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Abstract: The three-dimensional (3D) printing technique for cement-based materials has been ac-
tively investigated and utilized in civil engineering. However, there is no systematic review of the
fabricating devices. This paper reviews the software and hardware for extrusion-based 3D concrete
printing. Firstly, a dedicated tool path generating software is urgently needed to meet the cementi-
tious printing applications and to improve printing quality with toolpath optimizations. Secondly,
the existing printing equipment was summarized and discussed, concluding the pros and cons of
various 3D motion systems, material systems, and nozzle units. Suitable choices for scientific research
and engineering applications were recommended. The reinforcing techniques were categorized and
concluded with the existing drawbacks and the research trend. A hybrid manufacturing system of
3D printing and the reinforcing technique was then proposed with a system diagram and flowchart.

Keywords: 3D concrete printing; extruding device; printing nozzle; reinforcing technique;
hybrid manufacture

1. Introduction

Three-Dimensional Printing Technology (3DPT) has been widely studied, commer-
cialized, and applied in different domains. Printable cementitious composites have at-
tracted attention in the construction domain with many structural engineering components
fabricated [1] and even the concept of a space base station on the moon [2]. 3DPT on
cementitious material has a bright future for green building, environmental protection, and
energy-saving [3–6].

Concrete printing differs from polymer printing, which only has a physical change
during the printing process from the nozzle to the printing bed, e.g., liquid-form plastic
to solid, melt- or powder- state metal to solid metal. However, the cementitious materials
have both physical and chemical changes from liquid paste inner the nozzle to the printing
bed still in a paste status, hydrating to solid form.

The existing 3D Concrete Printing (3DCP) Techniques (3DCPT) mostly utilize mortar
extrusion, namely 3D Extruding Concrete Printing (3DECP). It needs to pre-mix the materi-
als and feed the mixture into the extruder. Extrudable material needs to meet the properties
of printability, pump-ability, buildability, and open time [7]. According to the references,
most printable materials are OPC-based, fewer are geopolymer-based, and some are sulfur
and magnesium cement. Admixtures, such as thickener [8], plasticizer [9], and thixotropic
agents [10], have been introduced to balance viscosity [11], thixotropy [10], rheology [12],
slumping [13], and fluidity [14]. Thus, many printable cementitious materials are available
for 3DCP.

The 3DPT is a comprehensive technology of materials and electromechanics. Mechan-
ical techniques can solve the problems of materials. Since large reinforcement can jam
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and block the extruding mechanism [15], many reinforcing techniques have been investi-
gated, such as inserting rebars, nails, or embedding wires, which have achieved significant
mechanical enhancement.

Therefore, printing equipment and reinforcing techniques deserve more research
attention. Additionally, there are a lack of reviews concerning printing devices and relevant
techniques. A summary of the current printing equipment needs to be carried out to
guide the improvement in techniques and relevant research. In this paper, the printing
systems were summarized and discussed regarding the toolpath generating software
(Section 2.1), motion system (Section 3), material system (Section 4), nozzle unit (Section 5),
and reinforcing techniques (Section 6), providing a solid fundamental to the studies on
printing devices and techniques.

2. Printing System

One thorough 3D printing procedure starts from the software to the hardware, from
the concept model with an origin file via CAD software. Then, the designed sketch is
processed into printing commands by a Toolpath Generator (TG). The mixed cement mortar
is transmitted to the printing bed to form a 3D object via pumping, squeezing, pushing,
or extruding techniques. Finally, the 3D printer fabricates the designated output from the
digital tool path and mixed material. As shown in Figure 1, a typical printing process
involves three main parts: software, hardware, and material. The concept model can be
eventually fabricated via digital, mechanical, and material flows. The 3D printer hardware
can be divided into four parts: the control unit, motion system, material system, and the
nozzle unit, with discussions in the following sections.

Figure 1. The 3D concrete printing system.

2.1. Printing Software

In addition to the CAD sketching software, the TG typically processes the 3D sketch
file in *.stl format and generates printing instructions/commands. The nozzle tip follows
the commands to print from one dimension to the final three-dimensional object. The
description protocol of the printing commands is usually G-code. More possibilities for
printing one given material mix and one printing equipment can be achieved by varying
the tool path, the extruding speed, or nozzle moving speed.

Helpful printing strategies can be employed for better printing results by software
optimizations based on one printable material and its printing device. Li and Wang [16]
carefully designed the printing paths to spiral-spread the embedded cables and increase the
compressive strength by 50%. A convex geometry with a fine printing surface and intensity
can be achieved by a variable-layer-thickness strategy, as in Figure 2. These technologies
are also applicable to 3DCPT.
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Figure 2. Varying layer thickness achieves better geometry: (a) the designed geometry, (b) the sliced
toolpath with equal layer thickness, printed in the dark area, and (c) varying thickness sliced.

Therefore, the toolpath optimization is worth studying to achieve better results with
the same printable material and printing equipment.

Evidence shows that over half of researchers conduct their concrete printing using TG
software [17,18] from the plastic printing technique, Fused Deposition Modeling (FDM).
FDM has been well-developed in recent years and many open-source projects are available
as a reference to the 3DCP, such as RepRap, Ultimaker, or Repetier. These FDM TGs can still
work in 3DCP, e.g., sli3r.exe, curaEngine.exe, and Simplify3d.exe. They have parameters
for plastic extrusion but are still compatible with cementitious material.

However, there is one main difference between FDM and 3DCP. The cementitious
material has a chemical reacting process from the paste to hardened, while the extruded
plastic in FDM is only a physical change from liquid to solid-state. Therefore, the existing
printing mechanisms for 3DCP are different from those for FDM. The configurations for
a thin, round plastic filament in FDM are melt temperature, feeding filament diameter,
infilling density, and layer thickness. The plastic raw material is melted into liquid form,
extruded out of the nozzle tip by the feeding pressure, and hardens rapidly as it cools
down [19]. However, the cement paste is mixed at room temperature, fed into an open
material bin, extruded out of the nozzle tip onto the platform, remaining in a paste state,
and hardened to solid. Additionally, typically, the 3DCP printer is larger than a desktop
FDM printer.

Some 3DECP parameters are not considered in these FDM slicers, such as material
slump, setting time, and rheology. A dedicated TG for 3DCPT is urgently needed.

2.2. Printing Hardware

In addition to the control unit, typical 3D printing hardware involves motion and
material systems. The material system includes a material feeder and a printing nozzle.
The nozzle extrudes the material quantitively to manufacture a 3D object additively. The
motion system carries the nozzle moving in the three-dimension space to fulfill the “3D”
printing. Both are given in later sections.

3. Motion System

The 3DCP needs an automatic motion system to carry the nozzle unit. Typically,
the motion system has three axes x, y, and z, and the printing nozzle is the E axis for
extruding. Some other printers have more than three axes to fulfill more possibilities of
printing applications, e.g., a 6-axis industrial robot with a new printing route strategy [20],
dual nozzles [21], or two robot arms co-working to printing concrete [22]. Several 3D
motion systems for 3D printing techniques are widely used in CNC and other industrial
domains. The literature motion systems used in 3DCPT can be categorized as Gantry,
Frame, Robot-arm, Polar, and Delta types, as in Table 1 and Figure 3, and the typical
printers in Figure 4.
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Table 1. Existing motion systems for 3DCPT.

Name Illustration * Pros and Cons Literatures **

Gantry Easy assemble,
Easy use,

Easy maintenance,
Uniform resolution,

Low cost,
Hard to extend the build volume.

[18,23–26]

Frame [8,27–32]

Robot
Arm

Complex assemble,
Complex maintenance,

Uneven resolution,
High cost,

Easy to extend the build volume.

[20,33–44]

Polar

Uneven resolution,
Mean assemble,

Mean use,
Mean maintenance,

Mean cost,
Easy to extend the build volume.

[45,46]

Delta

Complex assemble,
Complex maintenance,

Unstable nozzle cartridge,
Mean cost,

Uneven resolution,
Hard to extend the build volume.

[17,47–52]

* The material supplying equipment is excluded; the printing nozzles are in green; and the build volumes are in
orange. ** The referred studies have clear evidence (text/s or photo/s) of the motion type.

Figure 3. Numbers of studies with types of motion systems from Table 1.

Gantry (as in Figure 4b,d) and frame (as in Figure 4e) motion systems are commonly
used in the FDM technique. They can be easily transplanted for cement printing and
extended by enlarging the axis with a consistent positioning resolution for 3DCP, with
advantages such as low cost, easy assembly, easy maintenance, and hands-on. Simple
mechanical structures, ordinary stepper motors and gears and a simple control board
embedded with open-source firmware are sufficient for 3DCP printing research. The build
volume cannot be more extensive than the outside of the printer.
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Figure 4. Motion systems in existing 3D printing systems, reprinted with permissions: (a) a robot
arm [35], (b) a desktop gantry printer [23], (c) the delta motion system [51], (d) a room-size gantry
printing system [25], (e) a frame motion system [53], and (f) a polar motion system [45].

Robot arm systems (as in Figure 4a) are the most popular among the five types of
motion systems, as concluded in Table 1 and Figure 3. They have a flexible “arm” and nozzle
to achieve complex printings, and can easily extend the build volume when mounted on a
mobile base [54] or a track. There is a 9 m printer with fabricated structural components,
including a usable bridge, at the Hebei University of Technology. The drawbacks are the
high cost and a complicated control system.

Polar systems (as in Figure 4f) are rarely used in academic 3DCP but are still an
efficient positioning system with which Apis Cor [45] has finished several commercial
projects to print houses. The positioning resolution is lower at the distant point than the
near point in the XY plane. The maintenance and fabricating costs are much higher than
the gantry- or frame-system. The build volume is similar to a hollow cylinder, as shown in
Table 1.

Delta system (as in Figure 4c) positions the nozzle in the 3D dimension by adjusting
the length of three cables or the height of three rods. It is widespread in FDM printers,
and many open source controlling solutions are available. There are large- and small-scale
printing applications with delta systems. However, the nozzle stability is insufficient due
to its mechanical structure, especially when the nozzle is connected with a long material
transmitting pipe.

In addition to the above five motion systems, several studies have been conducted with
only one nozzle to form a “printed” result by hand without a 3D motion system [55–60],
named the non-motion system in this study. The results and conclusions may not be
reliable due to uneven material distribution because neither nozzle motion nor material
extrusion was stable and quantitively when operated by hand. Pre-study or trial of the
material extrusion is possible with these non-motion-system tests, but further scientific
experiments are recommended with one motion system. Additionally, the later discussions
and conclusions are addressed on a printing system with a motion system.

The 3DCP has gradually gained research attention in the past ten years. As shown in
Figure 3, more and more studies have provided information about motion systems. The
robot arm was the most popular motion system in 2020, followed by the gantry and frame
motion systems.
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People need a simple and easy hands-on machine to start printing research quickly,
rather than developing a new printing system. Thus, the gantry and frame systems are
suitable for the beginning of a 3DCP study, since they are a simple system design with
many available control units and corresponding software. Robot arms are the second
recommended motion system for a research start-up. They are strongly recommended
for large-scale printing due to their multi-axis freedom. Polar- and delta- systems are not
suitable for 3DCP research due to their complex design and difficulties/complexity in the
use and maintenance process.

4. Material System

There are four types of material systems, as shown in Figure 5. Remote feeders and
local feeders supply the mixed mortar to the nozzle, as in Figure 5a,b,d. The remote feeder
stores the mixed material and transmits the material to the printing nozzle or the local
material bin through the transmitting pipe. The raw extruding systems [15,49,55–59,61–63]
do not have a material feeder; their material bin is the extruding mechanism, as shown in
Figure 5c.

Figure 5. Four types of material systems in the existing research. (a). a remote feeder only, (b) a
remote and a local feeder, (c) a ram extruder, and (d) a local feeder only.

4.1. Remote Feeder

Three-dimensional printing is a continuous fabricating process. The printed material
hydrates from liquid to solid-status throughout the whole printing process. Large-scale
printing requires 10 to 100 kg of material. The printing head can typically hold 2–5 kg; thus,
the mixed material is better transmitted from a remote container to the nozzle via a pipe, as
illustrated in Figure 5a,b. The printable material goes through a long pipe under pressure
from a powerful pump; thus, the material needs more requirements such as rheology and
plastic viscosity [64]. Therefore, pump-ability [7] is the first essential element for printable
material research. Many researchers have utilized commercial pumping machines [42,65],
as shown in Figure 6a. The screw pump [10,13,35,66] and peristaltic pump [29] are available
as the power source for the remote feeder.
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Figure 6. Material systems with remote feeders, reprinted with permissions: (a) the remote feeder [13]
for (b) the gantry printing system [13], and (c) a robot arm printing system with a remote feeder [22].

Many printing systems [10,13,22,25,35,41,43,53,66–71] have one remote feeder only;
and the pumped material was directly deposited onto the printed bed via the nozzle tip,
as shown in Figure 5a and the existing studies presented in Figure 6b,c. The end of the
pipeline was mounted on a frame system [27,72] or robot arm system [43], working as the
nozzle tip. Some other studies [23,29,73,74] involve a remote feeder and a local feeder, as
illustrated in Figure 5b.

4.2. Local Feeder

The local feeder was connected to the extruding mechanism, feeding the material
directly to the nozzle, as shown in Figure 5b,d. The material bin is usually a V-shape,
as shown in Figure 7a–e. The rotating blade(s) help mix the cached material to avoid
hardening and segregation and feed the material into the extruding mechanism without
any stagnant. Admixtures, such as accelerators, can be added to the local feeder to speed
up the material hardening [34]. Some academic studies [18,23,75–79] utilize a local feeder
only, since these studies did not need much material. The mixed material was manually
put into the cache piece by piece with a shovel.

Figure 7. Local feeders in the existing studies, reprinted with permissions: (a) a V-shape sketch
design material bin with a feeding open and a turn-able nozzle tip [29], (b) a material bin with a
size-varying nozzle tip [73], (c) a desktop printer with a V-shape material bin [75], (d) a printing
system with a V-shape storage bin and a mixing blade [80], and (e) a printing nozzle with a local
feeder [81].

The local feeder works as a material cache, storing 1 to 4 kg of mixed material, feeding
the extruding mechanism to maintain continuous printing, regardless of the variable
pumping speed or if the remote feeder stops accidentally. Mostly, the printing system has
no feedback on the material extrusion. If without any material cache, the extruding speed
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(volume per second, vextruding) relies directly on the remote feeder. This feeding-extruding
system is a non-feedback control system with a high hysteresis. The change in the pumping
pressure takes a time duration t for the extruder to change the vextruding. Meanwhile, it
is expected that the pumping pressure inner the pipe would change as the pipe moves
along with the nozzle motions, raising the requirements to control the material flow stably.
The local feeder near the extruding mechanism would avoid this controlling difficulty.
Additionally, the vextruding is simply a function of the motor rotating speed for one material.

5. The Nozzle Unit

The printing head/extruder plays the most significant role in the 3DCPT, as it is where
the data-, mechanical-, and material-flows meet, as in Figure 1. The printing head deposits
the material quantitatively in three dimensions with precise movements to fulfill the 3D
printing. One fully functional nozzle unit includes the extruding mechanism and the nozzle
tip. One detailed mechanical design can be found in [82]. Further accessories can be utilized
on the nozzle to achieve more functions, e.g., adding reinforcements.

5.1. The Extruding Mechanism

Three kinds of extruding mechanisms were concluded from the existing studies: ram
extrusion, screwing pump, and direct screwing, as shown in Figure 8.

Figure 8. Three common types of nozzle units: (a) a piston extruder, (b) a screw pump, and (c) a
direct screw with replaceable nozzle tips.

Ram Extrusion (RE), as shown in Figure 8a: The material is directly pushed out of
the nozzle tip by a piston without twisting or screwing. It is commonly used for simple
printing tests without considering pumpability. Syringes [61,83] (volume less than 300 mL),
dispensing tubes [4,56,57,84,85], or customized pistons [59,86] were utilized as the printing
nozzle, as well as larger piston devices [8,87], such as a glue tube, as the printing nozzle,
and more powerful pistons [24,63] as the pumping source.

The RE mechanism is different from screwing: (a). the material cache is closed and not
convenient for material refilling. The printing process should be paused and interrupted
when refilling the material, resulting in a decline in the final printing quality. (b). the material
is pushed under direct pressure by compressed air or motored piston, and the material needs
to have small fluidity and hardness [88]; (c). The cached material may segregate under
mechanical vibration during the printing since no blade is stirring and mixing the cached
material [14]. Moreover, most RE studies are initiative tests, some of which were moved
simply by hands instead of a motion system, as said in Section 4. The material distribution is
uneven, and interfaces are not consistent due to unsteady movement.
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Screw Pump (SP), as shown in Figure 8b: The rotor is wrapped in a tight rubber
stator [89] (marked as a closed screw, compared to the direct screw), pushing the material
out of the nozzle tip by a powerful motor. It needs the material to have high fluidity for
the pumping operation, leading to a high slump after being printed and hard to keep
the geometry as the printing required. Usually, the screw pump is used for large-scale
printing with a relatively large nozzle tip ranging from 30 mm to 60 mm, and a high fluidity
mortar. The extruding operation between the metal screw and the tightly wrapped rubber
causes much heat, accelerating the cement hydration and reducing the setting time. Thus, a
larger nozzle diameter with high fluidity material would decrease the heating effect. The
screw pump can also be used as the pumping source [21,90,91] for the remote feeder, as in
Figure 5a,b.

Direct Screw (DS): As illustrated in Figure 8c, the material is extruded by an open
screw (compared to the closed screw of the previous SP) from the material bin to and out
of the nozzle tip. The DS extruders are easily utilized, controlled, and cleaned. It can
be mounted on a desktop gantry system with hands-on manual feeding [18]. Two DS
extruders can mix two materials to print graded outputs [44]. Since the cavity formed by
the screw rod and the outer wall is not sealed, as in Figure 8c, the material is not subject to
higher pressure in the extrusion cavity than in SP. The power source of material movement
mainly comes from the push of the spiral. Thus, the design of the blade is very significant
to printability.

The DS extruders are suitable for extruding materials with relatively high thixotropy,
viscosity, and lack of fluidity. High thixotropy helps the material easily be extruded out of
the nozzle. The high viscosity and poor fluidity stop the extruded material from slumping
and deforming. Moreover, DS extruders require less electric power than SP. The DS is
suitable for small-scale printing with a small nozzle size compared to the SP.

Conclusively, the nozzle mechanism plays the most significant role. It combines digital
operations and building material to manufacture a cementitious component. The extruding
process should be quantified. The material extruding speed should be adjusted freely and
quantitively according to the nozzle motion speed or the piston pressure, as fast and easy
as possible. The DS is the first choice for 3DCP research and the SP for large-scale printing,
which needs high extruding speed with a powerful motor and large nozzle tip.

5.2. Nozzle Tip

The cross-section of the extruded filament can be sized and shaped to be round, square,
or rectangle by the nozzle tip to fulfill variable printing geometry. Many types of nozzle tips
have been utilized in academic studies and commercial applications. The round nozzle tip is
simpler and more popular than the rectangle nozzle tips [27,53,63,72,92]. Over half of the tip
sizes range from 6 to 50 mm in diameter [93], and 40–50 mm diameter is the most commonly
used in large-scale printing applications, such as in situ walls, columns, and houses. The
size-varying nozzle [73] can help print complex geometry with unfixed-width filaments.

Most of the nozzle tips face directly down to the platform, while some are 45 degrees
mboxciteB8-buildings-1636937,B63-buildings-1636937,B94-buildings-1636937,B95-buildings-
1636937,B96-buildings-1636937, zero degrees [53] to the horizontal line, as in Figure 9a,
Figure 9b, and Figure 9c, respectively. The extruded mortar from the direct-down nozzle tip
would apply extra press to the previous layer [71], and this pressure can help enhance the
layer adhesion. It is also simple to control without turning the nozzle direction when the
printing path turns. The rectangle or horizontal nozzle tips need to rotate at a correspond-
ing angle to achieve the designed filaments when the nozzle turns its moving direction.
Thus, it needs a fourth motor/axis in addition to the XYZ axes, increasing the complexity
of the tool path planning. A dedicated TG is urgently needed for these nozzle tips.
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Figure 9. Nozzle tips in different angles to the horizontal line, reprinted with permissions:
(a) 90 degree [10], (b) 45 degree [8], and (c) zero-degree [53].

5.3. Nozzle Accessory

More printing acrobatics can be achieved or optimized by the nozzle accessories:
executing mechanisms or sensing components.

Sensing accessories can help monitor the flatness, width, height and gaps of the
printed filaments/layers to close the printing loop as feedback of the printing, as shown in
Figure 10a. It can scan the height change to adjust the printing height [97] or the printing
width [98] via a distance sensor [97] or computer vision [98], respectively, to adjust the
screwing rotating speed automatically.

Executive accessories can enhance the printing quality by embedding reinforcements,
as shown in Figure 10b, such as fish lines [99] and steel wires [99], smoothing the outer sur-
face by a controllable side trowel [100,101], accelerating the hydration by microwave [102],
or brushing cement paste as glue [94] between filaments/layers. Meanwhile, from tradi-
tional cement extruding studies, the cement paste extruding operation can be enhanced by
vibration operations [103] and electrode lubricating [104].

Figure 10. Nozzle accessories. (a) a camera is mounted on the nozzle to monitor the extruded layer
(Reprinted with permission from Ref. [98]), and (b) a cable embedding mechanism is mounted on the
nozzle tip (Reprinted with permission from Ref. [105]).

6. Reinforcing Technique

Steel rods were installed on the printed and cured component to enhance the structure
toughness [51]. Printed mesh [106], steel wire meshes [107,108], and steel cage can be
placed in the printed contour before cement grouting. Printed building envelopes [109] can
be assembled and reinforced with vertical rebars. Then, the final structures can be designed
as conventional pre-stressed or reinforced concrete. Compared to these reinforcements out
of the printed outputs, the reinforcements in the printed mortar are more challenging. The
later review and discussion focus on the reinforcing technique for the printed mortar only.

Layers and filaments stack and bond to form a 3D object. The interfaces during the
stacking process are the weakness zone [96,110,111] or the bad contacting area [16]. Many
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studies introduced fibers or rebars [17,74,112,113]. The reinforcement can be applied inner,
between, or outer the filaments/layers, as shown in Figure 11.

Figure 11. Locations of the reinforcements in the cement structure: inner the strips, across the
interfaces, and outer the printed.

Inner reinforcement means that the reinforcements stay only inside the extruded strips
to improve the mechanical properties of the final object. Short steel fiber [113–115], polyvinyl
alcohol fiber [86], carbon fiber [17], bio-based fibers [116,117], polymeric fibers [112,113],
basalt fibers [17], or glass fibers [118], were mixed with the cement powders at the dry stage.
Short, thin, and soft fibers are needed, otherwise it would block the extrusion. Typically,
the fibers are aligned while being extruded through the nozzle [119]. The contact area
between the fiber and the cement is good, and the bonding strength is high. The short fiber
with a high percentage [120] reinforced the printed output significantly. The compressive
strengths of 3D printed high-performance fiber-reinforced concrete can be achieved up to
107 MPa [121]. Flexural strengths can rise to 30 MPa with short fibers (carbon, glass, and
basalt fibers, 3 mm to 6 mm) [17]. Long reinforcements, such as wires, cables, or chains, can
be embedded in the strip when the cement is extruded. Steel chain [122], steel cable [16],
fish lines [99], and wires [99] can be embedded into the extruded filaments along with the
printing process. Tensile strength was significantly improved by 82.5% with embedding
steel cables [16].

The reinforcement can be placed across the interfaces to lock the adjacent layers by
inserting steel rebars [123,124], nails [50], metal-printed rebars [113] and plastic-printed
rebars [113]. Nails inserted into the layered cement [50,125] improved the bending force by
50% maximum among the smooth and rusty nails at different inserting angles. Inserted
corrugated fibers and rebar [126] into the 3D printed lightweight concrete enhanced the
flexural strength maximumly by 130% and 320%, respectively. Wire meshes [127] and re-
bars [128], placed between the layers, are also considered across the interface reinforcement.
The U nails [129], 6 mm in width and 22 mm in height, across the interfaces as dowels,
were claimed to significantly improve the ultimate tensile strength and shear strength of
3D printed concrete by 145.0% and 220.0%, respectively. The rebars need a stable insertion.
The operation deviation can increase the hole diameter in the cement [130], since it cannot
be avoided from the swaying in the insertion and lead to voids between rebars and cement.
The bonding efficiency is better in the deep part, mean in the middle, and worse in the
shallow part. The bonding stress depends on the contacting area, which varies with the
placement angle of the rebar and printing direction, due to the voids existing [128].

These techniques can be categorized into mixing, inserting, placing, and embedding,
as listed in Table 2. The mixing technique indicates the short fibers are mixed when the
material is dry and before the printing starts. The inserting technique means that the
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reinforcements are inserted into the printed mortar; the placing technique implies that the
reinforcements are placed on the printed mortar. Additionally, the embedding technique
stands for the cables/wires/lines/chains embedded in the printed filaments.

Table 2. Existing reinforcing techniques.

Technique Location Direction Features Existing Studies

Mixing inner the filaments horizontal

a. well pre-mixed,
b. well bonding with composite,
c. fibers aligned,
d. reinforces the filaments only.

basalt fibers [17],
carbon fiber [17],
short steel fiber [113–115],
glass fibers [118]
polyvinyl alcohol fiber [86],
polymeric fibers [112,113],

Inserting across the layers vertical
a. reinforces the layer interface,
b. insufficient bonding
c. voids exist.

steel fibers [126],
steel rebars [123,124],
nails [50], U-nail [129,131]

Placing between the layers horizontal
a. reinforces the layers only,
b. insufficient bonding
c. voids exist.

steel mesh [127],
steel rebars [128]

Embedding
inner the

filamentsbetween
the layers

horizontal

a. can be enhanced with TG,
b. complex equipment,
c. bad bonding with composite,
d. reinforces layers only.

steel cable [16],
steel wire [99,132–134]
fish cable [99], chain [122]

These reinforcements were placed in the 3D-printed mortar by operations of inserting,
placing, or embedding. A note of caution is that there is no compaction or vibration to
the extruded mortar and the reinforcements. Thus, as shown in Figure 12a, many voids
occurred around the reinforcements, as stated in studies [125,128,130]. The composite-
reinforcement interfaces were worse than in cast samples. The bonding between the
inserted rebars and composite was better in the deep part, mean in the middle position,
and worse in the shallow part [130].

Figure 12. The issues exist in the reinforcing techniques. (a) voids occurred around the inserted
rebars, (b) gaps in the threading nail not completely filled, (c) voids around the embedded long cable
(reprinted with permission from ref. [16]), and (d) stretched cables create bad contacting area S1/S2

between two adjacent layers.

Furthermore, the printed fresh mortar has low fluidity to embed into the reinforcement
grooves. The printing technique needs the fresh mortar to have good plasticity by adding
plasticity and thixotropic agents [10,12]. Thus, gaps cannot be filled for those reinforcements
with complex geometry, such as rebars with ribs [113], chains of rings [122] or nails with
threads, as shown in Figure 12b. Some researchers conducted embedding fish cables or
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steel wires. There were still many voids around the embedded cables [16], as shown in
Figure 12c.

The embedding technique requires less stiff fiber to enable it to easily switch direction
as the printing direction turns, but not very soft; otherwise, it would become knotted
easily [16] and increase the difficulty of the automatic fiber embedding. If the wire were too
stiff, the extruded wire would swing when the printing direction turned. Additionally, the
wire/cable feeding should be synchronous with the nozzle motion to minimize the relative
displacement. Both the swinging and the non-sync can cause displacement between the
reinforcement and the composite, which produces voids, as shown in Figure 12d.

Therefore, these voids and gaps surrounding the reinforcements threaten 3D printed
results, causing structural instability and accelerating the penetration of harmful substances
such as ions, hence shortening the durability. Thus, further studies should minimize
the voids and enhance the bonding between the reinforcements and the cementitious
composite.

The second problem is that there is a lack of continuous reinforcement vertically. As
shown in Figure 11, the inserted vertical rebars cannot be higher than the nozzle line to
avoid blocking the printing. No rebar connecting technique in 3DCP has been reported.

Therefore, automatic techniques should be investigated to dimmish the voids and
fabricate vertical reinforcement.

7. 3D Printing and Reinforcing System

Most of the reinforcing studies were conducted manually. The reinforcement exe-
cuting mechanism should be automated to a hybrid manufacturing system of 3DCP and
reinforcing technique. The reinforcing mechanism can be considered the nozzle accessories
or the second nozzle.

Therefore, the fabrication process should be upgraded from 3DCP to 3DCP-Reinforcing,
as illustrated in Figure 13. The TG should merge the reinforcing information to the mortar
printing routes. The control board should handle and execute both printing and planting
toolpaths in synchronization.

Figure 13. Schematic of the 3DCP and reinforcing system. The light-blue parts denote the existing
3DCP system, and the deep-blue parts are the reinforcing accessory.

The flow chart of the 3DCP–Reinforcement fabrication process is shown in Figure 14.
Firstly, the required structure sketch should be optimized to satisfy the cementitious print-
ing technique (e.g., to avoid large leaning sections and upside-down cone sections). Second,
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the sketch should be further updated to meet the reinforcing requirements. This can be
optimized by simulating the optimal reinforcement distribution. Third, the configura-
tions of the extruding, nozzle-moving, and reinforcing devices should be generated as
executable commands. The 3DP–Reinforcement system would then fabricate the final
printed-reinforced concrete structure.

Figure 14. Flow chart of the 3DCP–Reinforcement manufacturing process: (a) CAD optimization for
3D printing, (b) reinforcement optimization, and (c) configurations of 3DP–Reinforcement.

8. Conclusions

The 3DCPT is, essentially, a kind of automated construction technique. The novel
printing technique brought distinct fabrication processes; 3DCP is a combination of materi-
als and equipment. Since many printable materials are available, more attention should be
paid to the development of printing equipment.

1. Standard 3D printing equipment should include four major parts: toolpath generator,
motion system, material feeder, and nozzle unit.

2. Toolpath optimizations can improve printing quality. A dedicated toolpath generator
is urgently needed for 3DCP.

3. Scientific studies should involve a motion system to guarantee controllable and quan-
tifiable material distribution. Gantry and frame motion systems are recommended for
start-up research. The robot arm system is the most popular in existing studies.

4. The material feeder supplies the mixed mortar to the extruding mechanism. The local
feeder is suggested for all printing scenarios, and a remote feeder is compulsory for
continuous or large-scale printing.

5. Extruding mechanism quantifies the material distribution. Raw extruders are suitable
for preliminary material tests, and the direct screws and screw pumps are suitable for
large-scale printing.

6. The reinforcing mechanism can be considered the nozzle accessory or the second
nozzle of the printing equipment. Voids and lack of continuous vertical reinforcements
could be solved via future technical development.

7. The hybrid manufacturing system should be further developed and studied.
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