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Abstract. 3D concrete printing (3DCP) has all the chances to become the future of the con-
struction industry, but this technology is not yet widely applicable. One of the main challeng-
es still to be mastered is the difficulty of reinforcing printed structures. At this point, many 
reinforcement strategies have already been proposed, which are fully or partially capable of 
solving the problem. This publication provides first an overview of existing reinforcement 
strategies, classified according to the time of reinforcement introduction: before, during, or 
after 3D printing. Then the authors present the approaches developed at TU Dresden and 
provide readers with information on new methods that still are in the development stage. 
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Introduction 

The need for qualitative changes in the construction sector has been growing for a long time. 
The main reasons for this are the global technological progress, the increasing need for af-
fordable housing, low productivity in construction works and scarcity of skilled workers in 
many countries [1]. While other industries such as the automotive and appliance industry 
have already moved to a high degree of automation, most construction projects are still car-
ried out using manual labor. This can be changed by introducing new automated digital tech-
nologies into construction. 

A number of technologies, that enable to achieve high automation of construction, 
have already been developed, such Smart Dynamic Casting [2], Mesh Mold [3], automated 
brick-laying [4], and Additive Manufacturing techniques [5] including 3D concrete printing 
based on layered extrusion [6], material jetting [7], and particle-bed binding [8]. At the mo-
ment 3D concrete printing technologies seem to be most promising, as can be concluded 
from the numerous construction projects completed worldwide [9]. They have all chances to 
become the future of the industry, offering faster construction, less manual work and more 
safety for workers, saving materials, and reducing the cost [10]. 

However, 3D concrete printing still has a number of problems that hinder its further 
development. One of the most major challenges is the absence of an ultimate solution for the 
reinforcement of 3D printed structures, that could be automated and would enable to suffi-
ciently reinforce the printed structure in all required directions. Conventional reinforcement, 
which until now has mainly been used in 3D concrete printing projects, limits design freedom 
and requires manual installation and therefore does not allow for a high level of automation. 
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That is why researchers are currently trying to find alternative methods of reinforcement that 
would bring 3D printing technology to its full potential. This publication provides a brief over-
view of already existing approaches for reinforcement of 3D printed concrete structures and 
presents the state of current research at TU Dresden in this field. 

Existing reinforcement strategies in 3D concrete printing 

While no ultimate solution for fully automated reinforcing in 3D concrete printing has yet been 
developed, many reinforcement strategies have already been demonstrated; see e.g. [11]–
[16]. The possibilities for reinforcement integration can greatly vary depending on the chosen 
digital construction process. Rather than describe the reinforcement strategies for different 
existing digital construction technologies, as it has been presented already in earlier publica-
tions, this paper will focus on the strategies applicable for 3D printing by layer-by-layer extru-
sion only. Thus, it can serve as a kind of a catalogue of existing and developing methods of 
reinforcement integration for this technology. The next three sections present the existing 
reinforcement strategies divided into three groups depending on the time of reinforcement 
introduction: before, during, and after 3D printing. 

Introduction of reinforcement prior concrete printing 

HuaShang Tengda company demonstrated the use of pre-installed steel meshes for the con-
struction of vertical walls [17]; see Fig. 1a. Mesh reinforces a wall simultaneously in two di-
rections, and, since this reinforcement is similar to the wall reinforcement in traditional con-
crete construction, this strategy can simplify the process of government approval, however, 
provided there are no cavities and good adhesion between the concrete and the reinforce-
ment. The disadvantages of this reinforcement method are the need for a special printer with 
a huge bifurcated printhead and limited design freedom. The maximum height of the used 
reinforcement mesh is limited by the height of the bifurcated part, so a pause in the 3D print-
ing process may be required to build up the mesh at the top. 

A pre-installed mesh also can be used as a support for printing inclined and curved 
structures. The possibility of printing on meshes was proved as a part of the SCRIM project 
[18], where they used tightly fixed fine textile meshes for 3D printing of various patterns; see 
Fig. 1b.  

a) b) 
Figure 1. Introduction of reinforcement prior concrete printing: a) 3D printing around the steel 
meshes using bifurcated printhead [17] and b) extrusion-based material deposition on a fine 

textile mesh [18]. 

Reinforcement integration during concrete printing 

The ability to integrate reinforcement during printing will allow 3D printing technology to fully 
reveal its potential in automation and construction speed, which is why much research has 
been being carried out in this area. So far, the following strategies for integrating reinforce-
ment during concrete printing have been presented: 
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1) Reinforcement with bars: 
 Placement of bars in between the printed layers [19]; see Fig. 2a. The automated 

installation of long bars is difficult due to their bending and vibration. 
 Welding of short bars [20]. With the use of a twin nozzle, the bars can also be in-

stalled in the vertical direction; see Fig. 2b. Positioning of short bars is more pre-
cise than long ones, however, the automation of this technology is challenging 
and has not yet been implemented. 

2) Placement of meshes and textiles for bi-directional reinforcement: 
 Horizontal placement of steel meshes in between the printed layers. For contour 

crafting 3D printing technology, where only the outer edges of the walls are print-
ed for subsequent filling, this mesh allows the printed edges of the walls to be 
held together; see Fig. 2c. 

 Narrow textile mesh is installed vertically between layers, requiring the use of a 
special split nozzle [21]; see Fig. 2d. The diameter of wires in the used mesh must 
be small enough to provide the flexibility required to automate the mesh installa-
tion process. 

 Placement of textile in between the layers [22] for the production of a reinforced 
beam with 3D printing; see Fig. 2e. 

3) Entraining of a cable into the printing layer. With this technology, the structure is rein-
forced only in the direction of printing, and the cable cross-section is limited since it 
must be sufficiently flexible. A system for the automated insertion of cables into ex-
truded filament was presented at TU Eindhoven [23]; see Fig. 2f. 

4) Penetration reinforcement to provide bond across the printed layers and available for 
full automation: 
 Pressing or shooting nails [24], short bars [25], [26], wire fibers [26] or staples [27] 

into printed layers; see Fig. 2g. These methods of introducing reinforcement, 
however, can damage the printed structure and can result in poor adhesion 
between the reinforcement and the concrete [11]. 

 Insertion of screws by a combination of pressing and rotation; see Fig. 2h. The 
research conducted by Hass and Bos [28] showed a high quality of the bond be-
tween screws and printed concrete. 

5) Short fibers dispersed within 3D printing material; see Fig. 2i. Because of their discon-
tinuity, short fibers can hardly provide sufficient reinforcement, however, they are 
easy to use, protect the printed structure from cracking, and can be combined with 
virtually any other reinforcement technology. 

a) b) c) 

d)   e) 
 

f) 
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g) 

 
h) 

 
i) 

Figure 2. Reinforcement integration during concrete printing with a) conventional steel bars 
[29], b) welding of short bars [20], c) steel mesh [30], d) textile mesh [21], e) AR-glass textile 

[22], f) steel cable [31], g) nails [24], h) screws [28], and i) short fibers [32].  

Reinforcement integration after concrete printing 

After 3D concrete printing, reinforcing bars can be placed in specially created cavities and in 
certain cases post-tensioned. This method was used to reinforce individual structural ele-
ments [33], or entire structures consisting of several 3D printed segments, as demonstrated 
in the construction of bridges [34], [35]; see Fig. 3a. 

External reinforcement system is another approach developed by Asprone et al. [36]. 
In their study, a beam was produced from variable 3D printed modules, connected to each 
other by steel bars; see Fig. 3b. 

Pre-fabricated cages are currently the most widely used reinforcement for the con-
struction of columns with 3D printing. For this only the outer edge of the structure is printed 
that serves as a stay-in-place formwork. After that, it is possible to install a cage inside and 
fill the voids with concrete; see Fig. 3c. 

a) b) c) 
Figure 3. Reinforcement integration after concrete printing with a) post-tensioned bars [34], 

b) external reinforcement system [36], and c) pre-fabricated cages [37]. 

Reinforcement strategies developed at TU Dresden 

Introduction of reinforcement prior to concrete printing 

A textile mesh laid on a flat surface can be used to create beams or slabs by 3D printing; see 
Fig. 4. Textiles do not corrode, therefore they do not require a protective layer of concrete, 
and the tests carried out have shown that the mesh adheres well even to relatively stiff con-
crete; see Fig. 4a and 4b. The advantage of this method is that reinforced beams and slabs 
of the required dimensions can be manufactured directly on the construction site using a 3D 
printer and placed in the final position after the concrete has hardened. 
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a) b) c) 
Figure 4. a) Production of a textile reinforced beam using 3D concrete printing, b) bottom 

side of the beam, c) demonstration of the use of the beam: lintel with 800 mm span. 

In addition to printing in horizontal layers, there are also interesting fields of applica-
tion for the vertical printing direction. In preliminary tests for extrusion in the vertical direction 
on various substrates used as a support structure, it was possible to create surface even-
ness analogous to horizontally deposited elements and thus to prove the applicability of this 
printing method. When applying the layers to a standing coarse-meshed textile (fiber strand 
spacing 21 mm), a slight textile penetration was achieved (see Fig. 5a), whereby a further 
reinforcement variant could be derived. This variant is based on an upright reinforcement 
cage of conventional design, but without a simultaneous two-sided concrete application. In-
stead, the reinforcement cage is supplemented by a textile net installed on the horizontal 
bars in the middle of the wall and consequently, only one-half of the wall is printed from the 
side of the vertical element in the first step; see Fig. 5b. The extrusion parameters and rheo-
logical properties of the material should be selected so that the concrete does not penetrate 
the textile mesh, while still providing full coverage of the steel reinforcement. This method 
[38] allows using a much more compact printhead and provides more degrees of freedom 
with regard to wall thickness and curvatures. 

 
a) 

 
b) 

Figure 5. Reinforcement with standard reinforcement cage and inner textile mesh; a) pene-
tration of textile mesh after vertical concrete depositing, b) principal process sketch [38]. 

Reinforcement integration during concrete printing 

The technologically most demanding approach of reinforcement integration is a fully auto-
mated reinforcement implementation directly in the printing process. For steel reinforce-
ments, a printhead extension is currently in the development phase which connects rein-
forcement bar sections to underlying steel elements by means of a welding process and 
thereby creating a continuous reinforcement element. In this case, the concrete is poured 
from the two opposite sides through horizontal nozzles to ensure the cleanliness of the pro-
cess zone for the next welding process. A corresponding principle sketch is shown in Fig. 6a. 
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Another method under investigation is the printing of reinforcement in parallel with the 
3D printing of concrete [39]. With Wire Arc Additive Manufacturing (WAAM) the reinforce-
ment is gradually built up with drops of molten metal. With this technology printing of rein-
forcement can be fully automated, and it gives complete control over the geometry of the 
reinforcing bars and the ability to adjust their cross-section; see Fig. 6b. Based on the results 
of the studies carried out, it was found that the values of elastic modulus, yield stress and 
tensile strength of the printed steel bars are slightly lower than those of conventional steel 
bars, but they have a much higher strain capacity. Parallel use of 3D printing of steel and 
concrete is still under development, and issues such as slow welding speeds and high tem-
peratures that can damage printed concrete have yet to be addressed. Currently, WAAM 
technology is also being investigated in several other research institutions, including TU Mu-
nich [40], TU Braunschweig [41], and TU Delft [42]. Lately, the use of 3D printing of steel in 
construction was demonstrated by MX3D company by printing a whole bridge, which was 
later installed in Amsterdam [43]. 

In order to improve the bond between the printed layers while placing horizontal rein-
forcement, at TU Dresden it was proposed to use 2.5D textiles [44]; see Fig. 6c. Such textiles 
can be very useful specifically when there is a pause in construction, which can lead to the 
formation of a cold joint. It is assumed that in the future the laying of such reinforcement can 
be automated by installing a spool with textiles on a 3D printer. 

a) 
 

b) c) 
Figure 6. a) Principal process sketch for installing reinforcement by welding process b) 3D 

printed steel bars [39], and c) illustration of 2.5D textile laying process [44]. 

The reinforcement with continuous carbon fibers is another investigated approach. 
Specially developed suspension made of micro-cement, microsilica, water, and superplasti-
cizer [45] for impregnation of continuous fibers has many advantages over polymer impreg-
nation of the yarns [46]. A very high technological flexibility allows the geometrical freedom of 
additive manufacturing to be fully exploited. The impregnated yarn can be wound onto a 
spool and introduced into a structure during its 3D printing following two different methods: 

 Contiguous process: The yarn is placed on the already printed concrete filament and 
overprinted, see Fig. 7a. The advantage of this process is that the number of fila-
ments can be varied, while also overlapping of yarns for a better transfer of tensile 
forces can be easily implemented. The disadvantage is that the bond in the joint is 
disturbed by the yarn to some extent [47]. 

 Simultaneous process: The yarn is inserted into layers during the printing through the 
openings on the back of the nozzle. Thus, the reinforcement is integrated directly into 
the concrete filament and deposited together; see Fig. 7b. The simultaneous process 
saves time and does not disturb the joint. Through openings in the back of the nozzle, 
up to six yarns can be integrated at the same time; see Fig. 7c. It must be taken into 
account that, if the consistency of an extruded material is too stiff, air pockets similar 
to spray shadows can occur under the reinforcement [48]. 
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a) b) c) 
Figure 7. a) Yarn is placed between the layers [47], b) yarn is integrated directly into printed 

layer [48], and c) nozzle geometry for integrating textile yarns into printed layers. 

Strain Hardening Cementitious Composites (SHCC) are materials reinforced with 
short fibers and showing quasi-ductile behavior under tensile loading. SHCC can reduce the 
need for reinforcement or in some cases even to enable doing without it completely. Ogura et 
al. [49] have developed SHCC suitable for 3D printing; see Fig. 8a. According to the results 
of tensile tests carried out during the study, the developed material with 1.5 % of fibers by 
volume of the composite has a tensile strength of approximately 5 MPa and a strain capacity 
of approximately 3 %; see Fig. 8b. Later on, at the Shimizu Institute of Technology, Ogura 
implemented this approach under the name of Laminatable Cement-based Tough Material - 
fiber-reinforced cement composite, that was used to print the permanent formwork for the 
construction of the columns with a height of 4.2 m [50]; see Fig. 8c. It is worth noting that 
investigations on printable SHCC are carried out in several research groups, the comprehen-
sive review on the progress in this field was presented by Li et al. [51]. 

a) b) c) 
Figure 8. a) 3D printing with SHCC, b) uniaxial tension tests results for a printable SHCC 

[49], and c) construction of a column with SHCC as a permanent formwork [50]. 

Reinforcement integration after concrete printing 

The method of post-reinforcement of printed structures can be considered as a direct contin-
uation of the work on the development of full-width printing technology CONPrint3D [52], but 
it is also suitable for contour crafting approaches. Fig. 9a presents a principle sketch. This 
method is technologically simple to implement, since the printing process has already been 
mastered, and all that remains is to place the anchors between the printed layers at certain 
distances. After the printed core wall has hardened, the required reinforcement can be sus-
pended from these anchors in the form of a steel or a textile mesh; see Fig. 9b and 9c, re-
spectively. Afterward, it can be monolithically connected to the wall by a laterally guided ver-
tical or horizontal printing process and the final geometry of the component can be achieved. 
The advantage of this construction variant is due to the low demands on the machine tech-
nology and can be realized with slight adaptations with most of the printing systems com-
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monly available on the market. The disadvantages are the mostly manual fastening of the 
reinforcement (this process can be automated though) and the need of consecutive process 
steps. 

a) b) c) 
Figure 9. Post-printing integration of reinforcement a) principle sketch, b) steel mesh rein-

forcement on the printed subgrade, and c) reinforcement with a carbon textile. 

Conclusion 

With the development of 3D concrete printing technology, an increasing number of various 
strategies for reinforcement of printed structures have appeared. This publication provides a 
brief overview of the existing reinforcement methods and introduces various strategies de-
veloped at TU Dresden.  

As in conventional construction, 3D printed walls require reinforcement in two directions. 
Most of the existing strategies for reinforcement integration during concrete printing cannot 
provide that, therefore, they must be applied in combination with other methods. Highly au-
tomated technologies that could fully cover the need for reinforcement, namely welding of 
short bars and 3D printing of reinforcement using Wire Arc Additive Manufacturing, are not 
yet ready for practical applications and still require further research. In the meantime, in-
stalling steel reinforcement before or after 3D printing is a good alternative. As examples, this 
article introduces both a new strategy for the installation of reinforcement before printing us-
ing fine textile mesh, which does not require a sophisticated printhead geometry, and a new 
strategy for reinforcement after printing, which is easy to implement as it does not involve a 
high degree of automation. This article also presents a new method for the production of re-
inforced beams and slabs directly on the construction site by printing over a textile mesh. 
Furthermore, some other developed approaches for reinforcement using 2.5D textile, contin-
uous carbon fibers, and by printing of Strain Hardening Cementitious Composites are pre-
sented. 
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