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STRUCTURAL ASPECTS OF TOPOLOGY 
OPTIMIZATION IN 3D PRINTING OF CONCRETE

1.  INTRODUCTION
Material efficiency is becoming a critical design driver in the 
construction industry. While many strategies for improving 
material efficiency focus on the end of a building’s lifecycle 
(recycling materials, reusing components, reducing waste, 
extending life spans, etc.), there is also great potential for 
reducing material use in the early design phases especially 
for materials that are difficult to recycle, such as concrete 
(Allwood et al., 2011). The usual means for achieving 
material reduction with concrete are hollow‐core construction 
systems, pre‐stressing, and the use of lightweight concrete. 
Computational methods, such as the optimization of size, 
shape, and topology, can also be used to ensure the efficient 
distribution of concrete for a given part. While significant 
material reduction can be achieved with these methods, the 
resulting geometries are often so intricate that fabrication 
becomes problematic (Dombernowsky and Søndergaard, 
2011). Topology optimization is a powerful design tool aiming 
to maximize the performance of a structure by optimizing its 
material layout within certain conditions (Rong et al., 2022). 
This result is obtained by applying the concept that lies in 
the fact that no specified initial structural topology needs to 
be presumed a priori (Zhu et al., 2016). Several topology 
optimization techniques have been recently developed 
such as the homogenization method (Bendsøe and Kikuchi, 
1988), the solid isotropic material with penalization (SIMP) 
(Zhou and Rozvany, 1991; Sigmund and Maute, 2013), the 
level set (Allaire et al., 2002; Wang et al., 2003), the bi-
directional evolutionary structural optimization (BESO) (Xie 
and Steven, 1993; Huang and Xie, 2009), and the moving 
morphable components (MMC) (Guo et al., 2014). These 
techniques have been considerably applied in different fields 
such as mechanical engineering, advanced manufacturing, 
architectural design, and aerospace engineering. Finally, 
advanced manufacturing techniques such as 3D printing can 
be used to fabricate free-form designs generated by structural 
topology optimization (Rong et al., 2022).

The American Society for Testing and Materials (ASTM) 
International Committee F42 on AM technologies defines 
3D printing as “the process of joining materials to make 
objects from 3D model data, usually layer upon layer” 
(ASTM F42, 2015). Topology optimization can be used as 
a design method to reduce material without affecting the 
functionality of an object. It is a process that promises almost 
no fabrication constraints, potentially enabling the production 
of topologically optimized complex geometries. Despite 
being one of the most demanding economic sectors in terms 
of material consumption, the construction industry has not 
yet adopted such design methods. This is generally because 
computational optimization algorithms produce solutions 
that are difficult to fabricate, especially at a large scale (Jipa et 
al., 2016). Furthermore, the conventional approach of casting 
concrete into a formwork limits geometrical freedom for the 
architects to build in various geometries, unless high costs 
are paid for bespoke formworks. Rectilinear forms not only 
limit creativity of the architects, but they are also structurally 
weaker than curvilinear forms owing to stress concentration 
(Nematollahi et al., 2017).

Regarding the environmental aspects, the current 
construction industry has serious issues with sustainability. 
In general, the current construction methods and materials 
are not environmentally friendly. The entire construction 
process, including off-site manufacturing, transportation of 
materials, installation and assembly, and on-site construction, 
emits huge amounts of greenhouse gases and consumes 
large quantities of energy (Yan et al., 2010). In addition, 
conventional concrete made by ordinary Portland cement 
(OPC) is not sustainable. Manufacture of OPC is highly 
energy and carbon intensive (Nematollahi et al., 2015). 
From another hand, astonishing data presented in Llatas’s 
paper (Llatas, 2011) showed that the construction industry 
is responsible for generating approximately 80% of the total 
waste in the world. Application of three-dimensional (3D) 
printing techniques in concrete construction could solve the 
challenges stated in the literature. 3D printing technology 
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is recently gaining popularity in construction industry. In 
the last few years, different 3D concrete printing (3DCP) 
technologies have been explored (Nematollahi et al., 2017).

2.  TOPOLOGY OPTIMIZATION (TO)
Designing for efficient material distribution can be achieved 
through size, shape, or topology optimization processes. Size 
optimizations are contained within a fixed shape, while shape 
optimizations are constrained by a fixed topology (Figure 1).

Topology optimization processes are the most versatile and 
most broadly applicable of improving material distribution in 
terms of size, shape, and topology (Mijar et al., 1998).

Topology optimization is an iterative computational 
process that works within a confined, discretized space. For 
given loads and supports, the algorithm will refine material 
distribution to meet a prescribed set of performance targets. 
There are a number of different topology optimization 
algorithms, including Solid Isotropic Microstructure with 
Penalization (SIMP), Evolutionary Structural Optimization 
(ESO), and Topological Derivatives (Rozvany, 2009; Aremu, 
2010). Despite the computational differences between these 
algorithms, they all produce a family of typical geometric 
features: interconnected networks of thin ribs and narrow 
tubular structures with dynamic changes in porosity (Jipa etl., 
2016).

3.  IMPORTANT DEVELOPMENTS 
OF TO 

Three important developments of TO might directly influence 
the manufacturing and design process of 3D printed concrete 
structures, as follow (Vantyghem et al., 2018).

3.1  Compliance-Based Topology 
Optimization

The minimum compliance problem is one of the most well-
known TO problems in literature. In this problem, the strain 
energy (also called compliance) is a global measure of the 
displacements. By minimizing the strain energy, the stiffness 
of the structure is maximized. Additionally, a volume 
constraint is added to act as an opposing restriction, and is 
comparable to a cost factor in reality. Mathematically, this 
material distribution problem is solved very efficiently using 
gradient-based optimizers coupled with adjoint sensitivity 

analysis (Vantyghem et al., 2018). In the example presented 
in Fig. 1, a benchmark problem and its optimal shape are 
presented.

3.2  Stress-Based Topology Optimiza-
tion

In the previous section, an optimal printing path and the 
positioning of the steel (chain) reinforcements was extracted 
from TO results. However, the use of steel reinforcements is 
today not commonly seen in 3D concrete printing processes. 
This lack of use of embedded tensile reinforcements 
hampers the fabrication of “functional” large-scale building 
components. A viable solution to this problem is studied, 
where carbon, glass and basalt fibers are being added to the 
cement mix before (or during) extrusion. Study showed that 
using reinforcing short fibers can result in materials that 
exhibit much higher flexural (up to 30 MPa) and compressive 
strength (up to 80 MPa). Additionally, “an alignment of 
the fibers, caused by the 3D printing extrusion process is 
observed, opening up the possibility to use the print path 
direction as a means to control fiber orientation within the 
printed structures” (Wu et al., 2016). The use of ultrahigh 
performance fiber-reinforced concrete was reviewed in some 
studies, and their superiority in comparison to conventional 
FRC structures proven (Yoo and Yoon, 2016).

The optimized structures are in fact oversized in the 
compression zones and would crack or break rather easily 
in the tensile zones. By introducing stress constraints in 
the topology optimization algorithm, optimal shapes can be 
generated which are optimized and take into account this 
strength asymmetry. Figure 2 illustrates this concept and 
presents a small concrete specimen which was optimized 
using Drucker–Prager yield criterion. For this case study, 
the maximum compressive strength was 60 MPa and the 
maximum tensile strength 15 MPa. The mathematical 
formulation was based on a study by (Bruggi and Duysinx, 
2012) and optimized using special globally convergent 
version of MMA (Svanberg, 2002). In post-production, the 
resulting topology was reverse engineered in Fusion 360, and 
using Abaqus, a few manual design iterations were performed 
to further improve the model.

3.3 Multi-physics Topology Optimization
In this last example, traditional structural TO techniques are 
extended to include multi-physical requirements. By using 

Figure 1: Different computational optimization processes: size, shape, and topology (Perrot et al., 2019)
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such multi-physics approach, an optimal design can be found 
which not only meets structural requirements, but where also 
the heat transfer characteristics of the structure are optimized 
(Bruggi and Taliercio, 2013; Vantyghem et al., 2017). In 
the case that is presented here, the thermal transmittance 
through the dome wall is minimized, the weight or volume 
of the structure is restricted, and the domain is subjected to 
gravity and surface loads. Similar to previous examples, the 
Young’s modulus of each element depends on the density. 
However, in this example, the element’s thermal conductivity 
is also calculated from this density. In contrast to previous 
studies, the design variables (element densities) have three 
optimal states. One state symbolizes the surrounding air 
(where, xe = 0), another state represents the solid structure 
(xe = 1), and finally, a third optimal state is created (xe = 0.5) 
which symbolizes a thermally efficient mesostructure made 
from an intermediate density (Fig. 3). Originally, this idea 
was inspired by the infill pattern used in plastic 3D printing. 
However, the principle can be applied to concrete 3D printing 
as well, where one extrusion nozzle uses plain or fiber-
reinforced concrete, and another nozzle could use a thermally 
efficient substitute such as “Foamcrete” (Othuman, 2013). 

4.  COMPUTATIONAL MODELING 
AND OPTIMIZATION

Computational modeling and topology optimization 
techniques provide for the possibility to design and optimize 
the 3 D printed cement-based element on a multitude of 

scales and materials and to achieve more sustainable and 
cost-effective designs. Topology optimization consists of the 
discretization of an object or structure into small elements 
and optimization of the material composition, volume 
fractions, and spatial distribution within each element to 
achieve functionally graded objects or structures with desired 
properties and/or functional performance. New computational 
frameworks for topology optimization with microstructures 
that supports design spaces of multiple dimensions are 
emerging and are being combined with 3 D printing in 
many fields (Zhu et al., 2017; Liu et al., 2019; Martens, et 
al., 2018; Kazakis et al., 2017; Nguyen et al., 2019). Another 
application of topology optimization techniques for concrete 
concerns the optimization of the cement binder itself by 
tuning the internal topology at different scales. Advances and 
challenges in this area are discussed in (Martens, et al., 2018).

Despite the remarkable achievements in the field of 
structural topology optimization, there still remain many 
challenging issues which require further research. For 
example, an interesting issue is how to make the design 
domain automatically and intelligently evolve during the 
form-finding process. In case that the resolution is specified, 
the larger the design space, the higher the computational 
cost. The design space cannot be excessively large due 
to the limit of computing resources. In the conventional 
topology optimization, the predefined design space keeps 
fixed. However, it is desirable to update or reshape the 
design space due to the following reasons. First, in many 
optimization problems, the designer cannot predefine 
an optimized design space that guarantees a satisfactory 

Figure 2: (a) Mohr-Coulomb (red), Drucker-Prager (blue), (b) yield criterion optimized concrete specimen using stress-based TO, and (c) 3-point-
bending test (Vantyghem et al., 2018)

Figure 3: Multi-physics topology optimization of a dome structure where the element density variable has three optimal states. xe = 0 (void), xe = 0.5 
(mesostructured), and xe=1 (solid) (Vantyghem et al., 2018)
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solution. Second, in transdisciplinary form-finding problems 
such as biomechanical morphogenesis, the evolution of the 
design space is necessary to mimic the real biological growth 
in nature. A grid-based method was proposed to adjust the 
design space layer by layer (Kim and Ewak, 2002; Jang and 
Ewak, 2006). However, the grid is predefined and fixed, and 
the expansion of the design space features low efficiency.

There is a lack of an adequate method for updating the 
design domain during the form-finding process. Such a 
method should help broaden the application of structural 
topology optimization in many disciplines. Rong et al. 
(2022) proposed a subdomain-based method that performs 
topology optimization in an adaptive design domain (ADD). 
A subdomain based parallel processing strategy that can 
vastly improve the computational efficiency is implemented. 
In the ADD method, the loading and boundary conditions 
can be easily changed in concert with the evolution of the 
design space. Through the automatic, flexible, and intelligent 
adaptation of the design space, this method is capable of 
generating diverse high-performance designs with distinctly 
different topologies. Finally, this approach might help 
broaden the applications of structural topology optimization 
(Rong et al., 2022).

5.  APPLICATIONS OF TO
3D printing is a disruptive technology which offers novel 
solutions that reconciliate non-standard shapes, and low costs. 
Targeting unprecedented efficiency and/or multifunctionality 
through geometry can push the boundaries of the design space 
available for engineers, architects, and designers. Additional 
functions can be embedded in the structural parts, i.e., not 
only mechanical properties but also thermal insulation, 
soundproofing, etc. Two examples for large-scale application 
are presented in this paper. Both cases are relevant examples 
for demonstrating feasibility of the technology developed for 
application in architecture and construction (Gosselin et al., 
2016).

5.1 Multifunctional wall element
This element was designed within a context of structural 
rehabilitation, starting from the damaged structure, i.e., one 

floor and its upper level without any structural support. The 
element was designed with the aim of optimizing what would 
become the external supporting wall, as shown on Fig. 4 a. 
The element consists in an absorptive formwork to be filled 
either with ultra-high performance fibre-reinforced concrete 
on structural parts or with an insulating material such as foam 
for thermal insulation. Some parts are also left intentionally 
empty to be able to host pipes or electrical wires. The 
formwork has two column-like parts, linked to two straight 
plates in-between which waves a bi-sinusoidal shell (Gosselin 
et al., 2016).

5.2 Acoustic damping wall element
Another example is the following element which was 
designed as a generic element both structural and acoustic 
performance, to be assembled alongside with others in order 
to form a complete wall. The different hole geometries could 
provide enhanced soundproofing properties to the element, 
by damping the acoustic waves passing through depending 
on the geometry of the wall cells and material properties. The 
produced element sizes roughly 650 mm × 650 mm × 300 
mm and is shown in Fig. 4 b. It was printed in 2 h (26 layers), 
orthogonally to the plan of the wall in order to allow lace 
support (Gosselin et al., 2016).

6. CONCLUSIONS
Topology optimization is a powerful design tool aiming to 
maximize the performance of a structure by optimizing its 
material layout by applying an approach that no specified 
initial structural topology needs to be presumed a priori. 
Several topology optimization techniques have been recently 
developed and considerably applied in different fields 
such as mechanical engineering, advanced manufacturing, 
architectural design, and aerospace engineering. Finally, 
advanced manufacturing techniques such as 3D printing can 
be used to fabricate free-form designs generated by structural 
topology optimization.

Despite being one of the most demanding economic 
sectors in terms of material consumption, the construction 
industry has not yet adopted such design methods. This is 

Figure 4: Examples for large-scale application, a) Architectural context for the multifunctional wall element, and b) Concrete 3D printed acoustic 
damping wall element (Gosselin et al., 2016)
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generally because computational optimization algorithms 
produce solutions that are difficult to fabricate, especially at 
a large scale. The conventional approach of casting concrete 
into a formwork limits geometrical freedom for the architects 
to build in various geometries unless high costs are paid 
for bespoke formworks. Rectilinear forms not only limit 
creativity of the architects, but they are also structurally 
weaker than curvilinear forms owing to stress concentration.

At the current study, the authors review the aspects 
of topology optimizations in concrete alongside with its 
potential structural, economic, and environmental impacts.
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