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Abstract: Additive technologies in construction and architecture are becoming more and more
popular. Due to their advantages, concrete extrusion technologies have great potential for the future.
One of the important parameters is the quality and precision achieved in the entire building process.
This study investigates the search for a methodology to verify the quality of three-dimensional (3D)
printing from concrete mixtures not just as an indication of the resulting accuracy of the process
but to monitor the behavior of the printed object in the period immediately after the printing for
a period of 28 days. Research has confirmed, among other things, that one of the main causes
of dimensional changes over time is shrinkage, which occurs primarily in the length and height
directions of the object. The drying behavior of the material also depends on the thickness of the wall,
with the thicker parts of the element shrinking more slowly than the thin and peripheral parts. The
research also confirmed the hypothesis that digitization using 3D optical scanning could be used
for complex three-dimensional analysis of the dimensional accuracy and dimensional stability of
concrete elements produced by 3D printing. However, due to the surface structure of printed objects,
specific inspection procedures need to be chosen, which are analyzed and described in this paper.
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1. Introduction

Additive technologies in the construction industry have seen a huge increase in
popularity over the past decade, mainly due to the ability to easily create complex geometric
shapes, the need for few workers on site, the savings in materials, and the potential for
low-cost construction in the future [1,2]. A number of research teams around the world are
working on this issue, for example, the following projects: COBOD from Denmark [3]; Apis
Cor from the USA [4]; Baumit BauMinator from Austria [5]; Betabram from Slovenia [6] or;
FBR Ltd. from Australia [7]. Major international companies operating in the conventional
construction sector, such as Sika, Lafarge, Strabag, Skanska, etc., have also started to invest
in their own development in this area [8]. A number of projects, such as printed houses,
bridges, and other architectural forms, have also been successfully applied worldwide [9,10].
However, it is also a fact that most load-bearing printed structures are not certified as safe
for public use. An example, testing and the difficulty of such certification in the case of a
bridge is described in [11].

Three-dimensional (3D) printing from concrete mixtures is, in most cases, realized by
successive layering of individual layers of the printing cement mixture using a special print
head placed on a positioning device [12-14].

Standard robots equipped with a special print head can be used for 3D printing in the
construction industry. However, due to the size of the printed objects, it is more common to
develop special printing equipment directly for the purpose of building construction [15,16].
Robotic devices for the purpose of printing cement mixtures are developed either in the
form of Cartesian robots or in the form of specialized robotic arms of various configurations
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or completely different concepts, such as cable-driven parallel robot solutions [17]. The
development of a variety of specialized devices then often require the deployment of
advanced device design methods.

An important part of 3D printing projects in the construction industry is also the
development of printing mixtures. Various studies have been carried out on the method-
ology of determining the printing parameters, testing these materials, and developing
simulation models of the material behavior during depositing. A number of factors affect
the quality and accuracy of the structures being deposited, such as the dimensions of the
layer to be deposited, the speed of depositing, and the solidification rate of the material
being deposited. From the point of view of the material to be deposited, it is essential
that its mechanical strength is sufficient for the subsequent layers to be deposited. This
aspect is discussed, for example, in studies [18,19]. In addition, other papers extend this
issue to various modifications of the basic cementitious mixtures, including, e.g., fiber
reinforcements [20,21] or the addition of styrene butadiene rubber (SBR) [22].

One of the criteria of the cement mixture that affects the accuracy of 3D printing is
its time-dependent shrinkage during drying. It is mainly caused by the evaporation of
internal water in the hardened concrete [23]. Due to the usually thin printed profiles and
their large areas, there is a high risk of rapid drying and, thus, a risk of cracking of the
printed object [24]. This phenomenon is also discussed in detail here [25].

However, based on the conducted research and our own experiments, the most impor-
tant failure mechanisms in terms of 3D printing quality and accuracy are plastic collapse
(strength mechanism), see Figure 1a, and for elastic buckling (stability mechanism), see
Figure 1b [26].
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Figure 1. Wall failure by (a) plastic collapse and (b) elastic buckling [26].

Manufacturing accuracy is an important part of the defining process capability, but
there are not many such studies for 3D printing in the construction industry. An example
can be studied by evaluating the geometric accuracy of printed sample parts after print-
ing [27,28]. It is more common to evaluate print quality on-line already during the printing
process by integrating various sensors to monitor important parameters of the entire 3D
printing process [29-31]. The quality of the printed objects can thus be checked and, if
necessary, feedback influenced.

The aim of this study is to find and validate a method to control the quality of the
print not only as a resultant indication of the accuracy of the process but also to monitor
the behavior over time with respect to the curing and hardening of the concrete mix.
Due to the long curing time of the concrete, it is not possible to use the on-line method
during the printing process. Conventional measurement of printed objects is problematic
because of the typical structure of objects printed in layers. On such a structured object,
it is problematic to repeatedly guarantee the measurement of the basic dimensions at the
same locations. Furthermore, the results of such measurements do not give a complex view
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of the object’s shape changes during the concrete mix’s curing. For example, small local
deflections, deformations, etc., cannot be captured.

Taking into account previous experience with the digitization of machine parts, it
was decided to use an optical scanner for the repeated 3D scanning of the printed wall
element. The method of 3D scanning of the shape of the wall segment can be used both to
check the shape and its changes due to rheological changes during printing of the elements
and to monitor the dimensional changes of the segment due to shrinkage of the cement
composite during its solidification and hardening. This method also has the advantage
of performing an overall analysis of the shape of the object and its changes. The above-
mentioned structuring of the object, which can change over time, can be a problem. For
example, it is questionable whether the results of comparing the scans over time with an
ideal CAD model in the form of color maps will be informative for describing the global
changes of the printed object or whether other methods of evaluation will have to be sought.

2. Materials and Methods
2.1. TestBed

Our team at the Technical University of Liberec is engaged in the research and devel-
opment of a complete 3D printing process for cement mixtures for building construction.
In the first stage of development, a three-axis printing robot with a Cartesian coordinate
system was built together with its own printing head. The working area of this robot is
3500 x 1100 x 1300 mm (X, Y, Z). The maximum feed rate is 3 m/s on the X and Y axis and
2 m/s on the Z axis. Positioning repeatability is better than 0.3 mm in all axes. For more
detailed parameters, see [32].

A program, StarSlicer, is also being developed for print preparation and print head
path generation. In this program, all printed objects in STL format are opened and po-
sitioned, where the individual surfaces represent the central axes of the future printed
walls. As a part of the preparation of a single print job, the print head paths are calculated,
optimized, and visualized in individual sections in this program (see Figure 2a). The result
is a generated NC program, which, after uploading it to the TestBed control system, is run
for the actual implementation of the 3D printing (Figure 2b).
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Figure 2. (a) Preparing the print in the StarSlicer program; (b) 3D printing of the object on TestBed.

2.2. Wall Segment

In order to verify the properties of the printing compound and the printing quality
control methodology itself, a wall segment was designed with the largest possible free
surfaces without internal partitions, reinforcements, etc.

In this particular case, a rectangular wall element was printed with dimensions of
1190 x 130 x 700 mm (middle trajectory), with only a single reinforcing partition in the
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middle of the longest wall. For the actual printing, a 20 mm diameter nozzle head was
used, the thickness of the layers was 10 mm, and the speed of the print head movement
during the extrusion of the mixture was 120 mm/s. Due to the relatively high printing
speed and the inertia of the extruder, the extrusion was not switched off during the
stroke to the next layer, resulting in a noticeable overflow of material in the initial corner
of the object.

A proprietary mixture based on cement with additional additives was developed as
a construction material and is currently patent pending. For the purpose of continuous
printing, it was necessary to accelerate the hardening of this mixture with an accelerator.
This acceleration resulted in partial degradation of the mechanical properties. The reference
material without the accelerator has a flexural tensile strength of 10.5 MPa (after 28 days),
respectively up to 12.5 MPa (after 90 days), and a compressive strength of 59.0 MPa (after
28 days), respectively up to 70.5 MPa (after 90 days). The flexural tensile strength of
the specimen with the accelerator is 6.3 MPa (after 28 days) or 8.5 MPa (after 90 days),
and the compressive strength is 44.5 MPa (after 28 days) or 49.5 MPa (after 90 days).
However, due to the acceleration of the hardening of this material, it was possible to
print the aforementioned wall element for about 30 min continuously without the risk
of its collapse.

2.3. Digitization and Inspection

A MetraScan 350 optical 3D scanner (Creaform, Lévis, QC, Canada) was used for
digitizing the printed wall element. It is a two-camera non-contact system that uses an
optical tracking unit—C-track—for positioning in 3D space. Thanks to it, it is possible to
scan in an area of up to 16.6 m3 without the need to stick reference marks on the measured
object. According to the manufacturer, the accuracy of the system over the entire working
area is up to 0.12 mm.

For each new scan day, the entire system (C-track, scan head) was calibrated according
to the manufacturer’s methodology and standards. This was followed by the digitization
of the printed object (see Figure 3a). The VX Element software (Creaform, Canada) was
used as the control software (see Figure 3b).

(b)

Figure 3. (a) Wall element scanning with MetraScan; (b) scanning preview in SW VX Elements.

In this software, the parameters of the scanning process are set—e.g., the choice of
exposure (camera shutter time) or scanning point density. A resolution of 1 mm was chosen
for the wall element scan. This value proved to be an ideal compromise between the
scanned details and the data requirements and speed of the whole scanning process during
previous testing (in which resolutions in the range of 0.2 to 5 mm were tested). The scanning
results in a large number of points describing the surface of the object (the so-called point
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cloud). From this, an optimized polygonal mesh (mesh model in STL format) is calculated
after the digitization has been finished. The dimensional and shape control (inspection)
of the printed elements was subsequently performed in the GOM Inspect Professional
v2018 software (Zeiss, Braunschweig, Germany). Here, the model must first be aligned to
the coordinate system—most often by registering to the nominal model or to a previous
(reference) scan. Then the actual inspection is performed—in our case, color deviation
maps were calculated, and length measurements in all three directions of the coordinate
system were performed using two methods. A schematic representation of the different
inspection steps is shown in Figure 4.

INSPECTION

3D model Alignment of the Evaluation

Scanning of a

sy calculation coordinate (dimensions,
printed objec

(mesh, STL) system color map)

Figure 4. Inspection stages using a 3D scanner.

In principle, the 3D model obtained by digitizing the printed object can be used either
to check the accuracy of the 3D printing itself or to evaluate the deformation of the element
over time (e.g., for the analysis of the shrinkage process, which is one of the main causes of
possible cracks).

(1)  In the first case, i.e., when checking the accuracy of the 3D printing, the scanned model
(Figure 5a) of the real object was compared with the nominal CAD model (Figure 5b).
After aligning the two models to a common coordinate system (Figure 5c), such an
analysis can result in both dimensional information and a comprehensive 3D output of
dimensional deviations in the form of, for example, a color map or inspection section;

(b) (©)

Figure 5. (a) Actual (scanned) model (mesh), (b) nominal model (CAD), (c) models aligned to a
common coordinate system.

(2) The second option is to compare the scanned models with each other and determine
the mutual deviations in time. In this way, it is possible, for example, to evaluate the
deformation of the element immediately after printing or to measure the dimensional
changes due to the shrinkage of the cement composite during its hardening.

In our analysis, we focused primarily on tracking the shape and dimensional deforma-
tions of the printed element over time. The segment was scanned immediately after the
printing process was completed (referred to as time “0” or model “0”) and then repeated
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at 15 min, 1 day, 7 days, and 28 days after printing. Digitization at 1, 7, and 28 days was

repeated twice to increase the reliability of the output data. It was technically not possible

to repeat the scan at time “0” and 15 min, as the repeated scans would have been done at a

different time (the time of one scan cycle took about 5-10 min). Thus, in addition to the

nominal CAD model, there were a total of 8 actual models of the printed wall element.

In the GOM Inspect Professional software, all models were imported into one project
as a so-called STAGE. This also allows, in addition to the comparison with the nominal
CAD model, the comparison of the individual models against each other with the choice
of which STAGE is the reference. In the case of the calculation of color deviation maps
and dimensional changes, model “0” was chosen as the reference, i.e., the sample scanned
immediately after printing.

Several methods were used for the evaluation:

(A) Color maps of the deviations from the reference model “0” in each time state were
calculated. The color maps allow a quick visual inspection and a comprehensive view
of the deformations and dimensional changes in the color spectrum—they express the
normal deviations from the reference model “0” (warm shades—positive deviation,
cold shades—negative deviation). For the interpretation of the color deviation maps,
the way the individual models are aligned within the coordinate system is important.
In this case, the alignment to the YZX planes was chosen (3-2-1 method), with the
symmetry plane chosen from the outer planes for the Y and X planes and the pad
plane for the Z axis;

(B) In all five time states, measurements of the three basic dimensions of the printed
sample were taken in Figure 6a (length—X, width—Y, and height—Z). Since the walls
are not straight, it was not possible to make direct measurements. For this reason,
interleaved planes were first designed on each wall (see Figure 6b for Y direction).
The Chebyshev best-fit (Outside) method was chosen for the construction of the
fitted plane. In order to eliminate measurement inaccuracies, areas in the corners and
peripheral areas of the specimen where there were overflows of the concrete mix were
excluded from the selection of points for generating the planes (note: Chebyshev best-
fit (Outside) method—the software calculates the maximum distance of the selected
points or polygons to the fitting plane. The software designs the plane so that the
maximum distance is the smallest. For the outer fit plane, the software enlarges the
original fit element so that all points lie inside the outer fit element [33]);

(C) Inorder to investigate the deformation of the wall element in more detail and to capture
local variations in addition to the changes in global dimensions, detailed measurements
of the distance between opposite walls at several horizontal and vertical levels were
made in addition to the above measurement of the lengths between planes. The
measurements were made at each location using the “Caliper” function (see Figure 7).
The method is based on the principle of a sliding scale, where two parallel touching
disks touch the selected area from the outside. The software creates two touch points
where the discs first touch the feature. As a result, it calculates the distance between
the two touch points in a given direction [33]. For the measurements, the diameter of
the disc was set to 30 mm (so that approximately three layers are affected).

In the X-axis (length), the measurements were made in six height levels of 100 mm
each (marked Xi: the index “i” indicates the height level), in the Y-axis (width) in the same
six height levels, while in each level the measurements were made in six vertical sections
with a spacing of 200, 600, 1000 mm from the sample axis (marked Yij: index “i” denotes
the height level, index “j” the position of the vertical section), in the Z axis (height) the
measurements were made in the same sections as in the Y axis, measuring both parallel
walls separately (denoted Zkj: index “j” denotes the position of the vertical section, index
“k” the first respectively the second wall). The method of marking can be seen in more
detail in Figure 8. Therefore, measurements were made on 54 locations for 8 scans in total,

so a total of 432 results. The data were finally statistically processed and evaluated.
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Figure 6. (a) Measurement of the dimensions of the wall element by the method of interlacing planes;
(b) measurement of the dimensions between the fitting planes (Y direction).
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Figure 8. Marking the positions of measuring the dimensions of the “Caliper” function.
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3. Results

(1) Due to the consistency of the concrete mixture, the width of the printed footprint is
usually not equal to the diameter of the nozzle used (it is usually wider). The size of this
disproportion is determined by the parameters of the printing process itself (material extru-
sion speed, nozzle feed speed, layer height, etc.) but also by the speed of mix solidification
(influenced by viscosity, accelerator quantity, etc.). For the analysis of the manufacturing
accuracy, depending on the above-mentioned parameters, it is possible to determine in
advance what the width of the printed track will be and to adapt the nominal CAD model
for inspection according to these criteria. In our case, a CAD model with a wall thickness
of 25 mm instead of 20 mm (as would be determined by the nozzle width) was used for the
inspection. This value corresponds to the real average width of the printed footprint.

Figure 9 above shows the deviations from the nominal CAD model defined in this
way in the form of a color map. The model (mesh) scanned 28 days after printing was used
for the evaluation.

Figure 9. Color map showing deviations between printed and nominal model (28-day scan).

Itis clear from the results that the wall element on flat surfaces shows a good agreement
with the required dimensions (deviations are up to 1 mm), which is quite satisfactory
for a concrete element of this size. However, the inspection also shows a significant
positive deviation at the point where the nozzle was displaced vertically into the next
printed layer (left corner in Figure 9, bottom left corner in the section in Figure 10). By
pausing the horizontal movement of the nozzle and not interrupting the concrete mixture
extrusion during this time, more mixture than required was extruded at this exposed
location, resulting in overflows. More significant deviations from the nominal shape
also occur at other locations where sudden changes in the direction of movement of the
print head (typically corners) occur. Due to inertia and the nature of the control of the
printing device (deceleration of the feed at these points, machine limiting the maximum
acceleration and jerk), an overflow of material (positive deviations from the nominal model)
is particularly noticeable in the direction of movement (see the locations marked by red
circles in Figure 10).

The analysis can also detect potential problems with the dosing of the material itself.
Figure 9 shows the negative deviation in the ninth printing layer (blue color). Here, there
was a problem with a short-term failure in the dosing of the print material mixture, and the
process was inconsistent during this time.

(2A) The results of the analysis of the shape changes over time in the form of color
maps are shown in Figure 11. All color maps express deviations from the reference model,
i.e., the scan created immediately after the completion of the printing process (model “0”).
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Figure 11. Color map showing deviations from reference sample ‘0’ (a) after 15 min; (b) after 24 h;
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Dimensional changes of the wall element over time

From the analysis, it is evident at first glance that the printed part undergoes dimen-
sional changes mainly in the direction of the length of the sample (X-axis) and its height
(Z-axis). In the X direction, the deformation is mainly caused by the shrinkage of the mate-
rial due to its drying and chemical changes. On the other hand, in the vertical direction,
where a significant decrease is visible already in the first minutes and hours after printing,
in addition to shrinkage (which takes place similarly to the X-axis in a longer time horizon),
large initial dimensional changes must be attributed to other processes. These take place in
material that has not yet hardened and are a combination of the action of gravity (settlement
and creep due to the action of weight, especially in the plastic state), shrinkage from drying,
and autogenous shrinkage. The initial decrease of the upper layers in the Z axis is also
influenced by possible deformations and buckling of the wall (Y direction) in the fresh state.
The drying process of the material also depends on the thickness of the wall, with bulkier
parts of the element shrinking more slowly than thin and edge parts. This may be one of
the reasons why the 2 x 20 mm reinforcement shrinks in the vertical direction more slowly
(—1.78 mm) than the thin walls (—2.47 mm and —2.29 mm) (see Figure 11, time 24 h).

(2B) The average dimensional changes in the three monitored axes, which are based
on the measurement of the interlaced plane distances, are shown in Figure 12a (absolute
dimensional changes in mm) and in Figure 12b (relative changes in % with respect to the
measured length).

Percentage changes of the wall element over time
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Figure 12. Dimensional changes of a wall element over time (based on measurements of plane
distances): (a) absolute; (b) percentage.

This method of measurement also confirms the trends from the previous analysis.
After 24 h, the lengthwise direction of the sample was shortened by approximately 0.75 mm,
and the height of the sample decreased by approximately 2 mm. After 28 days, when the
required strength should be reached, the total dimensional change in the X-axis was around
2.5 mm (roughly —0.2%); in the Z-axis, almost 3 mm (roughly 0.4%). In the direction of the
width of the sample, i.e., the Y direction, the wall element, except for local deformations
and buckling, did not significantly change dimensionally over time. It is interesting to note
the parallelism of the curves for the X and Z axis in Figure 12b at the time from 24 h to 28
days. This trend shows that after 24 h, there is almost no subsidence due to gravity, and the
sample is so stiff that both the longitudinal and vertical directions are almost exclusively
shrinkage, which takes on the same magnitude.

(2C) The local measurement of deformations of the Caliper function brought more
than four hundred dimensional data items, divided into individual axes and times. These
were statistically processed, and the summary results are presented in the following graphs.
Figure 13 shows the shrinkage results in the X-axis direction measured at six height levels.
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Dimensional changes of the wall element over time
in the X axis
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Figure 13. Dimensional changes of the wall element over time in the X-axis (based on local
Caliper measurements).

From this detailed measurement, it is clear that the lower layers (X1,2) show less
shrinkage than the upper layers (X5,X6). After 28 days, the difference between the first
layer (100 mm above the pad) and the sixth measured layer (600 mm above the pad) is
0.72 mm. Since 90% of this difference was achieved in the first 24 h (0.66 mm difference),
this effect may be due to faster drying in the upper layers of the print but also to adhesion
of the lower layers to the substrate.

Figure 14 shows the deformations for the vertical direction—Z-axis. The graph shows
the top layer drop (change in element height) in six sections along the X-axis. The graph is
shown for the back wall measurements (without ribs). The results of the front wall brought
comparable values.

Dimensional changes of the wall element over time
in the Z axis (back wall)
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Figure 14. Dimensional changes of the wall element over time in the Z-axis (based on local
Caliper measurements).
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The trend of the change in the height of the element fully corresponds to the mea-
surements made using the plane in Figure 12a and also confirms that there is uniform
deformation at all points of the wall. The only exception is the reinforcement location
where two footprints touch. Here the drop is a few tenths of mm less (clearly visible from
the color maps in Figure 11). This disparity in the rate of deformation occurred between the
15 min and 24 h time points. This is likely due to slower drying due to the greater (twice as
much) wall thickness at this location. The thicker parts of the element shrink more slowly
than the thin and marginal parts.

The last two graphs express the width measurements of the element in the Y-axis direc-
tion. The measurement in this direction is the most complicated and also the most difficult
to predict. In the length and height direction of the object, we measured the deformation
of the centerline of the wall (which is mainly due to different types of material shrinkage).
However, in the thickness direction of the element, we measured the distance between two
thin walls, which is more significantly affected by the overall spatial deformation of the
object. This is influenced by many variables, such as the shape of the printed object, the
thickness of the walls, the print quality, and the solidification rate of the mixture, etc.

Figure 15 shows the results for each vertical section, with the values averaged across
all height levels of each section. The analysis yields interesting findings. In sections Yi2 and
Yi4, which are located in the middle of the wall (between the edge and the central brace),
the deformations are the largest and most positive compared to the outermost sections.
Moreover, most of this deformation occurred in the first minutes after printing. This could
confirm the assumption that it is primarily a spatial deformation of the element due to the
bulging of the immature mixture at that moment.

Dimensional changes of the wall element over time
in the Y axis (average of all height levels "i")
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Figure 15. Dimensional changes of the wall element over time in the Y-axis in individual vertical
sections (based on local Caliper measurements).

Figure 16 shows the results for each height level, averaging the values across all
vertical sections for each level. The sequence of strain magnitude versus measurement
height is very similar to the results for the X-axis (Figure 13), but the trend (direction) of the
strain is quite the opposite. While in the X-axis, the shrinkage increased with increasing
distance from the substrate (i.e., the distance of the opposite walls was smaller), in the
Y-axis, the dimensional changes with the height from the substrate increased in a positive
sense (the sample thickness was larger). The explanation is a different mechanism involved
in the shape change. As already mentioned, in the X-axis direction, where we measured
the change in the length of the long wall centerline, the primary cause was shrinkage. In
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the Y-axis, however, we measured the distance between the two thin walls and hence its
spatial deformation. In this particular case, there is an outward deformation (bulging) in
the upper layers, and thus there is an increasing error compared to the lower layers, which
are partially held by the support and are not as susceptible to buckling due to the smaller
number of layers. Unfortunately, unlike length shrinkage, these shape changes are not well
predictable at this time (software is being developed to simulate these processes), and so it
is not known in advance whether this deformation will occur, how large it will be, and in
exactly what direction (outward, inward).

Dimensional changes of the wall element over time
in the Y axis (average of all section "j")
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Figure 16. Dimensional changes of the wall element over time in the Y-axis at each height level
(based on local Caliper measurements).

To illustrate the complexity of the Y-axis shape behavior of the wall element, we
present a numerical representation (Figure 17) with the values of the deviations detected
within the whole measurement matrix (in all sections and levels) by the Caliper function
for the time 28 days after printing. Even from this detailed data, the behavior described
above is evident, in particular, more uniform and smaller deviations in the lower layers and
larger (in this particular case positive) deviations in the upper layers, especially in sections
Yi2 and Yi5, which are furthest from the center reinforcement or from the perpendicular
side walls.

28 days

[mm] Yil Yi2 Yi3 Yi4 Yi5 Yi6
Y6j 0.16 0.87 0.20 -0.03 0.32 —0.05
Y5j 0.12 0.89 0.13 0.11 0.37 -0.07
Y4j -0.03 0.30 0.03 -0.05 0.18 0.03
Y3j -0.24 0.20 -0.16 -0.14 0.06 -0.15
Y2j -0.26 -0.16 -0.17 -0.06 -0.06
Y1j -0.37 -0.16 -0.19 -0.21 -0.15 -0.30

Figure 17. Dimensional changes in the Y-axis of the wall element in the matrix (height level, vertical
section) over 28 days (based on local measurements with Caliper functions).
4. Discussion

For a quick analysis of the shape match, it is usually used to compare the scanned
element with, e.g., CAD data or a scan of a reference element, where the evaluation in
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the form of color deviation maps provides a quick overview of the shape accuracy of
the part. For an object printed from concrete, there are quite large dimensional changes,
which can be several mm/m, as shown here. Due to the characteristic structure of the
printed wall element, there is a displacement due to deformations over time and, thus, a
partial overlap of the individual printed layers. Therefore, the color maps are not entirely
revealing, especially when comparing individual scans with each other, and it is difficult to
accurately analyze the dimensional changes over time.

The second evaluation method consisted of interlacing the outer planes to the individ-
ual surfaces of all scans. This method provides quick results and a comprehensive view
of the overall dimensional changes of the feature over time. However, it only affects the
average dimensional values in a given direction and cannot determine local shape changes
within the element under study.

The third proposed method, in which the printed element was measured locally
at defined locations using the Caliper function, proved to be the most appropriate. By
evaluating the thickness in the form of distance measurements using parallel planar surfaces
of defined size, this function proved to be the best for evaluating and analyzing in detail the
dimensional and shape changes for such structured elements. The method also provides
accurate and detailed information on the object’s behavior. A significant advantage of this
method is the possibility to change the size of the measuring disk and the raster density of
the control points as needed according to the object properties and other requirements.

Research has confirmed, among other things, that one of the main causes of dimen-
sional changes over time is shrinkage, which occurs mainly in the length and height
directions of the object. There are several causes of shrinkage, but the two most important
are drying of the material and chemical changes. The drying behavior of the material has
also been shown to depend on the thickness of the wall, with the bulkier parts of the ele-
ment shrinking more slowly than the thin and peripheral parts. This uneven shrinkage may
then cause secondary deformation in the direction perpendicular to the centerline (axis) of
the wall. In this direction, shape changes are generally the most difficult to predict since the
distance between two thin walls is measured, which is more affected by the overall spatial
deformation of the object. Different wall behavior has been confirmed in the research at
rib-reinforced and rib-free locations. Therefore, in further analyses, it will be appropriate to
consider and assess the density of the reinforcing ribs, which essentially eliminates the wall
deformation problem in the perpendicular direction. These deformations can, in extreme
cases, lead to the collapse of the printed object.

5. Conclusions

The technology of 3D printing from concrete using computer-controlled machines has
been developed for more than 10 years. Many houses and other building structures have
already been printed around the world. However, there is still not much work available
that assesses the accuracy of printed concrete elements or the changing dimensions of
building elements over time with respect to concrete curing.

Therefore, in the presented work, the dimensional accuracy of the printed concrete
object was analyzed, and its dimensional changes were mainly studied over a period
of 28 days, from printing to mix curing. Concrete shrinkage during drying is a natural
phenomenon and was experimentally determined to be 1-2 mm/m for the given concrete
mixture. However, in addition to the shrinkage itself, various deformations of the printed
objects also occur during the application of thin-wall 3D printing technologies. Therefore, a
comprehensive analysis and evaluation of the dimensional changes were necessary. For
this purpose, the method of optical digitization of the printed wall element using an optical
non-contact 3D scanner was used, which has been successfully used for many years, e.g.,
in the mechanical engineering industry. However, due to the specific surface structure of
the printed object, it was necessary to search for a suitable way of evaluating the results
(see Figure 18).



Buildings 2023, 13, 191

A

A

The element made by 3D
printing from concrete
mix

v

The digitisation using 3D
optical scanning

Y

Methodology
for deformation
inspection

C

y

Comparison of scan with
nominal CAD model

Interlacing the outer planes
to surfaces

Local measurement with the
Caliper function

Colour map of
deviations

Average Detailed (local)
deviations in deviations in
individual axis individual axes

+ The best method for

+ Fast results and a complex
view of the total accurate and detailed (local)
dimensional changes of the analysis of dimensional and
element shape changes deformations

+ Quick overview of the
shape accuracy of the part

- Due to overlapping layers, - Average deviations only
it is not well informative — Cannot detect local shape
method changes

— More time consuming

Figure 18. Flow chart of research into a suitable inspection methodology of an element produced by
3D printing from a concrete mix.

The above research has shown that 3D optical scanning digitization can be advan-
tageously used for complex three-dimensional analysis of the dimensional accuracy and
dimensional stability of concrete elements produced by 3D printing. However, specific
inspection procedures have to be chosen, and color deviation maps used mainly in engi-
neering are not very suitable (accurate) due to the coarse structure and only provide a quick
insight into the shape behavior of the printed object. On the other hand, the dimensional
analysis of measurements using the Caliper function seems to be very accurate, although it
is more time-consuming.

The subject of further research will be to perform more detailed analyses on a larger
group of samples of other shapes and also to extend the time horizon of the monitoring
to a minimum of three months. It is also planned to search for the exact mechanisms of
the sample behavior and the dependence on the parameters of the printing process, the
material used, or the geometry of the printed object itself. This ongoing research should
lead to the development of software to predict the shrinkage processes and the shape
behavior of printed objects using computer numerical simulation.
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