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ABSTRACT Extrusion-based 3D concrete printing (3DCP) is an additive manufacturing (AM) technology
in the construction field and is gaining significant attention as an emerging construction method for the
future. The variability in concrete composite material properties in this field poses a challenge in maintaining
consistent printing quality. Furthermore, the economic and environmental costs of discarding large structures
in case of printing failures are significantly higher compared to other AM technologies. These inherent
characteristics highlight the critical need for real-time, in-situ quality monitoring of printed filaments
during the 3DCP process. Existing studies on geometric quality monitoring techniques provide only partial
information on the extruded concrete filaments, such as width or height, and some studies are limited to
linear paths. Moreover, the requirements of 3DCP, such as cost, weight, installation space, minimum object
distance (MOD), field of view (FOV), and maintenance, make it challenging to find suitable commercial
2D laser profile sensors. Therefore, this paper presents the design of a 2D profile sensing system tailored to
meet the requirements of 3DCP and proposes an algorithm that can compute comprehensive cross-sectional
information, including the width, thickness, and area of the extruded concrete filament during 3D printing.
Notably, the proposed sensing system is integrated with an infinitely rotatable nozzle device on the end
effector of a 3D printer robot arm, enabling continuous monitoring of extrusion in all directions along
the printing path. Comprehensive experimental results from static, motion, and concrete 3D printing tests
validate that the developed 2D profile sensing system is capable of performing real-time, in-situ quality
monitoring in 3DCP by accurately computing filament cross-sectional shape information. Furthermore,
this paper provides a comprehensive solution that includes practical calibration method along with design,
offering a crucial technology for detecting defects and failures, ultimately contributing to the high-quality
and safe construction of structures in 3DCP.

INDEX TERMS 2D laser profile sensor, 3D concrete printing, extrusion monitoring, geometrical accuracy,
print quality.

I. INTRODUCTION in computer-aided design (CAD) software. Once the design

3D Concrete Printing (3DCP) or additive manufacturing
construction is a rapidly advancing construction method
that has gained enormous popularity in the last decade [1].
In this method, the design of the desired object is created
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is ready, it is converted into a format that can be under-
stood by the concrete printer. This conversion process, called
slicing, takes into account the cross-sectional dimensions
of the printer nozzle and divides the CAD model of the
object into thin layers which are compatible with the size
of the printer nozzle. The slicing software generates a set
of instructions called “G-code” which guides the printing
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path of the 3D printer nozzle for each layer of the object.
The G-code is transferred to the concrete printer, which starts
manufacturing the object by depositing concrete layer by
layer [2]. 3DCP is an automated construction process that
does not use formwork for construction. This technology has
the potential to reduce construction time and cost, minimize
construction material wastage and enable the fabrication of
complex concrete structures with greater design freedom [3].

For 3DCP construction, concrete material is produced by
mixing ingredients with water, which is then pumped to the
printer nozzle. The nozzle extrudes the concrete along the
pre-defined print path according to G-code, as shown in
Fig. 1. During the extrusion phase, fresh concrete is printed
onto the print bed in the desired shape using a customized
nozzle with a specified cross-sectional area. Rectangular-
shaped nozzles are preferred over circular cross-sectional
ones in 3DCP construction because they can provide better
stability and surface finish [4]. Hence, this study utilized a
rectangular nozzle. During 3D concrete printing, the extruded
concrete layers are compressed by upper layers, and each
layer should be able to retain its dimensions and rectangu-
lar shape in order to successfully attain a three-dimensional
object as specified in the digital model. Over-extrusion or
under-extrusion can occur when the properties of the printing
material change or when there is a lack of synchronization
between the concrete extrusion rate and the nozzle travel-
ing speed [5]. Over-extrusion can produce a thicker printed
concrete object than the designed object, and under-extrusion
can lead to a thinner and weaker object. The geometrical
inaccuracy of printed concrete filament can also lead to print
failure [6]. Therefore, the geometric conformability between
the extruded concrete layer and the designed object is crucial.
However, achieving perfect conformability is a challenging
task due to the influence of multiple parameters, such as
the quality of concrete used for 3D printing, nozzle speed,
extrusion rate, nozzle stand-off distance (the gap between
the nozzle and the print bed or previous concrete layer),
ambient temperature, and humidity [7]. If the printing noz-
zle velocity is not synchronized with the extrusion rate or
the quality of the concrete material is poor, it negatively
impacts the geometric quality of the extruded concrete [8].
Similarly, improper nozzle stand-off distance and changes in
temperature and humidity affect the geometrical quality of
extruded concrete [1]. This necessitates robust and real-time
monitoring of the geometry of extruded concrete layers and
ensuring the desired quality by taking necessary actions such
as an adjustment in concrete feeding rate, nozzle velocity,
nozzle stand-off distance, concrete quality, etc. [9].

During 3DCP construction, the printing quality of extruded
concrete layers is determined by its dimensional conformity
and consistency [10]. However, when fresh concrete with
low shape stability is produced, deformation of the layers
often occurs during printing. Consequently, monitoring and
managing the shape of the printed layers become necessary
to achieve better printing quality. Currently, most of the
3DCP construction industry measures the shape information
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FIGURE 1. Overview of the 3D concrete printing process [11].

TABLE 1. Overview of prior studies related to quality monitoring in the
3DCP construction.
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(width, height) of extruded concrete layers manually using
instruments such as vernier calipers or rulers during printing.
While manual measurement is simple, it is time-consuming,
labor-intensive, and prone to human errors and accidents,
particularly when there is a risk of collision between a moving
nozzle and a worker. Therefore, there is a need for advanced,
reliable, automated, and safe techniques for measuring the
geometric quality of extruded concrete. Recognizing the need
for innovative geometric quality monitoring techniques in
3DCP construction, this research contributes by develop-
ing a sensing system for measuring the width, height, and
cross-sectional area of the extruded layers. This system pos-
sesses the following characteristics:

o Automated inline testing

« Real-time testing

« Non-contact and non-destructive testing

« Digital testing

o Economical testing

II. LITERATURE REVIEW

Previous researchers have focused on the development of
automated systems for the geometrical quality inspection and
assurance of the printed concrete layers. These studies, sum-
marized in Table 1, are critically discussed in the following
lines.
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Wolfs et al. [12] presented a real-time height control
method for 3DCP using a real-time distance sensor based on
time of flight (ToF). The 1D laser distance sensor transmitted
the measured nozzle stand-off distance (single point data)
to the control unit, which maintained the specified nozzle
height. This system enabled the printer to adjust its nozzle
height to compensate for the altered nozzle stand-off distance
due to the deformations in the previously printed layers.
In this way, negative effects on the geometric quality of
extruded layers due to variations in nozzle stand-off distance
and deformation in the previously deposited concrete lay-
ers could be minimized. However, in this study, the nozzle
stand-off distance was calculated for a one-dimensional point
where the laser pointer was indicated. For better accuracy
and robust control over the geometric quality, sensors with
the potential to capture a 2D or 3D profile of the concrete
layer should be used in such feedback systems. Lee [13]
proposed a method to reliably measure the nozzle stand-
off distance to the concrete layer through spatiotemporal
processing of 3D point cloud data from a depth sensor,
and used it to implement an advanced nozzle gap feedback
system. However, depth sensors have limitations when it
comes to accurately measuring the cross-sectional shape of
extruded concrete filaments with sub-millimeter accuracy.
Kazemian et al. [14] proposed the application of computer
vision for real-time monitoring of the width of extruded
concrete layer. The proposed system involved using a 2D
image from a single camera installed near the printer nozzle
to capture the width of the printed concrete layer, assum-
ing a constant distance from the camera to the top surface
of the extruded layer; the captured images were analyzed
using an algorithm to detect the scenarios of over-extrusion
and under-extrusion. Although the system was automated,
it could not measure the height and cross-section area of the
extruded concrete layers. Moreover, the height of the layer
was assumed to be constant to calculate the extrusion rate in
this study, but accurate quality monitoring procedure require
height measurements. Lindemann et al. [15] developed a
multi-loop control system to enhance the geometrical accu-
racy of concrete elements produced by spray-based shotcrete
3D printing. The developed controller sensed the inaccuracies
using the 2D profile data collected by the laser triangulation
system and attempted to minimize the production defects and
increase the robustness of the shotcrete 3D printing. However,
this approach was developed for shotcrete 3D printing, and
it had the limitation of detecting the shape of the extruded
filament layer in a curved printing path since the sensor could
not be rotated relative to the extrusion nozzle and concrete
hose. Additionally, extrusion-based 3DCP is different from
shotcrete 3D printing due to the layer-wise extrusion of con-
crete rather than the spraying of concrete; hence application
of a laser triangulation system for extrusion-based 3DCP
should be established. Moreover, the use of the rotatable
nozzle is necessary to acquire profile data in a curved printing
path, as adopted in this study. A similar study from the
aspect of laser welding has been conducted by Huang and
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Kovacevic [16] using a vision sensor based on the principle
of laser triangulation to inspect the weld quality and detect
the presence of various weld defects. A visual analysis of the
acquired 3D profiles of the welding surface was performed
after collecting 2D image data. Extension of such approaches
from contemporary fields of welding to 3DCP construction
can be helpful. However, the defects in 3D-printed concrete
layers are different from welding defects, and the potential of
laser triangulation for detecting the quality of 3D-printed con-
crete should be carefully investigated. Furthermore, a vision
system based on a deep learning algorithm for detecting the
concrete filament width and adjusting the nozzle speed to
maintain a fixed width was reported in [17]. In this system,
two cameras were attached to the left and right sides of the
nozzle to acquire 2D image data and monitor the extrusion
of the filament around it. However, it could not obtain depth
information using the stereo camera principle because the
nozzle obstructed the field of view between the two cameras.
The purpose of introducing two cameras here was to simply
monitor the extrusion of the filament in all directions around
the nozzle as it moved. Therefore, the system had to make
assumptions about the height information of the filament.
Even if a stereo camera were used, the feature detection
when moving in different views during the printing process
might not be accurate because the stereo camera may cam-
ouflage the true matches due to false matches between the
images [18]. In summary, this method can determine only
the width of the printed layers, while it cannot ascertain
the height and cross-sectional area of the printed filament.
Recently, Barjuei etal. [19] proposed a vision-based feedback
control system to maintain the fixed layer width for printing
rectangular-shaped concrete layers. In this system, the layer
width is calculated using an edge detection algorithm applied
to the 2D image data obtained from a camera. By consid-
ering the three factors; nozzle dimensions, feeding rate of
concrete, and top view of the rectangular extruded layers,
this system ensured the specified width of extruded layers by
manipulating the print speed without changing the pump flow
rate. This proposed system is a swift and automatic method;
however, the response of this system to printable concrete
with low shape retention capability is unknown. The concrete
may laterally deform due to lower shape retention capability,
which might be considered by this system as over-extrusion.
Additionally, this system has the limitation of measuring the
height and cross-sectional area of extruded layers.

The above literature regarding the use of automated geo-
metric quality control shows that the previous research
studies have predominantly focused either on the nozzle
stand-off distance or the width of the printed concrete
filament. However, the measurement of nozzle stand-off
distance does not give enough information for calculat-
ing the cross-sectional geometry of the printed concrete
layer. Additionally, the printed layer may not have a perfect
rectangular-shaped cross-section. Therefore, the calculated
cross-sectional area solely based on a single measurement
(width of filament) may not reflect the real cross-sectional
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area of the deposited concrete layer. Hence, there is a
clear need for the development of geometric quality sensing
systems that can measure the real-time width, height, and
cross-sectional area of the printed concrete [20]. By encom-
passing these comprehensive measurements, such systems
can provide a more accurate representation of the geometric
quality of the printed concrete layers.

It should be noted that the camera-based machine learn-
ing methods with Convolutional Neural Network (CNN) or
object detection model has shown effectiveness in classify-
ing anomalies in print quality during the printing process.
Jin et al. [21] established an anomaly detection system using
a CNN model for the 2D camera image data to recognize
anomalies in the 3D bioprinting process by classifying three
imperfections: discontinuity, irregularity, and nonuniformity
of bioprinted materials. Goh et al. [22] developed a real-time
monitoring system based on YOLOv3-Tiny that detects and
classifies printing anomalies, including under-extrusion and
over-extrusion, in the Fused Filament Fabrication (FFF) pro-
cess with an accuracy of 89.8% from a total dataset of
18,000 samples. As part of an in-process closed-loop feed-
back system, corrective actions were performed to increase
the material flow rate when under-extrusion was detected
and to reduce it when over-extrusion was detected. This
study showcased the capability to move beyond the tradi-
tional binary classification of ‘defective’ and ‘non-defective’
outcomes in machine learning methods towards correct-
ing printing defects within an in-situ monitoring system.
Fu et al. [23] fabricated dog-bone specimens using a desktop
Fused Deposition Modeling (FDM) 3D printer with poly-
lactic acid filament, while varying the length and location
to create 30 classes of void defects. They employed a CNN
model to classify the length and location of defects, achieving
an average accuracy of 99.78% and an F1-score of 99.57%
using a dataset consisting of 1550 augmented images. Addi-
tionally, they introduced a real-time system for assessing the
structural quality of specimens using Support Vector Machine
(SVM)-based decision-making technique with additional ten-
sile test data (comprising 450 samples, including 221 defect
cases) on the specimens. This study represents an important
step forward in exploring the potential of applying machine
learning to structural validation. However, the authors also
acknowledged a key drawback, namely the significant time
and effort required to obtain mechanical performance data
through tensile tests. Furthermore, in the field of 3D concrete
printing, there is a complex and challenging issue that neces-
sitates consideration: the rapid changes in fresh properties
over several hours after extrusion, in addition to the hard-
ened properties after one month [1]. Thus, acquiring a vast
amount of data to enable structural performance evaluation
is extremely challenging and not practical in the field of 3D
concrete printing.

The decision to utilize image processing techniques with
the 2D laser profile data over these advanced machine learn-
ing approaches in the context of 3D concrete printing is based
on several critical considerations unique to the construction

69984

site. One of the main reasons is the inherent variability
of concrete material properties, which can be significantly
influenced by environmental factors such as temperature and
humidity. This presents unique challenges in data collection
for machine learning, necessitating extensive datasets that
accurately represent a wide range of printing conditions and
anomalies unlike simpler processes such as plastic fused
deposition modeling. Plastic and metal printing processes are
characterized by material properties that are relatively less
affected by daily fluctuations in temperature and humidity,
and they are mostly carried out under indoor environmental
conditions where these variations can be controlled. These
materials involve a highly controllable printing process dur-
ing which they melt at specific temperatures and rapidly
solidify within seconds, facilitating the creation of large
datasets for machine learning applications. Similarly, in the
context of automated machine learning based monitoring of
sport such as badminton [24], acquiring a dataset comprising
hundreds of shots can be readily accomplished by record-
ing a single game between players. This scenario stands in
stark contrast to the challenges faced in 3D concrete printing
(3DCP) construction projects, where collecting comparable
datasets is significantly more complex and very costly. The
variability of concrete material and the limited controllability
of the 3DCP process, combined with the changes in concrete
properties over time, add further complexity to controlled
data collection, making it intricate and resource-intensive,
demanding significant time, cost, and effort. There are also
challenges in machine learning-based approaches for pre-
cise geometrical output in 3D concrete printing. Although
state-of-the-art machine learning methods have recently been
applied in the 3D printing field, these data-driven approaches
need further research for producing the exact geometrical
values required for real-time feedback. Currently, the limi-
tations may arise from the limited resolution of the output
and the high cost of collecting extensive datasets, especially
in 3DCP.

This paper employs an image processing method to extract
information from 2D profile data derived from images, facil-
itating the calculation of cross-sectional shape information.
This approach enables the direct application of customized
algorithms tailored to accurately calculate the geometric char-
acteristics of the extruded filament, ensuring real-time and
reliable performance without the need for extensive datasets.
Additionally, it offers computational efficiency, making it
deployable on lighter hardware without a Graphics Pro-
cessing Unit (GPU) and ensuring scalability across various
printing setups.

To address the need for enhanced geometric quality control
in 3DCP, this study introduces a real-time monitoring system
based on 2D laser profile sensing. The system can evalu-
ate object profiles with an impressive accuracy of 0.067mm
and proposes processing algorithms capable of calculating
all geometric parameters, including width, thickness, and
cross-sectional area of printing layers, in real-time from cam-
era images.
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FIGURE 2. Working distance, FOV of 2D profile detection sensors when installed to the printing nozzle of 3DCP robot. (a) LLT2510-25.

(b) LLT2510-50. (c) Developed system.

TABLE 2. Comparison of commercially available sensors and the developed 2D profile sensing system, and suitability to design requirements (FOV =

70 mm x 35 mm, WD = 69mm).

Model with . FOV (X- Z-axis Working Dimension .
Manufacturer Cost (US dollar) X resolution axis) Range distance (HXWxD) Weight
13,500 with LJ-
LJ-8080 (Keyence) X8000A controller 12.5 pm 35 mm 41 mm 73 mm 108x145%57 mm 1,100 g
13,500 with LJ-
LJ-8200 (Keyence) X8000A controller 25 um 72 mm 68 mm 245 mm 108x185%55 mm 1,200 g
9,000 incl. XG-
LJ-V7080 (Keyence) X2802LJ controller 50 um 32 mm 46 mm 80 mm 71x96%42 mm 400 g
LJ-V7200 (Keyence) xgz’;%ozoLlJni}l )égﬁer 100 pm 62 mm 96 mm 200 mm 77x145%42 mm 550 g
LLT2510-25 (Micro- 7,500 40 um 25 mm 25 mm 66 mm 96x85x33 mm 380¢g
epsilon)
LLT2510-50 (Micro- 7,500 80 um 50 mm 50 mm 95 mm 96x85x33 mm 380¢g
epsilon)
LLT2510-100 (Micro- 7,500 16 um 100mm 100 mm 240 mm 9685x33 mm 380 g
epsilon)
Developed System 875 80 um 70 mm 35 mm 69 mm 88x125%35 mm 234 g

There are commercially available sensors for 2D profile
scanning. Table 2 lists commercial sensors and a compar-
ative analysis between them and the developed 2D profile
sensing system, showing cost, resolution, FOV, Z-axis range,
working distance, dimensions, and weight measurements.
Commercial sensors and the developed sensor operate on
the principle of laser triangulation. The developed sensor
consists of a 2D line laser and a CCD camera, the commercial
sensors also consist of a lens and CCD device. However,
commercial sensors are unsuitable for 3DCP due to their
high cost, maintenance costs associated with contamination,
minimum object distance (MOD), size, limited field of view
(FOV), and challenges in replacement. Replacing contami-
nated commercial sensors in construction site environments
where contamination is inevitable often entails significant
costs and logistical challenges. As shown in Table 2, find-
ing commercial sensors that meet the requirements of 3D
concrete printers is challenging. Notably, while commercial
sensors require a minimum of $7,500 USD, the developed
sensor costs less than $1,000 USD, representing only a frac-
tion of the cost of commercial sensors. Therefore, this study
develops a low-cost sensor that is finely crafted to meet
specified working distance, FOV, and size specifications. The
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sensor seamlessly integrates with the robotic arm of a 3D
concrete printer and can be easily replaced. Furthermore, the
developed system boasts a lighter weight than commercial
sensors and enhances nozzle movement. Additionally, the
developed sensor is integrated with a rotatable nozzle, which
allows quality monitoring of printed concrete for both linear
and curved shapes. Also, the proposed processing algorithm
for a 2D profile sensing system is customized for the 3D
concrete printer. Moreover, the algorithm can calculate the
extruded concrete’s width, height, and cross-sectional area.
Fig. 2 compares the working distance and FOV when
integrating the developed sensor and commercial sensors
with a 3D concrete printer. The black area represents the
printing nozzle, the large blue rectangle denotes the printed
concrete layer, and the small blue rectangle represents the
cross-section of the printed concrete layer. In Fig. 2(a), sensor
LLT2510-25 is attached to the robotic arm of the 3D concrete
printer, specifically to the printing nozzle section. However,
the sensor’s working distance extends beyond the surface of
the concrete layer, and its FOV does not encompass the entire
cross-section, making it unsuitable for accurate detection.
In Fig. 2(b), sensor LLT2510-50 is attached to the robotic
arm. However, it has an excessively long working distance
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and a FOV that does not cover the entire cross-section of
the printed concrete, making accurate detection impossible.
In contrast, Fig. 2(c) shows that the developed sensing system
maintains an accurate working distance from the surface of
the printed concrete and has a sufficiently large FOV to cover
the entire cross-section. This strategic positioning ensures
precise data capture.

Furthermore, the developed device offers operational
advantages in research and development efforts in 3DCP
technology. It provides detailed calibration, operational, and
application insights on material printing performance. Con-
crete printing robots’ functionality can be improved to
enhance real-time feedback control, and innovations in print-
ing materials are also being pursued to enhance concrete
printing characteristics. Leveraging the precision of the new
sensor, a feedback system synchronizing concrete materials
mix design and printing parameters is being developed to
optimize the printing process. Future work involves con-
verting sensor data into quantitative feedback for material
and printing process control, facilitating G-code management
through an integrated interface. For such developments, our
customized system provides problem-solving capabilities and
iterative improvement features not found in commercial sen-
sors. The contributions of this paper can be summarized as
follows:

o This study presents a design method for a 2D laser pro-
file sensing system for monitoring the extruded filament
of the 3DCP process. By reducing design variables, the
system meets the requirements of camera FOV, working
distance, and installation space.

o The proposed 2D laser profile sensing system, integrated
with a rotatable nozzle, enables quality monitoring of
filament shape not only along linear paths but also along
curved ones.

« Existing studies on geometric quality monitoring tech-
niques provide only partial information on the extruded
concrete filaments, such as width or height, and some
studies are limited to linear paths.

o The proposed processing algorithm for a 2D laser profile
sensing system can calculate not only width but also the
height and cross-sectional area of the extruded concrete
layer, enhancing geometric quality monitoring in the
3DCP process.

« This study presents a non-destructive, automated, inline
quality assessment method, laying a crucial foundation
for implementing an in-process quality control system
for extrusion volume, nozzle stand-off distance, and
material properties.

The rest of this paper is organized as follows: Section III
describes the design of the 2D profile sensing system for
3DCP with the background of the modeling of the 2D pro-
file sensing system. Section IV discusses the processing
algorithm to compute the 2D profile data, including the width,
thickness, and area of the extruded filament. Section V veri-
fies the performance of the developed 2D laser profile sensing
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system through static and motion tests and its application
in 3D concrete printing. Finally, Section VI summarizes the
conclusions and future works. Furthermore, Appendices A
and B provide additional information regarding the derivation
of calibration parameters and the calibration experiment.

Ill. MODELING AND DESIGN OF 2D PROFILE SENSING
SYSTEM FOR 3D CONCRETE PRINTING
A. MODELING OF 2D PROFILE SENSING SYSTEM
A 2D laser profile sensing system employs the laser trian-
gulation principle which measures triangulated distance by
projecting a laser beam at the target object and detecting the
reflected light. By projecting a 2D laser beam onto the target
and analyzing the projected laser line captured by the camera,
the system can calculate the precise profile of the object.
Laser triangulation offers notable advantages, including high
accuracy and rapid data acquisition, making it well-suited for
tasks that require precise and efficient measurements [25].
In this study, a 2D laser profile sensing system provides
2D profile data of the extruded concrete filament during 3D
concrete printing. While the 2D line laser is projected on
the filament, the camera captures the image, and the sensor
evaluates the 2D profile data of the concrete filament. The
pixel points of the image are transformed into world coordi-
nates to assess the cross-sectional dimensions of the extruded
concrete filament. Therefore, a coordinate transformation
equation is required to map the image and world coordinates.
This procedure can be made using each coordinate’s relation-
ships with the camera coordinate (see Fig. 3).

1) PERSPECTIVE PROJECTION

The relationship between 2D images and 3D space can be
explained with perspective projection. For planar surface
objects, any projective perspective transformation from 3D
space to a 2D image can be modeled as a homography,
as discussed later in this section. This study uses a method
of converting world coordinates to camera coordinates and
then projecting a point in camera coordinates into image
coordinates. The world coordinate is located on the concrete
filament, and the image coordinate is located on the camera’s
image sensor. A 2D point on the image plane is represented
by (u, v). The principal point, (cy, ¢y), is defined as the
intersection point between the image plane and the Z-axis
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of the camera coordinate system. The relationship between
a 3D point in the camera coordinate system and its image
projection is described as (1):

u fo 0 ¢ O ;ﬁc
sfv| =10 fy ¢ O ZC (1)
1 001 0 1C

When a camera is positioned within a 3D world coordinate
system, a point [X,,, Y, Z,,] represented in the world coordi-
nate system can be expressed as [X., Y., Z.] in the camera
coordinate system through coordinate transformation. This
relationship involves a rotation matrix R and a translational
vector ¢ and can be expressed as (2).

X rip rip ri3 ot Xy
Yo | _ | r21 m2 3 B Yy ?)
Zc r31 I3 133 13 Zy
1 0O 0 0 1 1

Here, the character r;; represents the components of the
rotation matrix R and #; represents the components of the
translation vector £. In a 2D profile sensing system, when a
2D line laser is projected onto a plane with Zy = 0, the laser
points on the object can be represented as [X, Y,,117, and the
equation is then dimensionally reduced to the following form.

X i r2  h X
w
Ye | _ |1 m B Y 3)
Z B R B lw
1 0 0 1

By combining (1) and (3), the homography equation is
obtained, as expressed in (4):

7 T t
0 11 12 1
- I Ex 0 21 T2 U Xw
§ 0 fy & 0 31 T32 13 Yy
(EI U S| S (1
Camera Intrinsic Camera Extrinsic (4)

The homography equation consists of the extrinsic and
intrinsic camera matrices, and they can be represented as the
camera matrix C as follows:

u Ciit Ci2 Ci3 Xw

s|lv]|=| Cq Cxn Cxn Yw )
C31 C3 C33 1

—

2) MAPPING BETWEEN IMAGE PLANE AND WORLD
COORDINATE

The camera’s intrinsic and extrinsic parameters are used
to reconstruct the three-dimensional information from the
two-dimensional image [26]. From the previous section, the
mapping equation from world coordinate to image coordi-
nate was obtained by (5), and the C matrix comprises nine
unknown parameters that are not fully independent. By divid-
ing both sides of (5) by the constant Cs3, it can be expressed
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as a simpler relationship, as given by (6):

u h hi his Xw
s|v|=| ha hxn hya Yw (6)
1 h3t h3 1 1

This represents the transformation from the image coordi-
nate to world coordinate, in which the equation includes eight
unknown £;;. Based on (6), a point in the world coordinate
(X, ;) is mapped into a point in the image coordinate (u;, v;)
by the following (7) and (8):

b — h11X; + hi2Yi + his
" hnXi+hnYi+1

b ho1Xi + hpYi + hp3
" X+ hnYi+1

)

(®)

Conversely, a point (X;, ¥;) in the world coordinate can be
calculated from the given image pixel (u;, v;) as following:

-1
Xi'| _ | wihbsr —hin uihzy —hip h13 — u; )
Yi vih31 —ha1  vih3a — ha ha3 —vi
The detailed derivation of (9) and calibration vector k is
described in Appendix A [27].

B. DESIGN REQUIREMENTS

A customized low-cost 2D laser profile sensor is developed
for in-situ geometry inspection of extruded concrete filament.
The full view of the developed 2D laser profile sensor is
shown in Fig. 4. Sensors used in 3DCP can be easily con-
taminated by dust, water, and fresh concrete. Therefore, it is
not appropriate to use commercial 2D laser profile sensors
costing at least $6,000 USD on a 3DCP construction site with
high contamination risk. Securing cost-effective sensor tech-
nology is essential due to the frequent need for replacement
and maintenance of sensor components caused by the risk
of contamination from concrete. Moreover, the commercial
sensors have bigger dimensions and measuring ranges than
the dimension of the place to be installed, and therefore they
cannot easily fit into the gap between the printed layer and the
printing nozzle of the robotic arm 3D concrete printer. When
the height of the sensor is increased, it is necessary to design
the length of the upper connecting pipe of nozzle longer
(Fig. 4(h)). However, this can result in increased vibrations
during the horizontal movement of the robot arm. These
vibrations can act as an interference to the accurate measure-
ment of the 2D laser profile sensing system. The addition of
heavy laser sensors would increase the print head weight and
the inertia of the rotating part, leading to a cumbersome unit.
Therefore, there is a clear need for compact, lightweight, and
cost-effective customized sensors that can be applied in the
field of 3DCP.

C. DESIGN OF 2D LASER PROFILE SENSING SYSTEM

Design of a 2D laser profile sensing system involves the
choice of the camera’s intrinsic and extrinsic parameters
in (4), to meet the specified FOV criteria and the design
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a: Concrete hose connector
b: Timing pulley & belt

c: Nozzle

d: Geared motor

e: Camera

f: 2D line laser

g: Extruded concrete filament
h: Connecting pipe of nozzle

FIGURE 4. Schematic illustration of developed 2D laser profile sensing
system for 3D concrete printing attached to the end of the rotatable
nozzle.

requirements. In other words, this process entails the care-
ful selection of a camera and lens combination to map the
FOV at the world coordinate plane to the camera’s image
coordinate plane. Additionally, it necessitates the determi-
nation of the camera’s angle and position relative to the
FOV plane, all while taking into account the aforementioned
design requirements.

Considering the expected dimensions of concrete filament
(44 mm in width and 11 mm in height), the FOV was chosen
to have dimensions of 70 mm x 35 mm on the plane where
the laser is projected.

1) SELECTION OF CAMERA AND LENS

The optical hardware of the sensing system consists of a 2D
line laser and CMOS camera mounted with a lens and band-
pass filter. Higher camera resolution results in better sensing
accuracy; however, this leads to a decrease in frame rate
and a proportional increase in processing time as the amount
of data increases. As a suitable camera, Basler’s acA1300-
75gm model, a global shutter type with 8 mm focal length,
was used in this study, which has a resolution of 1280 px x
1024 px and provides a maximum frame speed of 88 fps.
The camera’s CMOS sensor is a PYTHON 1300 with a pixel
size of 4.8 um x 4.8 um (H xV). In addition, MOD should
be as small as possible to satisfy the design requirement
of the low-profile sensing system. Computar’s M08 14-MP2
F1.4 lens was selected with a MOD of 100 mm, compatible
with a 2/3” type C-mount.

2) SELECTION OF DESIGN PARAMETERS

After selection of camera and lens, the camera angle (y), the
distance (L) from the camera’s focal point to the origin of
the FOV plane are determined by using a laser triangulation
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FIGURE 5. Calculating the expected mapping region using the laser
triangulation method.

method to ensure that the FOV of the world coordinate plane
can be mapped to the image coordinate plane of the selected
camera system (See Fig. 5).

In (4), the focal length is set at 8 mm in accordance with
the specifications of the selected lens, and the principal point
on the image plane, (cy, ¢y), can be chosen as (640 px,
512 px) at the central position. Additionally, to match the
units on both sides in (4), the focal length can be expressed
as 8 mm / (4.8 um/px), approximately equal to 1666.67 px,
by considering the pixel size of the selected CMOS sensor.
In Fig. 5, the orientation matrix VCVR represents the rotation
of {W} about the x-axis of {C}, and the translation vector
CPw org 1s the vector from the frame of {C} to the origin
of {W}. These rotation matrix and translation vector are
expressed as follows:

1 0 0
R:%,R: 0 cosOy —sinby
0  sinby cosby
1 2 r3
=| 1 3 (10)
31 732 I3
0 t
t=Pwog=|0|=|10 (11)
L t3

When y represents the angle between the camera and the 2D
line laser, and 6, can be expressed as 270° — y.

It is worth noting that our sensor installation is subject to
the height requirements imposed by the robot’s arm profile,
with L, measuring approximately 109 mm. From the perspec-
tive of minimizing mechanical vibrations, having a longer Ly
is not preferred, so Ly can be set to 109 mm. If the camera’s
position is maintained at a constant height, Ly, and its ori-
entation is consistently adjusted to face the origin of {W},
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FIGURE 6. Projected target area on the image plane for various y angles.

the design problem of the 2D profile sensor can be simplified
to a single design variable. Under such constraint conditions,
once the design variable y is determined, the distance L is
automatically determined by Ly/cos(y). Consequently, the
relationship of a point (Wy, Wy, 0) on the 2D laser plane of
{ W} being mapped onto the image plane can be expressed as
a function of y as follows:

u 1666.7 0 640 O
s|lv | = 0 1666.7 480 O
1 0 0 1 0
1 0 0 X
y 0 cos(270° —p) 0 Yw
0 sin(270°—y) Ly/cosy 1w
0 0 1

12)

As y varies from 25° to 50° in (12), the target area
(70 mm x 35 mm) is mapped onto the image plane in various
trapezoidal shapes, as shown in Fig. 6. Additionally, the
relationship between y and the distance L, from the camera’s
focal point to the origin of {W} is shown in Fig. 6. As the
camera angle y increases from 25° to 50°, the distance L
from the camera’s focal point to the origin of {W} varies
from approximately 120 mm to 170 mm. In Fig. 6, it can
be observed that when y is small, the projected target area
(trapezoidal shape) on the image plane occupies a wide range
within the full 1280 pixel area. As y increases, the proportion
of the trapezoidal width decreases, leading to a relative disad-
vantage in terms of sensing resolution. This occurs due to the
increasing distance between the camera and the object. Addi-
tionally, a larger y results in an increased L., which is not
preferred in terms of the sensor’s compactness requirement.
In summary, from the perspectives of sensing resolution and
compactness, a smaller y is preferable.

Furthermore, considering the distance of approximately
34 mm from the focal point to the front surface of the selected
lens (lo), and the MOD requirement of 100 mm between the
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FIGURE 7. Relationship between y angle and distance L from focal point

to world coordinate origin.

front surface of the lens and the object, the minimum value
of the distance L from the focal point to the object becomes
approximately 134 mm. According to the relationship shown
in Fig. 7, this implies that the gamma angle should be chosen
to have at least 36°. Consequently, the design variable gamma
was chosen as 37°, corresponding to an L value of 136.5 mm.

D. INTEGRATION WITH A ROTATABLE NOZZLE

The developed sensor was attached to a rotatable nozzle of
a robotic arm 3D concrete printer to ensure measurement
at both linear and curved printing paths as shown in Fig. 4.
The rotatable nozzle comprises a concrete hose connection,
geared motor, pulley, belt, and nozzle. It has a rotation speed
of 60 rpm with a maximum rotation speed of 120 rpm, and
it can rotate infinitely, exceeding 360 degrees. The extruding
part of the nozzle is rectangular shaped and has dimensions
of 44 mm x 10 mm (width x thickness). The 2D laser profile
sensor is attached to the rotatable part to detect the surface
of the deposited concrete layer following the printing path,
including straight and curved paths. Without the rotatable
nozzle, the sensor can only detect the profile of the concrete
filament extruded in a straight line in a specific direction.
It cannot detect the profile when the nozzle moves along an
arbitrary printing path in the printing workspace. A sensing
system with multiple sensors might be an alternative, but it
requires additional costs.

Given the stiff printing material’s ability to retain its shape
due to its intrinsic high yield stress, the distance between the
laser source and the nozzle center was considered non-critical
for this study. Nevertheless, for printing materials with high
viscosity, it’s advisable to conduct preliminary tests to ascer-
tain the time required for the material to transition from a
transient to a steady state. This prior assessment should guide
the adjustment of the laser-nozzle center distance and the
printing speed accordingly.
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IV. PROCESSING ALGORITHM TO COMPUTE THE
PROFILE INFORMATION OF EXTRUDED CONCRETE
FILAMENT

The real-time 2D profile detection system was designed to
collect the height, width, cross-sectional area, and extrusion
rate of the extruded concrete filament by acquiring and pro-
cessing the image. A flowchart of image processing of the
2D laser profile sensing system is shown in Fig. 8. First,
the camera captures the image of the laser-projected concrete
filament. The image is originally 1280x 1024 pixels, but we
sampled 1280x545 pixels for faster processing by limiting
the region of interest (ROI) to the area under the nozzle.
The camera used in this image is monochrome since it has
higher sensitivity, higher resolutions, and better performance
in low-lighting conditions [28]. Then, the image segmenta-
tion is made to subtract the pixel point cloud representing
the laser line with the thresholding method. The position
of the laser line is then defined using the center of gravity
method. The defined laser line is then divided into upper and
bottom parts, representing the layer surface and the ground,
respectively. For example, k-nearest clustering method can
be used [29]. Each pixel data set in the image coordinate is
then transformed into the world coordinate using the trans-
formation matrix (10). The reference ground line is defined
using a first-order linear regression based on the data points
on bottom parts. Finally, 2D profile data, including cross-
sectional area, thickness, and width, are calculated using the
pixel coordinate values of the upper part, bottom part, and
reference ground line. Detailed explanations will be provided
in the following paragraph.

A. IMAGE SEGMENTATION: THRESHOLDING

As the image of the laser line on the extruded concrete layer
is collected (as shown in Fig. 9(a)), the Otsu algorithm is
applied to automatically determine an optimal threshold for
image segmentation, based on the intensity distribution of
pixel values [30]. If pixel values lower than the Otsu threshold
intensity are converted to zero intensity values, the pixels
in the image are then separated into two groups: perfect
background and laser light pixels. Although the detected laser
point is a white color pixel with high intensity, for conve-
nience in visualization, the laser point cloud is represented
in black from Fig. 9(b) to Fig. 9(i).

B. EXTRACTION OF LASER PROFILE USING CENTER OF
GRAVITY METHOD

In Fig. 9(b), the image after image segmentation can include
multiple laser points along a vertical axis. So the data for
accurate laser profile should be determined. Fig. 9(k) shows
the extraction of the profile using the center of gravity
method [31]. The position of the line laser pixel is denoted
by p; and the intensity value of p; is represented as I(p;).
By employing the center of gravity method using (13), the
2D laser profile of the layer cross-section is calculated in a
sub-millimeter unit. The collection of the determined laser
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line along the vertical axis is presented in Fig. 9(c).

Z;VZI 1 (I’j) " Pj
Zj’vzll (Pj)
if I (pj) < threshold, 1 (p) =0

Pcog @)=

13)

C. SEPARATION OF LASER PROFILE USING CLUSTERING
METHOD

The defined laser line can be separated into the upper and
bottom parts using the k-nearest clustering method (KNN)
[29], as shown in Fig. 9(d). However, the KNN method
requires considerable processing time, and therefore the laser
line is classified by using the threshold, which is determined
by the average value of detected points of the laser profile.
The average position of Py, (i) is used as a threshold to
divide the 2D profile laser line into the upper part and bottom
part (Fig. 9(e)). Here, the upper part represents the top surface
of the extruded filament, and the bottom part represents the
ground. The pixel points of the defined laser line are separated
into Pyp if the position is lower than Pyyg, and Py if the
position is higher than Pyg.

D. COORDINATE TRANSFORMATION FROM {C} TO {W}
The defined laser position (u;, v;) is converted to the points
in the world coordinate (X;, ¥;) using (9). The corresponding
world coordinates in the upper part are Pupy, P”ny)’ and in
the bottom part are (Pb()l):i’ Pb,,tyi ), respectively.

E. ESTIMATION OF REFERENCE GROUND LINE BY LINEAR
REGRESSION

As the laser line is separated into the upper and bottom
lines, the bottom line is defined using the first-order lin-
ear regression [32] as a function y = f,, (x) from the data
of (Pbotxl-’ Pbm),l_). From this best-fitting line, the estimated
ground points below the upper profile points are calculated.
The resulting ground line is depicted as a green line, as shown
in Fig. 9(f).

F. CALCULATION OF THE PROFILE INFORMATION
(CROSS-SECTIONAL AREA, AVERAGE THICKNESS,
MAXIMUM WIDTH)

In this section, the cross-sectional area, average thickness,
and maximum width of the extruded concrete filament are
calculated. The cross-sectional area is estimated by numerical
integration of the thickness and width values of infinitesimal
elements, as shown in Fig. 9(g). The area of the printed
concrete layer, denoted as A ppss—sections 1S then estimated
using the trapezoid rule as follows:

h (x;) + h(xiy1)

m—2
Across—section = E (xi—H - xi) )

i=0

(14)

The extrusion rate is calculated by multiplying the
cross-sectional area by the extrusion velocity,
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FIGURE 8. Flow chart of processing algorithm for calculating profile information of extruded concrete.

as shown in (15).

5)

The average thickness is determined by calculating the
mean gap between the upper part and the estimated bottom
part, which is expressed as (16), where m represents number
of pixels for P,,. The procedure for calculating the thickness
is illustrated in Fig. 9(h).

Qmeasured = Across—section * V

1 A
Pupxi - Pbotxl.

m
Ythickness = Z

i=0 mn

_ m-l Pupxi _fbot (x) (16)
N m
i=0
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The width of the extruded concrete filament is calcu-
lated by subtracting the minimum value of P, = from
the maximum value of P, as shown in (17). Fig. 9()
shows how the width of the upper profile is calculated. Here,
Pup, .+ Pup,,,, represent the minimum and maximum posi-
tions of Py, , respectively.

Wwidth = Pup,(max - Pupxmm (17
G. OUTPUT OF 2D PROFILE SENSING SYSTEM
When operating the 2D profile detection system, 2D laser line
profile position data are transformed into world coordinate
values. These are then displayed using OpenCV during the
operation, as shown in Fig. 9(j). In this display, the detected
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2D profile points, comprising the upper and ground parts are
shown in red, while the blue line represents the estimated
bottom part below the upper profile. Simultaneously, data on
the cross-sectional area, average thickness, and width value
are collected and transmitted to the main PC.

H. DATA TRANSMISSION

The data transmission mechanism is described in the flow
chart shown in Fig. 10. In this study, G-code included X, Y,
and Z positions, printing speed F, the rotation angle R of the
rotatable nozzle, and extrusion information E. As G-code is
imported to the main controller, reference position commands
are transmitted to each servo motor. There is a total of six
servo motors. The robotic arm 3D printer has four motors
that allow 4 DOF motion. Since EtherCAT communication is
adopted between the main controller and the servo controller,
additional axes, such as the rotatable nozzle and extruder,
can be added and fully synchronized with the motion of the
robotic arm.

During 3D concrete printing, a 2D profile detection system
based on a mini-PC collects the 2D profile data. It can also
be controlled by a laptop connected through a local wireless
network. The 2D profile data (area, width, and height) are
transmitted to the main controller using 16-bit format through
Controller Area Network (CAN) communication.

V. EXPERIMENTAL VALIDATION OF THE 2D LASER
PROFILE SENSING SYSTEM

This section presents the experimental results of the proposed
2D laser profile sensing system under various conditions,
including static, motion, and concrete 3D printing tests.
Through these three experiments, which vary in terms of
ground plane conditions (flatness), scanned objects, and
transport conditions including vibration sources, it is possible
to closely examine the reasons and characteristics of errors
that occur when applying the 2D laser profile system to 3D
concrete printing. The fundamental accuracy of the system
is verified through static and motion tests on a target of
known size. Then, a comprehensive assessment is conducted
on the profile measurement results of the extruded concrete
filaments during the printing process.

A. PERFORMANCE OF DEVELOPED 2D PROFILE
DETECTION SYSTEM UNDER STATIC CONDITION

1) EXPERIMENTAL SETUP FOR STATIC TEST

In this section, two-axis linear stages are used to accurately
evaluate the performance of 2D laser profile sensing systems
under static conditions, as shown in Fig. 11. The experi-
ment is performed to validate the sensor’s accuracy in every
position of the FOV. Therefore, to ensure accurate area data
are obtained from every possible position in the FOV of the
camera, 2D profile data of a plastic block of known size were
collected from nine different positions. The calculated data,
including width, thickness, and area, were acquired while
moving the position of the 2D profile detection sensor using
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FIGURE 9. Procedure for calculating the 2D profile. (a) Acquired image.
(b) Segmented laser point cloud generated using Otsu’s algorithm.

(c) Defined laser line. (d) Clustered laser line into the upper part and
bottom part, (e) Laser separation by average laser position, Pgyg.

(f) Estimated reference ground line using 15t order linear regression.
(g) Calculating the area of the 2D cross-sectional profile. (h) Calculating
the average thickness. (i) Calculating the maximum width of the upper
profile. (j) Visualized 2D laser profile in world coordinate. (k) The laser
line is defined using the center of gravity method.

2-axis linear stages with a motion controller. The linear stage
allows a travel range of 200 mm, which can cover the move-
ment range of the nozzle head during 3D concrete printing
and has an accurate resolution of 0.1 um. Additionally, the
block with a cross-section size of 40 mm x 10 mm (width x
thickness) was used for the static test, which simulated the
dimensions of the nozzle and the extruded concrete layer.

2) ACCURACY ANALYSIS FOR TEST UNDER STATIC
CONDITION

The 2D profile data of the block were collected from nine
different positions under static conditions, and their accuracy
was analyzed. The 2D profile sensing system was shifted to
nine positions, varying by £10 mm in both horizontal and
vertical directions, as shown in Fig. 11. Here, Y represents
the default stand-off distance between the camera and the
center of FOV. P1 denotes a point Yo down from the camera
position, and P2 denotes the center position of the top of the
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FIGURE 10. Overall control system of the in-situ quality monitoring for 3D
concrete printing.

block. The relative position of P1 with respect to P2 is denoted
by (X, Y). During the static test, the 2D line laser is projected
onto the block, and the camera acquires its image. The image
data are then processed to world coordinate data using (10)
and visualized during the test, as shown in Fig. 12. The red
line in the image represents the ground and object surface,
the blue line represents the estimated bottom of the object
calculated from the regression line of the detected ground
profile, and the cross-section area of the object was calculated
with the method described in Section IV.

The measurement results during the static test are shown
in Table 3. The measured average values for width and
thickness were very precise, closely aligning with the actual
values of 40 mm and 10 mm, with measured averages of
39.99 mm and 10.07 mm, respectively. Additionally, the
measured area exhibited a high level of precision, with an
average value of 402.50 mm?, representing a relative error of
only 0.625% compared to the actual area of 400 mm?. This
experiment under static condition shows the best precision
among the three experiments because measurements are con-
ducted on a single object with almost no external vibration.
The two-axis stage ensures pure translational motion, and its
base machined from metal exhibits perfect flatness compared
to other experimental conditions.

B. PERFORMANCE TEST OF 2D PROFILE DETECTION
SYSTEM DURING MOTION

1) EXPERIMENTAL SETUP FOR TEST DURING MOTION

In this section, the measurement accuracy of the developed
sensing system was verified while operating the robot by
attaching the sensing system to the end effector. The results of
the width, thickness, and cross-sectional area measurements
were examined.
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FIGURE 11. Experimental setup for a static test. Two-axis linear stages
were used to change the position of the 2D laser profile detection sensor.
The beam of a 2D line laser is projected on the block.

The robotic arm 3D concrete printer developed at the
Construction Robot and Automation Laboratory of Yonsei
University was used for this test. The current version of
the robot arm basically has four degrees of freedom (DOF),
including one yawing axis and three pitching axes, and it can
locate the end effector in 3D space with an additional degree
of freedom of pitch angle at the end effector. A rotatable
printing nozzle is attached to the end effector of the robotic
arm 3D printer, as shown in Fig. 13(a). The robot arm can
reach up to two meters in a cylindrical workspace. Additional
servo motors on the material extruder and rotatable nozzle are
connected to the main controller of the robotic arm 3D printer
for concrete pumping to the print head. Fig. 13(b) illustrates
the scanning of the 2D profile of connected rectangular ply-
wood bars, performed by moving the sensing system attached
to the end effector at a speed of 20 mm/sec.

2) ACCURACY ANALYSIS FOR TEST DURING MOTION

The measurement results of the test during motion were
plotted together with the ideal value (colored line) in Fig. 14.
The measurement results of the width, thickness, and area of
the plywood bar using the developed sensor during motion
are summarized in Table 4. The measured values were com-
pared with the true values of 50 mm width and 12 mm
height, which are the cross-sectional dimensions of the
plywood bar. The Mean Absolute Errors (MAEs) for the
calculated width, thickness, and area are 0.56 mm, 0.21 mm,
and 10.42 mm?, respectively. The corresponding normalized
MAEs are 1.12%, 1.75%, and 1.73%, respectively, signifying
the errors as a percentage of the true values. Here, scanning
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FIGURE 12. Acquired image data are processed and visualized during the
static test. 2D profile data are collected from nine different positions
within the range of FOV. The upper red line, bottom red line, and bottom
blue line represent the object surface, ground, and bottom of the object,
respectively.

TABLE 3. Statistical analysis of 2D profile measurement under static
conditions. Block dimensions: 40 mm x 10 mm (width x thickness).

Mean

Average Average Standard
absolute ..
value error deviation
error
Width (mm) 39.99 -0.01 0.05 0.08
Thickness (mm) 10.07 0.07 0.07 0.05
Area (mm?) 402.50 2.50 2.58 2.30

was conducted on a pallet made of plastic, which is the
same floor condition as the 3DCP experiment, and provides
flatness conditions less precise than those in static experi-
ments. Increasing errors compared to static experiments are
not only due to the flatness of the floor but also attributed to
the motion generated by the robotic arm, which includes the
cause of vibrations. Nevertheless, test results during motion
demonstrate that the mean absolute error for both width
and thickness is sufficiently accurate to be applicable to the
operation of 3D concrete printing.

C. IN-SITU TESTING OF 2D PROFILE DETECTION SYSTEM
DURING 3D CONCRETE PRINTING

1) EXPERIMENT USING A CONCRETE EXTRUDER AND
ROBOTIC ARM 3D PRINTER

The 2D profile data were obtained in real-time using the
developed system while extruding the concrete layers on the
printed bed (Fig. 15). The processed 2D profile image of
the extruded concrete layer was visualized in real-time with
OpenCYV, as shown in Fig. 16, where the red lines on the
left and right side represent the ground, and the red line at
the center represents the surface of the concrete layer. The
printing speed was kept constant at 20 mm/sec, and the total
length of the printed structure was 2656.6 mm. The final
printed concrete layer is shown in Fig. 17.

2) DATA ANALYSIS OF 2D PROFILE SENSING SYSTEM
DURING 3D CONCRETE PRINTING

The real-time measurement results for the width, thickness,
and area, along with their average values (represented by
the dotted line), for the printed concrete filament are shown
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FIGURE 13. Experimental setup for test during motion. (a) robotic arm 3D
printer of Yonsei University. (b) performance test during motion.
(c) dimensions of plywood.

TABLE 4. Statistical analysis of 2D profile measurement during motion.
Plywood bar dimensions: 50 mm x 12 mm (width x thickness).

Average Average Mean Standard
absolute ..
value error deviation
error
Width (mm) 49.44 -0.56 0.56 0.14
Thickness (mm) 12.20 0.20 0.21 0.13
Area (mm?) 590.18 -9.82 10.42 7.30

in Fig. 18. To calculate the error, the true values of width
and thickness were obtained using a vernier caliper at sev-
eral locations and are indicated by colored circles on the
plot. Additionally, the true value of the area was calcu-
lated as the product of the width and thickness obtained
from the vernier caliper. The statistical results of 2D profile
measurement are shown in Table 5. The calculated width,
thickness, and cross-sectional area for the extruded concrete
filament showed MAE values of 1.22 mm, 0.72 mm, and
22.79 mm?, respectively. When compared to the experimental
results on the plywood bar during motion, the error increased
approximately 2 to 3 times. The standard deviation of
these measurements also increased compared to the previous
values.

This is attributed to the characteristics of the extruded
concrete filament material and the vibrations introduced by
concrete pumping through the concrete hose. Normalized
MAEs (MAE:s relative to the vernier caliper measurements)
on width, thickness and area are 2.79%, 6.65%, and 4.70%,
respectively. When the averages of scan measurement are
used as reference values instead of the vernier caliper val-
ues, the corresponding normalized MAEs are 1.10%, 3.72%,
and 3.58%, respectively. Compared to the test results during
motion (1.12%, 1.75%, and 1.73%, respectively), the perfor-
mance for width is almost identical, but the relative error
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FIGURE 14. Calculated profile information of the plywood bar during the
motion. (a) width. (b) thickness. (c) cross-sectional area.

FIGURE 15. In-situ testing of 2D profile detection system during 3D
concrete printing. The developed sensor acquires the 2D profile data of
extruded concrete filament along curved printing path.

for thickness and cross-sectional area has roughly doubled.
The high variations in the measured thickness of filament
can be attributed to voids and tearing in the printed filament,
which are printing material and printing process-induced
flaws [5]. The variation in the measured cross-sectional area
and thickness of printed concrete represent that the developed
monitoring system has sensed these flaws in the printed
filament. Extruded concrete filaments, characterized by a
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FIGURE 16. Processed 2D profile of extruded concrete filament during 3D
concrete printing.

FIGURE 17. Final printing path of the experiment.

TABLE 5. Statistical analysis of 2D profile measurement for the extruded
concrete layer during 3D concrete printing. In this table, true values refer
to the measurements obtained using a vernier caliper.

Mean

Average Average Standard
absolute ..
value error deviation
error
Width (mm) 42.66 -1.11 1.22 0.68
Thickness (mm) 10.71 -0.11 0.72 0.76
Area (mm?) 473.15 -11.66 22.79 18.21

low water-cement ratio, often exhibit a non-smooth surface,
which frequently leads to defects such as voids and tearing
in the printed concrete. These irregularities can contribute
to variations in concrete thickness, thereby resulting in a
relatively larger MAE in thickness.

In summary, the calculated MAE for thickness and width of
0.72 mm and 1.22 mm, respectively, can be regarded as hav-
ing sufficient accuracy considering the maximum aggregate
size of 1 mm in the concrete mixture used. The experimental
results during 3D concrete printing show the suitability and
accuracy of the developed sensing system to compute the
shape information and demonstrate the developed system’s
feasibility for in-situ quality monitoring during the 3DCP
process. The cross-section of the extruded concrete obtained
during the 3DCP experiment may not be a perfect rectan-
gular shape, as depicted in Fig. 16. The higher the yield
stress of the material, the better the shape stability, which
makes the extruded filament closer to the nozzle’s rectangular
shape. Conversely, as the yield stress decreases, material
flowability improves, allowing the material to spread more
widely without a distinct edge shape on the top corners of
the cross-section [33], [34]. The results from the experiment,
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FIGURE 18. Calculated profile information of the extruded concrete
filament during 3D concrete printing. (a) width. (b) thickness.
(c) cross-sectional area.

as shown in Fig. 18, demonstrates that the current 2D profile
sensing system can accurately acquire this cross-sectional
shape information, which can be valuable for future research
relating the cross-sectional shape information with material
properties.

VI. CONCLUSION AND FUTURE WORKS

A comprehensive overview of the development of a 2D laser
profile sensing system tailored for real-time geometric qual-
ity monitoring of extruded concrete in 3DCP is presented in
this paper. The main conclusions of this study in terms of
design, algorithm, and system are as follows:

A. DESIGN OF THE 2D LASER PROFILE

In this study, a systematic procedure was presented for deter-
mining design variables that meet the FOV, MOD, physical
dimensions, and the specific requirements of 3DCP in the
design of the 2D laser profile sensing system. The primary
advantage of the proposed design method lies in its simplicity,
and once the combination of camera and lens is selected, the
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design problem is converted into a problem of solving a single
design variable based on the constraint on the height limit
of the sensor. The proposed design method helps facilitate
the design of a 2D laser profile sensing system by easily
deriving design variables to suit the requirements of the 3DCP
system being used. In addition, by integrating the developed
sensing system into a nozzle device capable of infinite rota-
tion, its usability has been enhanced to enable cross-sectional
measurement of the concrete filament extruded in all direc-
tions along the printing path. This was demonstrated in the
3DCP printing experiment, which included both curved and
straight segments of the 3D printing path, providing continu-
ous monitoring information. Since this sensing system can
be configured on a component basis, it can easily address
contamination on the front camera lens by replacing the
mounted protective filter. Additionally, it offers the possi-
bility of adjusting the intensity of the 2D line laser based
on ambient lighting conditions, unlike commercial products.
While it’s worth noting that this developed system has not
been evaluated under outdoor printing conditions, these cus-
tomization and flexibility advantages stand out in comparison
to existing off-the-shelf sensors.

B. PROCESSING ALGORITHM FOR CROSS-SECTIONAL
INFORMATION

The proposed processing algorithm to compute the profile
information of the extruded filament involves stages of image
segmentation, extraction, and clustering for the laser pro-
file, followed by coordinate transformation, estimation of
the reference ground line, and calculation of the profile,
width, thickness, and area of the filament cross-section.
Through the calibration process and experiments presented
in the Appendix, the sensing system was calibrated to a
MAE accuracy of 0.087 mm across the designed FOV area.
To ascertain the feasibility of the sensing system, experiments
were conducted on an industrial-scale robotic arm. The MAE
values for the width and thickness calculated for the con-
crete filament during printing were 0.72 mm and 1.22 mm,
respectively, which are very accurate values considering the
maximum size of the concrete aggregate used, and the MAE
value for the cross-sectional area was 22.79 mm?. This exper-
imentally verifies that the proposed processing algorithm
effectively captures important information about extruded
concrete filaments, including width, thickness, and cross-
sectional area. The cross-sectional dimensions and the profile
shape of the extruded concrete layer recorded in the system
are valuable data points for proof of print quality and sub-
sequent applications. This data can also be used to compute
the concrete extrusion rate by multiplying the cross-sectional
area by the nozzle travel speed.

C. SENSING SYSTEM

A stand-alone embedded PC-based sensing system interfaces
with the sensing unit, consisting of a camera, lens, and 2D
line laser, to acquire image information. It processes the
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image in real-time using the proposed algorithm and trans-
mits the resulting cross-sectional information to the main
control unit through communication. The current embedded
system used in the experiment calculated the width, thickness,
and cross-sectional area and transmitted the data at approxi-
mately 4 Hz. To utilize the results of quality monitoring more
effectively, it is necessary to update the calculated informa-
tion more quickly. This requires high-performance hardware
configuration and software optimization.

The application scope of the system developed and experi-
mentally validated in this study was focused on monitoring
the geometric print quality, specifically by assessing the
dimensional accuracy of extruded concrete layers through
profile detection. Looking forward, it is essential to develop
technologies that not only measure geometrical information
but also provide comprehensive quality information during
the printing process. For instance, expanding this research
to include predictions of material properties based on geo-
metrical data could be highly beneficial. By investigating
the relationship between material properties and the scanned
profiles of extruded layers, a more holistic monitoring of
concrete quality can be achieved, taking into account both
geometric and material factors. Additionally, exploring the
application of deep learning-based computational methods
for analyzing extruded concrete filament shapes presents an
intriguing opportunity.

The integration of the 2D profile sensing system into
a closed-loop quality control framework not only enables
real-time adjustments during printing but also acts as a spring-
board for further innovations in the field. Given the inherent
characteristics of 3DCP, wherein the printing quality is easily
influenced by the variability of materials used, the ability to
measure the dimensions of extruded concrete in real time
is crucial for improving the reliability and efficiency of 3D
concrete printing processes. This comprehensive approach to
quality control, potentially augmented with advanced mate-
rial assessment and deep learning techniques, contributes to
the ongoing evolution and enhancement of 3DP technology
in the construction industry.

In conclusion, the developed 2D profile sensing sys-
tem offers a robust solution for real-time geometric quality
monitoring in 3D-printed concrete layers, representing a sig-
nificant step towards enhanced print quality assurance in the
3DCP construction sector.

APPENDIX A

DERIVATION OF CALIBRATION PARAMETERS AND
TRANSFORMATION FROM IMAGE TO WORLD
COORDINATE

In this section, an effective yet straightforward calibration
method suitable for use with 2D laser profiles is presented.
The unknown calibration parameters, h;;, can be determined
from n-pairs of datasets regarding the point (i;, v;) in the
image coordinate and the point (X;, ¥;) in world coordinate.
Rearranging the calibration matrix £ of (6) into vector form

VOLUME 12, 2024

gives the following (18).

X, ¥, 1 0 0 0 -wX, -uY "::“ "
0 0 0 X, ¥V, 1 —-uX -u¥ ; . v,
X, Y, 1 0 0 0 —wXy, —wl, "13 u,
0 0 0 X, ¥, 1 -u,X, -uY, ;:21 ={|v,
. 22 H
X, ¥, 1. 0 0 0 -—-wkX, —-ub, ::23 Uy
0 0 0 X, Yy 1 -wmXy -uly h:n Vn
32
Aznxs) hgx1) Panx

(13)

To solve the eight unknown elements in vector & of (18),
at least four pairs of image and world coordinate datasets are
necessary. In cases where more than four pairs of datasets
are used, making A, a non-square matrix, the solution for
calibration vector k can be determined using the pseudo
inverse, which produces the minimum possible error in a least
squares sense as shown in (19).

h=@T. 4 AT (19)

Now, using (7) and (8) with the h parameters obtained
from (19), it is possible to calculate the corresponding image
coordinate from the given world coordinate data. Conversely,
the transformation equation from the measured camera image
to the world coordinate can also be derived. Expressing X;
and Y; as u; and v; in (7) and (8) gives (20). By multiplying
the inverse matrix to both sides of (20), we can calculate the
actual point (Xj, Y;) in world coordinate from the image pixel
(u;, vi), using h parameters obtained from (19), as depicted

in (21).
[wihzi — iy wihzo — b | [ X
| vihs1 —ha1 vihza —ha || Vi

h13 — u;
= 20
[h23 - Vi:| 0)
g
. Yi
~1
_ | wihsr = b1t wihzy — hia hiz — u; @1
vihz1 — ho1 vihzp — hao ha3 — v;
APPENDIX B

CALIBRATION EXPERIMENT OF A 2D PROFILE SENSING
SYSTEM

In this section, the procedure for calibrating the 2D profile
sensing system is discussed. The target area was selected
with respect to the printing area. The printing head of the
3D concrete printer has a rectangular nozzle with dimensions
of 44 mmx 11 mm (widthx height). The camera calibration
equipment consists of a camera and a calibration block made
of aluminum. A checkerboard is attached to the block’s sur-
face where the 2D laser line is projected. The target area,
measuring 70 mm x 35 mm, was selected based on the
location of concrete filament extruded from the nozzle. This
area contains of 98 squares (14 x 7) in alternating dark and
light colors, each measuring 5 mm in width. The target area is
indicated by a pink box, as shown in Fig. 19, and it includes
78 internal corner points (13 x 6).
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FIGURE 19. Camera calibration jig for a 2D profile sensing system.
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FIGURE 20. Spatial distribution of errors between measured points and
theoretical points.

Calibration of a 2D laser profile sensor requires n points on
the checkerboard (world coordinates) and their corresponding
points in image coordinates. For corner points of the target
area, OpenCV was used to collect the corresponding points
in image coordinates. The image of the checkerboard was
acquired using the camera from a 2D laser profile sensing
system. A total of 78 corner points (u;, v;) were detected in
the camera image. Using the corresponding information of
world coordinate, the elements of the calibration parameter
in the h vector were obtained using (19).

To verify the calibration performance, the world coordi-
nates for all detected corner points (u;, v;) were calculated
based on (21) and the obtained calibration vector k. The
MAE for the distance between the actual coordinates and the
calculated world coordinates was 0.087 mm, with a standard
deviation of 0.044 mm. The errors for the measured points
were plotted in Fig. 20.

Besides, this article has a supplementary video material
available at https://youtu.be/6ceaPdkufBk provided by the
authors.
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