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This paper discusses an approach to adapting trabecular bone structures for the
design of complex architectural components exemplified through structural
nodes. Based on the paradigm shift in additive fabrication, namely the ability to
print structural metals, this paper identifies new methods for architectural and
structural design that allow to create porous, intricate architectural components.
Those components are designed in analogy to bone structures. The paper
presents a metaball-based application, programmed in Processing, which allows
creating n-legged nodes using parametric gradient maps. The approach aims at
reduction of weight and waste, while exploring the novel aesthetic properties of
such bio-constructed networks.
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1. INTRODUCTION:
3d printing technology has advanced to print structural steel and metal components and thereby advanced from rapid prototyping to actual fabrication:
companies like GE use it for jet engines and medical
devices, Lockheed Martin and Boeing for aerospace
and defense technologies, Aurora Flight Sciences for
aerial vehicles, Invisalign for dental devices, Google
for consumer electronics, and the company LUXeXcel for LEDs. Metal printing has been recently used
by Renishaw to produce a 3D printed titanium alloy
bike frame.
Following those advances in additive manufacturing technology and metal casting, complex architectural components can be imagined, designed and
fabricated. As an emerging and constantly developing ﬁeld, additive manufacturing technologies are

being integrated into various aspects of design fabrication such additive manufacturing using robotics
(Friedman et.al, 2014), formworks (Peters, 2014) as
well as printing structural metal nodes (Crolla, 2014).
While printing technology is anticipated to replace
the production of expensive, highly customized parts
in the near future, it also presents a new ﬁeld of investigation that requires new digital modeling and
simulation tools that consider material properties as
well as 3d printing constraints. In this paper these
characteristics will be drawn from looking at trabecular structures , as they can be observed in 3d scans
of bones. Micro-scans of bones show intricate structural networks and optimized material distribution
that could oﬀer a viable alternative to reconsider the
modeling of architectural nodes.
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According to ESDEP there are ﬁve types of multi
inlet ﬁtting nodes for the design of steel truss structures. These are plate nodes, folded plate nodes,
cast nodes, extruded aluminum and special working types, all of which are chosen based on the design, complexity and types of joints (Figure 1). These
nodes could be joined to other truss members using
either threading, welding or bolting that determine
how the node and member edges will be treated.
While these parameters help deﬁne the overall geometry of the node within a networking structural
system, there is not yet a deﬁned standard for a "universal node" within the construction industry that
oﬀer a ﬂexible model for the design of structural
nodes.One of the key factors in deﬁning the node geometry is the amount of parts to be assembled and
the ease of installation. Bolted joints are widely used
when there is ease of access in joinery, while welded
connections are preferred to reduce complexity and
installation time. As structural designs get more
complex, the lack of regularity for mass production
for node geometry requires customizable models,
non-standard fabrication techniques and performative material compositions. This has been previously
achieved by custom cast steel nodes that oﬀer a solution to irregularities within steel truss structures that
provide ductile, light weight and weld able solutions
(Figure-1). Using computer technologies for the design, visualization and fabrication of nodes has been
a focus of wide interest, while customizing multi-inlet
ﬁtting node geometries through 3d printing technologies has recently been deﬁned as an upcoming
area of investigation (Corella, 2014).

2. TECTONICS OF BONE STRUCTURES
According to Julius Wolﬀ (Wolﬀ, 1892) and his law
of bone transformation (Das Gesetz der Transformation der Knochen) a bone adapts to loads and forces
that are applied to it: astronauts return with reduced bone density after ﬂoating in micro-g environments and athletes show greater bone mass in
certain body parts that are essential to their performance in speciﬁc disciplines of sports. This adapta-
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tion is caused by mechanotransduction, which is a
mechanical feedback loop that maintains and optimizes the trabecular architecture by re-modeling and
re-orienting trabeculae in the direction of the mechanical loads using biochemical signals. About 25%
of trabecular bone volume is renewed every year (R.
Huiskes et. al., 2000).
Figure 1
Node types
according to ESDEP
(right) and example
of a cast steel node
ﬁrst exhibited at
OTC Houston, 1976
(left).

In micro-tomographic examinations we can also see
that the microstructure of bones changes with age
and performance requirements. The trabecular bone
structure of the lumbar vertebrae of a 23-year-old
(Figure.1 middle) and a 76-year-old (Figure.2 right) female show those changes through aging: The structure of younger bone shows a higher amount of networking and cross-bracing compared to the older
bone, while the smaller connections start to disappear making the bone weaker (Müller et al., 1997). We
can also see that diﬀerent bones have built speciﬁc
networks (Figure.2, left) that are tuned to their diﬀerent load cases (Bevill et al., 2009).
The model presented is based on idealized geometric models: According to G.L. Niebur and T.M.
Keaveny (2010) there are three diﬀerent models that
are beam/rod components (Figure 3), image-based
beam and plate models (Figure 3) and CT scan based
models.

Figure 2
CT scan of
trabecular bone
structures showing
rod and plate
structure in
dependency of age
(images from Müller
et al. and Bevill et
al).

Figure 3
Idealized,
2d-Voronoi based
structure with
aging (lost
connections) [1], 3d
Voronoi beam
model with aging
[2], 3d Voronoi
beam and plate
model [3], 3d
Voronoi beam
model with aging,
where beams form
plates (G.H. van
Lenthe et.Al. , 2006)
[4]

2.1 Beam Models
Beam models are often based on Voronoi algorithms (Silva, M.J., Gibson, L.J., 1995) or mesh-based
approaches using tetrahedral elements (Dagan, D.,
Be'ery, M., Gefen, A., 2004). Figure 3.1 shows a 2dimensional version of a modiﬁed Voronoi structure,
in which connections have been lost due to aging.
Figure 3.2. shows a 3-dimensional version that also
incorporates aging. Both model do not incorporate
the formation of plates, which can be observed in CT
scans.

2.2 Image-based Beam and Plate Models
This method is using individual rods and/or plate
structures with varying thickness. In Figure 3.3 we
can see thickened plates and rods, whereas the
method by G.H. van Lenthe et.Al. uses a series of rods
to create a plane.

2.2 Micro-FEA Modeling
Based on micro CT-scans, this model uses voxel geometry to develop ﬁnite element meshes. Two methods can be highlighted: a direct method that converts each voxel into an eight-node hexahedral ﬁnite element or a more indirect method, which triangulates the surface through a marching cubes algorithm and ﬁlls it with tetrahedral elements (G.L.
Niebur et. Al. , 2010).

3.OSSIFICATION AND VOLUMETRIC DATA
While most of the research in bone structures relies
on micro-tomographic scans of acquired trabecular
structures, the organic tissue is represented via ab-

stract components such as beam models, plate models or volumetric data all of which capture diﬀerent
aspects of the structural network, material distribution and geometrical properties (G.L. Niebur and T.M.
Keaveny, 2010). Yet, bone structures arise simply out
of solid-void relationships that capture continuous
surfaces that feature changing topological forms and
thicknesses. Since bone tissue is conﬁgured through
anastomosis and skeletal pneumaticity (air spaces),
it shows an organic complexity that could only be
fully captured via an isosurface representation. One
of the isosurface techniques to represent organic geometries is the meta-ball method that uses positive
and negative volumes to calculate the boundary of
an object (Blinn, 1982). Given a volumetric or pixel
space, meta-balls visualize a Gaussian potential ﬁeld
that is ﬁltered with a threshold value that divides any
given area into two sets - as solid and void spaces
(Figure-4). While bone tissue could be regarded as
positively charged particles that have a tendency to
join (Figure-4, 1), the air spaces between the particles repel the surface (Figure-3, B) thus pushing the
threshold value closer to the positive particles. When
both particles are combined, meta-balls yield to precise geometric representation of isosurfaces with osteotectonic qualities.
There are numerous advantages to using metaballs to visualize bone-like geometries. Firstly, metaballs could capture the anastomotic behavior of
bone tissue through threshold values that controls
the thickness of the isosurface. Secondly, metaballs oﬀer a dynamic quantization and parametrization of any given volumetric space through the us-
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age of positive and negative charged particles. Finally, meta-balls could generate isometric surfaces in
three-dimensions to facilitate watertight mesh models that are suitable for further 3d-printing, manufacturing and ﬁnite-element analysis.
The usage of meta-balls in our implementation
combines the positive particles (bone tissue) and
negative particles (air spaces) to produce a connected three-dimensional volumetric representation
of a node with any given customizable conﬁguration.
While the node is at ﬁrst generated as a solid volume, the air spaces are sampled as particles around
and inside the node to reduce structure and create
changing networks and topological plates. This way
the meta-ball implementation is able to capture the
essence of both beam and plate models used in representation of trabecular structures while oﬀering dynamic control of parameters for the quantization of
solid and void material.

4. OSTEONODE GENERATION
The process of generating an Osteonode begins with
using the abstract connectivity information of a three
dimensional node (1) that contains the directions and
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thickness for each leg for a particular network point
(Figure-5). This way any n-legged node with diﬀerent thickness constraints could be used to compute
an overall volumetric boundary for the node (5) as
well as derive multiple curvature (2) and structural
evaluation parameters (3). For the input parameters
multiple options are possible -such as using preliminary stress or structural analysis or direct parametric inputs- to sample particles on the surface of the
node as well as inside the volume to simulate the ossiﬁcation process. While surface curvature informs the
distances between the particles (6), structural evaluations or parametric data informs the meta-ball distance parameters of each particle to generate trabecular structures. The combined information is used
to calculate the osteonode geometry by subtracting the sampled particle inﬂuences as hollow spaces
from the node volume using meta-ball approach (8).
This process is implemented in Processing using Toxiclibs library that allows the generation, manipulation,
customization, analysis and exporting of any type of
nodal structure (Figure-6).
The aesthetics of the osteonode are derived
through the distribution of the particles over the

Figure 4
An example of
meta-ball
implementation in
2d using
Processing. Yellow
color marks the
threshold valued
pixels, the Gaussian
potential is
negative at white
and positive at
green areas). Left:
metaballs with only
positive charges
forming a boundary
(yellow), right:
metaballs with
positive and
negative charges
forming complex
boundary (yellow).

Figure 5
3d OsteoNode
production
sequence using
parametric data. 1.
Node conﬁguration,
2. Node curvature
approximation, 3.
Node parametric
gradient, 4.
Curvature +
Gradient, 5. Node
Topology, 6.
Sampled particles,
7. Particle inﬂuence,
8. Osteonode
Figure 6
Osteonode
Processing Interface
with parametric
controls and 3d
modeling interface.
In the screenshot
the generated node
geometry is
analyzed with a
clipping plane.
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node through a recursive process. The particle sampling combines the surface curvature and parametric space data while randomly distributing, relaxing
and updating the radius and inﬂuence values for each
particle (Turk, 1991). This process is continued until all the volume and surface of the node is tessellated with particles. While the radius of the particles
is greater around the saddle locations to avoid extensive reduction of material around joints, the inﬂuence
coeﬃcient of each particle is directly mapped from
the parametric data. Thus the surface curvature provides a given constraint for the packing of the particles while the parametric data allows for evaluation
and customization of the node.
Once the node is densely tessellated with particles, the isosurface is calculated by traversing the
voxel space to deﬁne the voxels that are:

1. Inside the node volume
2. Within the half plane of node joint plates
3. Satisfy the metaball threshold using the formula:
n
∑

M ET ABALLi(x, y, z) ≤ threshold

(1)

i=0

The ﬁnal volume of the osteonode is calculated by
using the metaball formula f(x,y,z) = ri2 -(x-xi)2 + (yyi)2+ (z-zi)2 for each volume coordinate within the
voxel space. During the traversal, the potential value
for the coordinate is calculated and ﬁltered according
to the threshold to decide whether a voxel is within
the node and distant enough from a particle sampling air space in the node. Since all the particle inﬂuences are cumulatively added to derive each voxel
coordinate state, parametric values are used to adjust metaball threshold and particle inﬂuence values
to derive a watertight osteonode geometry.
Figure 7
The
parameterization of
meatball
implementation.
The percentage of
metaball threshold
informs the
reduction of
material from the
volumetric space.
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During the ossiﬁcation of the node, the meta-ball
threshold values control the amount of solid node
material that would be generated. When the threshold value is low the meta-ball inﬂuence reduces more
material from the node volume yielding to osteoporotic eﬀects. In contrast, high threshold values

would reduce less material and produce less porous
and heavy structural nodes (Figure-7). The generated
samples show the ﬂexibility and control of the interface while any n-legged node could be exported as a
mesh model to facilitate further analysis and manufacture (Figure-8).

Figure 8
Generated
osteotectonic
nodes with 3
legged, 4 legged, 5
legged and 8
legged variations.
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5. DESIGNING FOR 3D PRINTED ASSEMBLIES

6. LOW-COST AND LIGHTWEIGHT SYSTEMS

With the current advent of 3d printing technologies,
architects are presented with a new ﬁeld of research
that can embed consideration of materials, inspiration through materials and corporeal tectonics (Talbott, 2006). Diﬀerent types of materials often provide
diﬀerent types of manufacturing processes, such as
additive or layered techniques. In the production
of building components, one of the most common
ways of utilizing 3d printing has been the use of
laser sintering that can produce complex metal geometry through additive manufacturing layer technology (Crolla, 2014). Although this technology can
produce reﬁned geometric parts, the aggregated internal composition of the printed components often
produces unreliable structural behavior under dynamic stress conditions. As an alternative 3d metal
casting through the utility of wax 3d-printing could
be a viable solution to produce low-cost and performative structural building components. While cast
metal has better structural eﬃciency it requires topological connectivity and continuity to produce seamless casts. For instance, ant colony castings that
showcase three dimensional sculptural forms are acquired by pouring molten metal to empty ant trail
networks (Tschinkel, 2010). Since the underground
tunnels produced by the ant colony provide a continuous cast, the poured metal becomes a direct imprint
of the networking trails. Similarly any continuous
three dimensional wax form could be used to replicate the same process through sand casting. While
wax molds are extensively used during the fabrication of serially produced parts, with the advent of
3d wax printing there is an opportunity for the customization and production of cast metal parts. This
technology would allow the designer to produce a
continuous form that will be 3d printed in wax which
is later used in sand casting for the production of
complex metal nodes.

The casted metal nodes have various advantages that
can have a long-term impact on the design of architectural systems. Since this system uses casting,
the produced metal nodes have better structural behavior and durability. Like standard space-frame systems, the customized nodes still provide ease of assembly, yet with the reduction of excessive materials it produces lightweight systems that are more
eﬃcient structurally (Figure-9). Furthermore, lighter
metal nodes can reduce the cost of transportation as
well as reduce the time of assembly through built in
joinery and detailing.
Future research could study columns, walls and
ﬂoors as well. Applying the logic of bone structures
to larger components would require a concept of repetition and re-use of formwork to create aggregated
structures. Unitization, for example a wall would be
based on a series of complex brick units, would form
an additional layer of research.
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7. CONCLUSION
Osteotectonics present both an exciting avenue of
further research and numerous challenges for the detailing, optimization and fabrication of custom structural nodes. While the meta-ball approach is able
to generate bone-like structural networks and plates,
this technique is less responsive to precision detailing due to Gaussian ﬁeld values and Laplacian
smoothing. Since the interface works with watertight
meshes, the generated models are not suitable for
further modeling, yet joinery details could be embedded during fabrication process by either extending
the mold or reﬁning the node edges using machines.
One of the key challenges in working with trabecular structures is the optimization process. The
structural composition of bones depends on dynamic principles such as age, nutrition and growth
rate. Until osteoporosis, ossiﬁcation redirects optimal material distribution to maintain structural integrity of the bone that is captured through trabecular scanning. In contrast osteotectonic nodes are

Figure 9
Space frame system
using 8-legged
osteotectonic
nodes.

generated through sampling of static data that has
advantages of parametric manipulation and distribution of material. Future research will attempt to address how such data could be generated through a
preliminary structural analysis of the node conﬁguration that could drive the generation of optimal material distribution.
As key components of structural networks,
nodes require precision and eﬃciency, and their customization could bring various advantages within
the design, manufacture and construction of systems. While there is not a single BIM tool that can
simultaneously achieve the modeling, analysis and
optimization of complex network nodes, the current
implementation aims to beneﬁt from preliminary
input to generate more integrated results. Further

automation and structural analysis / feedback is possible that could replace the gradient ﬁeld maps used
for the nodes and provide emergent results. As a
result, trabecular aesthetics could be studied for diverse architectural applications through controllable
parametric ﬁelds.
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