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Abstract 9 
3-D printing, which is an automated production process with layer-by-layer control, has been 10 
gaining rapid development in recent years. The technology has been adopted in the 11 
manufacturing industry for decades and has recently been introduced in the construction 12 
industry to print houses and villas. The technology can bring significant benefits to the 13 
construction industry in terms of increased customization, reduced construction time, reduced 14 
manpower and construction cost. A few isolated products and projects have been preliminarily 15 
tested using the 3-D printing technology. However, it should be noted that such tests and 16 
developments on the use of 3-D printing in the construction industry are very fragmented at 17 
the time of the study. It is therefore necessary for the building and construction industry to 18 
understand the technology, its historical applications and challenges for better utilization in the 19 
future. A systematic review shows that 3-D printing technology, after years of evolution, can 20 
be used to print large-scale architectural models and buildings. However, the potential of the 21 
technology is limited by the lack of large-scale implementation, the development of building 22 
information modelling, the requirements of mass customization and the life cycle cost of the 23 
printed projects. It is therefore expected that future studies should be conducted on these areas 24 
to consolidate the stability and expand the applicability of 3-D printing in the construction 25 
industry.  26 

Keywords: 3-D printing; construction industry; mass customization; building information 27 
modelling; life cycle cost.  28 

1. Introduction 29 
The construction industry has been recognized as one industry that consumes considerable 30 
amount of resources and poses significant environmental stresses. According to Klotz et al. 31 
(2007), buildings consumed 36 percent of the total energy used, 30 percent of the raw materials 32 
used and 12 percent of potable water consumed in the US. The industry has also been 33 
challenged for poor performance on productivity. For example, Nasir et al. (2014) compared 34 
the labour productivity of 20 countries and found that the US showed the worst performance 35 
with an annual compound rate of -0.84%. The low productivity issue has also been found in 36 
other developed countries, such as UK (Abdel-Wahab et al., 2008), Singapore (Lim and Alum, 37 
1995) and Hong Kong (Lo et al., 2006). 38 
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Over the past few decades, studies on construction innovations have been conducted to address 39 
the productivity, environmental and other issues in terms of two forms. One form of 40 
construction innovations is a response to external needs (e.g. the clients’ needs) and the other 41 
form of construction innovations originates from other industries (Harty, 2008). However, as 42 
Tidd et al. (1997) pointed out, the main emphasis for innovation strategy in the construction 43 
industry is to use technology from elsewhere to reinforce other competitive advantages. This 44 
is one of the reasons why the construction industry is viewed as a low-tech industry with low 45 
levels of innovation (Harty, 2008).       46 

The image of the construction industry may be changed as the industry has been actively 47 
participating in the 3-D printing business. According to Berman (2012), 3-D printing employs 48 
an additive manufacturing process whereby products are built on a layer-by-layer basis, 49 
through a series of cross-sectional slices. The term 3-D printing can also be applied to office 50 
or consumer versions of rapid prototyping machines that are relatively low-cost and easy to use 51 
(Casey, 2009). The global 3-D printing materials market value was US$165m in 2013 and is 52 
expected to increase at a rate of 20% per year to US$410m in 2018 (TechNavio, 2014). From 53 
the construction point of view, buildings are also products that have the potential to host 3-D 54 
printing. There have been many attempts in the construction industry to use 3-D printing to 55 
increase customisation, reduce construction time and improve affordability. For example, 56 
major contractors (such as Foster and Partners in London, UK) now have a suite of modelling 57 
equipment and 3-D printing process to print 3-D architectural models (Buswell et al., 2006). 58 
Other than creating 3-D models, 3-D printing has also evolved to produce large (>1m) 59 
structures using contour crafting, which extrudes the internal and external skins of the wall that 60 
are later backfilled with a bulk compound similar to concrete (Khoshnevis, 2004).   61 

However, it should be noted that the research relating to the application of 3-D printing in the 62 
construction industry is still in its infancy. Many new experiments have been conducted in the 63 
construction industry to explore the full potential that 3-D printing can bring to the construction 64 
industry. However, these experiments are very fragmented.  A critical review of the history and 65 
current development of 3-D printing in the construction industry is therefore needed. This paper 66 
therefore aims to: (1) review the concept and characteristics of 3-D printing in the construction 67 
industry; (2) review the applications of 3-D printing in the construction industry; and (3) 68 
discuss the challenges of using 3-D printing in the construction industry and hope that by 69 
addressing these challenges, better utilization of the technology in the future can be expected. 70 

2. The definition and characteristics of 3-D printing in the construction 71 
industry 72 
According to Bogue (2013), 3-D printing is an automated, additive manufacturing process for 73 
producing 3-D solid objects from a digital (i.e. CAD) model. In other words, in a 3-D printing 74 
process, the 3-D CAD model will be sliced into a series of 2-D layers, which will later be 75 
deposited by the printer to construct the model.  76 

Depending on the technologies used in the 3-D printing process, there are five main types of 77 
3-D printing processes. The first type of technology is called stereolithography, which usually 78 
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includes a perforated platform, a container of a liquid UV-curable polymer and a UV laser 79 
(Melchels et al., 2010). Based on the layers extracted from the CAD model, a beam of laser is 80 
used to trace the bottom layer of the model on the surface of the liquid UV-curable polymer, 81 
which will cause the polymer to harden. The perforated platform will then be lowered and the 82 
second layer will be traced and hardened by another beam of laser. The process will be repeated 83 
until the 3-D model is created (see Figure 1). According to Kang and Cho (2012), the 84 
development of suitable and affordable resin materials for stereolithography is a main barrier 85 
to implementing the technology as the current photo-curable resin costs from $80 to $210 per 86 
litre. 87 

 88 

Figure 1. An illustration of the components and processes in stereolithography. 89 

The second type of 3-D printing technology is usually referred to as fused deposition modelling 90 
(FDM). It has three components: a printer head, printing material (e.g. polymers and synthetic 91 
stone) and support material. Printing material is firstly fed to the printing head, which will later 92 
moves in X- and Y-coordinates to deposit the material to print the first layer of model extracted 93 
from the CAD model. Similar to stereolithography, the base will then move down for the printer 94 
head to work on the second and other layers. Once completed, support material will be removed 95 
(see Figure 2). In recent years, metals can be used as the print material in FDM. However, the 96 
main disadvantages are the limitation of the material to low-temperature and low-strength alloy 97 
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as well as the possibility for oxidation during the printing process due to the lack of a controlled 98 
environment (Mireles et al., 2012).  99 

 100 

Figure 2. An illustration of the components and processes in FDM. 101 

Another type of 3-D printing process is usually referred to as inkjet powder printing process 102 
which uses glue or binder to bond successive powder layers together. Inkjet powder printing 103 
can use metal as the printing material. Metal (e.g. steel or bronze) in the powder form is 104 
deposited in the first layer. The printer head will spray binder material which will then be 105 
heated and dried by a lamp (de Gans, 2004). When all layers are printed, the product will be 106 
cured in an oven (see Figure 3). According to Castrejon-Pita et al. (2013, p.546), the main 107 
barrier to implementing inkjet method is the requirement for an ink (i.e. the printing material) 108 
that is safe to ingest, has no odour, low migration of monomers and other components, 109 
satisfactory abrasion resistance for the packaging and distribution process, ability to heat seal, 110 
pierce and die-cut without chipping, while still providing the intense colours and high 111 
definition needed for primary retail packaging on a supermarket shelf. 112 
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 113 

Figure 3. An illustration of the components and processes in inkjet powder printing. 114 

Selective laser sintering (SLS) is a layer manufacturing process that allows generating complex 115 
3-D parts by consolidating successive layers of powder material on top of each other (Kruth et 116 
al., 2005). In SLS, the consolidation process is conducted using a focused laser beam. When 117 
SLS is used to produce metal products, the process is usually referred to as selective laser 118 
melting (SLM) or direct metal laser sintering (DMLS) (Kruth et al., 2004). For example, in the 119 
SLM process, the metal powders are completed molten by the laser beam. As such, the printed 120 
products have much higher density than the products printed by SLS (see Figure 4). Although 121 
SKS and SLM are able to print high-strength product, these technologies face challenges 122 
include temperature sensitivity and print size. To avoid oxidation of materials during the 123 
printing process, the material fusing temperature should be hold to just below its melting point 124 
(Kamrani and Nasr, 2010). In addition, the print size is usually small when using SLS.  125 
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 126 

Figure 4. An illustration of the components and processes in SLS. 127 

The latest 3-D printing technology developed for the construction industry is contour crafting, 128 
which is an additive fabrication technology that uses computer control to exploit the superior 129 
surface-forming capability of towelling to create smooth and accurate planar and free-form 130 
surfaces (Khoshnevis, 2004). A complete contour crafting system includes a gantry system and 131 
a nozzle. The gantry system used in contour crafting system is very similar to the gantry system 132 
used in precast concrete fabrication. While on-site employees are usually required in precast 133 
concrete production to ensure that the concrete-discharge system works appropriately and 134 
formworks are dismantled at the end of the production stage, they are not required in contour 135 
crafting because the process is computer-controlled. When the printing material is extruded 136 
from the nozzle, it is troweled using a set of actuated and computer controlled trowels. A simple 137 
illustration of the nozzle and trowels used in contour crafting is shown in Figure 5. According 138 
to (Khoshnevis et al., 2001), one main challenge of contour crafting is to maintain uniform 139 
level of viscosity, which will facilitate a smoother surface finish and improved structural 140 
strength.  141 
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 142 

Figure 5. An illustration of the components and processes in contour crafting. 143 

Table 1 summarizes the components, printing processes and some general characteristics of 144 
different 3-D printing technologies. 145 
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Table 1. Characteristics of 3-D printing technologies 146 

3-D printing 
technologies Components The printing process Cost 

index1 
Printing 

time index2 

Smallest 
feature3 

(μm) 

Printing 
materials 

Stereolithography 

• A perforated platform 
• A container of a liquid UV-

curable polymer 
• A UV laser 

Using a bean of UV laser to harden the 
liquid polymer and lower the platform to 
create multiple layers. 

200-400 100-120 1-366 Liquid photosensitive 
resins 

Fused deposition 
modelling 

• A printer head 
• Printing material 
• Support material 

Printing material is fed to the printer 
head to deposit the material to the layers. 100 100 260-700 

Acrylonitrile butadiene 
styrene (ABS); Elastomer; 

Wax; Metal 

Inkjet powder printing 

• A printer head 
• Printing material in the 

powder form 
• Binder 
• An oven 

Printing material in the powder form is 
deposited. Binder is then sprayed, heated 
and dried. The product will be cured in 
an oven when completed. 

40-80 20 350-500 Polymers; Metal 

Selective laser 
sintering and 

Selective heating 
sintering 

• Focused laser beam 
• Printing material in the 

powder form 

Printing material in the poser form is 
deposited. It is then consolidated using a 
focused laser beam. The process is 
repeated from layer to layer. 

200-400 100-120 45-100 Nylon based materials; 
Rapid steel; Sand form 

Contour crafting 

• A gantry system 
• A nozzle 
• Printing material 
• Trowels 

Printing material is extruded from the 
nozzle and then troweled. The gantry 
system is computer controlled and moves 
with the nozzle. 

N/A 4mins/m2
 N/A Ceramics materials; 

Concrete 

Notes:  
1. The cost index is calculated based on various studies, including Ryder et al. (2002). The cost index does not provide detailed cost per unit of measurement. It provides 

a rough comparison of the printing cost of a single baby pushchair handle based on different 3-D printing technologies. 
2. The printing time index (excluding contour crafting) does not provide detailed cost per unit of measure. It provides a rough comparison of the printing time of a single 

baby pushchair handle based on different 3-D printing technologies. 
3. The smallest feature refers to the use of the technology in printing bone tissue as shown in Butscher et al. (2011). The smallest feature is used as a measurement of 

accuracy. 
 147 
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As can be seen from Table 1, the selection of appropriate 3-D printing technology is dependent 148 
on the cost, printing time, accuracy and available materials. For the printing of metal-based 149 
objectives, both inkjet powder printing, FDM and SLS can be used as the printing technology. 150 
SLS has inherent advantage on product strength. On the other hand, for printing ceramics 151 
materials and concrete, contour crafting is usually used as the printing technology. In addition, 152 
the printing accuracy varies across different printing technologies. For the printing of low-153 
accuracy objects (e.g. architectural models for demonstration), inkjet powder printing can be 154 
selected. As low accuracy is needed, using inkjet powder printing will reduce the printing time. 155 
On the other hand, if high accuracy is needed (e.g. for objectives that have medical 156 
applications), stereolighography and SLS can be adopted. Similarly, as high accuracy is needed, 157 
the printing time will be increased correspondingly. Selecting the most economical 3-D 158 
printing technology will also depend on the accuracy requirement. As can be seen in Table 1, 159 
for the printing of low-accuracy objects, inkjet powder printing seems to be the most 160 
economical method with the lowest printing time and cost index. On the other hand, for the 161 
printing of high-accuracy objects, SLS and SLM seem to be the most economical method. 162 

Other 3D printing technologies have also been developed in recent years to accommodate the 163 
need of the construction industry, especially in concrete printing. For example, the research 164 
team at the Loughborough University has developed a concrete printing process (which is 165 
referred to as Concrete Printing). A process called D-Shape has also been developed by 166 
straining a binder on the material layer (Monolite, 2015). D-shape is a factory gantry-based 167 
powder-bed 3D printer, which can print up to 6m x 6m x 6m of architectural structures (Kreiger 168 
et al., 2015). The three technologies are designed for concrete printing and have many 169 
similarities in terms of the printing process. All printing technologies are based on additive 170 
manufacturing. However, each technology has distinct features. Similar to Contour Crafting, 171 
Concrete Printing uses the extrusion of cement mortar. However, compared to Contour 172 
Crafting, the technology has a smaller resolution of deposition (4-6mm in terms of layer depth), 173 
which allows for greater control of internal and external geometries (Lim et al., 2012). The 174 
compressive strength of the printed products by Concrete Printing can reach 100 to 110MPa. 175 
On the other hand, the D-Shape process uses a powder deposition process, which is quite 176 
similar to the inkjet powder printing process where binder is used so that selective layers of 177 
printing materials are hardened. According to Lim et al. (2012), the compressive strength of 178 
the printed products can reach 235-242MPa. In addition, a 3D printing process, C-Fab (Cellular 179 
Fabrication), was designed by Branch Technology to print the support structure of construction 180 
walls, with the assistance of the Kuka robotic arm (Molitch-Hou, 2015). According to Molitch-181 
Hou (2015), the Kuka robotic arm is only used to print the original support structure. Insulating 182 
foam is sprayed as the interior wall while concrete is applied as the exterior of the wall. 183 

3-D printing can bring significant changes to the construction industry. It enables mass 184 
production without compromising customisation. Mass customization (i.e. building products 185 
to meet customers’ individual orders rather than for stock) has been a goal for the construction 186 
industry for many decades (Barlow et al., 2003). There have been many attempts to achieve 187 
mass customization, including using prefabricated products. However, in order to reduce the 188 
costs associated with complexity, prefabricated components are usually standardized and only 189 
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limited types of prefabricated products can be chosen. 3-D printing technology, on the other 190 
hand, can help build customized products with no increased costs as printing a complex 191 
building works the same way as printing a concrete block (Khoshnevis et al., 2001a; 192 
Khoshnevis et al., 2001b; Khoshnevis, 2004). With the streamlined printing process, 3-D 193 
printing can bring significant productivity improvement in terms of: 194 

• Reduced waste. The 3-D printing process uses little more material than the object 195 
requires (Bak,  2003); 196 

• Design flexibility. The 3-D printing process enables developers to design structures that 197 
are difficult to produce using the current manual construction practice (Khoshnevis, 198 
2004).  199 

• Reduced manpower. As most 3-D printing process is highly automated, manpower 200 
required in the construction process can be significantly reduced. 201 

• Other economic, environmental and constructability-related improvements. 202 
Construction time can be greatly reduced using 3-D printing technologies. For example, 203 
the printing time for a structural wall was reduced to 65 hours from 100 hours by 3-D 204 
printing (Buswell et al., 2007). As only the required amount of materials will be needed, 205 
the printing process will eliminate unnecessary waste of materials, thus reducing the 206 
environmental impacts of the production/construction process.    207 

3. The history of the use of 3-D printing in the construction industry 208 

3.1 3-D printing and construction parts 209 
Traditionally, the use of 3-D printing was restricted to the manufacturing sector. It was used to 210 
produce prototypes with low production volumes, small part sizes and complex designs 211 
(Berman, 2012). As such, the 3-D printing technology was usually referred to as Rapid 212 
Prototyping (RP) technology during that time. The first 3-D printer, using stereolithorgraphy 213 
technology, was developed by Charles Hull in 1986 (Hull, 1986). In the following years, other 214 
RP technologies have also been introduced into the market. For example, both SLS and FDM 215 
were introduced into the market in 1989. At this stage, RP technologies were used to produce 216 
prototypes for products mainly used in the manufacturing sector. For example, Arthur et al. 217 
(1996) used RP technology to produce electrical discharge machining electrodes. The 218 
technology continued to play an important role in the manufacturing industry in the 21st century. 219 
Vinodh et al. (2009) investigated the adoption of 3-D printer to produce the prototype of a knob 220 
of an electronics switch. By using 3-D printing, it is believed that the capabilities of rapid 221 
prototyping can be merged with the high-volume throughput of conventional manufacturing 222 
(Bak, 2003). 223 

While the use of RP technologies was mainly restricted to the manufacturing sectors, there 224 
were a few attempts that used construction-related materials which demonstrated the 225 
applicability of the technologies in the construction industry. For example, Hinczewski et al. 226 
(1998) used stereolithography to produce ceramic three-dimensional parts. A complex ceramic 227 
part was produced using stereolithography although the mechanical properties of the part were 228 
not optimized (Hinczewski et al., 1998). Similarly, Khoshnevis et al. (2001) used contour 229 
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crafting and demonstrated that it could be used to produce plaster part if forced drying by 230 
heating was adopted. The research team at Loughborough University has taken an initiative to 231 
develop a 3D concrete printing process that can produce freeform building element. These pilot 232 
studies demonstrated that 3-D printing technologies could be used to produce construction 233 
components as long as appropriate quality control strategies were adopted. 234 

As technology improved, the use of 3-D printing has been expanded to construction products 235 
other than ceramic products in recent years. For example, 3-D printers (e.g. RedDot – FDM 236 
Nylon 12 developed by Stratasys) can now print plastic and nylon items which are commonly 237 
used as plug fixtures, window frame fixtures and plumbing fittings in building projects. More 238 
importantly, concrete printing has been proven to be feasible in printing geometrically 239 
complicated concrete products (Lim et al., 2012). The size of the concrete products was limited 240 
using 3-D printing. For example, the 3-D printer in Lim et al. (2012) could only handle a print 241 
dimension up to 5.4m (L) x 4.4m (W) and 5.4m (H). However, such size would produce enough 242 
capacity to print basic precast concrete components, such as the precast concrete column used 243 
in Wu and Low (2011). As such, the central issue relating to the use of 3-D printers in small-244 
scale construction projects to produce construction parts is not related to the size, but rather 245 
whether there are enough flexibility and customization demands that can support the use of 246 
such technology to achieve economies of scale. 247 

3.2 3-D printing and architectural models 248 
The construction industry has adopted 3-D printing to produce architectural models since the 249 
early 2000s. Various 3-D printing technologies have been tested for their stability in printing 250 
architectural models. For example, Gibson et al. (2002) used RP technology to produce both 251 
geometrically simple and complicated architectural models. While the use of FDM printing 252 
caused the collapse of one architectural model, SLS has been proven to have the capacity to 253 
produce strong models (Gibson et al., 2002). The technology was useful to produce physical 254 
3-D models quickly. The printing process could be completed within hours. Depending on the 255 
accuracy required in the architectural models, there were different 3-D printing technologies 256 
that could be used to produce architectural models.  257 

The first set of technologies that could be used to produce low-accuracy architectural models 258 
was referred to as concept modelling (Ryder et al., 2002). One of the most highly recognized 259 
product in concept modelling is the 3-D Printer (3DP) process developed by the Massachusetts 260 
Institute of Technology (MIT). The detailed information for every layer was firstly generated 261 
by using a computer model. Powder materials and binding materials were then applied from 262 
layer to layer before a final step of heat treatment was conducted (MIT, 2000). Concept 263 
modelling could produce architectural models within a quick time frame. 264 

RP technologies, including FDM, SLS and stereolithography, were later introduced into the 265 
construction industry to produce architectural models. The accuracy of these technologies was 266 
improved to 0.1mm – 0.2mm compared to the accuracy of 0.2mm – 0.4mm in concept 267 
modelling (Ryder et al., 2002). Consequently, the printing time for architectural models using 268 
RP technologies would normally be doubled compared to concept modelling (Ryder et al., 269 
2002). Although the accuracy has been improved, many studies (e.g. Dimitrove et al., 2006) 270 
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have found that it was still very difficult to reproduce ornate details and free standing structures 271 
such as chimneys and railings. However, the accuracy of 3-D printing has been significantly 272 
improved over the past few years. For example, when used to print objects with medical 273 
applications (such as bone tissue engineering scaffolds), a printing accuracy at μm level could 274 
be expected. Melchels et al. (2010) reported that in biomedical engineering, stereolithography 275 
could print smallest feature at a size of 10 – 70μm.   276 

3.3 3-D printing and entire building projects  277 
Due to the size of 3-D printers, it was argued that medium- or large-scale models or buildings 278 
might not be printed using 3-D printing technologies. However, there has been significant 279 
improvement in developing large-scale 3-D printers to meet the need of industrial-scale 3-D 280 
printing, especially in the recent few years. There were three major developments on the use 281 
of 3-D printing for printing entire buildings projects. In 2014, WinSun, one architectural 282 
company in China, has successfully printed a group of houses (200m2 each) in Shanghai in less 283 
than a day. The size of the 3-D printer used in this project was 150m (length) x 10m (width) x 284 
6.6m (height) which enabled it to print large-scale buildings within hours using high-grade 285 
cement and glass fibre (Hietzmann et al., 2015). With the inclusion of glass fibre, the strength 286 
and service life of the printed house were much better than those of common reinforced 287 
concrete (Liang and Liang, 2014). In 2015, one villa (approximately 1,100 square metres) and 288 
one five-storey apartment building were printed by the 3-D printer. The villa and apartment 289 
were not printed as one-piece. Instead, majority of the building elements were printed and 290 
brought to the site for installation. However, the project demonstrated the applicability of 3-D 291 
printing in printing entire building projects. 292 

Qindao Unique Technology also demonstrated one large 3-D printer of a size about 12m x 12m 293 
x 12m in 2014. The printer used the FDM technology which deposit and stack the half-melt 294 
printing material from layer to layer. According to Liang and Liang (2014), the printer had a 295 
printing accuracy at millimetre level. Unlike the technology developed by WinSun, this 3-D 296 
printer used glass reinforced plastic as the printing material which could provide anti-corrosion, 297 
anti-aging and waterproof functions (Liang and Liang, 2014). 298 

Another important milestone is that Amsterdam-based DUS Architects has developed its own 299 
3-D printer of 6-metre tall (KamerMaker), which would later be used to fabricate a canal house. 300 
KamerMaker could use polypropylene as the printing material to produce components with 301 
dimensions of up to 2.2m x 2.2m x 3.5m (Bogue, 2013). These components, as parts of the 302 
canal house, were later installed on site. The whole building project would be open to the public 303 
as a design museum, with 12 rooms dedicated to different types of 3-D printed building 304 
research (Rutkin, 2014). This project was expected to be completed in 2017. Table 2 305 
summarizes the development of 3-D printing in the construction industry. 306 

 307 

 308 

 309 
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Table 2. The development of 3-D printing in the construction industry 310 

Studies 3-D printing technology 
presented 

Printed products 

Hinczewski et al. 
(1998) 

Stereolithography Ceramic part 

Khoshnevis et al. 
(2001) 

Contour Crafting Plaster part 
Ceramic part 

Ryder et al. (2002) Concept Modelling Polyester part 
Lim et al. (2012) Concrete Printing Concrete part 
Gibson et al. (2002) FDM and SLS Space frame architectural model 

Rotunda architectural model 
IBM Pavilion architectural model 

Dimitrove et al. (2006) 3DP Plaster model 
Bogue (2013) KamerMaker Large-scale polypropylene 

components 
Kietzmann et al. (2015) 3DP Entire house 
Liang and Liang (2014) FDM Entire house 

 311 

However, there are practitioners who have questioned the use of 3D printing to print entire 312 
houses. For example, According to Platt Boyd, the developer of C-Fab, the construction 313 
industry should minimize the use of 3D printing given the stability of the technology (Molitch-314 
Hou 2015). The C-Fab technology only prints the support structure of the wall. The technology 315 
can be readily integrated into modern construction more quickly and affordably than the 316 
traditional gantry-style printing, such as the gantry system used by WinSun. 317 

4. The challenges and future of 3-D printing in the construction industry 318 
3-D printing is not an isolated solution that can solve all the problems in the construction 319 
industry. There are several requirements, such as the scale of the project and printing materials, 320 
which should be fulfilled in order for the printing technology to perform at its maximum 321 
potential. These requirements will limit the use of 3-D printing in the construction industry. 322 
However, as technology is being improved to address the limits, the applicability of 3-D 323 
printing will be expanded accordingly. 324 

4.1 3-D printing and large-scale models or buildings 325 
There was a speculation that 3-D printing technologies, especially RP technologies, might not 326 
be well suited to building large landscape models or buildings (Gibson et al., 2002). Gibson et 327 
al. (2002) argued that most RP machines had a comparatively small build envelope for 328 
approximately 250 mm cubed. As such, the size of the printed model would be limited. Berman 329 
(2012) also argued that 3-D printing technology was most widely useful in applications with 330 
small part sizes. Many other researchers have also stated that the primary limitation of 3D 331 
printing technology was the size of the printer necessary to print the item (e.g. Campbell et al., 332 
2011). 333 
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The reasons leading to such speculation were twofold. As most 3-D printers were small when 334 
the technology trend started, it remained unclear whether the technology could be used to print 335 
large-scale models or buildings as the size of 3-D printers was directly related to the models or 336 
buildings it could print. However, in recent years, with the new development of 3-D printers, 337 
there have been a lot of large-scale models or buildings that were printed using large-scale 3-338 
D printers. For example, KarmerMaker in the canal house project was 6-m tall and the 3-D 339 
printer used by WinSun had a dimension of 150m x 10m x 6.6m (Liang and Liang, 2014).  340 

In addition to the size of the printer, materials played a very important role in 3-D printing. The 341 
printing materials should have some basic features such as quick hardening in order to be used 342 
in 3-D printing. There were various studies which found that the strength and stability of the 343 
printed products using current printing materials (such as plaster) might prevent the technology 344 
from being used in large-scale models or buildings. For example, Khoshnevis et al. (2001) 345 
found that although plaster has been frequently used as printing material because it was 346 
commercially available, cheap, light in weight and quick hardening, the material demonstrated 347 
low wet-strength and a larger than 3 percent shrinkage. Similarly, although clay demonstrated 348 
a better wet-strength compared with plaster, the stability of the printed products has only been 349 
tested in small object sizes (Khoshnevis et al., 2001). The low availability of high-strength 350 
printing materials also led to the speculation that 3-D printing might not be used in large-scale 351 
models or buildings. 352 

However, various materials have been modified and proved to be effective as high-strength 353 
printing materials recently. In order to be used as a printing material, concrete needed to have 354 
an acceptable degree of extrudability so that it can be extruded from the nozzle of the printer 355 
(Le et al., 2012). In addition, the concrete should bond together to form each layer and have 356 
sufficient buildability characteristics to enable it to lay down correctly, remain in position and 357 
be stiff enough to support further layers without collapsing (Le et al., 2012a). By changing the 358 
sand/binder proportions and the dosages of other admixtures in the mix design, a variety of 359 
compressive strength have been achieved, with the highest up to 107MPa (at 28 days) (Le et 360 
al., 2012b). As such, it is reasonable to assume that the strength of the printed concrete is strong 361 
enough to be used in high-rise residential or other large-scale building projects as concrete of 362 
60-100MPa are normally used in these projects. 363 

In 2014, WinSun claimed that by using 3-D printing technologies, a two-storey villa and a five-364 
storey apartment were printed. The projects demonstrate the applicability of 3-D printing in 365 
large-scale buildings, although many practical obstacles have been identified, including: 366 

• Indirect process. Similar to precast concrete projects, construction components were 367 
printed in a closed factory, transported to the construction site and installed on site. As 368 
such, the villa and apartment were not printed directly from electronic data. Although 369 
it is very common to use joints when installing precast concrete components, such 370 
technology was not adopted in the printed villa and apartment. As can be seen from 371 
Figure 6, direct contact was often used. 372 
 373 
 374 
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 375 

Figure 6. Connection details of the 3-D printed villa by WinSun. 376 

• Brittleness. Although glass fibre was added to the printing concrete to increase the 377 
strength, the printing material was too brittle to be printed as load bearing components 378 
and construction components which span horizontally, such as slabs and staircases. 379 
When used in load bearing components, the material could be printed as moulds. As 380 
such, a great advantage of the technology is the elimination of de-moulding (see Figure 381 
7). The problem was also found in the C-Fab printing process where the use of carbon 382 
fibre led to the brittleness of the printing material (Molitch-hou, 2015).  383 
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 384 
Figure 7. The concrete mould printed by WinSun. 385 

• Exclusion of building services. Building services such as electrical and plumbing were 386 
not integrated in the 3-D printing process. Therefore, additional work had to be 387 
conducted, causing problems to the structural integrity. Figure 8 shows that electrical 388 
services were not integrated into the printing process and drilling was needed, which 389 
might cause potential damages. 390 
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 391 
Figure 8. Electrical services are not integrated into the 3-D printing process by WinSun. 392 

To summarize, 3D printing can be used to print large-scale buildings. However, there are lower 393 
demand of automated products in the construction industry when compared with other 394 
industries (Yossef and Chen, 2015). In addition, the materials (i.e. clay and concrete) need to 395 
be improved in terms of brittleness so that components which span horizontally can also be 396 
printed.     397 

4.2 3-D printing and building information modelling (BIM) 398 
According to Canessa et al. (2013), the process of 3-D printing that goes from an idea to a 399 
tangible object is quite long and complex, which contains six steps: digital modelling, exporting, 400 
slicing, connecting, printing, and finishing. While 2-D representations remain as the baseline 401 
method for project delivery in construction industry, substantial time is needed to create digital 402 
models for 3-D printing (Arayici et al., 2012). Traditional approaches of converting 2-D 403 
drawings to 3-D models encounter several issues including low accuracy, inefficiency and poor 404 
quality (Canessa et al., 2013).  BIM is an emerging method for digital representation of physical 405 
and functional characteristics of a facility (Eastman et al., 2011). When compared with 406 
conventional 3-D modelling tools, BIM covers not only geometry information but material 407 
performance (i.e. yield strength, tensile strength, shear modulus, thermal conductivity, etc.), 408 
spatial relationships and manufacture information (Shou et al., 2014; Wang et al., 2014a). 409 
Furthermore, objects in BIM are defined as parameters and relations to other objects. As such, 410 
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one object change will trigger related objects to be amended automatically (Eastman et al., 411 
2011). In last five years, BIM has been proved as an effective method to facilitate 3-D printing 412 
implementation in construction industry (Arayici et al., 2011; Arayici et al., 2012). BIM can 413 
be used in the 3-D printing of small-scale models and large-scale buildings respectively. 414 

Small-scale models are mainly used for finalized design representation and communication 415 
(Sass and Oxman, 2006; Wang et al., 2014b). A major advantage of 3-D printing is its ability 416 
to produce complex geometries such as internal passageways, undercuts and other features that 417 
are difficult or even impossible to manufacture with conventional techniques (Bogue, 2013). 418 
BIM is more powerful than conventional tools in complex building design (Chang and Shih, 419 
2013). Interaction between 3-D printing and BIM enhances the ability to produce a small-scale 420 
model rapidly from a BIM design without specialised or costly manufacturing equipment 421 
(Bogue, 2013). Most of BIM tools support the exporting process of generating a file in proper 422 
format (i.e. Standard Tessellation Language format) that can be directly converted into a set of 423 
instructions for the print (Seo and Won, 2014). Furthermore, BIM vendors such as Autodesk 424 
and Dassault System have collaborated with 3-D printing providers in order to further simplify 425 
the process of 3-D printing from BIM models (Berman, 2012). For instance, users can online 426 
print a real 3-D model by simply clicking the “Send to Sculpteo 3D Print”, which has obvious 427 
benefits in terms of time, cost and convenience (Laubner, 2011). 3-D printing-integrated BIM 428 
supports the creative process of designers to produce variations of a single artefact or diverse 429 
artefacts at various stages of design (Sass and Oxman 2006; Seo and Won 2014). In the 430 
construction stage, complicated construction procedure can also be printed into small-scale 431 
models from BIM so as to improve communication between designers and construction 432 
contractors (Wei and Wen, 2012).  433 

Due to size limitation of existing 3-D printers, it is difficult to print a high-rise building at a 434 
time (Gibson et al., 2002). However, users can print structural components piece-by-piece and 435 
then assemble them together as a real-scale building (Liang and Liang, 2014). When applying 436 
this approach, users need to address two critical issues so that building as assemblages of 437 
components reflects aspects of real-world material fabrication and assemble methods (Sass and 438 
Oxman, 2006). The first issue is component design, which needs to comply with 3-D printer’s 439 
capability and raw-material performance (Sass and Oxman, 2006). BIM supports design 440 
variations at component level and has been proved as an efficient tool to improve performance 441 
of detailed design and fabrication design (Lu and Korman, 2010; Clevenger and Khan, 2013). 442 
BIM provides a collaborative platform for different project participants to contribute their 443 
expertise to optimize component design (Elmualim and Gilder, 2013). With BIM application, 444 
each building component has the potential to be designed and printed as unique one. 445 
Furthermore, the shapes of components designed in BIM can be assured to align to their 446 
functional and structural attributes as an assembled model (Chi et al., 2015). In addition, 447 
interaction between 3-D printing and BIM can significantly assist design changes and reduce 448 
time of remodelling and reprinting. The second issue is related to assembly design, which is a 449 
bottom up approach to design based on relationship between real-world construction and 450 
abstract representation (Sass and Oxman, 2006). Components produced by 3-D printer need to 451 
be tested in relationship to building scale constraints as individually produced objects, then as 452 
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a complete assembly of objects (Sass and Oxman, 2006). BIM is an effective approach to 453 
simulate the overall assembly process and detect potential assembly issues before real printing 454 
(Zhang and Hu, 2011; Chi et al., 2014). Interaction between 3-D printing and BIM gives new 455 
meaning to systematic ways of analysing connection strength, printing methods, and 456 
appearance.  457 

Design for Manufacture and Assembly (DfMA) is an approach that emphasises the inclusion 458 
of manufacturing and assembly knowledge during the design phase (Lyon, 2011). This 459 
approach leads to simpler and more reliable products which are less expensive to assemble and 460 
manufacture (Boothroyd, 1994). In addition, any reduction in the number of parts in an 461 
assembly produces a snowball effect on cost reduction, because of the drawings, vendors, and 462 
inventory that are no longer needed (Boothroyd, 1994).  DfMA tools encourage 463 
communications between designers, the manufacturing engineers and any other participants 464 
who have contributions to the final product. 465 

In many manufacturing areas, DfMA has become an important approach in improving product 466 
development productivity through design (Barbosa and Carvalho, 2014). However, in the 467 
construction industry, building designers have not been provided with equivalent 468 
methodologies. The integration of construction knowledge into the design stages continues to 469 
rely on the experience of individuals in an increasingly fragmented work environment (Rekila 470 
et al., 2010). BIM has been considered as an effective tool for providing an integrated work 471 
environment, and is changing the building industry from design to maintenance phase (Wang 472 
et al., 2014b). The synergy between BIM and 3D-printing opens up new possibilities in 473 
applying DfMA to building industry. BIM can be used to provide an accurate 3-D integrated 474 
information model to foster building design and verify potential design and alternative designs 475 
from the 3-D printing perspective. In addition, BIM supports fabrication-level models which 476 
can be directly imported into 3-D printers and guide the printing process. By collaborating with 477 
manufacturing engineers, designers can also conduct a further analysis of the building’s 478 
printability and assemblability, based on which potential design improvements can be made. 479 
In summary, BIM emergence leads to new opportunities for 3-D printing including design 480 
possibilities at the shape level as well as at performance and assembly levels. 481 

4.3 3-D printing and mass customization 482 
As discussed previously, one significant advantage of using 3-D printing was mass 483 
customization. The construction industry has always been considered as an industry with low 484 
degree of customization (Dubois and Gadde, 2000). For example, Cox and Thompson (1997) 485 
stated that the construction industry could be considered to be inherently a site specific and 486 
project based activity. As such, the survival of 3-D printing in the construction industry was 487 
also largely dependent on the degree of customisation requirements in the construction industry. 488 
A large demand for customisation would increase the demand for 3-D printed products, thus 489 
decreasing the printing costs and helping the technology survive in the construction industry. 490 
Therefore, the central issue was whether a large demand for mass customization could be 491 
expected in the construction industry. As Bardakci and Whitelock (2003) has pointed out, the 492 
driver for implementing mass customization should come from the market, rather than from 493 
the production capabilities of the firm. Based on the customer customisation sensitivity theory 494 
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proposed by Bardakci and Whitelock (2003), the success of 3-D printing in the construction 495 
industry would be dependent on two tenets: the uniqueness of customer’s needs and customer 496 
sacrifice gap. 497 

The uniqueness of customer’s needs was determined by the demand pattern for the product 498 
(Bardakci and Whitelock, 2003). According to Bardakci and Whitelock (2003), customers 499 
would only need customisation if the demand pattern was innovative. In the construction 500 
industry, some routine work, such as foundations, must inevitably be carried out on site. The 501 
demand pattern for these types of construction work would probably be functional rather than 502 
innovative. On the other hand, other types of construction work, such internal furnishings, may 503 
have high innovative demand and may be useful platforms for the 3-D printing technologies to 504 
reach its maximum potential. Previous studies have found that there was a demand for mass 505 
customization in the construction industry.  For example, in the Korean construction industry, 506 
especially the house-building sector, mass customisation has become a key marketing strategy 507 
since the late 1990s (Kim et al., 2004). Contractors have paid more attention to provide 508 
individualized products to customers (Shin et al., 2008). Similarly, construction companies in 509 
Japan (e.g. Sikisui House) have also started to use IT-based flexible planning system to provide 510 
a high degree of customization to buyers (Gann, 1996). However, the categorization of 511 
demands in the construction industry (i.e. either functional or innovative) requires further 512 
investigation. Similarly, future research is needed to identify the customer sacrifice gap, i.e. 513 
the gap between the desired product and available products in the construction market. As 514 
customization options were usually limited by suppliers in order to achieve economies of scale 515 
in the construction process, knowing the categorization of demands, the degree of these 516 
demands and the customer sacrifice gap will be useful for 3-D printing technology to reach 517 
economies of scale. 518 

4.4 3-D printing and life cycle costing 519 
According to Noguchi (2003), prefabricated homes in Japan were approximately 8% more 520 
expensive than their site-built counterparts. One central issue that will affect the 521 
implementation of 3-D printing in the construction industry is whether it could lead to cost 522 
increase or cost reduction, as the industry remains cost sensitive (Rajeh et al., 2015). Although 523 
there were 3-D printed houses at the time of the study, these cases have yet been empirically 524 
studied. It remained unclear whether 3-D printing could lead to reduced or increased 525 
construction cost, although many news websites and weblogs (e.g. www.3ders.org) have 526 
reported that 3-D printing can lead to reduced construction costs. For example, the printed 527 
house (approximately 200 square metres) by WinSun in Shanghai cost 30,000RMB ($4,800 528 
equivalent), which was far less than the cost using traditional construction technology. 529 

The commonly recognized three cost items in construction included labour, material and plant. 530 
Advocators argued that as the 3-D printing process was an automated process that was centrally 531 
operated by computer, the requirement of manpower could be greatly reduced (Buswell et al., 532 
2006). However, Buswell et al. (2006) also demonstrated that the production of a wall structure 533 
using 3-D printing technology was prohibitively expensive due to the use of current printing 534 
materials which were usually more expensive. On the other hand, for completed structures 535 
(such as highly serviced walls with the installation of multiple electrical conduits), using 3-D 536 
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printing technology could bring cost reduction in terms of optimized site work and reduced 537 
remedial works. According to Le et al., (2012), the integration of mechanical and electrical 538 
services in the 3-D printing process could optimize materials usage and site work, thus leading 539 
to reduced likelihood of costly remedial works. The cost of 3-D printing should also include 540 
the cost of 3-D printers. The price of 3-D printers has been reduced significantly over the years 541 
and private individuals in the developed world may easily own one (Bradshaw et al., 2010). It 542 
should be noted that certain software packages were needed to edit and compile the source code 543 
in order to print the architectural models or large-scale houses. These proprietary software 544 
packages would increase the cost of the 3-D printer package, thus restricting the scaling of the 545 
3-D printing technology (Pearce et al., 2010). In summary, although short-term potential cost 546 
reduction can be achieved by 3-D printing, empirical studies are needed to investigate the 547 
financial performance of the printed construction product or project over its life cycle.  548 

5. Conclusions 549 
3-D printing, as an automated layer-by-layer production process, is a promising technology 550 
that can be used by the construction industry to achieve economic, environmental and other 551 
benefits. The use of 3-D printing in the construction industry is highly dependent on the 552 
accuracy of the printing jobs, the availability of printing materials, the cost of the printing 553 
process and printing time, based on which relevant 3-D printing technologies, including 554 
stereolighography, fused deposition modelling, inkjet powder printing, selective laser sintering, 555 
selective heating sintering and contour crafting, can be chosen. While selective laser sintering 556 
can be used to print metal-based objectives, contour crafting can be used to print cementitious 557 
and ceramics products. Various benefits such as reduced waste, design flexibility and reduced 558 
manpower have been recorded. 559 

However, the use of 3-D printing is also subject to a few prerequisite requirements, mainly on 560 
applicability in large-scale building projects, the development of building information 561 
modelling, the degree of requirements on mass customization and the life cycle cost of 3-D 562 
printed construction products/projects. As the use of 3-D printing in the construction industry 563 
is still in its infancy, the life cycle performance of the printed projects remains unclear, although 564 
the use of BIM can help examine the printed products at the shape level as well as at the 565 
performance and assembly levels. In addition, the categorization and the degree of 566 
customisation have yet been empirically examined in the construction industry. It is expected 567 
that by addressing these challenges, 3-D printing can reach its maximum potential in the 568 
construction industry. 569 
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