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Additive manufacturing, Additive manufacturing, widely known as 3D printing technology, has taken the world by storm, capturing

3D concrete printer the attention of researchers, engineers, architects, and investors alike. With the ability to transform a mere
Printing techniques
Simplify3D

Mach3

drawing into a physical object, 3D printing can change the game in various industries. However, the
challenge lies in implementing this technology effectively with limited resources. That's where this study
comes in - it sheds light on the breakthrough projects produced by a 3D concrete printer. From the iconic
university structure to stunning furniture for interior and exterior spaces and even a small-scale village. This
study showcases the possibilities of 3D concrete printing technology. By delving into practical techniques
such as design, software manuals, slicing model methods, and visual appearance, this study provides valuable
insights for anyone interested in this groundbreaking technology. The practical techniques in the printing

process related to design, software manuals, slicing model methods, and the visual appearance of a specific

model will be discussed.

1. Introduction

The success of rapid industrialization in different parts of the
world can be attributed to the automation processes that have enabled
faster and more cost-effective production. In this context, it's important
to note that the construction industry, despite its unique challenges, is
also benefiting from increased automation. This trend is particularly
significant as it has the potential to reduce labor and construction time,
enhance quality, and minimize environmental impact. However, the
concrete construction sector has not experienced the same level of
automation as other industrial sectors due to the material's unique
properties. The introduction of three-dimensional printing in 1987 as a
rapid prototyping method has opened up new possibilities for the
industry, and this study aims to shed light on these developments.

Numerous three-dimensional printing techniques are available,
but additive manufacturing (AM) remains the fundamental principle.
This means that the technology adds material layer by layer, which
differs from traditional manufacturing methods that subtract material.
It is widely believed that AM and 3D printing have driven a shift in
design and fabrication, owing to their unique ability to produce highly
customized and geometrically complex products using various
materials. This shift in how objects are designed and fabricated presents
significant opportunities for the building and construction industry.
Industry. There has been a growing trend in recent decades of
publications related to the application of 3D printers in the construction
industry. This is evident from Figure 1.

Over the past few years, several well-known buildings, bridges,
and architectural icons have been constructed using on-site 3D printing
technology. This trend has been gaining momentum since 2014 [2], [3],

[4], [5], [6]. These accomplishments provide valuable insights into the
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full potential of 3D printing technology in construction projects. Thanks
to automation and software technology advancements, 3D printing has
become more effective. Moreover, this technology is considered
environmentally sustainable since it can utilize various materials in
construction, including recycled materials and zero-waste additives.
The process of 3D printing in construction begins with a 3D CAD model
of the object, which is saved in ".STL" format. Next, the model is sliced
into layers using Simplify3D software, and the sliced model is saved as
a “.Gcode” file. Finally, 3D concrete printers use Mach3 software to
control the printing of components. Figure 2 illustrates this process
presented here above.

Printing components or entire buildings with 3D printers can be
achieved using either gantry systems or robot systems, as shown in
Figure 3Error! Reference source not found.
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Figure 1. Publication rate of filtered articles on 3DP in architecture [1].
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Figure 2. Steps of the printing process [7].

(b) Gantry system [9]
Figure 3. Types of concrete printers.

(a) Robot system [8]

Given the constraints of limited printers, technology issues, and
budget, the question remains how to effectively utilize and implement
3D concrete printing technology. Therefore, the techniques of additive
manufacturing technology will be revealed through highlighted projects
produced using 3D concrete printers. The highlighted projects, which
include the University icon and exterior furniture, are presented in
detail. The practical techniques involved in the printing process, such
as design, software manuals, slicing model methods, and the visual
appearance of a specific model, will be discussed. Based on the research
results, recommendations have been provided that can serve as a
reference and guide for applying 3D concrete printing technology in the

construction field.

Cement Natural sand

Crushed sand

2. Materials and methods
2.1. Materials

For this research, the binder component was formed using
ordinary Portland cement (OPC) by Chiffon PC40 and fly ash (FA) by
the Haiphong thermal power plant. This combination was chosen due
to the success of cement-based materials that many researchers have
developed. [10], [11], [12], [13], [14], [15]. Commercially available
natural and crushed sand were used in this research. Polypropylene (PP)
fibers were added to the concrete mix to reduce shrinkage during the
printing and hardening. The main properties of the PP fibers are listed
in Table 1.

Table 1. Properties of PP fiber.

Tensile strength 500 MPa
Modulus 6000 MPa
Diameter 35+ /-5 uym
Length 12 mm
Specific density 0.910 kg/1

Vis-concrete 3000M, a superplasticizer, was used to adjust the
workability of the fresh concrete. Figure 4 presents the materials used

for mixing concrete in this research.

SHa

PP fiber

Superplasticizer

Figure 4. Materials used for mixing concrete.

2.2. Mixture proportions and rheological requirements for printable concrete

The authors of this research highly value practical methods in
both the laboratory and on-site, based on the approaches and
achievements of previous authors[13], [16], [17], [18]. To that end, the

author has proposed a mix proportion design process that uses

coefficients and slump value, as shown in Figure 5. This approach is
intended to be constructive and to offer a practical mix design solution
for 3D concrete printing technology.

The slump height of the concrete cylinder is a crucial factor in
assessing the yield stress and buildability of the tested concrete.

Therefore, the authors of this research have chosen a cylinder mold with
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a height and diameter of 80 mm based on the previous research by
author [19]. This approach is intended to ensure the testing process is
effective and reliable.

The consistency of the concrete cylinder slump measurements,
which ranged from 8 to 28 mm, and the lack of deformation after the
mold was lifted away, as demonstrated in Figure 6, provide constructive
evidence that the concrete has sufficient solid ability. Based on a
significant slump test that is shown in Error! Reference source not
found., according to the design process presented, many printed
products have been successfully performed.

The rheological properties of printable concrete are critical for
determining the success of the printing process and are highly
dependent on the input printing parameters. The extruded material
must be placed in thin layers to minimize the initial gravity-induced
stress during the deposition process because the thickness is small
compared to the printed object height scale.

For a given layer to be stable after deposition and its shape to be
controlled, it is necessary to achieve an adequate yield stress quickly.
This initial yield stress must be strong enough to sustain the gravity
stresses induced by the deposition process. Figure 8 illustrates the

development of yield stress over time.
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Figure 5. Mix proportion design process.
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Figure 6. The slump of the sample.

Figure 7. The slump of the sample.

Table 2. Mix proportions.

Project Fly Natural | Crushed | PP Fiber SP
Cement Water
name Ash sand sand (%) (%)
University
1.0 - 0.32 |0.5 0.5 0.25 0.4
Icon
Furniture |0.5 0.5 |10.32 |0.5 0.5 0.25 0.4

(Note: Binder = Cement and Fly Ash; values in Table are ratios of each
ingredient to binder)
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Figure 8. Network(s) of interacting cement particles along with yield
stress evolution and target requirements[20].
(Note: hO is the layer thickness. H is the final object height. S is the contour
length. V is the nozzle velocity, and p is the printed material density.)

In addition, the critical height H., at which self-buckling is
anticipated to occur in a slender vertical structure that is subjected only
to its weight, can be expressed as follows:

2.E.52\"*
H, =~ 1
‘ <3-p-g) @

Where:
E is the material's elastic modulus; p is the printed material

density; g is gravity acceleration. § is width filament.
2.3. Concrete printer

Concrete printers are typically designed with either robot-based or
gantry-based systems. The choice between these two systems is based on

specific requirements, such as the required printing speed, flexibility, and

conditions related to the production facility building. The main differences
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between robot-based and gantry-based 3D printing are primarily due to
their distinct approaches to moving along the printed project.

Robotic arm printers are generally more mobile and versatile
than gantry printers, and they can print specific designs that gantry
printers may struggle with due to their 6-axis movement. However,
gantry printers offer cost and stability advantages, and they can produce
larger prints, including entire buildings, in one go. Additionally, gantry
printers allow for non-continuous printing, which is necessary for
printing entire buildings. A robotic arm printer is better suited for
experienced operators, typically robot suppliers, who can print single
elements with high complexity and detail. Meanwhile, gantry printers
are better suited for large-scale projects and 3D printing of entire
buildings. In this study, a gantry printer was operatted by author , as
shown in Figure 9. The printer measures 2500 x 200 x 1800 mm (length

x width x height) and can produce printed samples measuring 1500 x

. lle==
) =
N

2500 1775

1200 x 1200 mm (length x width x height). To control this printer, two
generations of printers has been created to investigate the extrudability
of concrete and Mach 3 software, which are used to control the printer,
as shown in Figure 10.

The extruder is the most critical component of the printing
equipment because it directly affects the extrudability of the materials.
Extrudability refers to transporting fresh concrete to a nozzle with
continuous filaments. There are two types of extruders commonly used
in 3D printing: ram and screw, as shown in Figure 11. Error! Reference
source not found. compares some of the main properties of these
extruders.

Because of the simplicity of manufacturing the screw extruder,
the authors employed a screw extruder for the printers. The extruders

are illustrated in Error! Reference source not found..

(b) Overview of concrete printer and mixing/pump system

Figure 9. The concrete printer.

(a) Extruder

b) érﬁall 3D pfinfer
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Figure 10. The concrete printer.
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Figure 11. Typical types of extruders: ram and screw [21], [22]. Figure 12. Diagram of extruders.

Table 3. Comparison between ram and screw extruders [23].
Type Properties Requirements for cementitious materials Applications

Continuously feed into the extruder—the . . .
Screw Homogeneous and high flowability. High

jamming of larger particles between the More suitable with fine aggregates.

thixotropy accelerators.
barrel of the hopper and the screw.

Discontinuously feed into the extruder—
am . . . . . reater viscosity, Lower flowability, and higher | Suitable for concrete with large

R jamming problem in the transition region Greater viscosity, L flowability, and high Suitable f t ith-larg

from Barrel to Die yield stress. aggregates, such as concrete.

2.4. Design model of the Construction projects Figure 13. University icon design model.
The second one is outside furniture designed for a total length of

This study will present and analyze two highlighted projects as 26,24m. The benches and tables' dimensions are in detail, as in Figure 14.
the following contents. The first one is the University icon, designed
with a total length of 4325mm, a width of 660mm, and a height of
1465mm. The icon includes six components on the base. The

dimensions are in detail, as in Figure 13.

5|8 b) Front view

A H N

a) Front view
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c¢) Overview

Figure 14. Benches and tables design model.
3. Results and discussion

The designers will consider separating the entire model into

components based on the whole designed option. There are some rules to

divide a complete model into components that can be successfully printed:

- The printer limits the dimensions of the components.

b) Side view
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- In changing slope, the Leaning angle must be considered based

on the printing speed and layer height but not exceed 500 as shown in

Figure 15 .
e g gge 45—
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Figure 15. The leaning angle tests. [24]

- The location of the separated surface model should be at the
changing slope position.
A temporary support method can be used for the complex

components, which affects how the whole model is divided.

(@

3.1. The University icon

The printing process is guaranteed according to the steps shown
in Figure 2. The components were printed with a 22mm circular nozzle.
The height of each print layer is 10mm. The base is divided into eight
segments and then assembled with adhesive. The pictures illustrate the
printing process, as shown in Figure 16.

After completing the printing, all components were coated with
paint according to the designed color. Then, the logo was transported

by a specialized crane truck, erection, and connected to the completed

icon, as captured in Figure 17.

|4

sy RN

(b) The elements of base

Figure 16. Components printing.

e

3.1. The Furniture

The printing process is also guaranteed according to the steps
shown in Figure 2. The components were printed with an 18mm circular
nozzle. The height of each print layer is 10mm. The Figure 18 illustrate
the bench components are printing.

Figure 19 illustrate the process from the design pieces through

the printing direction to the completed part of the bench components.

Figure 17. Transportation, erection, and completion.
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(a) Design piece

(b) Printing direction

(c) Completed piece

Figure 19. Printing technique process with Simplify 3D sofware.

Delivery and erection of the products were done in a few hours,
and the finished products brought a fresh new look to the vibrant spaces

in Hai Phong Children's Hospital, as shown in Figure 20.

Figure 20. Completed model.
4. Conclusions

Based on the results of the research projects presented herein
with the 3D concrete printer at Haiphong University, some conclusions
and suggestions are given:

(1) Additive manufacturing, with the employment of Simplify3D
and Mach3, effectively slices and prints models, which the authors
successfully investigated.

(2) The model's design is free in architecture, but the rules
suggested in this research should be considered to guarantee the
production quality in appearance and printability.

(3) The techniques revealed through the practical projects
illuminated the process of creating a product with a 3D concrete printer,
including design routine, division of the whole model into separate
pieces, and printing process.

(4) Highlight projects presented in this study to enhance the
application of additive manufacturing technology to the practice areas.
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