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SUMMARY 
 
The global 3D printing market value has increased significantly in the last decade.  
Construction is regarded as the next big area with the potential to be revolutionised by 3D 
printing. 3D printing of concrete is also known as Cementitious Additive Manufacturing (CAM). 
CAM is advancing rapidly with a number of prototype buildings being constructed by both 
academia and commercial ventures in recent years. In this paper, the two most important 
printing technologies used in concrete construction, fused deposition modelling (FDM) and 
three-dimensional printing (3DP), will be introduced. The current state of the global industry, 
including the activities of research groups and companies, will also be presented. While still in 
its infancy, this technology has the potential to seriously disrupt the construction and concrete 
industry in New Zealand. Whether it is by reducing construction times, labour and materials 
costs, or by facilitating innovative designs not currently possible, the effect of CAM on the 
construction industry should not be underestimated. While current challenges, such as print 
model development, standards and specifications, as well as life cycle costs, will slow the 
uptake of this technology, the momentum already apparent in China strongly suggests that this 
will only provide a short reprieve.  
 
 
INTRODUCTION 
 
According to a 2017 Wohlers report, the additive manufacturing (AM) industry has grown by 
17.4%, reaching $6.063 billion in revenue worldwide, and the major AM manufacturers have 
increased in number from 49 in 2014 to 97 in 2016. Design flexibility, reduced waste, and 
environmentally friendly properties, among other benefits, have driven the adoption of AM 
technology by major end-use industries. Globally the 3D printing market is being driven by the 
strong demand from automotive, medical, military and aerospace sectors. Construction is 
regarded as the next main area with the potential to embrace 3D printing.  
 
Of the current technologies, stereo lithography apparatus (SLA) is considered to be the first 
AM method developed for plastics. However, today there are a myriad of approches with the 
most commonly used techniques being selective laser sintering (SLS), stereo lithography 
apparatus (SLA), three-dimensional printing (3DP) and fused deposition modelling (FDM). The 
AM family tree is shown in Figure 1. Within this taxonomy, CAM belongs to the ‘big scale’ AM, 
which includes ceramics and cementitious materials and is currently limited to FDM and 3DP 
methods. 
 



In this paper, we present a review of the current state of CAM, both internationally and in New 
Zealand, as well as the potential benefits of the technology. The review will also assess the 
opportunity for New Zealand enterprises to benefit commercially from this technology. 
 
 
THEORY OF CAM 
 
While research into CAM began around 1995 (Pegna, J. 1995), it should be noted that the 
technology is still in its infancy. Encouragingly, more and more academic and commercial 
projects have been conducted recently with a significant number of successful applications, a 
few of which will be highlighted in the following sections.  
 

 
Figure 1 The family tree of Additive Manufacturing (Strauβ, H.,2012) 

 
Fused Deposition Modelling (FDM) 
 
A FDM system has three main components: a liquefier head with an extrusion nozzle for 
printing; a movable build platform for supporting the part, and a feed system for material supply, 
as shown in Figure 2. During printing, the material is firstly liquified (for plastics this involves 
melting at temperature), then directly extruded onto the building platform. After the first layer is 
deposited, the second layer will be placed on top of it. The bonding between the layers is weak 
when the printing materials are still hot. When printing overhanging structures, the print speed 
must be slowed and/or supporting materials must be used. In this circumstance, two different 
extrusion nozzles can be used, one to print the structure and the other to print the supporting 



material. After the printing is finished, the support material will be removed from the finished 
product either mechanically or in a solvent bath. 
 
FDM is one of the most developed CAM systems. This is due to the extrudable nature of 
cementitious materials, which means the melting process used for plastic materials is not 
required. A typical CAM FDM system is shown in Figure 3. 
 
However, cementitious materials have inherent shortcomings, the indeterminacy of hydration 
time, for example. If the setting time is too short, the concrete will set inside the print head and 
block the pipeline but if the setting time is too long, the previously printed layers will not have 
enough strength to support the new layer, which will either delay the print or lead to a collapse 
of the whole structure. 
 

 
Figure 2 Schematic of the Fused Deposition Modelling (FDM) method (Ning, F. 2015) 

 

 
Figure 3 Schematic of a CAM FDM setup (Gosselin, C. 2016) 

 
Another current drawback is the printed body has poor tensile strength, in concrete this is 
overcome by using reinforcement but there is limited scope to incorporate reinforcement in the 
current CAM techniques. Unlike plastic FDM systems, there is no two-nozzle system for 
printing support material developed for CAM, nor is there a printing system to print 
paste/mortar/concrete and steel bar at the same time. Hence, FDM is not suitable for structural 
applications nor for designs with overhanging features, for the moment.  
 
Three-dimensional Printing (3DP) 
 
Although 3DP is often used to describe the broader technology of additive Manufacturing, it 
specifically refers to the powder-based printing techniques. There are four main components 
in this system as shown in Figure 4: a movable build plate for support, a powder bed, a powder 
feeder with a roller, and a print head for applying the binder. During printing, the first layer of 
powder is spread by the roller from the powder feeder. Liquid binder is then printed onto the 
powder in accordance with the print design. Either the powder and liquid binder react or the 
binder ‘sets’ binding the powder particles together. By repeating the above steps, the build part 



is printed layer by layer, and finally recovered from the powder bed by clearing away the 
unbound powder.  
 
For 3DP systems to use for cementitious materials, the long hydration times need to be 
significantly reduced. Portland cement usually needs several hours for presetting, and more 
than 24 hours to develop ‘some’ compressive strength. A system using Portland cement as the 
powder material and water as the binder, would require a printing speed of one day per layer. 
Accelerators could be used to speed this up but doing so without adversely affecting the final 
mechanical properties remains a challenge.  
 

 
Figure 4 Schematic illustrations of the 3DP process (Xia, M. 2016) 

 
One approach to remedy this hydration time limitation involves using a magnesium cement 
system, with a chloride liquid binder solution (DINI, 2009). This system will be described in 
more detail below but the hydration rate and nozzle design still limit the printing speed and 
resolution. 
 
 
CAM MARKET LEADERS AND FOLLOWERS  
 
CAM is a rapidly developing field, with many institutions exploring ways to advance this 
technology (Peng Wu, 2016). Figure 5 lays out the taxonomy of CAM technologies, with three 
market leaders: 1) Contour Crafting; 2) Concrete Printing; 3) D-Shape. 
 

 
Figure 5 In the family tree of Additive Manufacturing in construction industry 

 
Contour Crafting 
 
Contour Crafting is an FDM based technology, patented in 1996 by Professor Behrokh 
Khoshnevis, University of Southern California (KHOSHNEVIS, B. 1996). The key innovation is 
to print the body in two stages. First the formwork is printed (extruded, using known systems), 
then the interior is filled with other materials, such as concrete, or an internal pattern is printed, 
as shown in Figure 6. By printing the mould frame instead of using boxing or steel framework 
there is a significant savings in time and labour. The target application for contour crafting is in 



an automated construction site. Using this technology, a house can be constructed with 
minimal human labour. A gantry crane arm can be used to print and back-fill the walls, then 
precast beams and ceiling elements can be added (Figure 7). The potential of this technology 
is reflected in it winning the NASA Grand Prize by Robotic Construction Technologies for Lunar 
and Martian Infrastructures (Figure 8) (Amy Blumenthal, 2016).  
 

 
Figure 6 Printed formwork refill by concrete or printed pattern (Hwang, D., B., 2005) 

 

       
Figure 7 Automatic construction: printed 

wall + precast beams and ceiling 
(KHOSHNEVIS, B., 2004) 

Figure 8 Contour Crafting Won NASA 
Grand Prize in 2014 (Amy Blumenthal, 

2016) 
 
 
“Concrete Printing” 
 
This CAM technique developed by Additive Manufacturing Research Group at Loughborough 
University was named as “Concrete Printing” (WILLIAMS, R. et al., 2004). The concept of this 
technology is similar to contour crafting but has the capacity to vary its resolution to allow the 
deposition of both bulk materials and fine detail within the same process, as shown in Figure 
9. 
 

 
Figure 9 Variable nozzle with high resolution 

 
The technique developed by Loughborough University seeks to add acoustic, thermal and 
ventilation features to walls, to realize the design freedom that the technology unlocks 
(Godbold et al., 2007. Buswell et al., 2007a, 2007b.). Further, this research group has recently 
promoted a new technique on their website, called curve surface print (Quirke, j., 2014). Here 
a pin-bed is used to initially generate a curved platform that the concrete is printed onto, 
creating a curved structure as shown in Figure 10. 

 



D-Shape 
 
D-shape utilises a different approach to the FDM technology used in ’Concrete Printing‘ or 
Contour Crafting. D-shape was patented by Enrico Dini in 2008 (Dini,E., 2008), where he used 
synthetic resins to selectively bond sand within a powder bed. Then in Dini’s second patent, 
the epoxy resin was substituted with inorganic binders, such as metal chloride solutions 
(Dini,E., 2009). The D-shape printing process is shown in Figure 11. Rather than the extruder 
like FDM processes described above D-Shape use the powder 3DP process. This involves 
preparing a powder bed upon which a binder solution is selectively applied to it. This technique 
has the ability to print large-scale objects with three dimensional features, such as the 
radiolarian in Figure 11D. In December 2016, with the collaboration of Institute for Advanced 
Architecture of Catalonia (IAAC), D-shape announced the first 3D printed pedestrian bridge in 
the world. Servicing the public in the urban park of Castilla-La Mancha in Alcobendas, Madrid, 
the bridge has a total length of 12 meters and a width of 1.75 meters, Figure 12 (Julia, 2016). 
 

 
Figure 10 Curved surface printed by using Pin-bed (Quirke, j., 2014) 

 
 

 
A)                          B)                                             C)                                      D) 

Figure 11 D-Shap Printing Process.  
A) Binder spray for first layer printing; B) Repeat topping up powder and spray; C) powder removal after final 

printed; D) Final production after surface dispose 

 



 
Figure 12 3D printed bridge by D-Shape (Julia, 2016) 

 
The Followers 
 
WinSun 
 
WinSun is one of the most well-known CAM companies in China using FDM technology. In 
2014, WinSun claimed they were the first company in the world to print ten houses in one day 
(Xinhua, 2014). WinSun has a 5-axis gantry printing machine that is 6 meters tall, 10 meters 
wide and 40 meters long. In 2015, WinSun printed a five-storey apartment building and a 1,100 
square meter (11,840 square foot) villa, with decorative elements inside and outside, as shown 
in Figure 13 (Starr, M., 2015). More recently WinSun is reported to have signed a memorandum 
of understanding with Saudi’s Al Mobty Contracting Co.. The future contract will entrust 
WinSun to print 30 million square meters of construction on Saudi Arabian land in the next 
several years, with the total contract estimated to be worth 1.5 billion USD (Julia, 2017).  
 

 
 

A) Gantry Printer 10x40x6m                                             B) 3D Prints 6-Story Apartment 
in 2015 

Figure 13 WinSun’s 3D print apartment and printer (Xinhua, 2014) 
 
XtreeE 
 
XtreeE is a French company founded in 2015 that also uses FDM technology. In January 2017, 
XtreeE constructed Europe's first concrete load bearing 3D printed structural element, a 4m-
high concrete tree to support a playground roof for a school in France (Alec, 2016), as shown 
in Figure 14.   



 
A) Formwork printed B) Formwork 

assemble and cast 
concrete inside 

C) Concrete demould and 
surface treatment 

Figure 14 4m-high concrete tree by XtreeE (Alec, 2016) 
 

 
MATERIAL SCIENCE USED IN CAM 
 
Drawing on the published literature, the different concrete mix designs and technical details of 
the three mainstream print methods have been collected and are summarized in Table 1. 
From Table 1 it is evident that both the Contour Crafting and Concrete Printing methods utilize 
a Portland cement based mortar. While the printing materials used in D-Shape method were 
composed of magnesium cement powder and a chloride based binder, which is a well less 
developed system, and questions remain about its durability and life cycle costs.  
 
Of these formulations, Contour Crafting has the lowest reported compressive strength. 
However, considering the aim is to print concrete formwork on site, the 18.6 MPa compressive 
strength is reasonable and acceptable.  
 
Many variations of these three systems have arisen in recent years, as shown in Figure 5, 
however the core technologies are not significantly different. In the FDM group, the 
advancements have been in improving the surface appearance, creating a more flexible and 
extensible print arm, and increasing print speeds. In contrast, there has been no other 
development of note in the 3DP branch of the technology, implying that either there are 
unresolved technical challenges to overcome and/or there is a limited market opportunity for 
this technology.   
 
 
CAM IN NZ 
 
Callaghan Innovation has found that there are no New Zealand Universities or research 
institutes conducting research in 3D concrete printing, let alone a company using 3D printing 
in a construction project. Is this a lack of a market demand or is it a lack of innovation in the 
sector? 
 
What our research has found is that while the technology opens up a lot of design freedom 
and has the potential to reduce labour costs, for 3D printing to be adopted in New Zealand 
there is a need for improved regulation, specialist recipe formulations, techniques for 
incorporating reinforcement, novel building design and use. 
 

  



The requirements for new building codes 
 

New standards have been developed and released for additively manufactured materials in 
the aerospace and automotive industries recently, but new standards for 3D printing in the 
construction sector do not appear to be on the horizon. For a relatively conservative industry, 
the absence of codes will restrict the uptake of any new technology. 
 
Novel cement chemistry 
 

The current printing techniques are limited by the rheology, setting time, strength, the long-
term properties of the cement systems. For the FDM method, a system with a higher early 
strength and more precisely controlled setting time is required. Whereas for the 3DP process, 
the development of an appropriate binding system with a faster hydration rate is required to 
advance this technology. In both cases there is a need for specialist knowledge in cement 
chemistry to develop suitable systems to take advantage of these technologies. 
 
New thinking in building design and use 
 

CAM introduces a lot of design freedom into construction but architects and designers need to 
learn how what the technology can and cannot do. In the first instance the use of CAM can be 
used for temporary or aesthetic structures, rather than permanent, high-tech, and load-bearing 
structures. Whether it is emergency housing, novel temporary structures like the ice hotels built 
in the northern hemisphere, or for outdoor/indoor sculptures, CAM will find a niche in our future. 
And as the technology develops we may find it replacing convention concrete construction.  
 

Table 1 The technical details of three mainstreams 

Item Contour Crafting Concrete printing D-Shape 

Portland cement 1.00 1.00 

Magnesium cement 
Powder/ volcanic ash 

+ 
Chloride solution 

Sand 1.10 2.14 

Fly ash / 0.28 

Silica Fume / 0.14 

fibre / 0.002 

Plasticizer 0.08 0.01 

Water 0.51 0.40 

Process Extrusion+ trowel Extrusion 3D-printing 

Material 
Portland cement 

Mortar 
Portland cement 

Mortar 

volcanic ash/ 
Magnesium 

cement 

Binder None None 
Chlorine-based 

liquid 

Nozzle diameter 15mm 9-20mm 0.15mm 

Nozzle number 3 1 6300 

Layer thickness 13mm 6-25mm 4-6mm 

Reinforcement Post-placed Post-placed No 

Compressive strength 
(vertical) 

18.6 MPa 72-110 MPa 235-242 MPa 

Flexural strength from 
layer top (vertical to layer) 

Unknown 12-13 MPa 14-19 MPa 

Surface quality Smooth Layered Layered 

Cost 
Higher than normal 

Portland cement 
mortar 

Same to Portland 
cement mortar 

Unknown 

Print speed Medium High slow 



CONCLUSION 
 
Cementitious Additive Manufacturing, or 3D concrete printing, is advancing rapidly with a 
number of prototype buildings being constructed both by academia and commercial ventures 
in recent years. Having reviewed the current state of the technology, the key points to note are: 
 

• 3D Concrete Printing technology has been developed over 20 years, and is predicted 
to be the next main area rapid growth in the 3D printing space. This is reflected in the 
growth of new companies engaging in the development of 3D concrete printing in 
recent years.  

• As Portland cement is a powder and is most commonly poured into place as a 
slurry/paste two additive manufacturing processes have dominated the development of 
3D Concrete Printing: Fused Deposition Modelling (FDM) and Three-dimensional 
Printing (3DP). 

• The development work to date has shown that 3D Concrete Printing has potential, 
although there are some issues that need to be resolved. The two most important 
limitations are the lack of a specific building code and the need for improved materials 
development.  

• In the short to medium term the most likely adoption of 3D Concrete Printing will be 
through the development of temporary structures, in indoor/outdoor scultpures, and 
non-structural architectural features. 

 
Callaghan Innovation is seeking to inspire the cement and concrete industry to innovate and 
one way is through the introduction of novel materials and processes.  The industry needs to 
innovate or it will be left behind by the burgeoning Asian market – how long before we are 
importing precast concrete?   
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