true when it comes to 3D printing with
concrete which requires accurate deformation predictions
and precise process settings due to its time dependent
rheological properties to ensure that the manufactured part
lies within the tolerances specified in the design.
Furthermore, the precision of the process settings ensure that
manufacturing constraints such as the total time of printing
are not violated. Finite element analysis (FEA) of extrusion-
based additive manufacturing processes of concrete
highlights the complex interactions between process and
material parameters [13].

In a standard structural FEA the deformations and
stresses of a fixed input geometry are calculated, whereas in
AM simulations the input geometry itself is changing with
time as new layers are added on top of the existing layers,
which adds an additional layer of complexity to the simulated
model. Current commercial FEA software is capable of
handling simulations of structures manufactured using
various AM technologies [14, 15, 16].

The general procedure for carrying out standard FEM
simulations using commercial software is similar, where the
target CAD geometry is initially uploaded with the
corresponding boundary conditions, material properties and
external forces. The structure is then meshed and the
governing physical equations are discretized and solved to
obtain nodal displacements. Secondary variables such as
strain and stress can be subsequently determined.

For the simulation of the 3D printing process a numerical
interpretation is required by the FEA-software which
mimics the material deposition. This is achieved via an
automated element activation which translates to an event
series inputs in time and space. Commercial software such
as ABAQUS contain an event series module which is utilized
to prescribe the imposed tool path and process parameter
such as the printing speed and material deposition thickness
[17]. Once the 3D printing process is translated into the event
series format, the mesh intersection with the tool path
automatically computes the relevant information required for
the FEA such as the active elements, corresponding material
properties, external forces and boundary conditions for each
given time step [17].

An alternate approach has been developed where the G-
Code containing the printing information required by the 3D
printer such as the toolpath, feed rate, etc. is utilized to create
the FEM model in additive manufacturing. For the
simulation, the target CAD geometry is used and data from
the G-Code is decoded to determine the active elements in
the mesh [18].

The limitation of such approaches is that the target CAD
geometry is used for the analysis. However, depending on
the printing path, the printed geometry would have
deviations from the target geometry even before deformation
due to stress are considered. To overcome this limitation and
achieve a more detailed modelling of the AM process, an
FEM model constructed directly from the printing path has
been presented in an earlier publication by Lachmayer et al.
[19]. This modeling approach is briefly summarized in
section 3 and will be used to generate the simulation results
required to build the nonlinear model and the subsequent
optimization.

2.2. Current  approaches to  minimize  component
deformations during printing

With the recent rise in popularity of 3D printing, a lot of
research has gone into minimizing structural deformation to
ensure as close a match to the target geometry as possible.
Issues such as warpage, shrinkage, curling, etc. that results
from temperature gradients and other printing effects are
being adequately investigated [20, 21, 22].

The research into the minimization of structural deviation
during the manufacturing process is even more significant in
the construction industry since much larger components are
manufactured. For concrete, the time dependent behavior of
the admixture plays a crucial role in the deformations of the
structure [23, 24]. The rheology of 3D printed concrete
structures depend strongly on the material properties, which
in turn depends on the elapsed time. Additional time for
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material hardening can be enabled by allowing an interlayer
waiting time between the layers. In this context, an interlayer
waiting time refers to a pause in the printing process before
additional layers are printed onto the top layer of the existing
structure.

An additional consideration that needs to be made when
allowing for interlayer waiting time is that this could
negatively affect the mechanical interlocking between
strands which leads to reduced component strength [4]. A
further option is the addition of accelerator to the concrete
mixture to expedite its hardening. A significant increase in
yield stress after deposition and in yield stress evolution over
time is observed when adding accelerator, which enables a
higher vertical building rate, making it highly relevant for
practical applications [4].

The maximum vertical deviation between as designed and
as manufactured of the structure occurs as expected on the
topmost layer since all the deformations of the underlying
layers are accumulated. The crucial point to be noticed when
considering such structural deformations is that no linear
relationship between the maximum deviation and the number
of underlying layers exists, since underlying layers exhibit
varying degrees of plastic deformation. Allowing an
interlayer waiting time reduces the maximum deviation of
the structure, but this time cannot be arbitrarily long because
the maximum total time available (printing time plus
interlayer waiting time) could be constrained by parallel
component production as well as the natural constraint of
reduced mechanical interlocking with increasing interlayer
waiting time [4]. This presents an optimization opportunity,
which to the best of the authors' knowledge has not been
addressed yet. In this paper, this problem will be formulated
as a constrained optimization task and solved using the
Lagrange multiplier method.

3. Process based finite element analysis

In this section, a brief summary of generating the mesh
geometry and the subsequent FEM simulation is provided
[19]. The material applied from the nozzle at a waypoint p;
is modelled as a circular patch with radius 7;. The mesh
geometry can then be constructed using the waypoint
coordinates and the path thickness, as illustrated in Fig 1,
where ds defines the size of a single element.

waypoints p
[X,y,Z, Lh! Lb]

3D element

outside contour

J="\ outside contour

c

Fig. 1. Waypoint to FEM mesh conversion [19]

ol

In the initial step a two dimensional quadrilateral is
formed between two successive path points. The
quadrilateral will then be meshed in 2D as shown in the
above figure 1 and the 3D mesh is created by repeatedly
shifting the 2D nodes along the z-direction by ds until the
specified layer height is reached.

The geometry of the quadrilateral is specified by the
points @, b, and d, whose coordinates are primarily
determined by the two unit vectors u; and u;,,. Each
element in the mesh gets an individual time stamp derived
from its position and nozzle velocity. Since the material
properties of concrete change during the printing process, the
time stamp will be utilized in the simulation to determine the
current material value based on the elapsed time. To
incorporate the interlayer waiting time, the individual time
stamps of all elements in the layer are increased by the
corresponding interlayer waiting time. The entire code has
been implemented in MATLAB and the data flow of the
simulation process is summarized in Fig 2.

Printing trajectory, Layer Interlayer time, Nozzle Time dependant material
width, Layer height velocity properties
l Generate time stamp
Generate mesh

geometry

Create 3D Mesh

I For each time step

Run Simulation

Current material values

For each time step

Deformation ( uy, uy, u,)
Strain, Stress

Fig. 2. Simulation data flow

The printing trajectory and printing parameters are required
to construct the geometry of the printed structure and the
interlayer time along with the nozzle velocity is used to
determine the time stamp of the element. The time stamp of
the element is utilized to calculate the actual values of the
material properties, which directly determines the
deformation. The complete derivation of the equations used
to construct the geometry were presented in a previous
publication [19]. An implicit analysis was used for the FEA
simulation. In order to use the response surface methodology
described in section 4 a dataset of simulation results is
created. A five layer curved wall section as displayed in Fig
3 is simulated with varying interlayer waiting times and the
resulting z-deformation of the nodes are stored.

AQOM™

1200 & -400
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Fig. 3. Dimension of curved wall section
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4. Response surface method and the constrained
optimization task

The response surface methodology can be used to construct
a nonlinear function that maps the interlayer waiting time
into the maximum z-deformation. The interlayer waiting
time of the FEM Model constitutes the input and the
maximum nodal deviation obtained from the simulation is
the corresponding output. The input space equals the number
of interlayers, but for the purpose of visualization a 2D input
space is shown is Fig 4. It should be noted that this figure
was constructed to illustrate the optimization concept using
the response surface methodology. It does not correspond to
the actual deformation of the parametric study.

P Optimal point
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max deformation
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Fig. 4. Constrained optimization using the response surface method

The points shown in black are the results obtained from the
simulations. Then a surface described by a nonlinear
equation

fnty)) = BotBi-ti+B-tr+ (1)
Bz t1% + By t5?

can be fitted onto the simulation data points. The coefficients
Bo to [, are determined through non-linear least squares
regression. When fitting a function into a larger input space
more coefficients have to be determined which requires more
data points for an accurate fitting. The optimization task is to
find the combination of interlayer waiting times which result
in the minimum deviation of the structure. This optimization
is carried out under the constraint that the total interlayer
waiting time should not exceed a fixed value, to ensure a
fixed printing time for a component. The constraint can be
formulated as

Z t; = tyor = constant 2)
i

and is indicated by the red line in Fig 4. Here t; is the
interlayer waiting time for layer i and t;,; is the sum of the
interlayer waiting times. This constraint is projected onto the
output and the minimum deviation point (indicated in
yellow) on the projected line is the point that needs to be
determined. For a higher input space the constraint will be a
projection in hyperspace where additional inequality
constraints can be imposed. When determining the optimal
distribution of the interlayer waiting time, it should be

enforced that no single interlayer waiting time should exceed
a time t,,,, after which the component strength deteriorates
due to reduced mechanical interlocking between the layers.
Once the nonlinear function f (t;)is obtained, the constrained
optimization can be carried out using the Lagrange multiplier
method.

It should be noted that the optimization is purely carried out
on the interlayer waiting times. All other printing parameters
such as the nozzle velocity, concrete admixture and total
printing time are kept constant.

5. Numerical verification of the approach with a test
component

To verify the proposed approach a test component of a
curved wall consisting of five layers with individual layer
height of 50 mm was simulated with varying time intervals
between the layers. The 5 layers correspond to 4 interlayer
waiting times t; to t,. The maximum value t,,,, allowed for
each individual interlayer waiting time is 2 minutes. To
ensure a fixed component production time the total sum of
the interlayer waiting times was constrained to be 4 minutes.
The material parameters used for the simulation can be seen
in table 1, where t is in seconds.

Material parameters

Density [kN/m3] | 2060

Elasticity modulus [MPa] | 0.078 +0.00002t
Poisson ratio 0.3

Cohesion 3.05 +0.058t

Table 1. Material properties used for the simulation

The density, Poisson ratio and cohesion values for 3D
printing concrete are taken from [25]. The given elastic
modulus function can be achieved by the addition of
accelerator to the admixture [4].

The full factorial method used in the design of experiments
was utilized to generate the input data set for the simulations.
Five levels were chosen for each of the four interlayer
waiting times ¢; = {0,30, 60,90,120}.This produces a total of
625 (5*) simulations, which were carried out with the
varying combinations of the interlayer waiting times and the
maximum deviation in the vertical z-direction was recorded.
The generated data was fitted by the following nonlinear
model.

f(t) =B+ Z Bai—q - t;P2 3)

The nine coefficients of the model which were determined
through nonlinear regression are shown in table 2.

Bo By B2 B3 B Bs Be B2 Ba

8.3597 -0.0080 0.8599 -0.0127 0.8588 -0.0139 0.8031 0.0126 0.7833

Table 2. Coefficient values of nonlinear model
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The model shows a coefficient of determination - R? of
0.994, which translates to an accuracy of 99.4% in fitting the
simulation data. The p — value is 0 which indicates that
there exists a very strong correlation between the interlayer
waiting time and the deformation of the structure.

For the generated dataset the minimum deviation was
obtained as expected for the largest interlayer waiting time
distribution {120,120,120,120} = 6.0306mm and the maximum
deviation for the smallest interlayer waiting times {0,0,0,0} =
8.5326mm. The minimum deviation for the data set under the
given constraint that ¢, <240s was for the interlayer
waiting time distribution{0,120,90,30} = 6.8569mm.

In the subsequent step the arguments t; of the objective
function (3) which result in the minimum deformation under
the given constrains were determined by the Lagrange
multiplier method to be as follows.

t; t, ts ty
20.9147 120 69.4837 20.6016

Table 3. Values for optimal interlayer waiting times

The fact that the actual optimum lies on the constraint ¢,,,, =
240s is to be expected, since the greater the total interlayer
waiting time, the smaller is the final deformation.

Finally, simulations were carried out with the optimal
interlayer waiting times and three additional combinations
for comparison. The three additional combinations were
chosen to analyse how the predicted optimal distribution of
interlayer waiting times compare with a uniform distribution
and with interlayer waiting times concentrated at the top and
bottom of the structure. The results are shown in Fig 5.

Optimal interlayer time values Top heavy interlayer time values

Z-Deformation [mm]

—
Z-Deformation [mm]

t; =[0 0 120 120]
Upmax = 7.1698 mm

t; = [20.91 120 69.48 29.60]
Upmax = 6.7714 mm

Bottom heavy interlayer time values Equally distributed interlayer time values

Z-Deformation [mm]

EE——
Z-Deformation [mm)

t; = [6060 60 60]
Umax = 6.9697 mm

t; = (120120 0 0]
Upmax = 7.0733 mm

Fig. 5. FEM simulation results

The results indicate that an optimal distribution of the
interlayer waiting time values exist when minimizing the
component deformation. Since in the optimal value
distribution the largest values for the interlayer waiting time
is allocated to the middle layers, it can be interpreted that a
higher stiffness in the middle of the structure is more
significant for the minimization of the deformation than at
the top or bottom. This is completely plausible since the
greatest weight is carried by the bottommost layers even

though they have the longest time to harden. In contrast,
since the topmost layers carry significantly less weight they
require relatively less hardening time. Therefore, the critical
region of the component is comprised of the middle layers.

6. Summary and outlook

Additive manufacturing processes currently indicate a
good potential for its application in the construction industry.
To ensure better component quality and mechanical strength
as well as in enforcing design tolerances the process
parameters have to be accurately determined. FEA play a key
role to predetermine the discrepancy between the
manufactured component and the original design and the
subsequent optimization of the process parameters is
essential to minimize component defects, deviations and to
ensure the printed component lies within the allocated
tolerances specified in the design.

This paper utilizes process based FEM simulation results
to build a nonlinear model that maps interlayer waiting time
during printing to the final deformation of the printed
structure. The nonlinear model which is considered as the
objective function was then optimized under given
constraints to determine the optimal interlayer waiting times.
The approach was numerically verified by means of a test
component, which was a curved wall of 250 mm in height. It
could be established that an optimal distribution of the
interlayer waiting times exists and the results indicates that
the structural strength of the middle of the component was
more crucial to minimize the deformations as compared to
the top or bottom. The limitation of the FEA model used in
the optimization is that it does not capture the rheology of
concrete optimally. The FEA model can be improved by
utilizing a more sophisticated viscoelastic model to better
capture the yield behaviour of fresh concrete and this will be
even more relevant when considering larger components.

In future work this methodology can be applied to larger
and more complex components in order to compare if the
trend identified in this paper holds. Additionally the
influence of other process parameters such as the individual
layer height on the structural deformation can be investigated
by the proposed approach.
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