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Abstract. Additive Manufacturing (AM), commonly known as 3D printing, is 
seemingly offering a wealth of possibilities in the manufacturing industry. This 
technology is frequently used in aerospace and biomedical engineering but its 
impact on construction industry is still at a perceived stage. 3D printing 
technologies bring along the exciting opportunity of producing innovative and 
efficient structural shapes to suit specific design requirements without requiring 
complex and time consuming traditional forming and assembly processes. Metallic 
3D printing technologies have advanced significantly during the last decade but 
large-scale structural applications of 3D printed metallic elements are still non-
existent; this is largely due to the smaller size of existing printers. This paper 
focusses on recent advancements and case studies on metallic 3D printed 
structures with special emphasis on an ongoing project on metallic microlattice 
structures printed from stainless steel and titanium. Microlattice structures have 
been manufactured using Powder Bed Fusion (PBF) techniques i.e. Selective Laser 
Melting (SLM) and Electron Beam Melting (EBM), showing widely varying surface 
imperfections for struts in different orientations. Presence of micro-pores is also an 
alarming issue that could affect the overall integrity of a structure. Appropriate 
inclusion of all significant factors in numerical modelling brings along unique and 
exciting challenges to be addressed. A critical evaluation on the prospect of using 
3D printing in structural engineering is presented herein with some specific 
challenges identified that would require extensive research to appropriately exploit 
the beneficial effects of this exciting new technology in construction.   

1 INTRODUCTION 
Three Dimensional (3D) printing, which can be seen as the popular name for Additive Manufacturing 

(AM), is an advanced manufacturing process that can produce complex shape geometries automatically 
from a 3D computer-aided design model. This process has been applied to many diverse fields of 
industries such as aerospace, automobile and biomedical engineering due to significant advantages of 
creating functional parts in an efficient and effective manner. The prospects of reducing the need for 
human resources, high capital investments and additional formworks have prompted exploring its 
possible use in the building and construction industry. 3D printing is continuing to grow with the addition 
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of new technologies, methods and applications.1,2,3 Significant research is being carried out in different 
parts of the world on 3D printing of concrete, which could potentially reduce cumbersome formwork, 
work-related injuries and illnesses, and construction time.4 Integration between Building Information 
Modelling (BIM) and 3D printing would also make it easier to create highly optimised building 
components. In the field of aerospace and similar manufacturing industries, 3D printing has already 
been shown to reduce considerable cost but such an assumption in the building and construction 
industry is yet to be validated due largely to the unavailability of large scale 3D printers.  

3D printing of metals has advanced rapidly during the last two decades and offers unrivalled design 
freedom with the ability to manufacture parts from a wide range of materials. Numerous small but 
complex metallic parts used in aerospace and automobile industries are now in mass production using 
3D printing. Components that would not have even been possible just a few years ago can now be 
made to high standards using a wide range of metal powders such as steel, titanium and aluminum. 
Despite advancements in metal printing, the possible applications in structural engineering, where 
metallic elements form the very basis of an infrastructure, is still at a perceived stage. It is clear from 
the existing research into metallic 3D printing that extensive work has been carried out on the production 
processes and basic material properties, but there has been very limited research to date into potential 
structural engineering applications. This paper presents an overview of 3D printing technologies, briefly 
discusses the techniques relevant to construction, and finally evaluates the current status and 
challenges related to metal printing based on ongoing research into 3D printed metallic microlattices.    

2 3D PRINTING TECHNOLGIES 
Although the term “3D Printing” is frequently used as a synonym for all AM processes, there are 

numerous individual processes which vary in their method of layered manufacturing. Individual 
processes will differ depending on the material as well as the machine technology used. Hence, in 
2010, the American Society for Testing and Materials (ASTM) group “ASTM F42 – Additive 
Manufacturing”, formulated a set of standards that classify the range of AM processes into the 
following 7 categories - VAT Polymerisation, Metal Jetting, Binder Jetting, Material Deposition, 
Powder  Bed Fusion, Sheet Lamination and Direct Energy Deposition. Powder Bed Fusion (PBF) 
offers a wide variety of material choices including metallic powders such as stainless steel, titanium, 
aluminium and steel, and hence could be the most appropriate 3D printing technology for structural 
engineering. All PBF processes involve spreading of the powder material in thin layers, which can                 
be achieved in different mechanisms such as using a roller or a blade. Fig 1 shows a schematic of 
a typical PBF process5.  

 

 
Figure 1: Schematic of the Powder Bed Fusion (PBF) process5 

 
The PBF process either melts or fuses metal powder together using a number of printing 

techniques such as Direct Metal Laser Sintering (DMLS), Selective Laser Sintering (SLS), Electron 
Beam Melting (EBM), Selective Heat Sintering (SHS), and Selective Laser Melting (SLM). The main 
downside of all of these processes is currently the associated high cost. They are therefore limited 
to very high-end applications, such as manufacturing metal prototype parts in the aerospace 
industry. Extensive research and more extensive usage should make them much more affordable 
in the future. PBF processes clearly belong to two broad categories based on the forming technique 
i.e. sintering and melting. Closer inspection of these techniques reveals that, whilst the classical 
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descriptions of melting and sintering are very clear and distinct, the resulting technologies show 
significant overlaps in terms of the materials used and the resulting parts from the machines. The 
following sections briefly present the key features of the PBF techniques.    

2.1 Sintering Processes – DMLS, SLS and SHS 
Sintering processes, in a classical sense, do not fully melt the powder, but heat it to the point 

that the powder can fuse together at a molecular level i.e. this is a process of compacting and 
forming a solid mass of material by heat and/or pressure without melting it to the point of 
liquefaction. Direct Metal Laser Sintering (DMLS) is the same as Selective Laser Sintering (SLS), 
but DMLS uses only metals whilst SLS primarily focuses on polymers. Selective Heat Sintering 
(SHS) differs from other processes by way of using a heated thermal print head instead of a laser 
to fuse powder material together.  

One of the most effective additive manufacturing techniques for metal is DMLS. This process 
can be used to build objects out of almost any metal alloy, unlike other 3D printing techniques, 
which only work with polymer-based materials or specific metal alloys. DMLS involves spreading a 
very thin layer of metal powder across the surface that is to be printed. A laser is slowly and steadily 
moved across the surface to sinter this powder making the particles inside the metal fuse together 
without melting the metal completely. Additional layers of powder are then applied and sintered, 
thus “printing” one cross-section at a time, and DMLS gradually builds up a 3D object through a 
series of very thin layers. Once the DMLS process is complete, the printed object is left to cool. 
Excess powder can be recovered from the build chamber and recycled.  

The major advantage of DMLS is that it produces objects free from any residual stresses and 
internal defects, which are very common in traditionally manufactured metal components. 
Traditionally manufactured metal components need to be heat-treated after they are manufactured 
to release internal stresses that could cause premature failures. If welded sections can be replaced 
by 3D printed residual stress free sections, this can make a huge positive impact in structural 
engineering.  

2.2 Melting Processes –SLM and EBM 
Melting processes completely melt metal powders by using laser or electron beam; the powder 

is thus not merely fused together, but is actually melted into a homogenous part. Melting techniques 
are usually considered to manufacture stronger structural components as it has fewer voids.  

Selective Laser Melting (SLM) process uses the thermal energy induced by a laser beam to 
completely melt the metal powder. The cross-section area of a part is built by melting and re-
solidifying metal powder in each layer, then a new layer of powder is deposited and levelled by a 
wiper after the building platform is lowered. The laser beam can be redirected and focused across 
the powder bed following a computer-generated pattern by scanner optics in such a way that the 
powder particles could be selectively melted where desired. A schematic of the SLM process is 
shown in Fig. 2(a)6. Currently, selective laser melting can only be used with certain metals such as 
stainless steel, tool steel, titanium, cobalt chrome and aluminium but many other metals do not 
have the correct flow characteristics required for SLM. This is a very high-energy process, as each 
layer of metal powder must be heated above the melting point of the metal. The high temperature 
gradients that occur during SLM manufacturing can also lead to stresses and dislocations inside 
the final product, which can compromise its physical properties. SLM process is reported to have 
difficulty in producing overhanging geometries because of poor heat conduction in the powder bed 
below the newly laid exposed powders.  

Electron Beam Melting (EBM) is similar to SLM but instead of using laser, electron beam is used 
as the energy source to melt layers of metal powders in vacuum. A schematic of EBM process is 
shown in Fig. 2(b)7. First, a tungsten filament is heated to generate the electron beam and the 
electrons are accelerated to the build table onto the metal powder using an accelerating voltage. 
Electromagnetic coils are used to focus and deflect the electron beam for accurate control. Unlike 
SLM, the base metal plate and the powder bed need to be preheated prior to electron scanning in 
EBM. Currently, EBM can only be used with a limited number of metals. Titanium alloys are the 
main starting material for this process, although cobalt chrome can also be used. The technique is 
also primarily used to manufacture parts for the medical implant and aerospace industry. EBM is 
reported to produce considerably uneven surface quality of built components, more so than SLM 
built parts. 

In both SLM and EBM process, it is difficult to produce horizontal struts. It was observed that 
the build angle has significant effect on the mechanical properties. Also, the build section increases 
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by 50% at angles of 45˚ compared to vertical builds. Larger amount of material gets deposited at 
joints of inclined parts, so the properties may be different at those points. 

 

 
 

(a) (b) 
 

Fig 2: Schematic of (a) SLM, and (b) EBM process for building metal parts6,7. 
 
Developments in laser technology could expand the use of 3D printing techniques to be used 

with a much greater range of metals and metal alloys. Femtosecond lasers are useful for 3D metal 
printing because they can deliver a very short pulse of high-energy laser light, allowing them to 
fuse metal powders with a greater-than-ever level of precision. As 3D metal printing techniques 
continue to develop and become more affordable, 3D printing could play a major role in metal 
manufacturing. 3D printing techniques avoid many of the typical pitfalls of metal manufacturing, 
such as the need for post-production heat treatments and specialized machines for milling and 
finishing metal objects. 3D metal printing could eventually speed up the production of structural 
steel sections that are widely use in construction. 

3 CURRENT EXAMPLES OF 3D PRINTING IN STRUCTURAL ENGINEERING 
3D printing offers many potential benefits in construction, such as the ability to produce efficient 

structural shapes for individual components to exploit the full potential of a material, to reduce waste, 
and to make significant savings on time and overall cost. Possible integration between Building 
Information Modelling (BIM) and 3D printing would be highly beneficial in reducing the overall time 
required in construction projects. Metal printing of small parts has progressed significantly during the 
last decade, but not to the extent for large scale structural engineering applications. 3D printing of 
cementitious materials i.e. fibre reinforced concrete and reinforced concrete, has been reported to offer 
new technological challenges; significant research activities are ongoing in this field. Following 
paragraphs briefly discuss the recent developments in 3D printing technologies that are relevant to 
construction – both concrete and metallic structures.  

Contour crafting, which based on the Material Deposition Method (MDM), using a cement-based 
paste against a trowel, has recently been used to showcase a number of exciting projects, and is 
expected to be used for manufacturing real scale buildings in the near future. Binder jetting is another 
3D printing process used for cementitious materials that creates objects by depositing liquid binder layer 
by layer over a powder bed. Binder is ejected in droplet form onto a thin layer of powder material spread 
on top of the build chamber. Any raw material that is not glued by the binder remains inside the 
constrained build container and is used to support subsequent layers. The unbound material can be 
removed from the print bed using a vacuum cleaner after the printing, and can be recycled and deployed 
for another printing task. This method allows designs to have voids and overhanging features enabling 
the printing of complex geometries. It has a relatively high resolution that results in good surface finish 
because of the minimal distance between layers. Currently, Voxeljet and Monolite UK Ltd (D-Shape) 
are working with this technology to print large-scale components for architecture and building industries. 
Fig 3 shows examples of structures created using contour crafting and binder jetting technologies.  
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(a) (b) 

Fig 3 Examples of (a) contour crafting using cementitious material, (b) binder jetting using sand 
stone type materials 

 
     Although a number of large scale structures produced from 3D printed concrete, polymers and 
plastic materials have recently been demonstrated in different parts of the world, application of 3D 
printing in structural engineering i.e. metallic constructions is almost non-existent. Small sized metallic 
parts are widely produced in aerospace, automotive and bio-medical engineering but unavailability of 
large scale metallic 3D printers has limited its possible application in structural engineering. In 2014, 
Arup demonstrated the potential of 3D printing in structural applications by redesigning/optimizing a 14 
cm tall node made of maraging steel using PBF technology as shown in Fig 4a. This showed a new 
design method for creating critical structural steel elements for tensile structures, which essentially 
signals a whole new direction for the use of 3D printing in the field of structural engineering. The 3D 
printed structure weighed only 25% of the original node, and was reported as likely to be cheaper 
through manufacturing developments within five years8. Lorenzo Valdevit’s research group at UCI has 
proposed additively manufactured seismic dampers9 (Fig 4b) and base isolators10, both have proved to 
be effective in their respective applications, in addition to having the benefit of the whole system made 
as one single part instead of traditional cutting-tooling approach. 

 

 

 
(a) (b) 

Fig 4 (a) 3D printed node for tension structures re-designed by Arup, (b) Seismic damper, with 
details of the unit cell. 
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With significant research support from a large group of industry partners, construction has started 
on the MX3D bridge, a stainless steel structure that will eventually span an 8 m wide canal in the heart 
of Amsterdam. The researchers are aiming to 3D print a fully functional, intricate stainless steel bridge 
to showcase their revolutionary technology “MX3D”, which equips industrial multi-axis robots with 3D 
tools. The recent progress on the bridge construction is shown in Fig 5. 

  

 
 

Fig 5 Eight metre long stainless steel MX3D bridge in Amsterdam 
 
Extensive research efforts were put forward to improving the production process of 3D printing 

technologies, but very limited research is currently available on the structural performance of 3D printed 
metallic elements. Buchanan et al11 recently investigated the directionality of 3D printed stainless steels 
in both tension and compression, and carried out tests on Square Hollow Section (SHS) stub columns 
to provide experimental data to evaluate the applicability of existing design methods to sections 
produced through this novel manufacturing route. Experimentally measured resistances of 3D printed 
SHS stub columns were observed to be generally higher than the conventionally formed material. The 
structural behaviour, however, was broadly similar to conventionally produced stainless steel SHS with 
more slender sections showing increased vulnerability to local buckling. The results were also 
compared with existing design methods, which were found to generally be applicable to PBF 
manufactured sections considered in their study. 

 
 

  
(a) (b) 

 
Fig 6 Deformed shapes of 3D printed SHS stub columns and assessment of their compression 

resistance. 
 

Overall, very limited research has been conducted in assessing the structural performance of 3D 
printed metal elements for use in construction. The key structural aspects of an ongoing project on 3D 
printed metallic microlattice structures are briefly discussed in the following section to highlight the 
underlying challenges in making full use of this exciting new technology in structural applications.        
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4 3D PRINTED METALLIC MICROLATTICE STRUCTURES 

4.1 Microlattice basics 
Metallic microlattice is a new class of material that combines useful mechanical properties of 

metals with smart geometrical orientations providing greater stiffness, strength-to-weight ratio and 
good energy absorption capacity than other types of cellular materials used in sandwich 
construction such as honeycomb, folded and foam12. Fig 7a presents a geometric comparison 
between cellular structures, and Fig 7b shows a typical 3D printed microlattice. Metallic 
microlattices consist of micro struts stacked in different arrangements and most of the volume is 
occupied by air voids. Relative density and strut stacking order are the prime design variables of 
this ultralight material and the mechanical properties could be engineered by controlling these 
parameters. The base metal i.e. stainless steel, titanium alloy etc. used in producing microlattices 
will, obviously, affect its behaviour. A number of production processes are reported in literature for 
metallic microlattices, which could significantly affect its mechanical properties. A number of 
traditional techniques such as investment casting, deformation forming, woven metal textiles, non-
woven metal textiles were used to manufacture metallic microlattices in the past, but the obvious 
benefit of 3D printing technologies have prompted use of SLM and EBM techniques for 
manufacturing this exciting new structural material. Conventional manufacturing methods of lattice 
materials have followed either casting in multiple steps or building by tooling approach. 
Nevertheless, only a small number of unit cells are possible through the core thickness as the strut 
size tends to be large. In addition, the possible relative densities are high and the range of cell 
sizes is low. The methods are also unable to take advantage of topology optimization. Recent 
trends suggest a shift in manufacturing metallic microlattices as all the aforementioned 
shortcomings can be overcome using 3D printing technologies. 

 

  
(a) (b) 

 
Fig 7 Geometric characteristics of metallic microlattice structures10. 

4.2 Mechanical properties of metallic microlattices 
Metallic microlattices predominantly demonstrate bending dominated stress-strain response 

showing a significant stress plateau followed by a peak stress when subjected to uniaxial 
compression. Orientation of micro-struts dictates micro-failure mechanisms with pyramidal 
configuration being the most favoured; three failure types are typically observed such as tension 
yield, compression yield and buckling of struts. Albeit limited experimental data are currently 
available on the behaviour of metallic microlattices subjected to impact and blast loading i.e. high 
strain loading cases, this new class of material has reportedly shown promising potential for 
application in high impact scenarios. High strain experimental schemes, to date, have looked at 
microlattices as a block but comprehensive investigation is required at the unit cell level for 
appropriate characterization of material response. 

4.3 Numerical simulation of microlattice behaviour 
Continuum scale Finite Element (FE) method has been reportedly used, where the 

interconnecting strut members are assumed to have uniform microstructure as well as uniform 
physical and mechanical properties13. Reported limitations of current 3D printing techniques and 
the resulting irregularities in built parts are making it difficult to appropriately simulate the structural 
response of metallic microlattices. It is evident that the internal structure has variations in 
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microstructure, defect size and their distribution, and the outer surface finish is not smooth (Fig 
8a); which in turn affects both the local and global properties. To address the problem associated 
with surface unevenness and to obtain accurate geometry, Computed Tomography (CT) techniques 
have been employed14 as shown in Fig 8b. 

 

  
(a) (b) 

 
Fig 8 Geometric imperfections observed in metallic microlattice structures. 

 
Continuum scale modeling lacks in a fundamental failure criterion, and is unable to incorporate 

the effect of internal defects on the overall response of the structure. Continuum scale is also 
unable to replicate size effects on material and structural behaviour, which would be an inherent 
property of microlattices due to them being in small scale. Mines15 reported that the number of 
elements becomes extremely large as the size of a lattice structure increases leading to 
computationally expensive simulation. To counterbalance this, models were developed using beam 
elements instead of solid elements which would offer computational efficiency by sacrificing 
accuracy. Rashed et al16 recently investigated the suitability of rate dependent plasticity models on 
microlattice structures subjected to impact loading with varying strain rates. It is obvious from Fig 
9 that the proposed FE modelling techniques could successfully predict the stress plateau as well 
as the peak stress, but failed to accurately simulate the densification effect. Densification of 
microlattice blocks always occurred at a higher strain in FE models than observed in the 
experiment. Following factors could have contributed to the observed discrepancy –  

1. There is a growing concern that due to the stacking sequence of metal powder in 3D printing 
process, anisotropic behaviour may be present even though the parent metal itself is isotropic.  

2. The FE model dimensions are assumed to be perfect, but in reality, the lattice block has 
irregularity in size as a whole and from unit cell to unit cell.  

3. Imperfections on strut surface were present, resulting in non-smooth strut dimension 
throughout the length. 

It is evident from the past studies that simulation of microlattices in multiscale FE approach is 
vital to obtain accurate material response at failure. Multiscale modeling approach can help 
eliminate the complexity associated with external and internal variation in physical properties, as 
well as anisotropic mechanical properties by using homogenization techniques. The basic approach 
is to reduce an infinite sample of a physical problem to a numerical problem of a unit cell with 
appropriate boundary conditions and homogenized material properties; this will facilitate in 
obtaining accurate material response at failure. However, experimental evidences at unit cell level 
or at an even higher resolution are required to develop reliable FE models to explore the potential 
application opportunities of metallic microlattice structures. 
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Fig 9 Numerically obtained load-displacement curves for rate-dependent models 
 
As part of the ongoing research on microlattice structures, micro-mechanical tests have been 

conducted to obtain defect-free mechanical response of additively manufactured parts, and nano-
scale tomography has also been conducted to capture the voids distribution. Both of those 
experimental outcomes have currently been used to simulate lattice blocks by using multi-scale FE 
to investigate their collapse behavior under compression. Results of the ongoing research will be 
published in sufficient details in the near future.  

4.4 Underlying challenges with 3D printed microlattice structures  
The stiffness and strength of microlattices made using these processes will depend on the 

quality of the structure. This includes surface roughness, dimensional accuracy, geometric 
accuracy, strut imperfections, parent material microstructure and inclusions. SLM and EBM are 
complex processes, and so will be most susceptible to imperfections in the form of inherent micro-
voids due to the stacking-layered-fused nature of the metal powder, which introduces some level 
of anisotropy that is difficult to investigate due to the stochastic nature of void distribution. Surface 
roughness will influence the ultimate tensile strength and rupture, dimensional and geometric 
accuracy will influence stress measurement from tensile tests, lack of integrity of struts will 
influence micro strut block properties, microstructure and inclusions in parent material will 
eventually affect all mechanical properties. Post processing of 3D printed microlattices using 
surface modification techniques, e.g. chemical etching and electrochemical polishing, or heat 
treatment, will improve microlattice quality but will add to the overall cost.  

To obtain optimal built part a number of key process parameters such as beam power, beam 
travel speed/scanning speed, layer thickness/material feed rate, local geometry, and part 
temperature at fusing point must be appropriately understood to produce defect-free microlattices 
or with controlled micro-voids. Also, the ability to design parent material and cell topology will allow 
manufacturing of structures that can be pre-specified, and hence controllable in structural 
response. Given the complexity of these issues, there is a need to experimentally study designed 
and realized microlattice structures. 

5 CONCLUSION 
3D printing is expected to revolutionise the manufacturing industry in the foreseeable future; this 

technique could play a significant role in structural engineering by producing innovative and efficient 
metallic cross-sections to suit wide ranging design applications in construction. In this paper, we 
have discussed a number of challenges that must be addressed in order to enable the effective 
implementation of 3D printing for large-scale structural engineering. Currently, the most effective 
approach with the most potential is to use PBF techniques. These can be effective in producing 
lightweight lattice structures for example that are optimised for the intended application, provided 
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a number of aspects considered in this paper are addressed to limit anisotropic behaviour. 
Extensive research is required on the structural aspects of innovative as well as traditional 
structural shapes produced using 3D printing to exploit the full potential of this technology.  
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