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Halis Arda Özdemir1 and Fulya Özbey2

Abstract
The application of topology optimization methods in architecture, while useful for conceptual design ex-
plorations, seems to be limited by the practical realization of continuum-type design outcomes. One way to
overcome this limitation is setting up design and fabrication techniques, through which continuum domains
become discrete structures. This study investigates to which extent discrete optimized systems can be built
using a hybrid approach combining 3D printing and analogue fabrication techniques. The procedure is based
on an algorithm in Grasshopper (Rhinoceros) that translates continuum topologies obtained in MATLAB into
discrete systems, providing alternatives depending on the targeted volume fraction, the intended surface
smoothness of the structural components and building material. The study focuses on fabrication aspects and
structural performance of discrete structures using 3D printed nodes. Experimental tests evaluate the
compressive strength of different types of filaments with varied infill percentages. Final prototypes are
fabricated using a hybrid technique involving the use of 3D printed nodes to assemble bar-arrays comprising
wooden members. Results provide a critical appraisal of the limitations and potentialities of 3D printing for
hybrid fabrication of real scale structures.
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Introduction

Topology optimization can be defined as a group of methods aiming at finding the optimal layout of either
continuum-type structures or grid-type structures, also known as discrete systems.1 Continuum topology
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optimization is the process of determining the optimal layout of material distribution, that is, the shape of the
holes and connectivity, inside a given design domain.2 Discrete procedures aim at finding the optimal layouts
of structures comprising bar or beam elements through the sizing of members and/or shaping the definition of
nodes and elements connectivity.

Continuum procedures allow designers for greater design freedom than size and shape optimization of
discrete systems as the latter ones deal with predefined structural configurations.3 The use of continuum
topology optimization has been addressed as a means to explore emerging typologies and to open up new
shape possibilities, especially during the early conceptual design and preliminary design phases.3-7 However,
there are some conceptual shortcomings when dealing with topology optimization in architecture:

· The use of currently available methods, based on homogeneous materials displaying linear elastic
behaviour, leads to unnecessary complexities when heterogeneous materials are used, simultaneously
restricting their potential for further design explorations;5

· Given both the lack of an explicit description of the structure and that the resulting density field is
expressed by numerical values between one and zero, there is a large number of intermediate densities
that are difficult to interpret in the final result. This may also cause the loss of optimality for the final
shape;8

· Control of the design in topology optimization is only possible by indirect measures, for example,
support conditions, design domain geometry, etc., which makes the entire process impractical to
conventional design practice;5 and

· Architectural design – as often driven by creativity, inspiration, and aesthetics – cannot easily be framed
within a mathematical formulation, so designer’s choices in optimization are reduced to mechanical
inputs. A major correlated setback is that a particular design is no longer unique as anyone making
similar choices could easily obtain similar optimization results.8

In addition, the application of these methods in architecture seems to be limited, mostly, by the practical
realization of the obtained results. Most of the available methods deal with continuum design domains, whose
results cannot be translated directly into architecture structures using discrete elements, that is, beams,
columns and plates. In practice, the outcomes of continuum procedures still require a laborious, time-
consuming, post-optimization geometric rationalization of results, necessary for translating optimized shapes
into buildable discrete geometry.3,5,8

In order to streamline the transition from conceptual topology optimization to further stages of design,
analysis and fabrication, researchers have suggested a closer coupling between optimization and fabrication
procedures,5,9 and the search for algorithms that can identify engineering features in topology results, such as
fillets, extrusions, planes and beam sections among others.3 Combined continuum and discrete optimization
procedures have been already proposed not only for considering the production of structures4 but also to solve
design limitations associated to the use of continuum methods. For example, in the optimal design of braced
frames for high-rise applications,6 a combination of discrete and continuum elements is proposed to overcome
the high concentration of material toward the edges of the domain.

With the advent of additive manufacturing (AM), the possibilities of digitally fabricating these non-
standard shapes have increased substantially. This possibility, however, is obtained at the expenses of
customized and often time-consuming fabrication settings, raising the need of researching on means to
produce these continuum structures using regular and affordable 3D printers. The main disadvantage,
however, is that the use of fused filament fabrication (FFF) techniques will result in 3D printed parts ex-
hibiting ‘inferior mechanical performance to parts fabricated using conventional polymer processing
technologies, such as compression moulding’10 because the mechanical strength of 3D printed components is
direction-dependant.10–14 Thus, to enhance the structural strength of the printed polymer components,
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techniques such as adding fibres to the polymer matrix,10,15 changing the printing angle11 and regulating the
polymer viscosity by controlling the printing temperature12 have been proposed. The reason behind the wide
use of 3D printing techniques lies in its potential for using different materials and composites, the possibility
to produce small- to large-scale prototypes and its easiness to operate and be modified.13

In the case of fabricating topology optimized systems, instead of printing the whole structure, parts would
be printed separately and further assembled. Furthermore, the transformation from continua to discrete
systems opens up the possibility of turning some of the discrete components into regular section bars. By
using standard linear components, for example, timber battens or steel profiles, only the connecting zones will
be 3D printed as they would remain as in the original continuum design. The main advantages of this approach
are that (a) varied sizes of standard components can be used, increasing flexibility of the design and (b) that
each remaining continuum component can be printed in an orientation which maximizes its mechanical
strength, from a layer deposition perspective.16 However, this approach requires finding a design method
accounting not only for the conversion from a 3D printed continuum system to a discrete one but also
considering the conversion of irregular bars to be printed with polylactic acid (PLA) or polyethylene
terephthalate glycol (PETG) filaments into equivalent regular bars made of a different material. In short, a
method that accounts for a hybrid use of materials, for example, timber battens connected by nodes made of
PLA or PETG. Here, the concept of hybridity not only expresses multi-materiality but also implies the use of
varied digital fabrication methods.17

This study explores the use of topology optimization techniques in the design and fabrication of discrete
structures and investigates to which extent these optimized systems can be built using a hybrid approach
combining 3D printing and analogue fabrication techniques. The first part of the study provides a method to
convert continuum topologies obtained in MATLAB,18 into discrete systems using a complementary
parametric routine hosted in Rhino-Grasshopper (GH) visual scripting interface.19 The algorithm provides
alternatives for the discrete designs depending on the targeted volume fraction and the intended surface
smoothness of the structural components. The design procedure includes the conversion of bar-like
members from the continuum systems, likely to be 3D printed, into bars with constant cross-sections made
of different materials. The second part of the study provides an experimental assessment of 3D printed
components of soon-to-be discrete structures. Although the mechanical strength of pieces produced with
common printing filaments (PLA, PLA+ and PETG), and featuring varied infill densities have been in-
vestigated, studies mostly focus on tensile strength of PLA and acrylonitrile butadiene styrene (ABS)
pieces. Fernandez-Vicente et al.14 provide experimental testing showing that the change in infill density
mainly determines the tensile strength of FFF 3D printed pieces. Their study also includes several examples
of previous literature where infill, shell perimeters and layer height have been previously tested in both PLA
and ABS. Infill density aside, other sources also address air-gaps, interfacial bonding and layer height as
critical parameters affecting the mechanical behaviour of 3DP parts.15,20–22 While most of the studies
address the influence of infill patterns under tension and bending,15 compression tests are seldom in
research. For example, Ahn et al. reported that the printing direction was the only parameter evaluated in the
compression tests ‘because the complexity of test increases with more parameters’.15 The research of
Mazzanti et al.15 establishes that many drawbacks associated to FFF 3D printing with both PLA and ABS
‘could be controlled by carefully choosing the processing parameters’. However, the authors point out that
given the large number of variables (layer thickness, infill geometry, infill density, number of layers, raster
angle, raster gap and width and patterning), ‘it is difficult to pinpoint the ones that mostly affect structure/
properties correlations’. For this reason, experimental testing with PLA+ and PETG pieces was conducted
to determine the shear strength of different anchoring systems and the compressive strength of different
type of filaments combined with variations of infill percentages. Finally, cantilever prototypes are fab-
ricated using a hybrid technique involving the use of PETG nodes to be further assembled in arrays
comprising wooden members. These experiments and prototypes provided insights for the practical
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realization of selected continuum designs using 3D printed nodes connecting commercially available
discrete members.

From continuum to discrete systems

The method to convert continuum topologies obtained in MATLAB into discrete systems is based on a
parametric algorithm hosted in GH (Figure 1). The algorithm’s main purpose is providing alternatives for the
discrete designs including the conversion of bar-like members from the continuum systems into bars with
constant cross-sections made of different materials.

Continuum topology optimization

The procedure begins with the obtention of a continuum topology optimized solution from a numerical
problem, which is defined in MATLAB. The topology optimization procedure is based on the 169-line code
developed by Liu and Tovar,23 which uses a density-based approach to solve a minimum compliance problem
for three-dimensional design domains, for example, cantilevered and MBB beams. The selection of this code
is based on that it requires few changes to modify boundary and loading conditions, and its implementation is
straightforward as the design domain is simply defined in terms of nelx, nely and nelz, that is, the number of

Figure 1. Flowchart of the procedure.
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elements in x, y and z axes, respectively. The implemented code also includes an iterative solver, which allows
solving problems with large finite element (FE) meshes. Large FE meshes are required to produce smoother
continuum shapes that will not only be easier to convert to discrete structures but also that display larger
reductions of material (Figure 2).

Reinterpretation of the continuum system in Grasshopper

Previous to the definition of the discrete structures, the continuum optimizations from MATLAB must be
imported into GH. A few lines were added to the original MATLAB code, allowing to export the three-
dimensional array as an Excel file. Given the size limitations, the Cartesian axis containing the smaller number
of FE (usually nely) is taken as the total number of spreadsheets in the file, while the remaining two were taken
as number of rows and columns in each of those spreadsheets. Based on this information, a two-step
procedure is set up.

Step 1: Creation of an equivalent finite element design. In GH, the information contained in the spreadsheets is
used to produce first an equivalent prismatic design domain containing nelx*nely*nelz boxes with a density
equals to one unit (Figure 3(a)). Next, using an Excel reader component,24 the spreadsheet number and the
position of its cells are translated as the Y and X, Z coordinates, respectively, of each box centre. The value
contained in each cell is then interpreted as a factor for each cube’s volume, which results in a staggered array
of dissimilar boxes (Figure 3(b)). This array can be further refined by using a filter value to remove small
cubes.

Figure 2. Influence of the number of FE and targeted volume fraction on the continua resulting from the topology
optimization of a fixed beam loaded midspan.
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Step 2: Definition of a continuum mesh. To create a continuum polygonal mesh, iso-surfaces are first defined
using the MetaBall point charge algorithm, which generates a virtual force field at the centre points of all
previous boxes. Each spherical force field is in function of the original density factored by a charge value,
which is set to 1 for simplification purposes. To turn these force fields into a continuum mesh, the Cocoon
algorithm transforms the iso-surfaces into polygonal meshes.25 However, the resulting implicit surface still
features a staggered mesh. The Dendro smoothing algorithm26 is thus applied to generate a new even
continuum by controlling key filter parameters such as the number and type of iteration, this latter based on
either Laplacian or Gaussian method (Figure 4). Depending on the chosen values and types, the continuum’s
volume can be reduced and the thickness of its elements becoming thinner. However, a drawback with this
algorithm is that the definition of the mesh is based on a case-by-case approach, which reads information
locally and it does not store the given mesh solution. This leads to asymmetrical distributions of continuum
meshes in areas where the original configuration was symmetric. A simple trick to overcome this issue is
cutting off the continuum in half – along the symmetrical plane – and mirroring it. The generated volume
depends thus on the targeted smooth surface, the deviation of the final volume with respect to the original
amount of material and aesthetical preferences.

Figure 3. (a) Prismatic design domain created in GH using same resolution as in MATLAB and (b) reconstruction of the
optimized topology within GH using an Excel reader component.
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Definition of the discrete structures

The definition of the discrete structures takes place in Grasshopper/Rhinoceros environment. Herein, the
separation between bar- and node-to-be elements is based on a visual criterion: everything that looks as a
linear element, that is, with one axis comparatively longer than the other, will be considered as bar or segment,
whereas everything else is considered as node, that is, components where two or more linear elements meet
(Figure 5(a)). Once the visual separation is defined, the design procedure of discrete structures consists of two
more stages: conversion to regular section bars and design of the connections.

Conversion to regular section bars

Continuum topology designs feature several bar-like elements with varied cross-sections through their
lengths, henceforth, referred as irregular section bars or irregular bars. Since the ultimate goal of the procedure
is obtaining equivalent discrete structures using bars with regular sections, yet optimal from a material
distribution perspective, the conversion of irregular bars into regular ones should consider how equivalent
material distributions affect structural performance. Hence, due to the density-based distribution of forces in
the continuum domain, it is valid to assume that such bar elements will experience axial forces, either in
compression or tension. However, in some cases, the resulting discrete systems will not display triangular
arrays of elements, that is, the system will not be a truss, rising the need of using fixed joints to maintain both
global and local equilibrium conditions (Figure 5(b)). These fixed joints will therefore introduce bending
moments in the bars, leading to a design controlled by the buckling-resistance of the bars. Consequently, the
conversion of an irregular section to a regular section is based on finding equivalent radii of gyration, which
establish a relationship between the bending-resistant moment of inertia and the axial strength given by the
cross-sectional area of a bar. In fact, the radius of gyration expresses the distance between the centroid of the
bar cross-section and the point at which all of the area may be considered as concentrated while having similar

Figure 4. Components of the smoothing process: (a) MetaBall Point Charge, (b) Cocoon and (c) Dendro plug-ins.
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moment of inertia as the original cross-section. The procedure consists then of three steps: extracting section
curves from the mesh continuum model, finding the radius of gyration and determining equivalent regular
section.

Calculation of the area moments of inertia. After the discrete systems have been defined, the cross-sectional area
moments of inertia of each irregular bar must be calculated. According to the theory of mechanics of
materials, and provided that the main axis of the bar is aligned to the z axis (Figure 6), the moments of inertia
about x and y axes are

Ix ¼
Z

A

y2dA; Iy ¼
Z

A

x2dA (1)

where y2 dA and x2 dA represent the moments of inertia for the area element dA about the x and y axes,
respectively.

Step 1: Extracting properties of the section curves from the mesh model. To compute a number of [z] area
moments of inertia, the bar must be subdivided in equidistant segments along the z axis (Figure 6). This can be
done in Rhino or directly in GH. If the computation is to be performed in Rhino, the continuummesh must be
first baked – a single-click action that realizes the mesh within the Rhino environment. If in GH, the selected
bar must be converted to a Brep (boundary representations). After either action has been performed, the
section curves and their properties can be obtained by the following procedure:

· Create mesh planes normal to the main bar z axis at each point resulting from the subdivision;
· By intersecting each of these planes with the original bar mesh surface, cross-sectional areas are

obtained (Figure 7(a));
· Use area moment component to obtain area, centroids, moment of inertia and radii of gyration.

Step 2: Finding radius of gyration. In order to compute the radius of gyration, both the area and moment of inertia
of a given cross-section must be found. Although custom GH components make the obtention of this

Figure 5. (a) Example of a continuum design subdivided into bar- and node-to-be elements and (b) truss vs. frame array
of elements in the discrete model.
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information relatively straightforward (e.g. area moments), the conversion from irregular to regular sections
requires to decide the target type of regular area for the conversion, based on the evaluation of the distribution
of material along each axis. Since the material density is assumed homogeneous across the bar, the calculation
of the moments of inertia is purely based on geometrical properties. Hence, a variation smaller than 10% of the
ratio between moment of inertias about the x and y axes (Ix/Iy) reveals a quasi-symmetrical cross-section,
which can be then turned into a circular cross-section, that is, with radial symmetry. Sections displaying larger
variations of the moment of inertias’ ratio larger can be converted in regular sections with two lines of
symmetry. These types of sections can be formed using two semicircular and one rectangle areas (composite

Figure 6. Computation of the moments of inertia about x and y axes of an irregular bar oriented parallel to z axis.

Figure 7. (a) Intersecting planar and continuummeshes to determine the cross-section and (b) the equivalent section of
a 3D printed bar with gyroid infill.
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area) or using an equivalent elliptical area. To account for the influence of the infill density in the mechanical
strength of the new regular bars, complementary techniques are required. The approximation method cal-
culation proposed by Li at al.27 is used to compute the section properties of bars to be printed with gyroid-type
of infill (Figure 7(b)). To ensure accuracy of the results, the nozzle size of the 3D printer must be considered
when including the shell (a.k.a. wall) thickness and the infill width, whose values are multiples of such size.

Step 3: Finding equivalent regular section. In the previous step, the radius of gyration is determined bymeasuring
the area of section curve, the shell thickness and the amount of gyroid infill. Same parameters allow to obtain
equivalent radii of gyration of virtually any given shape. However, since the ultimate goal is obtaining
standard sections, that is, commercially available, the choices are narrowed down to squares and circular ones.
The value of this technique for the purposes of replacing original irregular members by new standard ones is
that not only the cross-section is a variable but also the infill percentage and the shell thickness. Thus, for
example, a targeted radius of gyration can be achieved by reducing the cross-sectional area and simulta-
neously increasing the infill percentage, or vice versa.

Design of connections

In the continuum structure, the nodes are distinguishable only because these are the points where the linear
elements change directions. In mathematical terms, if the continuum is understood as a finite curve, the nodes
are the points where two consecutive curve segments have different tangents. The advantage is that in this case
a node represents a smooth transition from one spatial direction to another. The customization of each linear
segment in the discrete version of the structure rises the problem of setting connections between nodes –
which remain as in the continuum version – and regular bars. Thus, the design problem is not only about
finding a formal transition but one that guarantees a homogeneous distribution of material, that is, stiffness.

Experimental testing of cylinders

Since the strength capacity of 3D printed elements using common filament materials in combination with
different infill percentages was unknown, several tests were performed using ø 10 cm cylinders and length =
20 cm (henceforth referred as 10 × 20 cylinders), printed with PLA, PLA+ and PETG filaments. A second
round of tests were performed with ø 8 cm cylinders and length = 16 cm (henceforth referred as 8 × 16
cylinders). The testing machines used for these experiments are targeting concrete specimens, so their
capacities are far beyond the expected strength capacity range of the 3D printed cylinders. For this reason,
instead of using a compression machine, a flexural testing machine with a capacity of 300 kN was used
(Figure 8). Due to its lower capacity, the flexural machine is more accurate in detecting small variations under
lower load forces, compared with a conventional compression machine. Preliminary testing of cylinders with
varied infill percentages was conducted to determine a capacity threshold ensuring a minimum strength
equivalent to 30 kN, that is, 10% of the machine maximum load capacity. This threshold was found to be 20%
gyroid infill for all cylinders.

Results

Figure 9(a) displays the stress–strain relationship of 10 × 20 cylinders under compression, which remains
elastic up to 12, 14 and 15 MPa, for PETG, PLA+ and PLA filaments, respectively. Four specimens were
tested per each filament. All 12 specimens share similar elastic behaviour and post-yielding behaviour. After
yielding, the extension of the plastic response depends on the amount of eccentricity the specimen is able to
take. For instance, using PLA produces cylinders that tend to collapse by buckling, losing their strength
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Figure 8. Typical compressive testing setup of a 10 × 20 cylinder, 45% gyroid infill PETG: (a) initial loading, (b) initial
yielding, (c) post-yield stiffness and (d) stop.

Figure 9. Compressive testing results of (a) 10 × 20 cylinders and (b) 8 × 16 cylinders.
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capacity earlier than a similar cylinder under pure axial compression. This occurs because of the instability
produced by the eccentricity in the loading. When this happens, the test stops. All PLA+ cylinders display a
consistent behaviour because the four of them remained stable and seemed to tolerate higher loading ec-
centricity. Based on the results, it seems clear that the extension of the nonlinear phase of each cylinder
depends on the capacity of the material to withstand eccentricity in the loading. Since eccentricity in
compressive-only members entails tensile stresses acting on the exposed side of the curve, the lack of stability
of both PETG- and PLA-based cylinders can be attributable to an unbalanced distribution of compressive-
tensile strength in these materials. Although the difference between cylinders made of PLA+ and the other
ones may be related to variations due to the printing process, the small difference flexural-tensile strength of
the PLA+, 75 vs. 65 MPa, respectively, suggests that this material has a balanced distribution of the tensile-
compressive stress and hence it is more suitable for structural applications involving elements subjected to
different type of loading.

A setback with the 10 × 20 cylinders was their weight, which was around 0.92 kg per specimen, rising
doubts of the practical use of 45% gyroid infill. For this reason, a new round of testing was conducted with 8 ×
16 cylinders, made of PLA+, and with different infill percentages. The results(Figure 9(b)) display an in-
creased strength for a 45% infill 8 x 16 cylinder with respect to a 10 × 20 cylinder with equal infill percentage,
17 vs. 14 MPa, respectively. This can be attributable to the reduced effect of buckling in the shorter cylinder.
In addition, the graph shows that the extension of the post-yielding capacity of a cylinder is proportional to the
amount of infill it has. The weight of a 45% 8 × 16 cylinder is about 0.5 kg, whereas a 25% one weights about
0.3 kg.

Design and hybrid fabrication of discrete prototypes

To test the proposed method, a cantilever beam was first topology optimized in MATLAB and then re-
interpreted in GH (Figure 10). The initial design domain mesh contained 90 × 30 × 14 FE, and thus for the
purposes of fabrication, similar dimensions in centimetres were considered for the initial prototypes.

Figure 10. Continua topology optimization (a) as defined in MATLAB and (b) as reinterpreted in GH
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Polylactic acid+ prototypes

Before combining different materials, two preliminary cantilever prototypes were designed and built using
only 3D printed components, in order to learn from the experience of assembling discrete elements. Using the
radii of gyration, the irregular bars of the continuum were converted into bars with circular or ellipsoid
sections. Here, the goal was using equal infill percentage for both regular and irregular components. For this
reason, diameter of sections and shell thicknesses were modified to obtain equivalent values between radii of

Figure 11. (a) Computational model, (b) a 6-screw connection with circular slots for bolts and (c) discrete PLA
cantilever prototype.
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gyration. Although the discretization of the original continuum shape is straightforward, from a design point
of view, the critical part are the connection points. Due to the bending moment developed at the nodes,
connections require to be rigid and thus, a larger contact surface was provided and bolted at the perimeter.
Since the bars were printed with circular or ellipse sections, the logic choice seemed to be an also circular
connecting plate. For assembling the first 20% gyroid infill PLA prototype (Figure 11(a)), six ø 4 mm bolts
were used (Figure 11(b)).

Figure 12. (a) Computational model, (b) a 3-screw connection with hexagonal slots for bolts and (c) discrete PLA+
cantilever prototype.
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The reason for using ø 4 mm bolts is their wide use and availability in the local stores. However, due to the
number of connections, the bolts and nuts represented about 20% of the total weight of final model. In
addition, some of the bolts could not be fitted in due to the curvature of the organic parts. For this reason, a
new version of the cantilever was designed (Figure 12(a)), including connections with only three bolts and
thinner plates (Figure 12(b)). Further improvements include the modification of the notch that receives the
hexagonal nut, to easy the screwing process. This second version was printed in PLA+ with similar infill
percentage.

Figure 13. (a) Computation model showing only some of the bars for simplification, (b) front and (c) side view of the
hybrid prototype.
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Hybrid timber + polyethylene terephthalate glycol prototype

To explore the advantages of the method when fabricating real scale structures, a new 180 cm × 60 cm × 28 cm
cantilever prototype was designed and built. This hybrid prototype (Figure 13) comprised 3D printed PETG
parts connecting 19 timber bars of varied cross-sections, made of Siberian Pine – a type of wood commonly
available in Turkey. The choice of combining these two materials partially responded to the first author’s
previous experiences combining timber battens and PLA nodes for the design of full-scale gridshells. In terms
of material strength, pine wood bars were always stronger than the PLA nodes, and since bar length was
restricted to be <1 m, bars had also larger bending capacity, leading to cracks in the nodes. Another issue was
that commercial pine wood usually presented knots, which might lead to local structural weakness if used in a
full-scale structure, because of the bar elements becoming larger. For these reasons, PETG and Siberian Pine
were chosen for the current hybrid prototype due to their similar flexural strengths, which are 68 and
65 MPa,28 respectively.

Design of the nodes. Whereas in the previous prototypes, the printed bars had circular cross-sections; in the
hybrid version, the timber bars featured a rectangular cross-section. This decision was based on the easiness of
production and assembling. By means of the radii of gyration, equivalent cross-sections were determined for
each timber bar. However, the new section shape demanded a slightly different approach when designing the
connecting plates as these elements must transfer stress from rectangular sections to a section that resembles
an ellipse or a circle. The design of the connection was also based on the first author’s previous experiences

Figure 14. Previous works with PLA+ and pine wood: (a) node inserted in the timber bars, (b) timber bars inserted in
the nodes, (c) close-up of a 3-bar node in the hybrid prototype and (d) detail of the PETG box to be attached at the end
of each bar.
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with hybrid fabrication of full-scale prototypes. In an early gridshell structure, and following similar studies,29

the PLA+ nodes were designed with additional 5 mm plates to be inserted in the 20 mm × 50 mm pine battens
and pinned by two screws (Figure 14(a)). Although this connecting method made the structure easy to
assemble, plates were also easily broken. Thus, for the design of the next gridshell structure, a rather rigid
connection was proposed: hollowed rectangular prisms were inserted in the nodes to receive the concurrent
wooden battens (Figure 14(b)). While these connections increased the general stiffness of the structure, the
rigid connections made difficult the assembly of the last bars of the structure, resulting in some broken nodes
due to the excessive forces applied when manipulating the bars.30 In the hybrid prototype, the design of the
nodes was based on the lessons learnt: the nodes must allow the connected members to be inserted into and
removed from the structure with easiness, and the nodes should be strong regardless of the direction of the
layers in which they are printed.30 For this reason, each connection consists of two elements: the bar’s box
surrounding the concurrent bar, glued and screwed to the timber, and the receiving plate connected to the 3D
printed section, including stiffeners at each corner (Figure 14(c)). These two parts were assembled by ø 4 mm
bolts, whose number depends on the regularity of the section: four bolts for square sections (Figure 14(d)) and
six or eight bolts for rectangular ones.

Discussion and concluding remarks

From a methodological point of view, the reinterpretation of the FE mesh within GH requires a new definition
of constraints for the optimization. For example, the algorithms that produce continuum polygonal mesh iso-
surfaces read the data at local level and thus produce different results for similar array, leading to asymmetries
in the reconstruction of the continuum. This will lead to variation in the volume of material used in the final
design, although opens up the possibility of visual manipulation based on simple aesthetical criteria (Figure
15). The best example of this is the visual-based separation between bar- and node-to-be elements during the
discretization phase. In addition, a conversion method based on the radius of gyration facilitates matching an
irregular section to virtually any possible section shape. The fact that a targeted radius of gyration can be
achieved by reducing the cross-sectional area and simultaneously increasing the infill percentage opens up to
the use of any standard section members by controlling the infill percentage of the component.

From a practical point of view, the keystone of the discretization process lies in the design of the nodes.
Thus, the design problem is not only about finding a shape transition between discrete members but one that
guarantees a homogeneous distribution of material, that is, stiffness. In this regard, the main advantage of a
discrete 3D printed structure over a continuum one is that layer deposition can be controlled in a piece-by-
piece approach, and thus ensuring that layers are printed normal to the direction of the main force, which is
usually perpendicular to the z axis. In the study described in this article, the authors followed an empirical
approach when designing the nodes and increasing the cross-sections of bars and nodes in the region close to
the connections to guarantee (i) a reduction in the axial stress, (ii) a balance in the distribution of material
density (avoiding stress concentrations due to the holes) and (iii) a transfer of bending moment (if any).
However, further research is needed to optimize the material distribution of the nodes while ensuring the
fulfilment of the conditions aforementioned. In this regard, ad-hoc GH plug-ins such as Millipede31 or
OptiStruct (as described in the study of Prayudhi29) could provide the correct interface for these localized
optimizations.

In practice, the conversion from irregular to regular section bars is based on controlling the desired
dimensions. This is because the topology optimization is based on a linear distribution of stiffness to reduce
displacement under certain loading conditions. Stiffness in this context is a measure of density. That is why
the distribution of material in each FE represents the amount of forces that element is bearing. The density is
displaying the way forces are distributed. Hence, by equalizing the moment of inertia of different sections, the
targeted density remains unaltered and, by extension, the load path remains the same. However, by dividing

Morales-Beltran et al. 17



the continuum system into discrete elements, such path of distributed forces is interrupted. In order to restore
it, additional elements for connections must be added and thus, increasing the available density, a.k.a.
stiffness, at a local level. A further research could address the implications of such additional stiffness, by
comparing the node/bar stiffnesses and thus determining whether connections should be stronger or weaker
than the bars.

Future applications of the work presented in this study can be related to both the design procedures and
hybrid fabrication. In terms of computational implementations, since the procedure described here is
complementary to a MATLAB-based method,23 further studies may propose a sole GH-based algorithm,
relying on the use of current available plug-ins (e.g. Millipede). This approach may simplify the data
conversion (done through spread sheets in this study) and benefit from including fabrication constraints into
the topology optimization. In the case of the geometrical characterization of the 3D printing material,
however, this will challenge the density approach of the topology optimization, as in 3D printing ‘the
specimen is actually a structure, not a material’.15 Hence, if successfully determined, a comprehensive
topology optimization would yield designs that are not only optimal from a material savings’ perspective but

Figure 15. Influence of the charge and smoothing values in the final continuum mesh and the volume fraction.
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also increasing the mechanical strength of the 3D printed pieces. In terms of hybrid fabrication, the mixture of
materials can be extended to other common sources, such as steel profiles and carbon fibre polymers. Given
the high modulus of elasticity of the steel, bar sections can be further reduced, increasing the potential for the
achievement of high strength lightweight structures, but challenging the design of the connections with
carbon fibre nodes. Similarly, given the regular nature of the applied commercial bars (whether timber or
steel-based), straight components may be used as supports for 3D printing the nodes, leading to the use of
temporary structures supporting the bars, which later can be removed. Such approach would allow to adjust
the printing direction to that of major convenience, from a structural strength point of view.11,20
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