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ABSTR ACT
Venation systems in leaves, which form their structural support, always connect back to one seed
point, the petiole of the leaf. In order to develop similar structural networks for architectural use
which connect to more seed points on the ground, an algorithm has been developed which can
develop from two or three seed points, inspired by angiogenesis, the process through which the
vascular system grows. This allows for the generation of structurally suitable topologies based
on discrete members, which can be evaluated using Finite Element Analysis and which can be
constructed from linear structural members without an additional interpretation of the results.
The networks have been developed as load bearing spring systems above the support points.
Different structures have been compared and tested using Finite Element Analysis. Compared
to traditional column and beam structures, the angiogenesis networks as well as the venation
networks are shown to perform well under load.
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Angiogenesis Network.

INTRODUCTION
The venation systems in leaves fulfill both circulatory as well
as structural functions (Roth-Nebelsick et al. 2001), and their
generation has been shown to relate to physical stress (Laguna
et al. 2008). The systems have been used by various designers to
create formations for architecture and product design (Andraos
2015, Tamke et al. 2014, Seepersad 2014), often digitally
simulated by algorithms similar to the one developed at the
University of Calgary (Runions et al. 2005, Runions et al. 2007,
Runions 2008). Following this algorithm, a network is grown
from seed points towards a set of target points which need to
be reached (Runions et al. 2005, Runions et al. 2007, Runions
2008). Digitally generated venation systems have been shown
to perform well as architectural load-bearing structures (Klemmt
2014).
Venation systems always connect back to a single support, the
petiole of the leaf, which makes their use as architectural loadbearing structures difficult. Structural beams and arches, which
form connections between two different support points, cannot
be generated using the venation algorithm.
Previous work attempted to solve this by growing networks from
different support points towards the same target points. This led
to separate structures, each supported above a single seed point,
which were leaning against each other, connected by a set of the
thinnest members along their common edges (Klemmt 2014).
In order to grow similar networks which can generate beam-like
formations on top of two or three support points, an algorithm
based on angiogenesis has been developed. Every target point
in the network is connected to at least two support points and
therefore lies on a connection between those supports (Figure 2).
While the growth following the venation algorithm starts from
the seed point, the growth of the angiogenesis algorithm starts
from an initial line which connects two seed points. This connection then splits up repeatedly in order to reach the set of target
points which are to be supported (Figure 3).
The proposed methodology allows for the generation of structurally acting topologies. Unlike the ESO/BESO topology generation
(Querin et al. 1998, Huang et al. 2007), the proposed system
does not use a voxel grid but instead uses discrete members,
which means that the outcomes can be evaluated using Finite
Element Analysis (FEA), and the resulting networks can be
constructed from linear structural members without an additional
interpretation of the results.
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Left: Venation network connecting
to one seed point.
Right: Angiogenesis network
connecting to two seed points.
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The network is developed through
a division and refinement of one
initial connection between the two
seed points.

ANGIOGENESIS
Angiogenesis is the process by which new blood vessels grow
from existing ones. The veins of leaf venation systems contain
both xylem and phloem cells which transport water and sap
towards and away from the leaf cells. By contrast, vascular
systems are directional and the blood always flows in a defined
direction through its arteries and veins. Therefore, a venation
system has a single starting point, while a vascular system has
a starting as well as an end point, the atria and ventricles of the
heart (Birbrair et al. 2014).
A growth model based on angiogenesis can therefore be used to
generate networks which connect two support points together.
The vascular network attempts to reach proximity to every cell
in the organism. This behavior is translated to the requirement
of the structural system to reach proximity of every load point
which is to be supported. Both the support points as well as the
load points are given, and the algorithm generates a network
between the support points through a splitting of connections,
with the aim of supporting the load points.
As the load points are placed at a higher level than the support
points, the network is pulled upwards from the support points.
It is expected that the networks form shell-like formations with
possible similarities to the rib systems below Gothic domes.
Two types of angiogenesis are known: sprouting angiogenesis,
the formation of a new vein between two existing veins, and
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intussusceptive angiogenesis, the splitting of a vein into two
parallel veins. Vasculogenesis, the initial embryonic formation
of the first veins, is a different process (Risau and Flamme
1995). This paper explores simulations using intussusceptive
angiogenesis.
The aim of the research has not been to realistically simulate the
development of vascular systems as they develop in nature, but
rather to explore the biological precedent of angiogenesis in the
development of iteratively refining spring systems.

RELATED WORK

In relation to the biological precedent of a vascular system and its
angiogenesis, the blood flow leads from one of the two support
points through the veins to the other.
Set-up

The inputs for the simulation are two support points, SA and SB,
and a set of load points. The load points are to be supported by
the vein structure on top of the support points.
In an initial step, the two support points are connected in a
straight line by a set of evenly spaced nodes with spring connections (the veins) between them.

Related Work in Design and Engineering

In structural engineering, algorithms are used to develop efficient
structural systems, as with the use of genetic algorithms (Byrne
et al. 2011, Clune et al. 2012).
Tools are available for the generation of topology, such as the
voxel-based SIMP method (Bendsoe and Sigmund 2013) and
the ESO and BESO algorithms (Querin et al. 1998, Huang et
al. 2007). However, as those methods are voxel-based, the
outcomes need to be interpreted in order to be constructed as
systems with discreet structural members (Huang and Xie 2009).
In parametric architectural design, structural performance is
often used as a driver to influence the parametric or algorithmic
models (Makris et al. 2013, Turrin et al. 2011).
Research into a growth or additive development of structural
systems has been explored using physical components (Dierichs
& Menges 2012a, Dierichs and Menges 2012b, Zhao et al.
2015) or algorithmic simulations (Andraos 2015, Sugihara 2015,
Richards et al. 2012, Richards and Amos 2014, Kicinger et al.
2005a, Kicinger et al. 2005b).

In relation to the biologic precedent, this can be seen as
establishing an initial vein from SA to SB, and it serves to define
a flow axis along which, in the vascular vein model, the liquid
would flow from SA to SB. This flow axis can be defined at every
node in the network. It can be calculated as a unitized vector
which points from the neighboring node in the direction of SA
(upstream) towards the neighboring node in the direction of SB
(downstream). This flow axis is used in the simulation to control
the splitting of the veins in a sideways direction.
After a vein has split, the node at the junction will have two
or more neighbors in the direction of either SA or SB. For the
purposes of calculation, the flow axis is defined as the unitized
vector which points from the midpoint of all neighboring nodes
in the direction of SA towards the midpoint of all neighboring
nodes in the direction of SB.
Every load point establishes a spring connection towards the
node closest to it. Those load point springs have a smaller
strength than the vein springs. There is a fixed amount of load
point springs, one per load point, while the amount of vein
springs in the network grows when the veins split.

Related Work in Biology and Medicine

In developmental biology, the growth of organisms is studied on
a cellular level (Wolpert et al. 2011). The growth of angiogenesis
and the factors influencing it are of special interest in the field
of cancer research, as an inhibition of angiogenesis can stop the
growth of a tumor. Simulations of angiogenesis in this field are
used as a research as well as visualization tool (Shirinifard et al.
2009, Szczerba & Székely 2002).

Iterative Calculations

During each iteration, the springs of the network are relaxed. All
springs are calculated as having a rest length of 0. The new positions of all nodes are updated, and the flow axis and the strength
of forces acting on the nodes is recalculated.

ALGORITHM FOR TWO SUPPORT POINTS

The node with the strongest forces acting on it will split into two.
The two new nodes are moved apart from each other sideways,
orthogonal to the flow axis.

In the computational model, the vein network is represented
by nodes which are connected by the vein segments. Similar to
the previous experiments with venation systems (Klemmt 2014)
that also aim to support loads, support points are placed at the
bottom and the load points are placed at a higher level above.

The new nodes are re-establishing spring connections to the
neighbors of the previous node, separately for the upstream and
downstream neighbors. If there is only one neighbor in a direction before splitting, both of the new nodes will connect to it. If
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Set of eight adjacent two-support-point systems, plan. Each
two-support-point system starts
as a straight line in plan. The
distribution of the target springs (in
blue) result in the fanning and the
deformations.
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there is more than one neighbor in a direction, the neighbors are
distributed evenly between the two new nodes.
Also, the load points which had been connected to the splitting
node become evenly distributed between the two new nodes.
Therefore, if a node only has one load point connection, it is not
allowed to split, and the node with the next strongest forces
acting on it will split instead (Figure 4).

ALGORITHM FOR THREE SUPPORT POINTS
In order to generate a three-point support system, the algorithm
has been adjusted to use three support points, SA, SB and SC.
Initially, those points are connected to their midpoint (resulting
in a Y-formation) and those connections are evenly subdivided
by nodes.
Flow Directionality

As in the algorithm with two support points, it is necessary to
identify a main flow axis at every node, so that a splitting of the
node can be programmed to happen sideways to this flow axis.
In the version with two support points, the flow axis can be identified at every node from one support point towards the other.
This is not possible in the version with three support points, but
it is still possible to identify which support point is closest to any
node. This can be used to trace a path from a node to each of
the support points. Every neighbor of a node is marked towards
which support point it is leading, and the acting forces are traced
towards each of the three supports. This can be used to describe
a main flow axis at the node along which the forces are acting.
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Angiogenesis

The splitting of the cells happens as in the algorithm with two
support points, however, the reassignment of the neighbors
becomes more disparate, especially in order to avoid diagonally
crossing connections. The neighbors are reassigned to the two
new nodes while at the same time being marked as leading
towards one or two of the support points. The neighbors are
therefore distributed between the new nodes along the flow
axis, while ensuring that each node still has at least one neighbor
leading towards each support point.

FINITE ELEMENT ANALYSIS
Analysis Setup

The generated networks have been tested using Finite Element
Analysis (FEA) and have been compared to a column and beam
structure and to a venation structure as developed previously
(Klemmt 2014).
The support points have been placed at the corners of a right
triangle of 10 m width and 15 m length. The load points have
been placed in the same triangle 5 m above the supports, in a
square grid of 250 mm. A slab has been simulated by connecting
the load points with structural members, which have been tested
in three different sizes. Steel has been used as the material of
all members. In order to compare the performances, all member
sizes have been scaled so that the overall mass of each model
was 10 t.
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A load of 1 kN/m² has been applied at the load points, as separate load cases in the X, the Y and the Z direction.

Column Beam

The following networks have been tested:

•
•

•
•

Venation

A column and beam structure, with vertical columns above
the three support points and three horizontal beams
connecting the columns
A reticulate venation system as described by Klemmt 2014
(Figure 5)
A two-support-point angiogenesis network, consisting of
three systems which each form a connection between two of
the three support points (Figure 6)
A three-support-point angiogenesis network with one load
point spring per load point as structural member
A three-support-point angiogenesis network with every load
point spring of the simulation as structural member (Figure 7)

In the venation network, every member has a value according
to the amount of load points it supports, which is used as the
member size (Klemmt 2014). In the angiogenesis models, the
force of every spring connection equals its length, which defines
the member size.

629.14 m
1 mm
4.938 kg

Angiogenesis 3 Supports

Angiogenesis 3 Supports

37.03

27.41

6.17

all members
High Slab Strength

Slab member length:
Member diameter:		
Slab mass:		

629.14 m
100 mm
49387.65 kg

Table 3. Deflection with high slab strength, in mm.
Load Direction
X
Column Beam
Venation
Angiogenesis 2 Supports
Angiogenesis 3 Supports

Y

Z

79.68
21.84
16.68
35.30

67.63
11.98
12.60
30.65

49.07
5.20
5.92
3.38

28.90

19.46

1.01

Table 4. Topological comparison of the structural networks.
Member
Column Beam
Venation

Y

Diameter Diameter

length (m) small(mm) large(mm)

Load Direction
X

Angiogenesis 2 Supports

6008.83
43.74
58.17
20.73

all members

Table 1. Deflection with low slab strength, in mm.

Venation

Angiogenesis 3 Supports

Z

136.28
66.14
111.31
60.21

1 member per load point

Angiogenesis 3 Supports

Low Slab Strength

Column Beam

Angiogenesis 2 Supports

Y

168.19
72.98
207.11
109.70

1 member per load point

DEFLECTION RESULTS

Slab member length:
Member diameter:		
Slab mass:		

Load Direction
X

Networks

•

Table 2. Deflection with medium slab strength, in mm.

Z

Angiogenesis 2 Supports

238.88
91.15
6751.71
1613.02

167.88
83.76
781.30
374.42

2147483
76.89
211.04
875.94

65.88

53.79

11.03

Angiogenesis 3 Supports

74.84
625.21
1689.55
1311.12

130.46
3.98
20.65
17.33

130.46
275.69
81.86
117.82

13817.4

8.72

59.29

1 member per load point
Angiogenesis 3 Supports

all members

1 member per load point
Angiogenesis 3 Supports

all members
Medium Slab Strength

Slab member length:
Member diameter:		
Slab mass:		
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EVALUATION
Amongst the tested structures, the column and slab structure
performs least well, especially the central areas of the slab which
are furthest away from the beams and deform the most.

629.14 m
10 mm
493.877 kg

Similarly, the central slab area of the two-point angiogenesis
structure deforms significantly as it is relatively far away from
any supporting beam members. However, this deficiency can be
made up for by a stronger slab. This model then also works well
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Venation System.
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Two-Support-Point Angiogenesis System.

7

Three-Support-Point Angiogenesis System.
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for the lateral load cases. The arches which have been generated
between the support points appear to perform well in taking the
lateral loads.
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Deflection under loading in the Z-direction. Columns from left to right show low, medium and high slab strength. Rows show from top to bottom: Column and Beam
structure, Venation system, Angiogenesis system with two supports, Angiogenesis system with three supports with one connecting member per load point, Angiogenesis
system with three supports with all members connecting to the load points.
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