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Abstract

This master’s thesis investigates the feasibility of using living plants as load-bearing structures
through computational simulation using the finite element method. The main objective is to
assess whether Baubotanical structures can withstand loads for serviceability purposes and to
develop a methodology for designing with living plants. Foundational data on plant biomechanics
and growth evolution were initially gathered to build simplified growth and structural paramet-
ric models focused on three plant species: Phyllostachis edulis, Salix alba L., and Hedera helix
L. These models were subsequently applied in distinct projects for each plant. The analysis of
differences among the plants and their applications led to the conclusion that constructing with
living plants is feasible from a structural strength and stiffness perspective. However, compared
to traditional construction methods, these structures require a longer implementation period,
have a shorter service life, and demand extensive maintenance. Despite these challenges, their
contribution to sustainability — particularly their capacity to absorb CO2 from the atmosphere,
although modest — justifies further research in this area.

Keywords:

Living architecture - Baubotanik
Plant biomechanics

Plant growth

Finite Element Method
Parametric design



Acknowledgements

First, I would like to express my sincere gratitude to my promotor, Prof. Peter Z. Berke. The
support, guidance and insightful feedback I received through the year have truly helped me
complete this master’s thesis. Also I am deeply grateful to my professor for accepting the topic
I proposed, despite it’s not being his area of expertise.

I extend my gratitude to Prof. Pierre J. Meerts for his support and generosity in dedicating his
time and expertise towards enriching this research endeavor.

Finally, I would like to express my gratitude to my family and friends that much needed support
throughout my studies.



Contents

1 Introduction 1
1.1 Research goals, methodology and original contribution . . . . ... .. ... ... 2
1.2 Structure of the manuscript . . . . . . . . . . . ... e 4

I Foundations and Framework

2 Living Architecture - Baubotanik Concepts and Applications 5
2.1 An Overview of Living Architecture . . . . . ... ... ... ... ... .. 5
2.2 Living Root Bridges . . . . . . . . . . e 6
2.3 Baubotanik . . . . .. L e 7
2.4 Fundational inquiries . . . . . . . .. . L Lo e e 8

3 Laying the Foundations: Answering Key Questions for Growth-to-Structural
Plant Modeling 10
3.1 Plant growth principles . . . . . . . . .. L o 11

3.1.1 Plant Growth Dynamics . . . . . . ... . ... ... . L. 11
3.1.2 0 Tropisms . ... oL e e e e e e e e 14
3.1.3 Plant allometry . . . . . . . .. L 14
3.1.4  Competition - Self-thinning rule . . . . . ... ... ... .. L. 16
3.1.50 Imosculation . . . . . . . .. Lo 16
3.1.6 Plant addition principle . . . . . ... ..o oo oL 17
3.1.7  Corner’s rules, pipe model theory and the resistance model . . . .. . .. 18
3.2 Mechanical properties of living plants . . . . . .. . ... 000, 20

4 Dataset Assessment: Moso Bamboo,White Willow and Ivy 24
4.1 Moso Bamboo - Phyllostachys edulis . . . . . . . .. ... 0. 24
4.2 White Willow - Saliz alba . . . . . . . . ... oo 27
4.3 Ivy - Hedera helix L. . . . . . . . . 0 0 i i i i e et e e e e e e e 28
4.4 Baubotanical Insights on Selected Plants . . . . . . . . ... ... ... ...... 31

II Structural Design and Implementation

5 Simplifying assumptions 32



M 83 O Q@ & »

Baubotanical modeling - 3 Living Architecture Applications 35

6.1 Application 1 - Living Moso Bamboo pavilion . . . . . .. .. ... ... ..... 35
6.1.1 Growth model . . . . . . . . . . e 36
6.1.2 Structural model . . . . . . ... e 42

6.2 Application 2 - Living White Willow observatory tower . . .. ... ... .. .. 45
6.2.1 Growthmodel . . . .. . . . . . . . . e 46
6.2.2 Vascular condition . . . . . . . . . ... 48
6.2.3 Structural model . . . . . . ... 51

6.3 Application 3 - Living Ivy footbridge . . . . . . . . . ... ... ... 53
6.3.1 Growth model . . . . . . . . . . e 54
6.3.2 Vascular condition . . . . . . . . ... e 55
6.3.3 Structural model . . . . . . . ... 56

6.4 DIScussSion . . . . . . . .. e e e e e e e e e 59
6.4.1 Sustainability - Carbon sequestration . . . . ... ... ... ... .. .. 62

Conclusions and outlook 64

Plant anatomy - Vascular system i

Functional structural plant models iii

Existing models v

The Lindenmeyer System vi

Mapping Plant topology: A Comparative Examination of Imaging Methods viii

Roots X
F.0.1 Root resistance model . . . . . . ... .. .. .. ... . .. .. X
F.0.2 Roots mechanical properties . . . . . . . .. .. . oL xiii
F.0.3 Root architecture . . . . . . . . . ... e xiii
F.0.4 Assumption and beyond the scope . . ... ... ... ... ........ xiv

Declaration of Generative AI and Al-assisted technologies in the writing pro-
cess XV

ii



Chapter 1

Introduction

Planet Farth formed around 4.5 billion years ago, the first hominids appeared between 6 and 7
mallion years ago, and Homo sapiens, our species, emerged a mere 200000 years ago. Thus, our
existence is insignificant compared to that of our planet, yet our impact extends to every corner
of the world. While Farth will continue on its course regardless, we may not be so immune.
Climate change serves as a stark warning; the results of our actions could spell disaster for our
species.

With a global warming of 1.1°C compared to the pre-industrial averages, we are already wit-
nessing the changes around the world. The past year saw record-shattering global temperatures
[1]. People around the world have experienced extreme heat events, agricultural and ecological
droughts, fire-prone weather conditions, sea level rise, ocean acidification, heavy precipitation
events, flooding, and various other phenomena. These phenomena have the potential to cause
a severe loss of biodiversity and make the Earth a more inhospitable place for humans. It is
estimated by the UN environment program (UNEP), that the current commitments under the
Paris Agreement would results in a temperature increase of 2.5-2.9°C above pre-industrial levels
by the end of the century [2]. According to the IPCC [3], "between half to three-quarters of
the human population could be exposed to periods of life threatening climatic conditions arising
from coupled impacts of extreme heat and humidity by 2100”.

Cities can sustain livability as long as global warming is limited to 1.5°C [1]. To achieve this,
global greenhouse gas (GHG) emissions need to be halved by 2030 and reach net zero emissions
by the middle of the century [4]. This collective effort necessitates the involvement of all sectors
and individuals.

The construction industry currently stands as one of the primary consumers of energy and raw
materials globally. It has been estimated in 2016 to contribute to 32% of global energy con-
sumption, 25% of CO2 emissions, 12% of water usage, 40% of mass-produced waste, and 40% of
materials employed [5]. In 2023 the UNEP estimated the construction sectors to represent 37%
of greenhouse gas emissions [6].

The construction sector has taken steps forward by integrating bioclimatic designs, optimizing
material usage, exploring new biomaterials... But there is still much to be done to achieve the set
objectives. An alternative approach to traditional design with inert materials like steel, concrete,



or wood is to incorporate living plants as building structures. In contrast to traditional struc-
tures, a living structure would function as a carbon sink by absorbing CO; from the atmosphere
through photosynthesis, thereby resulting in a positive carbon footprint.

photosyn.

6 C()2 + 6H20 + sun CﬁHlQ()(; —+ 6 ()2 (11)

The use of trees or plants in construction provides numerous benefits, including enhancing air
quality in cities where pollution levels are high due to dense human activities. Trees play a crucial
role in mitigating the urban heat island effect by providing shade and cooling the surrounding air
through evapotranspiration. Additionally, trees help reduce the risk of flooding in cities by cap-
turing rainfall with their leaves. It is estimated that urban trees can retain an average of 18.3%
of rainfall, with a maximum retention of 43.7% [7]. Moreover, plants promote biodiversity by
offering shelter and food for various insects and animals, enriching local ecosystems. Integrating
living plants into design not only enhances aesthetic appeal but also creates opportunities for
urban farming within buildings.

Plants exhibit remarkable capabilities. For instance, Hyperion, the tallest tree on record, reaches
a height of 115.5 meters. The stoutest trunk belongs to the Arbol del Tule, boasting a diame-
ter exceeding 9 meters. Thimmamma Marrimanu boasts the world’s largest single tree canopy,
spanning over 19000 square meters. Additionally, Pando holds the title of the oldest clonal tree,
estimated to be between 8000 and 12000 years old [8]. Bamboo showcases remarkable properties;
not only is it among the strongest materials, surpassing steel in weight-to-strength ratio, but it
also holds the record for growing over 1 meter in a single day. Additionally, bamboo has demon-
strated extraordinary resilience, as evidenced by its survival of the atomic bomb in Hiroshima
[9, 10]. When looking at nature there is no doubt it is of great interest to investigate using living
plants for construction.

The Baubotanik research group [11] is at the forefront of research in living architecture, pi-
oneering efforts to establish design principles for constructing with living plants. Their work
focuses on addressing the challenges inherent in this type of construction, with an emphasis on
experimental research. As far as the author is aware, there isn’t a comprehensive model tai-
lored specifically for designers of structures incorporating living plants. A model designed for
architects or civil engineers, who may not have botanical expertise, should prioritize simplicity
and straightforwardness for designing purposes. It should incorporate essential elements such as
plant growth and structural behavior to enable effective design implementation.

This brief introduction highlights numerous reasons, alongside my personal interest in the sub-

ject, for undertaking research on construction design with living plants through a computational
modeling approach.

1.1 Research goals, methodology and original contribution

This thesis studies the feasibility of using living plants as load bearing structures through com-
putational simulation. It is important to note at this stage that this is a multidisciplinary topic,



comprising civil engineering, architecture but also biology, botanic, horticulture and arboricul-
ture. As this thesis is written as part of the civil architectural engineering master program,
the approach is oriented in consequence. Three living plant structures are designed using three
different plant species, namely common ivy, Moso bamboo and white willow.

Before starting the design process, a review of the literature is conducted. This serves two pur-
poses: first, to understand what has already been accomplished in the domain of living structures,
and second, to identify the gaps and questions that need to be addressed to develop feasible Baub-
otanical design. These questions are essential, as their answers form the basis for the models.
Data from the literature is collected to answer these questions, and assumptions are made when
data is either unavailable or too complex to integrate into the first simple models developed here.

Once the foundations are established, two interconnected models are developed. A growth model
is created for each plant to capture changes in plant geometry over time. Based on these growth
models, structural models using the finite element method is proposed for each plant to analyze
its structural behavior over time. The three plants are compared to understand their differences
and their potential strengths or weaknesses for specific applications. Subsequently, an applica-
tion is proposed for each plant: an ice cream pavilion made of bamboo, a replica of the Kupla
observation tower made of willow, and a footbridge made of ivy. These applications lead to a
discussion on feasibility, and a critical comparison of different designs.

Although the primary objective of this work is to evaluate the feasibility of Baubotanical struc-
tures through three applications, it also endeavors to serve as guidelines for designing living
plant-based structures.

Original personal contributions

1. Review existing literature on Baubotanical design, identifying current knowledge and re-
search gaps.

2. Develop simple growth and structural models for three specific plant species: Moso bamboo,
white willow, and ivy.

3. Propose three real life inspired living plant projects employing the developed models.

4. Evaluate and compare the limitations of each application to assess the overall feasibility of
Baubotanical structures.

5. Propose a methodology for designers interested in constructing load bearing structures
with living plants.

Tools used

This manuscript was written using the Overleaf platform. Translations were conducted using
ChatGPT 3.5 and DeepL.. ChatGPT was additionally utilized for assistance in formulating certain
sections of the text. MyBib was employed to compile the bibliography. Rhino3D software, along
with the Grasshopper plugin, was utilized to build parametric numerical models. Finite element
simulations were conducted using Karamba.



1.2 Structure of the manuscript

This thesis commences with a literature review (Chapter 2) to gather existing data on design-
ing structures with living plants and to pinpoint gaps requiring attention for the development
of a growth-structural model. Following this, Chapter 3 delves into addressing the identified
gaps from the literature review. In Chapter 4, a comprehensive compilation of various proper-
ties—such as growth dynamics, mechanical behavior, and environmental interactions—pertaining
to Moso bamboo, white willow, and ivy are undertaken. Chapter 5 then formulates assumptions
based on the findings of the previous chapter for the implementation of desired models. In Chap-
ter 6, a growth model and a structural model are developed for each plant species. These models
are applied to three design proposals: a bamboo pavilion, an observation tower constructed with
white willow, and a footbridge utilizing ivy plants. A discussion follows to evaluate and compare
the limitations of each application and assess the overall feasibility of Baubotanical structures.
Finally, Chapter 7 presents the main conclusions and potential future work of interest.
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Foundations and Framework



Chapter 2

Living Architecture - Baubotanik
Concepts and Applications

2.1 An Overview of Living Architecture

Using living plants as structural elements for design purposes is not a new concept. Through
history many examples show how humans tried to control the growth process of trees to establish
living structures.

In the early 20th century, well before our sustainability concerns, Arthur Wiechula, a German
engineer for Culture an Horticulture, displayed an interest in designing living buildings, as ev-
idenced by his imaginary drawings. He articulated, “If it were possible to grow wood in such
a way that it already constituted walls during growth, walls which could be cultivated to make
buildings, we could save on this lengthy process and would be able to use very young wood
for construction”. He devised a series of patents aimed at incorporating living elements into
construction practices, including innovations for expediting the approach grafting of trees, man-
ufacturing prefabricated wall panels, creating living walls, and constructing living fences. While
he did not construct a living home, he did cultivate a 120-meter living wall designed to shield a
section of train track from snow accumulation. Wiechula was a pioneer and a genuine source of
inspiration for numerous individuals interested in this field [12, 13].

The manipulation of living plants extends beyond the construction field, holding significant in-
terest for various domains such as crop development, art, and gardening, among others. An early
example in cropping development is the cultivation of fruit trees, particularly apple and pear
trees, which were trained into espaliers. This technique involved shaping the trees into a flat
plane to maximize space utilization and ease harvesting [14]. In term of art, shaping plants was
used by many artists. Peter Cook and Richard Reames were both arborsculpture artists who
directed the growth of plants to shape them into furniture pieces like chairs. Cook preferred to
keep the plants alive, allowing them to grow and mature naturally while taking on the desired
form. On the other hand, Reames opted to prune the trunks of the plants, allowing them to
be used as functional chairs within a house [15, 16]. Diana Scherer is a German artist who
shapes plant root growth into three-dimensional objects by strategically placing obstacles. Her
innovative approach to art has spurred material studies exploring the potential of using plant
roots as a medium for bio-design applications [17, 18]. In gardening, shaping plants serves both



aesthetic and functional purposes. It is utilized for various applications such as creating living
fences, pergolas, sculptures, providing shading, organizing spaces, and much more [19, 20].

Living plants have also been utilized in the construction of buildings, with numerous examples
existing. For instance, there’s Konstantin Kirsh’s Ash Dome house (1989), constructed using
1350 bare root ash trees. Additionally, Kirsh has a park featuring various living structures open
for visits. Marcel Kalberer’'s Willow Palace (1998) is a notable example, built using the tradi-
tional Mudhif construction technique. Giuliano Mauri’s Tree Cathedral (2010) is an arboretum
arranged to mimic the architectural elements of a medieval cathedral, such as the nave, choir, and
transepts. The Patient Gardener (2011), conceived by a professor from the Politecnico di Milano
and his students, is a project expected to span 80 years, aimed at challenging the fast-paced
lifestyle’s impact on ecology and environmental issues in architecture. Additionally, there’s a
ficus hut located in the Bio Park on Okinawa Island, serving as decorative art in the park while
showcasing a distinctive aesthetic [13].

This brief overview highlights the diverse range of uses for shaped plants, with countless examples

found across the globe. The array of constructed examples underscores the flexibility of and
actual interest in such structures.

2.2 Living Root Bridges

A remarkable example of living architecture are the Living Root Bridges (LRBs) crafted by
the Khasi and Jaintia communities residing in the Indian state of Meghalaya. LRBs serve as
vital connectors between isolated villages in the region, bridging the gaps created by monsoon-
swelled rivers. Nowadays LRBs not only serve as connector but also as tourist attractions. These
traditional structures are a unique example of living architecture grown without the aid of con-
temporary engineering knowledge.

(a) Double-decker root bridge in Cheerapunji [21] (b) cross-section [22] (c) plan [22]

Figure 2.1: Living root bridges

Local communities harness the mechanical strength of Ficus elastica’s aerial roots and their
innate propensity for anastomosis (vascular connection) to create the LRBs. These structures
entail the weaving together of Ficus elastica’s aerial roots, strategically planted on opposite sides
of a gap or ditch. Sustaining such a structure necessitates ongoing efforts, including consistent
maintenance. Villagers undertake regular tasks to ensure the integrity of the LRBs, such as



clearing moss and epiphytes accumulation, pruning and tying roots, creating the path with stone
and earth, reinforcing vulnerable segments, and repairing any damaged sections.

There is no precise timeline for the construction and maturation of LRBs to attain full function-
ality. It is generally estimated that a minimum of 15 years is required for the roots to develop
the necessary strength to support people crossing it. However, the variability inherent in these
structures is evident in cases like the Siej bridge, where construction began 66 years ago and yet
it remains not fully functional.

LRBs boast an impressive longevity, with the oldest registered among them estimated to have
a life span of more than two centuries, and much more according to local people. They also
exhibit remarkable spans, with the longest recorded LRB extending approximately 53 meters
[22, 23, 24, 25].

2.3 Baubotanik

The term “Baubotanik”, a German neologism which can be translated as “Living Plant Con-
structions” was coined by the Research Group Baubotanik, established in 2007 at the Institute
for Architectural Theory and Design (IGMA) at the university of Stuttgart [26]. Baubotanik
represents a fundamental engineering approach within a multidisciplinary field that combines
architecture, engineering and biology. It leverages plants for load-bearing purposes within archi-
tectural structures. This approach results in the creation of hybrid structures that integrate both
living and non-living elements. Individual living plants are interconnected, typically through in-
osculation (natural grafting), forming a single physiological organism with strong junctions [27].
Unlike the conventional linear construction approach, designing and building with living plants
necessitates an iterative process. Designers need to monitor the plant growth and make contin-
uous adaptations to the initial design, on a regular basis (typically every 1-3 years) [14].

One of the pioneering research efforts in the field of Baubotanik was conducted by the architect
Ludwig Ferdinand, as part of his PhD study titled ” The Botanical Fundamentals of Baubotanik
and their Application in Design,” completed in 2012. In this research, it is noted that despite nu-
merous examples of living structures, there is a notable absence of a systematic survey regarding
the contemporary state of research and technology in botanical and horticultural sciences. The
two objectives set for his research were: developing Baubotanik building techniques and com-
piling a botanical base for design. The investigation included studying the inosculation of plant
stems, assessing the feasibility of plant addition, optimizing greenhouse-grown control plants,
all aimed at establishing design rules for living plant constructions. Through cultivation tests
and biomechanical experiments, a series of plants were identified to be suitable for baubotanical
applications. It was determined that the London Plane was the most suitable due to its ability
for efficient and rapid inosculation. To conduct his research, Ferdinand constructed an experi-
mental building known as the ”"Baubotanik tower.” For this structure, White Willow (Salix Alba)
was utilized due to site conditions. The tower comprised regular rhomboids initially supported
by a scaffold, with the goal of constructing an 8-meter tower with a 2.8-meter square footprint
(Fig.2.2). Three key topics were identified as relevant for Baubotanik design processes: compet-
itive conditions, meaning that plants compete with each other for resources offered by their
environment; gravimorphism, representing the plant’s response to gravitational forces; and
transport processes, ensuring the adequate distribution of nutrients through the plant’s vas-
cular system to sustain all its parts. Although mechanical stimulation, the response to external



loading (such as when a platform is attached to a plant), might seem important for Baubotanical
design, it is not considered significant in practice [28].

(a) (b) (c)

Figure 2.2: Baubotanik tower [26]: (a) projected structure, (b) after completion in 2009, (c) second
growth

The ” Office for Living Architecture” (OLA) [29] is a German planning firm where this botanical-
constructive approach is applied at architectural, urban planning, and landscape architecture
levels. Some projects are realized, while others are presented for competition. Several of these
projects have been awarded, demonstrating the current societal interest in this type of innovative
projects. Here are some standout Baubotanical projects: Baubotanik footbridge (experimental
structure, 2005), Bird Watching Station Waldkirchen (design and realization, 2007), Baubotanik
Tower (experimental structure, 2007), House of the Future (competition - 3rd prize, 2012), Pra-
tum in Caelo (competion - 2nd prize, 2016), Neighborhood square with green classroom (com-
petition - 1st prize, 2017-2019) [30].

The research to establish Baubotanical design rules is still ongoing. The Baubotanik research
group takes a highly experimental approach, investing time in growing plants to draw conclu-
sions. While the research group proposes design applications from their research, they do not
propose a comprehensive design methodology that designers could utilize to create living plant
constructions (in the author’s best knowledge). This paper aims at, among other objectives,
constructing such a model. To begin, we must outline the key questions that need addressing,
which will form the foundation for constructing these models.

2.4 Fundational inquiries

Given that the construction of the models relies on data extracted from the literature, an ex-
ploratory phase is imperative. This exploration involves a process of inquiry aimed at addressing
the central question: How can we develop a simplified numerical model capable of representing
the temporal evolution of the growth and structural performance of living plant structures that
could be used for their design? The models are tailored for a non-specialized audience in botany,
necessitating the inclusion of fundamental explanations for the comprehension of the results and



hypotheses derived from the collected data. Conventional construction serves as a solid founda-
tion for developing a Baubotanical design process. Four main phases can be applied to living
plant constructions: I Design, II Execution, III Maintenance, and IV Deconstruction and life-
cycle analysis. From this perspective, the following non-exhaustive list of questions emerges:

I Design

1. Are there universally applicable principles governing plant growth?

2. What are the factors influencing the growth mechanics of a plant?

3. How does a plant interact with its environment? How does it affect it growth/mechanical
properties?

4. What are the mechanical properties of living plant elements (stem, branches) and their
evolution with time?

5. What tools, models, or design guidelines currently exist for the purpose of living architec-
ture design?

6. Should roots be considered as an independent system? If so, the questions above should
also be addressed for roots.

IT Execution

7. What are the essential requirements for sustaining plant life and tailoring growth?
ITT Maintenance

8. What maintenance programming is required for such structures?
IV Deconstruction and life-cycle analysis

9. What is the living span of a plant and how does the structure behave mechanically beyond
this?

10. What are the ecological impacts and benefits of living plants structures? (treated simply
in the discussion)

All the questions in this series can be condensed into two coupled overarching questions: How
does a plant function and how can it be tailored to structural use? Delving into the intricacies of
living plants aids in formulating effective assumptions to streamline design guidelines and develop
design tools. However, comprehensively understanding plant functioning exceeds the scope of
this research’s goal. Therefore, this work narrows its focus to specific questions pertinent to
Baubotanical design. The following chapter aims to explore the most relevant and immediate
questions (1,4,5, highlighted earlier) in detail.



Chapter 3

Laying the Foundations:
Answering Key Questions for
Growth-to-Structural Plant
Modeling

This chapter aims to lay the foundations for creating growth-structural models based on the
finite element method for Baubotanical design purposes. It is divided into two sections. The first
section (3.1) explores plant growth principles and their incorporation into Baubotanik. It presents
a fundamental understanding of plant anatomy, plant growth dynamics, plant tropisms (growth
response to external stimuli), plant allometric rules (relationships between the growth of different
plant organs), competition for resources among plants, the inosculation technique (grafting),
the plant addition principle which allows the creation of Baubotanical structures by merging
plants, and a series of rules from which a criterion is derived to ensure the viability of living
plant structures from a vascular perspective. The second section (3.2) focuses on understanding
the mechanical properties of living plants. It characterizes the mechanical properties of plant
tissues, provides a correlation between different mechanical properties and plant density, and
offers insights into the complexity of failure in living plants.

FEM for plant structural-growth modeling

The Finite Element Method (FEM) is frequently employed in structural plant analysis. This
method is known for its robustness in analyzing complex geometries, making it well-suited for
plant analysis. However, certain models prove too complex [31, 32], while others are overly
specific to particular problems or plant types [33, 34], making them unsuitable for generic Baub-
otanical Design.

In the existing literature, a diverse array of studies delves into various aspects of Finite Element
Modeling (FEM) applied to plants. These investigations range from detailed examinations of
plant properties and morphogenesis at the microstructural level [31, 32, 35], such as cell behavior,
to broader inquiries into growth dynamics within plants [36, 37, 38, 39] and other more general
within living organisms [40, 41, 42].

10



Certain studies focus on specific plant structures like roots [43, 44, 45, 46], exploring their in-
teractions with soil [47, 48, 49] and mechanisms of anchorage. Others investigate the influence
of environmental factors like wind [50, 51, 52] on plant biomechanics. Additionally, there are
endeavors employing advanced imaging techniques such as CT-scans to assess wood properties
[53, 54, 55] or terrestrial laser scanning to analyze the behavior of trees under wind loads [56].
Inosculation, remains a domain with relatively sparse research coverage within the literature.
The study of Middleton et al. [57] employing 3D FEM stands out as a pioneering exploration in
this area.

The model proposed by Fourcaud and Lac [39] is of particular interest for Baubotanic. The
model explores how the growth of plants relates to their mechanical behavior when subjected to
internal or external loads. Growth is modeled as the incremental addition of new layers of mate-
rial onto the existing structure, thereby simulating both primary and secondary growth processes.

A unique study was found regarding the application of FEM for inosculation nodes analysis.
This research emphasizes that making appropriate assumptions or simplifications would lead to
greater improvements in results compared to enhancing either geometric precision or material
characterization. For example, using orthotropic materials or fine meshing may increase model
complexity but result in only marginal improvements to the outcomes [57].

Note that the accuracy of structural analysis is deeply linked to the proper representation of
geometry. Finite element analysis can be performed from highly precise 3D models to simplified
1D models. However, the complexity of the model directly impacts the computational load.
Therefore, representing living plants for design purposes requires striking a balance between ac-
curacy and computational efficiency.

In this work, an approach centered on constructing a simplified structural-growth model
using Finite Element Method for Baubotanical design applications is developed em-
ploying beam FE. This model is fed by a geometry obtained from a plant growth model and
the mechanical properties of living plant material. As such, this chapter serves as the cornerstone
for developing and implementing the proposed approach.

3.1 Plant growth principles

3.1.1 Plant Growth Dynamics

Relevancy for Baubotanical design: Plant growth dynamics lie at the core of Baubotanik
design. Longitudinal growth primarily occurs at the tips of plants. Consequently, if two plants
are connected together (through inosculation), the connection node should remain stationary in
space (or in a position compatible with the growth of both plants). Secondary growth (growth
in diameter) follows longitudinal growth, enabling the plant to strengthen, especially in areas
where it experiences greater stress.

Plant growth is deeply related to meristem tissues and the hormone auxin.
A meristem is a specialized type of tissue in plants responsible for cell division and growth. It

is primarily located in the growing tips of roots and shoots, as well as in the buds of shoots.
Meristematic cells are undifferentiated, meaning they haven’t yet specialized into specific cell
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types, and they possess the ability to continuously divide throughout the plant’s life. There are
several types of meristems [58, 59]:

e Apical meristem: Located at the tips of roots and shoots, apical meristems drive primary
growth, contributing to the lengthening of roots and stems. They’re responsible for the
plant’s primary growth in height.

e Lateral meristem: Also called the cambium, lateral meristems reside in the vascular
tissue of stems and roots. They’re accountable for secondary growth, leading to the increase
in girth or thickness of stems and roots. Lateral meristems produce secondary xylem (wood)
and secondary phloem.

e Intercalary meristem: Situated at the base of leaves and internodes in certain plants,
intercalary meristems promote growth in length between nodes. They’re commonly found
in grasses and help these plants quickly recover from grazing or cutting.

Meristematic cells continually divide to produce new cells, which then undergo differentiation
to form various specialized tissues such as vascular tissue, epidermis, and ground tissue. This
process of cell division and differentiation enables plants to grow and develop throughout their
life cycle [58, 59].
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l—) Apical meristem Zyﬂf:i‘:'
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Figure 3.1: Plant growth through apical meristem [58]

Auxin is a category of plant hormones that serve for the regulation of diverse aspects of plant
growth and development, including cell elongation, root growth, apical dominance and fruit de-
velopment. Unlike meristem, which is a physical tissue, auxin acts as a chemical signal produced
by certain cells in the plant. Synthesized primarily in the shoot apical meristem and young
leaves, auxin is then transported throughout the plant to exert its effects. One of the key roles
of auxin is to promote cell elongation, which contributes to primary growth and the elongation
of stems and roots [60, 61].

Primary vs Secondary Growth

Primary growth in plants refers to the increase in length or height of the plant. This type of
growth primarily occurs at the apical meristems, found at the tips of roots and shoots. Apical
meristems are responsible for producing primary tissues, including primary xylem and phloem,
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crucial for transporting water, nutrients, and sugars throughout the plant. In roots, primary
growth involves the elongation of root cells and the development of root hairs, which help plants
for water and mineral absorption. In shoots, primary growth results in the elongation of stem
cells and the development of leaves and buds. Primary growth enables plants to establish them-
selves in the soil and reach towards sunlight for photosynthesis [62, 63].

Secondary growth, on the other hand, refers to the radial increase (thickening) of the plant.
This type of growth primarily occurs at lateral meristems, such as the vascular cambium and cork
cambium. A secondary phloem and a secondary xylem (wood) are produced during this phase.
Secondary growth enhances the structural support of the plant and leads to the development of
a woody or more rigid structure [62, 63].

Primary growth facilitates vertical growth and the establishment of plants, while secondary
growth contributes to the thickening of stems and roots, providing structural support and pro-
tection. Both types of growth are essential for the overall development and survival of plants.

Adaptive growth in thickness

To meet the diverse demands placed upon them, trees possess an extraordinary ability to adapt
their growth in thickness. They exhibit a remarkable responsiveness to mechanical stresses,
concentrating their growth where stresses are highest. This adaptive response ensures that the
structural integrity of the tree is maintained, allowing it to bear its own weight and resist external
forces effectively [64, 65].
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Figure 3.2: Adaptive Growth. The left graph illustrates stress smoothing due to secondary growth. The
right drawings show how secondary growth occurs in high-stress zones (adapted to English) [26]

Moreover, trees prioritize growth in regions where efficient water transport is required, allocating
resources to areas with high demand for water conduction. Interestingly, the leaves, which are
the main destination for water and the main surfaces exposed to wind, represent hubs of high
mechanical stress. Consequently, the optimization process in naturally grown trees often leads
to a balanced distribution of stress throughout the plant, while simultaneously optimizing the
efficiency of water transport [20].

A possible extension of Baubotanical computational design tools developed in this work could be

their coupling to optimization with objective functions that are inspired from these observations
(e.g. stress homogeneity).
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3.1.2 Tropisms

Relevancy for Baubotanical design: Tropisms provide valuable insights into the interactions
between plants and their environment, making them a potential input for Baubotanical design.

Tropism refers to a directional growth in response to an external stimulus. A positive tropism
is a growth in the direction of the stimulus while a negative tropism is a growth in the opposite
direction. There are various types of tropism, with four main ones standing out [66, 67]:

e Phototropism: The plant’s growth response to light. For instance, when a plant bends
towards a light source to maximize light absorption for photosynthesis.

e Gravitropism (or Geotropism): The response to gravity. Roots demonstrate positive
gravitropism, growing downwards into the soil, while stems exhibit negative gravitropism,
growing upward against the pull of gravity.

e Thigmotropism: Growth response to touch or contact with solid objects. For instance,
vines winding around a support or tendrils coiling around a structure for support.

e Hydrotropism: Growth response to water. Roots might grow towards areas with higher
moisture content in the soil.

Tropisms are linked to auxin hormones. Phototropism is a clear illustration. Auxin is sensitive
to light, especially ultraviolet (UV) radiation. Prolonged exposure to sunlight, particularly UV
light, can break down auxin molecules. Consequently, the stem exposed to sunlight contains less
auxin, leading to reduced growth compared to the shaded part. This imbalance prompts the
stem to bend toward the sun [68].

While these tropisms are not incorporated in the design tool set up in Ch.6, awareness of them
is essential, since they can be harvested in real life to shape a plant to the target geometry.

3.1.3 Plant allometry

Relevancy for Baubotanical design: Plant allometry establishes proportional relationships
between the growth of different plant organs. It is a key ingredient to set up growth models in
Ch.6

A plant’s natural shape is determined by its genes, referred to as its genotype, which can be
influenced by the environment in which it thrives. This environmental influence results in the
observable characteristics of the plant, known as its phenotype [69]. Describing plant growth
can be complex due to numerous factors at play. However, there are basic allometric rules
established to help model it [70].

Allometry, a concept originated by Julian Huxley and Georges Teissier in 1936, is a branch of
biology that deals with the study of the relative growth of a part of an organism in relation to
the growth of the whole organism or to the growth of a different part [71]. The mathematical
relationship between the growth rate of two plant organs, having dimensions denoted as x and
y, can be expressed as follows [72]:

y = ax® (3.1)

14



Where a is a scaling constant which depends on the plant analyzed; « is the scaling exponent, de-
termining the type of relationship (linear, quadratic...) between x and y. Depending on whether
« is greater than, less than, or equal to 1, the relationship can be classified as positive allometry,
negative allometry, or isometry, respectively [7].

Primary allometric relationships can be established between various organs of a plant and then
combined to discover new connections. For example, there might be a relationship between the
stem and leaves, and another between the stem and roots. By combining these, we can derive
a relationship between the roots and leaves. An example that illustrates these relationships
is the fundamental link between the mass of a plant m and its leaf area la, expressed as: la
oc m?/* [73]. This implies that as the plant’s mass increases, its leaf area also increases, but
not in direct proportion. This exponent of 3/4 is attributed to the necessity for larger vascular
tubes to accommodate the increased leaf surface area and ensure efficient vascular transport [74].

The Allometric Partitioning Theory (APT) operates based on the assumption of consistent
and universal allometric relationships for the ideal allometric plant[75]. Rotzer et al. [7] com-
piled several primary allometric rules into Tab.3.1. These tools are essential and are used for
establishing and estimating unknown geometrical parameters in the growth models developed in
Chapter 6.

Allometry Exponent Dependent variable Independent variable
h o d?/3 and=2/3 Tree height, h Stem diameter, d

v o d8/3 oyq =8/3 Stem volume, v Stem diameter, d

er o d?/3 Oer,d =2/3 Crown radius, cr Stem diameter, d

epa o< d*/3 Cepa,d = 4/3 Crown projection area, cpa  Stem diameter, d

cv ox v3/4 ey = 3/4 Crown volume, cv Stem volume, v

la o d? Qg,d =2 Leaf area, la Stem diameter, d

la o< m3/4 Qa,m = 3/4 Leaf area, la Stem mass, m

ms oc mr Oms,mr = 1 Shoot mass, ms Root mass, mr

vy o N73/4 Qy,,N = —3/4 Volume mean stem, vq Tree number, N

N x d;z ang, =2/3 Tree number, N Mean stem diameter, d,

Table 3.1: Primary Allometric Relationships in the Ideal Allometric Partitioning Theory [7]

In contrast to the APT, the Optimal Partitioning Theory (OPT) suggests that plants dis-
tribute resources in a way that optimizes their fitness, considering factors like environmental
conditions and developmental constraints [76]. For example, in poor soil nutrient conditions,
plants may allocate more resources to root growth to enhance nutrient uptake, even at the ex-
pense of aboveground growth. Similarly, in low sunlight conditions, plants may allocate more
resources to leaf production to capture as much light as possible for photosynthesis [77]. The OPT
provides more complex inputs that could be used to integrate plant interactions with their en-
vironment into the models. However, for the sake of simplicity, the APT is used in this work.

In ideal conditions, a plant follows its anticipated allometric path, but in less favorable environ-
ments, it adjusts its trajectory accordingly. When environmental conditions diverge significantly
from what the species necessitates, the plant may deviate from its anticipated growth parameters.
This can lead to failure and ultimately result in the plant dropping out from the population.
Morphological flexibility enables plants to adapt to diverse spatial or temporal growth condi-
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tions. Through a loop involving resource availability and absorption, allocation of growth, plant
structure, and so on, the plant can thrive in unconventional growth environments [7]. In the field
of Baubotanik, this flexibility provides a safety margin, as plants can adapt slightly if the models
are not entirely accurate. Considering the use of APT in the developed models in this work, this
is not accounted for, falling outside of the scope of this work. Awareness of these mechanisms
and the ones in Sec.3.1.4 is however required to form a picture of plant growth complexity.

3.1.4 Competition - Self-thinning rule

Relevancy for Baubotanical design: Plant competition and self-thinning rule must be con-
sidered in Baubotanical design for plant viability. However, no specific rules or equations are
used in the developed models; instead, an intuitive understanding is applied.

Competition among plants is a fundamental aspect of ecological dynamics, driven by the lim-
ited accessibility to essential resources as water, nutrients, light, and space within an ecosystem.
This competition occurs both within and between plant species, influencing population dynamics,
community structure, and ecosystem functioning. Plants within a population or stand compete
for resources to support growth, reproduction, and survival. As plant density increases, com-
petition intensifies, leading to a reduction in the availability of resources for individual plants.
In response to this heightened competition, individual plants may experience mortality (die-off)
and reduced growth rates [78].

The self-thinning rule, also known as density-dependent mortality, describes this phenomenon.
According to this ecological principle, as plant density increases, average individual plant size
or biomass decreases according to a predictable negative power-law relationship. Essentially, as
some plants die off due to competition, others grow larger to compensate, maintaining a rela-
tively stable total biomass within the population or stand [78].

This self-thinning process helps to regulate population density and structure, promoting ecologi-
cal balance and sustainability within plant communities. It has practical applications in forestry,
agriculture, and ecology, guiding management practices related to spacing, thinning, and com-
petition control in planted forests, crops, and natural ecosystems [78].

Understanding the dynamics of competition among plants and the self-thinning rule should be
integrated for enhanced and complex Baubotanical design to avoid consequences such as those
observed in the Baubotanik footbridge, where many diagonal elements died due to competition.
These are not accounted for in the simple models developed in this work .

3.1.5 Inosculation

Relevancy for Baubotanical design: Inosculation is a technique used to merge different
plants together. An advantage of inosculation, where plants merge vascular systems, reduces
competition by creating a unified entity. This cohesion enables efficient resource sharing, pro-
moting collective growth and resilience within the plant community.

Grafting is “the act of placing the portion of one plant (scion or bud) into or on a stem, root,
or branch of another (stock) in such a way that a union will be formed, and the partners will
continue to grow” [79]. A successful and compatible graft has the potential to result in tissue
merging, seamless vascular connection, and the creation of a physiologically and mechanically
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unified entity. Pressure is exerted at the injured point of contact between two grafting partners
[80].

(b)
Figure 3.3: Grafting: (a) natural grafting process [81], (b) approach graft [31]
Inosculation, employed in Baubotanik, describe a similar natural phenomenon where the joining

of two partners does not require the cutting of bark. Inosculation originates from the Latin term
”inosculari”, signifying ”to kiss”, "to touch closely”, or ”to unite” [82].

Figure 3.4: Inosculation: (a) experimental inosculation in field grown trees [26], (b) inosculated cross
section [29], (c) natural inosculation @RebeccaH2030

In a recent study on inosculation across various species, it was observed that a successful inoscu-
lation shows similarities with natural branches. The study states that the mechanical behavior
of an inosculation resembles that of natural branches due to the analogous cross-sectional pat-
terns. Hence such connections will be considered as rigid nodes in the structural models
in Ch.6. The study elaborates on the inosculation process, showing that there are no discernible
differences in the quality of merging among various connection types (crosswise or bending) or
fastening methods (rope or screw) [82]. However, the ease of inosculation process can vary de-
pending on the species utilized. Robust plants with strong wound-healing capabilities and thin
barks with low fiber content are better suited for inosculation [28].

3.1.6 Plant addition principle

Relevancy for Baubotanical design: This innovative method describes how to use inoscula-
tion (see Section 3.1.5) to enable the creation of living structures reaching the size of fully grown

17



trees.

The plant addition principle in Baubotanik harnesses the phenomenon of inosculation, where
trees merge to form new physiological units [30]. This principle capitalizes on tree’s capacity
to compensate for organ loss by the generation of new organs in similar or different locations.
By merging multiple plants into one organism through inosculations, redundant organs such as
roots or leaves can be removed, provided the overall structure can maintain balance.

The technique involves arranging young plants spatially above and adjacent to each other, con-
necting them to form a truss-like structure. Only the lowest plants are planted in the ground,
while others root in special containers supplied continuously with water and nutrients. Roots in
the ground receive more space and resources, leading them to grow more extensively compared
to those in the artificial containers.

Once inosculations develop, water and nutrients can be transported from ground roots to upper
leaves, rendering container roots obsolete. These container roots can be gradually removed,
eliminating the need for the watering system and scaffolding initially used for support. This
approach transforms plants from mere saplings growing into trees to living construction elements
integrated with technical construction elements, forming unified living structures.

9

Figure 3.5: Plant addition principle [29]

This technique forms the basis for two project applications (the Willow Observatory Tower and
the Ivy Footbridge) developed in Ch.6.

3.1.7 Corner’s rules, pipe model theory and the resistance model

Relevancy for Baubotanical design: A series of rules are outlined to formulate a criterion
(see Section 5) that ensures the viability of plant addition from a vascular perspective. In the
projects, trigger times (the time when each plant is planted) are introduced to meet this criterion,
ensuring that grafted plants have a cross-section lower than the stocking plant.

Plants present a remarkable diversity, finely tuned to their respective environments. E.J.H.

Corner, a pioneering botanist, formulated a set of rules that help explain these structural adap-
tations. The Corner’s rules consist of two principles governing plant architecture that were
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established during the mid-20th century [83, 84, 85].

The azial conformity: “the stouter, or more massive, the axis in a given species, the larger and
more complicated are its appendages.” [85]

The diminution on ramification: ”the greater the ramification the smaller become the branches
and their appendages.” [35]

These rules are quite rudimentary. To complement them, it was stated that plant density and
shape should be taken as additional factors [85].

The pipe model theory somehow encapsulates these two Corner’s rules, providing a more pre-
cise and practical framework for design purposes. It was first established in 1964 by Shinozaki.
The model can be summarized as “a unit amount of leaves is provided with a pipe whose thick-
ness or cross-sectional area is constant. The pipe serves both as the vascular passage and as
the mechanical support and runs from the leaves to the stem base through all of the intervening
strata” [86, 87].

Lehnebach et al. [88] caution that while the pipe model offers a valuable framework, it is essential
to approach it cautiously as it is a universal model. It is recommended to adapt it to each plant
specifics to establish a more robust model. 5 rules can be derived from this model:

1. Sapwood area and leaves area/mass are proportional: at a specific height in the
stem, there exists a proportional relationship between the stem sapwood (SW) area and
the mass of leaves above.

2. Non-scalability: the ratio of leaf-to-wood /mass remains consistent regardless of seasonal
changes, growth stages, or different environmental conditions observed within a specific
species.

3. Area preserving rule: the conductive area of the stem’s (SW) at a specific height is
equal to the combined basal area of its daughter branches located above that height

4. Hydraulic sectoriality: no lateral transport of water and mineral between pipes.

5. Operating time of pipes: In evergreen species, only the most recent growth ring of
wood is conductive, as leaves are renewed annually and secondary growth occurs each year.
Consequently, the conductive (SW) corresponds to the number of growth rings matching
the lifespan of the leaves.

These five rules appear applicable to Baubotanik design. However, the third rule stands out as
particularly interesting, as it ensures the conservation of vascularity throughout the plant.

Another approach, the resistance model proposes an analogy between the water transport
system in plants and an electric circuit. Here, water flow parallels electric current, and segments
of the plant stem act as electric resistors. The ”water potential difference” between soil and
air functions as the ”voltage source”, driving water absorption by roots, transport through the
plant, and release via leaves, all without the plant expending energy for pumping. Similar to an
electric circuit with multiple resistors in parallel, water flow in the plant network divides such
that it predominantly travels through segments with the least resistance [89, 90, 91].
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When combining the resistance model with the Pipe-Model theory, it becomes possible
to determine where growth in thickness occurs, primarily in areas with high water flow, such
as direct connections between roots and leaves, as detours are less efficient and experience less
growth [26].
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Figure 3.6: Left: plant representation according to the pipe model theory [36]. Right: plant representa-
tion according to the resistance model [90]. Image from [26].

The findings of a recent study on inosculation [82] serve as a complement to these principles.
It emphasizes that the cumulative cross-sectional area above a node ought to be less than the
combined cross-sectional area below that node. This study offers a qualitative assertion without
introducing a reduction scale factor that could be used as a parameter in the models. To en-
sure vascular integrity, cross-sectional reduction is implemented in setting up the models in Ch.6.

3.2 Mechanical properties of living plants

Ideally, existing databases should provide the mechanical characteristics of a plant. Various on-
line databases, such as TryDB [92], Plants For A Future [93], and TRID [94], offer access to
extensive datasets. However, it’s important to note that the data found in these databases may
sometimes be contradictory or lacking. In such cases, alternative methods may be necessary to
determine the mechanical properties of plants.

Since in general there are important differences between the root system and the shoot system,
it can be more convenient to model them separately [95]. In the current work the focus is set
entirely on the stems as structural load bearing elements and roots aren’t represented, keeping
in mind that their flexibility and strength may be considered in a future, more elaborate model
(see research on roots in Appendix F).

The majority of existing studies on wood mechanical properties have been conducted on dried
wood with a moisture content of less than 12%. This is primarily due to the significance of such
properties for the construction industry. However, this approach limits the understanding of
plants in their natural states, where moisture content can be significant, and mechanical prop-
erties decline with higher moisture content [96].

The cross-section of a plant typically consists of different tissues with varying mechanical charac-

teristics. The layering of these tissues generally leads plants to have orthotropic properties with
a different stiffness in the longitudinal direction, radial direction and circumferential direction
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[55]. For the sake of simplicity, plant material will be considered elastic homogeneous
isotropic in the models set up in this work.

Kretschmann [97] gathered measurements of the Young’s modulus for both dry wood and green
wood across a series of plants. Utilizing this dataset, Middleton et al. [98] established the
following correlation between the Young’s modulus in the longitudinal direction for
dry wood E, 4-, and its counterpart in green wood Ep greent

Ep green ~ 0.73 - EL ary + 775 MPa (3.2)

Computed tomography intensity data can be utilized to establish the spatial variation of Young’s
modulus within a dried plant cross-section. This method is unsuitable for green plants due
to the high water content, which absorbs X-rays excessively, resulting in inaccurate data [54].
The most rigorous approach involves mapping the various tissues onto a model and assigning
their respective mechanical properties. Wolff-Vorbeck et al. simplified the geometries of cross
sections into artificial representations, focusing solely on the principal tissues, which streamline
the modeling process. Additionally, they compiled the Young’s modulus of each tissue into a
single table [99]:

Tissue E [MPa] References
sclerenchyma 24 500 - 45 000 [‘)() 101]
wood (sec. xylem) 2600 - 16 000 [10 }
phloem xxxx - 3500 [96]
collenchyma 1000 - 2600 [96, 100, 102]
vascular bundles 30 - 840 [96, 100, 103]
epidermis + periderm 350 - 500 [10 ]
epidermis 3 - 250 [10( 105]
[10

parenchyma (non-lignified) 5 - 100

}

Table 3.2: Elastic modulus (E) of individual plant tissues derived from the literature. Taken from [99]
and completed

Each plant species possesses a unique structure, making it challenging to establish universal
properties applicable to all plants. Nonetheless, several studies have indicated a correlation
between tissue density and the mechanical properties of plants [96, 106, 107].

Niklas and Spatz [108] established a correlation between plant tissue density (p) and its mechan-
ical properties. They underscored this link through a brief mathematical development. First,
the flexural stiffness (FI) and the critical bending moment (M,,;;) for a stem (tubular section)
are determined:

EI = Egr‘l (3.3)

I T -
Mcrit = o—crit; = Ocrit er (34)

Where FE represents the Young modulus, I the moment of inertia, r the stem radius, M,,;; the
critical bending moment, and o.,;; the critical peak stress. From these, equations for the relative
resistance to bending (RRB) and for the relative strength (RS) can be derived:

21



RRB=—"— == (3.5)

RS = = (3.6)

With 7' the mass per unit length. These equations highlight the influence of density (p) on
mechanical properties.

Furthermore, from a dataset comprising over 200 species, Niklas and Spatz established a statis-
tical correlation between density p and four primary mechanical properties in green woods: the
Young’s modulus FE, the tensile strength o;, the compressive strength o, and the shear strength
Os-

An ordinary least squares regression (OLS) was performed to determine the relations between
density (z) and corresponding mechanical properties (y). The following formula was used:

logy =log 8+ nlogx (3.7)

Where y represents one of the four mechanical properties in question, = the green plant tissue
property, B serves as a scaling factor determining the starting point of y when z = 1, and 7
represents the scaling exponent defining the relationship type between x and y (linear, quadratic,
etc.). The following table compiles the results of this study.

log y vs. log x n « log 8 r
All species
Evs. p 175 1.00 1.09 0.745
ot VS. p 174 1.24 -1.76 0.877
Og VS. p 165 1.19 -2.50 0.843
Oc VS. p 176 1.33 -2.33 0.84
Conifer species
Evs. p 38 1.00 1.08 0.569
ot VS. p 37 1.14 -1.52 0.802
Os VS. p 37 0.96 -1.88 0.711
Oc V8. p 39 1.10 -1.73 0.745
Angiosperm species
Evs. p 137 1.02 1.02 0.737
O VS. p 137 1.18 -1.57 0.859
Os VS. p 128 1.15 -2.36 0.812
Oc VS. p 137 1.28 -2.17 0.812

Table 3.3: Statistical relationship between green plant tissue density and its mechanical properties [108]

The correlations established in Tab.3.3 are useful as a first estimate for various plants and could
be utilized in cases where data on mechanical properties is unavailable. It was employed in this
work to determine the compressive an tensile strength of Hedera helix L.

When green wood is loaded in bending beyond its strength, failure takes place. The failure type
of green wood is closely linked to its ontogenesis. As mentioned in Section 3.1.3, plant growth
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responds to external stimuli, leading to significant variability in cross-sectional properties. Light
appears to be particularly influential on the mechanical behavior of living plants. Light-grown
plants exhibit characteristics akin to solid wooden cylinders, with a tendency towards brittle
failure. Conversely, shaded-grown plants display greater flexibility and behave more like hollow
pipes [109]. This serves as additional information to illustrate the complexity of green wood
mechanical behaviour, but it is not accounted for in the models for the sake of simplicity and to
keep focus on their elastic behavior for their design.
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Figure 3.7: Plant failure for light grown plants vs shaded grown plants [109]
- M the bending moment and K the curvature
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Chapter 4

Dataset Assessment: Moso
Bamboo,White Willow and Ivy

Designing a Baubotanical structure requires comprehensive data (i.e. mechanical properties,
growth characteristics, environmental interactions) on the plants involved to create an accurate
growth-structural model. This chapter is dedicated to collecting essential information for three
specific plant species: Moso bamboo (Phyllostachys edulis), white willow (Salix alba L.), and ivy
(Hedera helix L.), that are used in the projects developed in Ch.6. Bamboo was selected due to
its rapid growth and excellent mechanical characteristics, while white willow was chosen as it’s
the primary plant utilized by the Baubotanical Research Group in their experiments. Ivy was
selected for its widespread presence in Europe and its geometrical flexibility, offering potential
for different applications.

4.1 Moso Bamboo - Phyllostachys edulis

Phyllostachys edulis, commonly known as Moso bamboo, is a monocarpic perennial plant belong-
ing to the Poaceae (grass) family [110]. Bamboo originates from Asia, where approximately 80%
of the world’s bamboo species are found [111]. It naturally thrives in tropical and subtropical
regions, spanning latitudes between 46°N and 47°S, ideally with sunny and humid conditions
[112]. It can survive in cooler climates, as evidenced by various bamboo plantations in Belgium
[113, 114]. Tt demonstrates resilience even in cooler climates, with the ability to withstand tem-
peratures as low as -17.7°C, although its growth may be more rapid in its native regions [115].
Bamboo is one of the oldest construction material used, and is renowned for its exceptional mate-
rial properties in construction, earning it the nickname ” green steel” [116]. Some authors advance
that it "has a higher strength-to-weight ratio than steel and concrete” [10]. Primarily utilized as
a construction material in Asia [112], it is also employed to construct impressive scaffolding that
can exceed 100 meters in height [117]. It is also one of the fastest growing plant in the world
[118]: during its active growth phase, bamboo shoots can exhibit remarkable growth rates, with
an extension of approximately 500 cm in a week and reaching a maximum daily growth of up to
100 cm [119]. Under favorable conditions, these shoots can exceed a height of 20 meters in only
two months [120].

Moso Bamboo is a monocarpic plant, meaning that it flowers once during its life and then dies.
This phenomenon that is to be considered for estimating the Baubotanical structure constructed
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from Moso bamboo lifetime, is not well understood yet [121]. While some studies have doc-
umented flowering cycles ranging from 48 to 67 years [122, 123], others have observed cycles
lasting more than a hundred years [124].

There is a lack of literature regarding bamboo’s ability or inability for grafting (or inosculation),
caution should be exercised when considering bamboo for Baubotanical design. This explains
why in the project using this plant in Ch.6 rather mechanical joints are envisioned to connect
each plant.

Moso bamboo allometry

Most of the available literature on Moso bamboo originates from Asia, obtaining precise data
on bamboo growth in Belgium presents challenges due to the differences in environmental condi-
tions. The extraordinary high growth rates mentioned earlier, are unlikely to occur in Belgium.
At maturity, Moso bamboo can reach heights over than 20 meters [120, 125, 126, 127]. Its outer
diameter and thickness decrease with height [127]. At breast height, the diameter of the hollow
tube stem typically ranges from 8.5 cm to 17 cm [125, 127, 128, 129, 126], with a measured
average wall thickness of 1.2 em [129]. The dimensions observed in a bamboo plantation in Bre-
tagne, France, at maturity are consistent with the earlier descriptions. However, it’s important
to highlight that maturity is attained at a slower rate in this climate, where it typically requires
10 to 15 years to reach maturity [126].

A study has shown the potential for applying the Logistic growth model to analyze the evolving
growth patterns of Moso bamboo in China [130]:

H
ht) = ————
®) 14 Te¢t
With h representing the plant height (in centimeters), ¢ the time (in days), H the height reached
at maturity (in centimeters), T the time needed to reach maturity (in days), and ¢ a growth

parameter. For Moso bamboo in China H = 1553.94 cm, T' = 142.43 days, and ¢ = 0.135; which
predicts a growth of 15.45 m in 60 days.

(4.1)

The logistic model can be adjusted to Belgium to achieve a height of 20 meters within 10-15
years by manipulating its parameters (adaptation made in Section 6.1.1). Note that this may
not accurately represent long-term growth, since the model is primarily designed to forecast the
rapid initial growth stages.

Bamboo consists of a series of nodes and internodes, with growth resembling a telescopic pattern.
Each node grows independently, with lower nodes growing earlier. A study conducted in China
revealed that, on average, bamboo internodes attain a length of approximately 30 cm within
approximately one month [131]. The elongation process can be divided into 6 phases (see Figure
1.1c): S1 - Slow Growth: < 2.5 cm (15 days); S2 - Early Fast Growth: 2.5-5 cm (3 days); S3 -
Active Fast Growth: 5-10 cm ( 3 days); S4 - Fastest Growth: 10-20 cm (6 days); S5 - Growth
Decrease: 20-29 cm (9 days); S6 - Growth Cease: 29-30 cm.
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Figure 4.1: Moso bamboo growth. (a) Young shoot [132], (b) Growing shoot without sheath [131], (c)
Growth Stages of an Internode: S1 (Slow Growth), S2 (Early Fast Growth), S3 (Active Fast Growth),
S4 (Fastest Growth), S5 (Growth Decrease), and S6 (Growth Cease). [131]

This telescopic growth is utilized in Section 6.1 to predict when bamboo will stop growing at a
desired height where a platform is intended to be attached to the living plant structure.

Moso bamboo mechanical properties

Bamboo has been extensively researched, but like many other plants, most studies have focused
on dried samples [133]. Sanchez et al. [134] conducted a statistical study that included green
Moso bamboo. They found the following average values: compressive strength of 42.7 MPa,
tensile strength of 77.1 MPa, and Young’s Modulus of 16.1 GPa. Although there is a notable
difference in mechanical properties between dry and green bamboo (o ary ~ 54.1 MPa ; 04 gry
~ 153.6 MPa), the strength values remain significant.

Like many plants, bamboo is a composite material composed of various tissues. It can be seen
as a natural fibre-reinforced composite, consisting of robust unidirectional fibers and conductive
vessels enclosed within a matrix of parenchyma ground tissue [133]. These vessels decrease in
size as they are located towards the outer regions of the cross-section, resulting in higher density
at the outer part compared to the inner part [135]. A study revealed a dry density from 336
kg/m? in the inner part to 1283 kg/m? in the outer part [136]. As other plants, bamboo presents
different properties in radial, longitudinal and tangential direction. Nevertheless, for the sake of
simplicity, many studies assume a uniform density. Reported dry densities range from 464 to
1287 kg/m® [133].
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Moso bamboo summary

Data Value Reference
Geographical location tropical and subtropical regions 46°N-47°S ~ [111]
Natural conditions sunny and humid [112]
Hardniness -17.7 °C [115]
Living span 48-67 years [122, 123]
Graftability (inosculation) - -

Max height 20-25 m [120, 125, 126, 127]
Longitudinal growth rate maturity = 10-15 years* [126]
Maximum diameter > 17 cm [126, 129]
Radial growth rate maturity = 10-15 years™ [126]

Max thickness > 1.2 cm [129]
Green Young’s modulus Egreer, 16100 MPa [134]
Density p 850 kg/m3 [133, 136]
Tensile strength o 77.1 MPa [134]
Compressive strength o, 42.7 MPa [134]

Table 4.1: Moso bamboo properties, used in the simulations

*growth rate should be adjusted for Belgium, where maturity is typically reached in around 10-15
years (adaptation made in Section 6.1.1)

4.2 White Willow - Salix alba

Salix alba Linnaeus, commonly known as white willow, is a species of willow tree native to Eu-
rope and western and central Asia. It belongs to the family Salicaceae and the genus Salix [137].
While it is known for its rapid growth, this species does not have a long lifespan, generally lasting
between 20 and 30 years. Under favorable conditions, this tree has the potential to live for more
than a hundred years [137, 138]. Thriving in temperate climates, this species prefers abundant
sunlight and well-hydrated soil for an optimal growing [139]. It ideally thrives in temperatures
ranging from 0 to 32°C, but it can withstand temperatures ranging from -35 to 35°C [138, 140].
The Baubotanik research group uses this species for its rapid growth capabilities as well as its
natural propensity for grafting (inosculation) [28, 57, 82].

Salix alba L. - allometry

Salix alba L. stands as one of the largest among willow species, capable of reaching heights up
to 30 meters and boasting a maximum diameter of 1 meter or more [138, 141]. The growth rates
of Salix babylonicae, a similar species, were estimated to be of 0.75 to 1 meter in height per
year and 0.8 cm radially per year [142]. Slightly lower growth rates have been reported for Salix
alba. A growth rate of 0.6 meters in height was reported [143]. Ludwig reported a diameter of 8
cm reached within 8 years [28], corresponding to an average radial growth rate of 0.5 cm per year.
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Due to insufficient data, allometric rules cannot be applied to establish a growth model for Salix
alba L.. Consequently, a linear growth model is proposed for this plant in Section 6.2. It’s worth
noting that with additional data, a more accurate model could be developed.

Salix alba L. - mechanical properties

Niklas and Spatz [108] conducted a study examining the mechanical properties of various green
woods, with willow being one of the species investigated . The reported mechanical properties
include a density of 529 kg/m3, tensile strength of 36 MPa, compressive strength of 14.7 MPa,
and a Young’s modulus of 4800 MPa. These values were also taken in the application in Section
6.2.

Salix alba L. - summary

Data Value Reference
Geographical location Europe, western and central Asia [137]
Natural conditions temperate, abundant sunlight, humid soil ~ [139]
Hardiness -35°C [138, 140]
Living span 20-30 years [H{ 138]
Graftability (inosculation) yes [28, 82, 57]
Max height 30 m [138, 141]
Longitudinal growth rate > 60 cm/year [142, 113]
Maximum diameter 100 cm [138, 141]
Radial growth rate 0.5 cm/year [14_), 28]
Green Young’s modulus Egreer, 4800 MPa [108]
Density p 529 kg/m?> [108]
Tensile strength o, 36 MPa [108]
Compressive strength o, 14.7 MPa [108]

Table 4.2: Salix alba L. properties, used in the simulations

4.3 1vy - Hedera helix L.

Hedera helix L., also known as Ivy, English Ivy, common Ivy, European Ivy or lierre commun, is
a woody, perennial evergreen plant from the Araliaceae family [144]. Tt is a woody climbing plant
with a perennial stem, thus a vine [145]. Native ivy’s home is ranging from southern Scandinavia
to the Mediterranean area [146], approximately between 10° E and 25° E longitude and 35°N
and 60° N latitude [147]. Ivy exhibits optimal growth conditions at around 21°C [148]. It can
tolerate drops in temperature, surviving temperatures as low as -25°C [144], however at -8°C
the plants photosynthetic apparatus may begin to sustain damage [149]. Although ivy exhibits
a remarkable tolerance for a wide range of light conditions, it is not clearly stated which is its
ideal growing environment. While Strelau et al. [146, 150] states that it does prefer to grow
in areas exposed to direct sunlight, Okerman [145] claims ”it prefers shade, damp soils, and
a moist, cool environment”. Young shoots, in particular, tend to thrive in lower light levels,
although they demonstrate a heightened photosynthetic rate when exposed to strong light [151].
This plant is characterized by its ability to creep horizontally along the ground or ascend vertical
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structures (seeking maximum light exposure) like trees or walls, using attachment roots that
grow along its stem [152]. In its juvenile form, it appears as a woody vine needing structural
support for growth. As it matures, it transforms into a shrub or can even develop into a tree [146].

An essential point to note is that ivy is not a parasitic plant in the conventional sense. Its
above-ground roots primarily function to structurally support the plant, and it does not absorb
nutrients from host trees. On the contrary, ivy often serves as a beneficial companion to host trees
[153]. It offers protection from winter cold and certain parasites. Additionally, it contributes
positively to biodiversity; by retaining its leaves throughout winter, it provides refuge for insects
and birds. Moreover, the fruits it produces serve as a food source for numerous animals. However,
in regions where these plants are not native, such as the USA, ivy is regarded as an invasive
species that can disrupt the natural environment [154]. Since ivy doesn’t require a tree as a host,
it is indeed suitable for Baubotanical purposes as a single entity. Given that Europe is its native
habitat, incorporating ivy into such designs could potentially enhance the local environment
and contribute to ecological restoration efforts. In addition to other benefits of using ivy for
Baubotanical designs, there is its remarkable flexibility, capable of adapting to nearly any desired
shape; and its natural capacity for grafting (inosculation), a phenomenon studied in detail by
Millner [155].

Hedera helix L. allometry

Typically, old Hedera helix L. vines can reach 30 m height and 30 cm in diameter [146, 156, 157].
But in extreme cases it can go far higher up to 90 m [154], and far wider with a diameter of
60 cm measured on a 433 year old plant [158]. In forests along the Rhine River in France, the
oldest English ivy vines at one site were recorded to be 50 years old, while at another site, the
oldest vines were found to be at least 66 years old [159]. There is no evidence found to determine
whether the 433-year-old ivy stand was an exception or a normal occurrence. There are non
academical sources discussing lifespans of English ivy that exceed 1000 years [160], and even
4000 years [161]. There exists substantial variation in growth patterns both among different
sites and even within the same site. However, a positive correlation was identified between the
height and diameter of ivy and the circumference of its host tree [162]. It was hypothesized that
this difference stemmed from the limited surface area available on the hosting trees, causing the
ivy’s stems to compete with each other [163]. In southern Italy, a mean annual radial increment
of 0.94 mm was observed [164]. In France, another study recorded a radial growth rate ranging
from 0.5 mm to 2.06 mm per year [157]. Academic literature lacks information on the longitudinal
growth rate of Hedera helix L. However, gardening websites suggest a growth rate ranging from
0.5 m [165] to 1.5 m [166] per year.

Mechanical properties

The wood of Hedera Helix is typically soft, with a density of 530 kg/m? [144]. A study on plant
cuticle mechanics [167] measured the Hedera Helix cuticles to have a Young’s modulus of 640
MPa and a breaking stress of 15 MPa. Another study on structural attachment measured the
rootlets (above ground) to have a Young’s modulus of 220 MPa and a tensile strength of 38 MPa
[152]. Wisteria and grape vine, the two other main European vines have a Young’s modulus
respectiviely of 892 MPa and 1378 Mpa [168]. These mechanical characteristics, although not
specific to the Hedera Helix or to its stem, offer an initial insight into its capabilities, especially
considering the limited literature available on this subject.
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Figure 4.2: Hedera Helix anatomical organisation

A study covered the mechanical properties of searcher shoots in climbing plants. From the given
data it is possible to establish a range starting from 1200 MPa to 2800 MPa for the ivy’s Young’s
modulus [169]. From the same study a cross section and the proportion of each tissues layer are
given (see Figure 4.2a). With the mechanical properties compiled in Table 3.2, it is possible to
determine an equivalent Young’s modulus for the whole cross section with the following formula:

Eoq = Z fi-E; (4.2)

With E,, the equivalent Young’s modulus, f; the area fraction of each tissue in the cross section
and F; the Young’s modulus of each tissue.

Proceeding this way, a Young’s modulus of approximately 2122 MPa is found (63.5% parenchyma,
11.9% collenchyma, 17.5% phloem, 7.1% xylem). This result aligns with the range of values re-
ported in the literature.

Regarding ivy’s strength, no specific data was found. However, the correlation between green
wood density and its strength: logy = log 8 + nlog z, established in Section 3.2 with the values
for angiosperm species compiled in Table 3.2 could potentially be utilized to estimate its strength.
Following this approach, a tensile strength of 44.12 MPa and a compressive strength of 22.75
MPa are estimated.
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Hedera helix L. summary

Data Value Reference
Geographical location southern Europe 10°-25°E and 35°-60°N  [146, 147]
Natural conditions all kind of shading/moisture [146, 150, 29]
Hardiness -8°C [149]

Living span >100 years [158, 160, 161]
Graftability (inosculation) yes [155]

Max height 30 m [146, 156, 157]
Longitudinal growth rate 1 m/year [165, 166]
Maximum diameter 60 cm [158]

Radial growth rate 1.5 mm/year [164, 157]
Green Young’s modulus Egreen, 2100 MPa [169]

Density p 530 kg/m3 [144]

Tensile strength o 44.12 MPa -

Compressive strength o, 22.75 MPa -

Table 4.3: Hedera helix L. properties, used in simulations

4.4 Baubotanical Insights on Selected Plants

Ivy and willow are discussed together as they are both common species in Europe. They possess
similar mechanical properties, with ivy slightly stronger than willow, but willow being stiffer. In
terms of growth, ivy exhibits almost double the longitudinal growth rate but has a considerably
lower radial growth rate compared to willow. The main challenge with willow is its short lifespan,
while this doesn’t seem to be a concern for ivy. Both plants are graftable and therefore suitable
for Baubotanical applications following the plant addition principle.

On the other hand, bamboo is not native to Europe. Modeling its characteristics requires adapt-
ing data from Asian climates. However, it boasts excellent mechanical properties and vigorous
growth. Its main limitation lies in its inability to graft, rendering it unsuitable for plant addition.
Nevertheless, its exceptional properties continue to make it a highly interesting plant for living
structures. A detailed comparison between the three plant species is discussed in Section 6.4

Since bamboo cannot graft, all plants must be planted individually. Hence, a sufficiently simple
application is needed to meet this geometrical condition, and an ice cream pavilion (see Section
6.1) appears to be a suitable choice. Willow will be used to replicate an existing project,
the Kupla observatory tower (see Section 6.2). Its rapid growth, strength, and ability to
inosculate make it suitable for various projects. This application will serve as a test to determine
if Baubotanical design can reproduce an existing project. Finally, the flexibility of ivy and its
high longitudinal growth rate compared to its radial growth rate make it a suitable choice for a
footbridge (see Section 6.3). Typically, creating a footbridge would require a large temporary
installation (such as scaffolding) with other plants to support the growing phase, but with ivy,
it is possible to use lighter installations.
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Part 11

Structural Design and
Implementation



Chapter 5
Simplifying assumptions

Based on the information gathered in Chapters 3 and 4, the following assumptions are made to
build growth-to-structural models for the three chosen plant species. These assumptions ease
the implementation of models.

e The apical meristem (see Section 3.1.1) is considered to be fully located at the tips of the
plant. As a result, the existing part of the stem stops elongating in length when tip is
cut. It only undergoes expansion in diameter through secondary growth, facilitated by the
lateral meristem. This hypothesis ensures that the nodes remain fixed and do not shift
after inosculation.

e Only plant stems are modeled due to insufficient data, and attempting to model other
elements such as branches and leaves would introduce excessive complexity. Note that the
branching considered after plant addition consists of stems.

e The pipe model, combined with the resistance model (see Section 3.1.7) are utilized to
ensure vascular viability within the plant. The following criterion must be fulfilled:

Sr<y S (5.1)

With St representing the basal stem area and S; representing the combined area of all
branches connected to the basal stem.

S, +Sp+S.=8;

Figure 5.1: Vascular hypothesis, adapted from [89].
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To ensure compliance with this rule, the diameter of the top of the plant stem will be
considered to be 80% (reduction factor) of the diameter of the basal stem. Each plant
has its own allometry, meaning its own proportions, so this reduction factor (same for all
plants) does not accurately represent reality. While this 80% rule is arbitrary, it serves to
validate the established vascular guideline and this assumption could be adapted if relevant
plant data is provided.

Above an inosculated node, the diameter of the cross-section is expected to decrease, as
discussed in Section 3.1.5. However, the extent of this reduction was not quantified. Never-
theless, since the model should adhere to the pipe model theory combined to the resistance
model (previous assumption) to ensure vascular viability, it is assumed that the diameter
reduction is already considered within these models.

Plant competition is not mathematically accounted for in the model. A comprehensive
model should establish a density-dependent mortality relationship, as mentioned in Section
3.1.4. However, no precise data was found to determine the density at which plants can
be sustained. Instead of establishing a mathematical law, a logical guess will be employed
to prevent over-densification of the design. Additionally, by creating a unified system,
inosculated plants reduce competition, thereby motivating this simplifying.

Only thigmotropism (see Section 3.1.2), the growth in response to touch or contact, will be
accounted for in this model. Thereby plants can be guided through a temporal structure,
and take the desired shape. While this assumption may seem simplistic, it aligns with the
current reality of Baubotanical design. Other tropisms such as phototropism, hydrotropism,
and gravitropism are not considered, noting that they can be accounted for in future more
elaborate models.

The plant addition principle (see Section 3.1.6) is used for the the design of ivy and willow
structures.

An idealized approach to plant characteristics is considered, assuming that each plant of
the same species has identical growth patterns and mechanical properties.

The properties of plants, as outlined in Chapter 4, serve as the basis for the design. Since
information on green plant properties is not extensively documented in the literature, in
cases where data is unavailable, extrapolation or calculation was employed to define missing
parameters.

Simplified models for growth are proposed based on the data gathered in Chapter 4. For
ivy and white willow, a linear growth pattern will be assumed. At the scale of a few years,
the period focused upon here, this approximation can be justified. However, for bamboo,
a slightly more complex growth pattern is proposed based on the Logistic rule.

Plant tissue is treated as a homogeneous isotropic material. In Chapter 4, only longitudinal
properties were collected. For the sake of simplicity, while plants exhibit different properties
in the radial and tangential directions, these differences will not be considered in the model.
Note that they could be incorporated in a future modelling step in a straightforward fashion.

Nodes where inosculation takes place will be modeled as rigid nodes in the numerical
simulation. While the literature does not provide clear evidence regarding the strength of
these nodes, a complete inosculated cross-section (see Section 3.1.5) suggests a full merging
of the tissues, indicating that nodes could be rigid joints in the structure.
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Structural anchorage in represented by clamped nodes in the FE simulation. While a
comprehensive model for roots is proposed in Appendix F, root incorporation would lead
to a model complexity beyond the scope of this work.

The structural analysis is carried out through FE simulation using the Karamba plugin
for Rhinoceros 3D. This plugin employs linear-elastic analysis. Displacements and axial
stresses within the structure are evaluated using this plugin. The axial stress assessed by
Karamba is the stress resulting from the combination of normal force and bending moments.

For the sake of simplicity and computational efficiency, 1D elastic linear beam finite ele-
ments, following the Euler Bernoulli beam theory, are utilized for the numerical simulation.

The ”utilization” component from Karamba is employed to determine the maximum loading
for each structure. This component considers both the peak axial stress and buckling [170].

Verification for the maximum structural displacement is conducted using the criteria out-
lined in Eurocode EN 1992-2. Although this code is designed for concrete structures, the
following criterion, was chosen to be applied (no criterion exist for living plant structures):

§< — (5.2)

With ¢ the largest structural displacement (in ¢cm) and L the largest structural dimension
(in cm).
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Chapter 6

Baubotanical modeling - 3 Living
Architecture Applications

Based on the established assumptions in the previous Chapter 5, a growth and a structural model
are developed for each plant. Additionally, an application of each of these models is demonstrated
through 3 living architecture proposals.

6.1 Application 1 - Living Moso Bamboo pavilion

Nestled within the park’s lush surroundings, the Moso ice cream pavilion stands as a testament to
sustainable architecture, showcasing the feasibility of building with living elements. Constructed
from living bamboo, this pavilion seamlessly blends functionality with natural beauty, offering
a unique experience for wvisitors. The ground level hosts technical facilities and a welcoming
counter, providing a convenient space for patrons to indulge in their favorite treats. Above, a
bamboo platform offers a picturesque setting for enjoying ice cream while soaking in panoramic
views of the park.

SO G i AN s SRR N NI S S R e Sy T |

Figure 6.1: Living Moso bamboo pavilion
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Since there is no evidence suggesting that bamboo is graftable, it will be assumed that it is not.
Human-made metallic rigid joints are assumed to be linking each plants at the connecting nodes
(moments are transferred). The project entails constructing a pavilion using living Moso bam-
boo. Bamboo will be assumed to grow straight' (not upward) and will serve as a support onto
which a platform will be attached. To align with the characteristics of bamboo, it was decided
to shape the pavilion following a ruled surface. A ruled surface is one that can be generated by
moving a straight line (generator) along a path. In this project, the path will be a circle, where
bamboo will be planted, and the bamboo itself will serve as the generator. This approach will
result in the creation of a hyperboloid structure.

The challenge of this project lies in attaching the platform to the bamboo while the bamboo is still
growing. It is necessary to determine when the bamboo will stop growing at the desired height
of the platform. Additionally, it must be established when the bamboo will be sufficiently strong
to support the platform. Therefore, a proper growth model is required, a specific ingredient that
must be accounted for in computational Baubotanical design.

14,2m

Figure 6.2: Target bamboo pavilion geometry

6.1.1 Growth model
Logistic rule adapted to Belgian climate

Moso bamboo growth follows the Logistic rule (cf Sec.4.1). According to the collected data,
Moso bamboo grows 20 meters in 13 years (4745 days) in Belgium.

After testing the equations, it was observed that the growth parameter ¢ could be adjusted for
a new growing time T’ while maintaining the same curve shape as in the original equation used
for bamboo located in Asia. With ¢’ and T’ the new parameters corresponding to the Belgian
climate.

T
d=c- T (6.1)

1Straight growth is an assumption to simplify the model. In reality, while bamboo does exhibit relatively straight
growth, it tends to bend, especially at the top, due to gravity.
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To adapt the Logistic rule to Belgium, the following parameters are used’: H’ = H = 2000 cm,
T’ = 4745 days, and ¢’ = 0.00405.

The resulting growth evolution for Belgium is plotted in the following graph:

Bamboo growth - Logistic rule

2500,0

2000,0

1000,0
500,0

0,0
0 2 4 6 8 10 12 14
Time (years)

Figure 6.3: Proposed bamboo growth model in Belgian climate according to the Logistic rule

Internode Logistic adaptation

The Logistic model provides the total plant height as a function of time. However, to determine
when it is possible to attach the platform, we need to determine when the bamboo will cease
growing at the platform height. The model has then to be improved taking into account the
telescopic growth of bamboo. The following assumptions will be taken into account to improve
the model:

e An internode reaches a length of 30 cm at maturity (see Section 4.1). Therefore, approxi-
mately 67 internode elements are required to reach 20 m total stem length.

e Internode growth is supposed to take around half of the total bamboo growth time, therefore
the assumption is made that the growth time of an internode T;,,; in our model should
be around 6.5 years.

e Internodes follow the Logistic growing rule and they do not all start growing simultane-
ously. The lowest internode will commence growth first, followed by the second lowest
internode, and so on. The last internode should begin growing approximately 6.5 years
before the end of the plant’s growth cycle, as it is the final growing segment. We will
assume that internodes begin growing at constant intervals of time within these 6.5 years.

The trigger time 7; at which internode i starts to grow (internodes numbered from bottom
to top) is expressed as:

Ti = % (T = Tins) (6.2)

2As reminder: H is the stem length at maturity, T the time needed to reach maturity, ¢ the growth parameter
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With 7; representing the trigger time expressed (in days), ¢ the number assigned to each
internode, n the total number of internodes, T the time needed for the plant to reach
maturity (in days) and Tiy the time required for internodes to reach maturity in days.

The lived time ¢; (in days) of internode i is given by:
0 if t <
t = L= (6.3)
t—7 Ht>mn
The length h; of internode i is then determined:

_ Hint
1+ Tint . e~ Cint-ti

(6.4)

)

With h; indicating the length of internode i (in ¢cm). Hiy is the internodes length at ma-
turity (in cm), and ¢, the internodes growth parameter.

For Moso bamboo in Belgium, the following values were used: n = 67, T" = 4745 days, T;,s =
2372.5 days, Hiny = 30 cm, cijny = O.Q0810. The internode growth parameter c¢;,; is determined

with Eq.(6.1) as follows: ¢jpe = ¢ - Tj;m‘

The height of the bamboo is determined by summing the heights of all internodes: H' = >_ h;.
Fig.6.4 plots the bamboo’s height over time using this method. The red curves represent the
growth of each internode, while the blue curve depicts the overall bamboo growth as the cumu-
lative sum of all the red curves.

Bamboo growth - Internode Logistic adaptation
2500 150

2000 120
1500 90

1000 60

Bamboo height (cm)
Internode length (cm)

500

0 2 4 6 8 10 12 14
Titre de l'axe

—e— Internode Logistic adaptation Logistic growth Internode length
Figure 6.4: Adapted bamboo growth following Logistic rules for internodes

Note that the Internode Logistic adaptation model produces slightly different results compared
to the standard Logistic model. During the first 5.5 years, it overestimates growth, while from
5.5 to 10 years, it underestimates growth. However, the overall difference is accepatable.
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The platform is designed to be attached to the third series of bamboo crossings, located at ap-
proximately 5 meters height. Using the mathematical definition provided above, it is possible
to determine when there will be no further growth at this height. Due to the geometry of the
structure, a height of 5 meters corresponds to a bamboo length of 5.42 meters. As each internode
has a length of approximately 30 cm, reaching 5.42 meters requires approximately 18 internodes.
Therefore, the platform could be attached when the growth of the 18th internode ceases.

T

20 meters

18th internode

)

Al 5,42 meters

|
|
a i

1year 2years 3years 4years 5years 6years 7 years 8years 9years 10 years 11 years 12years 13years

Figure 6.5: Growth of a bamboo following the proposed internode Logistic adaptation

From Eq.(6.2), it is determined that the 18th internode will start growing approximately 715 &
1.74 years after planting. An internode reaches approximately 99.6% (29.9 cm) of its final length
in 4.5 years (see Fig.6.4). Therefore, it is estimated that the platform can be attached at 5 meter
height after 6.24 years of growth, based purely on the longitudinal plant growth model.

Note that at 6.24 years, we are underestimating growth (see Fig.6.4). As a result, there might
still be unaccounted growth in the 18th internode, at this time.

Radial growth

Determining radial growth is crucial to characterize the geometrical properties of a bamboo
cross-section over time. For the sake of simplicity, radial and wall thickness growth evolution are
assumed to be uniform across the entire bamboo culm. Future work could develop a more precise
model that accounts for these growth factors at each individual internode. From the collected
data, Moso Bamboo starts with a diameter of 8 cm when young and reaches a diameter of 17 cm
at maturity. Since no specific data on radial growth was collected, the general allometric rule is
used (see Tab.3.1) that relates height growth to diameter growth:

dh  (dz\*?
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With h the height (in cm), & the diameter (in cm) and ¢ the time (in days). Starting from this
equation, a relationship is derived between the stem diameter and time:

—= g h®?+k (6.6)
With k an integration constant. The height at instant 0 is null, h(0) = 0.

(6.7)

gy = a.H5/2+gO
<
o = k

With @, the final diameter at maturity (in cm), @ the initial diameter (in cm), o a propor-
tionality factor and H the height of the plant reached at maturity (in cm).

a = o
= Ho/2 (6.8)
k = gy
— o(t)= L0y 4 g (6.9)

5/2
With ¢ the time elapsed (in days). By specifying h(t), the diameter as a function of time can be
expressed:

5/2
¢ — Do H
— g(t) = st/g . (1+T'~e—c’t> + 2o (6.10)

With 7" the time needed for the plant to reach maturity in Belgium (in days), ¢’ the growing
parameter in Belgium.

The following graph is obtained using the parameters: @y = 17 cm, @¢ = 8 cm, T" = 4745 days,
H = 2000 cm, ¢ = 0.00405.

Diameter growth - Based on allometric rule
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Figure 6.6: Diameter growth of Moso bamboo following allometric rules
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Note that the assumption of starting with an 8 cm diameter might not be an issue, as the results
of interest occur after several years (at least 6.24 years).

Growth in thickness

Another important parameter for characterizing the stem cross-section is the wall thickness.
Based on the collected data, Moso bamboo reaches a wall thickness of 1.2 cm at maturity. In
the absence of additional information on thickness, we will assume a linear relationship with the
diameter (note that this assumption could be easily lifted provided the necessary data becomes
available).

et) = 2(t) +k (6.11)

With e the thickness (in cm), & the diameter (in cm), o and k constants.

The initial diameter @y = 8 cm, the final diameter @ = 17 cm, and the final thickness ey = 1.2
cm. The initial thickness eg will be determined as follow:

ey =ey - j—: (6.12)

The equations yield: k = -0.00471 and o = 0.07059. With these values, the evolution of the wall
thickness of Moso bamboo is drawn:
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Figure 6.7: Evolution of the Bamboo wall thickness

Geometrical model

A script has been implemented in Grasshopper, providing two outputs: the bamboo geometry as
a function of time and a structural model as a function of time implemented using the Karamba

plugin.

The geometrical model is fed by the mathematical growth model detailed earlier. An illustration
of the growing structure is provided in the following drawing:
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Figure 6.8: Evolution of the structural geometry as a function of time

Note that in reality a coupling between the applied mechanical loads and the plant growth exist,
but is often neglected in Baubotanik [28]. Tt could be incorporated in future efforts for a coupled
growth-structural problem.

6.1.2 Structural model

The structural model was constructed using 1D beam elements (1 per internode), with each in-
ternode maintaining a constant diameter along its length and evolving with time. Each bamboo
is assumed to be anchored to the soil with fully clamped boundary conditions, and connections
between bamboos are rigid. While this modeling approach may result in a stiffer structure
compared to reality, it avoids delving into root or connection details for the sake of simplicity
considering the main objective of addressing the feasibility of Baubotanical finite element mod-
eling accounting for plant growth.

The self-weight of the bamboo and the weight of the platform are the considered loads. The
platform weight encompasses both its self-weight and the additional load from service (e.g.,
people, furniture). According to Eurocode EN1991-1-1, the operating load for a cafe (which an
ice cream pavilion can be assimilated to) is specified as 3 kN/m?2, while the self-weight of the
platform itself is assumed to be 2 kN/m?2. Therefore, the total load transmitted by the platform
to the bamboo structure is Qpiat form = 5 kN/m2. In the model, the weight of the platform is
represented as vertical nodal loads pointing downwards distributed as follows:

A 1
plationn Q) btatform = 14kN (6.13)

connections

fconnection =

With, feonnection the nodal load resulting from the platform’s weight at each bamboo-platform
connection, Apjatform i the area of the platform, and 7connection the total number of connections
to the platform.
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Figure 6.9: Moso pavilion structural model implemented in Karamba. Vertical point loads with a value
of 14 kN are applied at the platform height. Anchorage (clamped nodes) is highlighted in purple.

The structural model allows for the determination of both stiffness and load bearing capacity of
the structure over time. In this project, stiffness is defined as the maximum structural displace-
ment under a load of 5kN/m? on the platform. While the load bearing capacity is defined as the
maximum admissible load on the platform, determined when the critical beam element reaches
a utilization of 100%, calculated by the ”utilization component” in Karamba (see Ch.5).

Bamboo structure evolution
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Figure 6.10: Evolution of stiffness and bearing capacity of the living bamboo structure as a function of
time. The red curve represents the maximum structural displacement under a loading of 5 kN/m? on
each platform, the blue curve represents the admissible load on each platform.

In Fig.6.10, the maximum displacement ranges from 0 to 10 cm. However, this range fails to
capture the initial stage: specifically, at 4.4 years, it is 65.9 cm, under a loading of 5 kN/m?2.
This significant difference is due to the less rigid structure at early stages, particularly before
the first connection above the platform is formed. The structure is able to support a load of 5
kN/m? on the platform from 5.35 years onward.

The span-deflection ratio (see Eq.5.2) from Eurocode EN 1992-2 is utilized to verify if the result-

ing deformation is within acceptable limits. By using a span of L = 740 cm (see figure 6.2), the
admissible deflection is about 2.96 cm. It requires approximately 5.85 years of growth to achieve
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acceptable deformation (see Fig.6.10).

Fig.6.11 illustrates the deformation of the structure under the loads given in Fig.6.9. The scale
of deformation is intentionally exaggerated to aid visualizing it. Note that the platform is only
represented in the model as point loads; its proper integration using shell FE would have added
more rigidity to the structure, which is particularly relevant since the platform is located near
the areas with the most significant deformation.

Figure 6.11: Living bamboo pavilion: initial and deformed shape in grey and blue, respectively. Arrows
indicate the deformation direction (displacements are magnified for visibility)

Finally, two graphs are presented to illustrate the behavior of the structure over time. Fig.6.12
depicts the axial stress in the beams under a loading equivalent to 5 kN/m? on the platform
and Fig.6.13 illustrates the maximum displacement of the structure under the same loading
conditions. These graphs show the reduction in both stress and deformation over time.

Axial stress
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Figure 6.12: Evolution of the axial stress under a loading equivalent to 5kN/m? vertical load on the
platform
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Figure 6.13: Evolution of the deformation under a loading equivalent to 5kN/m? vertical load on the

platform
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According to the Fig.6.10 the structure should be able to carry a 5kN/m? load after approximately
5.35 years of growth. However, it was determined that the structure required 6.24 years of growth
for there to be no further growth below the platform. The following values were evaluated at
6.24 years:

Maximum displacement = 4.6 cm

Vertical displacement = 0.86 cm (6.14)
Maximum axial compressive stress = 22.24 MPa

Maximum axial tensile stress = 21.59 MPa

Both SLS (5.85 years) and ULS (5.35 years) are satisfied for the living bamboo pavilion, the
constraint was to wait the end of growth at 6.24 years.

6.2 Application 2 - Living White Willow observatory tower

Perched gracefully atop a cliff, towering eighteen meters high over the sea, the ten-meter struc-
ture offers breathtaking vistas of both the ocean and Helsinki’s cityscape. Located on Korkeasaari
Island, its transparent design seamlessly integrates with the natural environment, drawing in-
spiration from the island’s surroundings. Mirroring the soft contours of the nearby stone wall
and gracefully embracing a picturesque birch grove, the tower enriches the scenic allure of the
landscape. [171]

This project replicates the design of the existing observation tower, Kupla, located in Korkeasaari
Zoo and designed by Avanto Architects. It features a glulam gridshell structure with three levels
[171].

Figure 6.14: Helsinki observation tower Kupla (©)Jussi Tiainen
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6,1m

Figure 6.15: Helsinki observation tower Kupla dimensions [172]

The idea behind replicating an existing project is to assess whether living architecture design
can reproduce what is already proposed in the construction industry. The challenge here lies in
adapting an existing geometry to Baubotanik, whereas in general, the approach would be the
inverse: the geometry should be designed according to Baubotanical design rules. The plant
addition principle (see Section 3.1.6), combined with a temporary scaffolding, as utilized for
the Baubotanik tower (see Section 2.2), will be employed. Since inosculation is utilized in this
project, one of the main challenges is to ensure the proper vascularization of the plants. The
following drawing illustrates the concept of temporary scaffolding to support plant growth. Once
the structure is strong enough, the scaffolding can be removed.
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Figure 6.16: Temporary scaffolding to support growth. Image drawn by Ludwig and Schénle to illustrate
the development of the Plane Tree Cube project

6.2.1 Growth model

From the literature on Salix alba L., a longitudinal growth rate of 60 cm/year was obtained.
Additionally, a measured diameter of approximately 8 cm was recorded after 8 years (2920 days)
of growth.

Before delving into the willow growth model, it’s important to note that a constant longitudinal

growth rate is not ideal. This approach not only fails to reflect the reality of plants experienc-
ing different growth stages, but it can also lead to incoherent results. In fact constant growth
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rate could potentially lead to endless growth which is not the case in nature. The idea here is
to focus on the early stages of growth for which the linear growth assumption is less questionable.

With the given data, we lack information on the radial growth rate, which might prompt us to
consider employing allometric rules for its determination (as done here to showcase the excessive
results it provides). Given the initial diameter of 0 cm (&,,(0) = 0) and a diameter of 8 cm
after 8 years (2,,(2920)) = 8 cm), a development similar to that in Eq.6.9 (which is based on an
allometric rules) can be applied, yielding the following relationship (plotted in Fig.6.17):

Fo(t) =1.736 - 1078 . £5/2 (6.15)
With ¢ the time (in days) and @, the stem diameter (in cm).
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Figure 6.17: Willow stem diameter evolution: blue curve resulting from the allometric rules, red one
from a linear growth rate.

Fig.6.17 depicts the evolution of willow stem diameter resulting from the allometric rules in blue
and a linear growth rate in red. The validity of the blue curve is limited: at a certain point (20
years onward), the diameter becomes unrealistically significant. This arises from the assumption
of a constant longitudinal growth rate, taken due to the absence of precise data on it. It’s worth
noting that capping the diameter growth with an allometric rule at the peak diameter could also
be considered. When accurate data becomes available, the growth model can be easily adjusted.
However, the linear diameter is taken for now (red curve in Fig.6.17).

In our assumptions (see Ch.5), a thinning of the stem cross section was assumed, where the top
stem diameter is represented as u times the basal diameter, with v the reduction factor. The
following equations reflect this assumption:

(6.16)

Base diameter: @y pase(t) = d?t“’ -t
Top diameter: ﬁw,top(t) =u- gw»base(t)

With t the time (in days), @y pase the willow stem basal diameter (in cm), @y 10p the willow

stem top diameter (in cm), dgf“ the willow radial growth rate (in cm/day), u the reduction

factor. The following drawing illustrates the nomenclature used for Eq.(6.16).
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Figure 6.18: Illustration of the stem diameter reduction factor. With h; a certain height withing the
stem, h the total height of the stem, & n; and @y, are the corresponding diameter at these heights along
the stem, and @pase the basal diameter

By combining these equations, and assuming a linear diameter evolution for the willow stem
with time, the diameter can be determined at any height h; within the plant:

hw,j(]- — 'LL)
hu (t)

With @y, the stem diameter (in cm) at a certain height h,, ; (in cm) within the stem , h,, the
total length of the stem (in cm).

gw,hj (t) - gw,base(t) : (1 - ) (617)

Finally, the following equations are used to describe the growth of Salix alba L.:

s (1) (6.18)

{Longitudinal growth: ho(t) = d:l‘—tw -t
haw (t)

Diameter growth at height hy ;1 Gwh, () = Fw,pase(t) - (1 —
With dg—tw the willow longitudinal growth rate (in cm/day).
The following parameter values are used for the willow model: dg—tw = 0.1644 cm/day , % =
0.0014 cm/day and u = 0.8.

6.2.2 Vascular condition

The structure will be assembled by joining different plants together through inosculation. It is
essential to adhere to the vascular condition (see Eq.5.1) to ensure the viability of the system.
This condition will define the construction sequence for this structure.

Connections are grouped into series of points located at the same level (see Fig.6.19). It is as-
sumed that at each crossing, a plant will be planted on a scaffold, resulting in each inter-crossing
element being a single stem plant (no plant will join more than two crossing points). To ensure
the vascular condition is met, the section of the lower plant has to be superior or equal to the
section of the plant above at the moment they join. To achieve this, a trigger time should be
determined for each plant to start growing on the initially supporting scaffold, with plants above
starting to grow later than those below.

Let us call ¢ a level of connections in the structure, with the lowest level of connections being 4

= 0. A plant starting to grow at a level i will be defined by subscript i. For instance [; is the
length between a connection ¢ at levels and ¢ + 1.
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Figure 6.19: Scheme of the connection levels. Plant crossings (highlighted by blue dots) are aligned at
a level. The lengths between crossings at level 4 and crossings at level i 4+ 1 is defined as I;

The stem element ¢ will reach the connection 4+ 1 within the time ¢;, = Ly

4. A trigger parameter

7; will be established, and each plant on level ¢ will start to grow at the time 7;. Note that this

is an idealized approach where all plants are considered to grow equally.

gtop,i(tli) = U- gbase,i(tli) (6 19)
gbase7i+1(tli - Ti+1> = gtop/i (tlz)
inosculation
Gropi ' - Dbase,i +1

leveli+1

Dbase,i
\

leveli h

Figure 6.20: Nomenclature used for the equation 6.19

Based on Egs.(6.19), the trigger time 7; for each plant to begin growing can be determined. In
a way that when a plant on level ¢ meets plant on level i+ 1, the top diameter of plant i (Z0p,i)
matches the basal diameter of plant ¢ + 1 (Zpase,it+1)-

= Dpaseit1(tl, — Tit1) = U Doase,i(t,) (6.20)
dg dg
= T =(1-u) -t (6.22)
= rn=0-u) t,_, (6.23)

Note that the trigger time of element ¢ — 1 should also be considered when defining the trigger
time of element i:
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= T; = (1 — u) Sty T (624)

Plants at level ¢ are thus intended to start growing at the trigger time 7;. To conclude this math-
ematical definition, it should be added that when an element reaches length I;, its longitudinal
growth ceases because their tips will be cut:

hty=4.¢ if dh.p <y,

_ e dh

(6.25)

The mathematical growth model described above was implemented into Grasshopper to generate
a parametric geometrical model of this structure. The evolution of the geometry of the structure
over time, is illustrated in Fig.6.21:

ARSI
iR

W
\

ARG
X BR (X
l’“{s\“:‘é\"} X
W ol

1year 2years 4years 6years

0,5 year 1 year 1,5 years 2years 2,5years 3years 3,5 years 4years 4,5years 5 years 6years

Figure 6.21: Evolution of the geometry of the living willow observation tower structure

Thanks to this model, it is estimated that it will take approximately 6 years for the structure to
form. Additionally, it allows for the verification that the vascular condition is satisfied. Fig.6.22
illustrates that a section in the lower part of the structure results in a larger area than a section
in a higher part.
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Figure 6.22: Vascular condition verified for the willow structure at 6 years growth time

6.2.3 Structural model

The previous geometrical model has been adapted to construct an evolving structural (FE)
model. The assumption is made that the diameter along one element remains constant; it is
equal to the diameter at the position of the end connection. Note that while there is no diameter
reduction along a beam element, the diameter still changes with time. As we take the lowest di-
ameter in the element, this approach is conservative. This decision is primarily made to simplify
the implementation into the Karamba FE model.

The model adheres to the hypotheses established in chapter 5: 1D FE elements are utilized for
beams (each segement is 1 FE), connections between plants are considered rigid, and plants at
ground level are anchored through clamped nodes.

The self-weight of the willow (p, = 529 kg/m?) and the weight of the platforms (5 kN/m?2, as
in Section 6.1.2) are the considered loads. The same approach as the one used for the living
bamboo pavilion represents the platforms only as loads in the model. The loading and boundary
conditions are illustrated in Fig.6.23.

Figure 6.23: Structural model of the living willow structure implemented in Karamba. Vertical point
loads with a value of 5.68 kN and 4.3 kN are applied respectively to the upper platform and the lower
platform connecting nodes. Anchorages are highlighted in purple.

Stiffness and load bearing capacity are defined as in Section 6.1.2. The structure is estimated to
form in about 6 years, therefore the structural analysis commences at this time.
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Figure 6.24: Evolution of stiffness and bearing capacity of the living willow structure as a function of
time. The red curve represents the maximum structural displacement under a loading of 5 kN/m? on
each platform, the blue curve represents the admissible load applied on each platform.

In Fig.6.24, the maximum structural displacement at 8 years is 35.65 cm under a loading of 5
kN/m? on each platform. The load bearing capacity reaches 5kN/m? at 13 years.

The span-deflection ratio from Eurocode EN 1992-2 (see Eq.5.2) is utilized to verify if the re-
sulting deformation is within acceptable limits. By using a span of L = 1000 cm, the admissible
deflection is about 4 cm. The willow structure requires 12.6 years of growth to have admissible
displacement.

Fig.6.25 illustrates the deformation of the structure under the loads given in Fig.6.23. The defor-
mation is intentionally magnified to ease visibility. The structure deforms as expected, primarily
in the direction of the larger off-center portion. It’s important to note that the platforms are
only included in the model as loads, like in the previous model, having similar implications (lower
stiffness).

Figure 6.25: Initial and deformed shape of the living willow structure in grey and blue, respectively.
Arrows indicate the deformation direction (displacements are magnified for visibility)

52



Finally, Fig.6.26 and Fig.6.27 are presented to illustrate the behavior of the structure over time.
Fig.6.26 depicts the axial stress in the beams under a loading of 5 kN/m? on each platform and
Fig.6.27 illustrates the maximum structural displacement of the structure under the same loading
conditions. The reduction in both stress and deformation over time can be clearly observed, as
expected.
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Figure 6.26: Evolution of the axial stress under a load of 5kN/m? on each platform
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Figure 6.27: Evolution of the maximum displacement under a load of 5kN/m? on each platform

Based on the model built, the structure is projected to become functional after approximately
13 years of growth. The following values were evaluated at this stage:

Maximum displacement = 3.59 cm

Vertical displacement = 2.25cm (6.26)
Maximum axial compressive stress = 9.66 MPa

Maximum axial tensile stress = &.83 MPa

Both SLS (12.6 years) and ULS (13 years) are satisfied for the living willow structure. The ULS
is the limiting constraint, and the structure is estimated to be functional after 13 years.

6.3 Application 3 - Living Ivy footbridge

The Living Ivy Foot Bridge is a 15-meter span structure designed to cross a river. Serving as
both a pedestrian thoroughfare and an ecological asset, the bridge minimizes environmental impact
while enhancing biodwersity. Through innovative design and sustainable practices, it harmonizes
with the surrounding environment, embodying a synergy between human infrastructure and na-
ture.

This project aims to design a 15-meter footbridge constructed using living ivy. Ivy was chosen
as a solution to avoid creating a large temporary installation to support plant growth. Cables
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will be attached from both sides of the ditch, serving as support for the ivy to grow upon. Ivy’s
flexibility and grafting ability are two elements that are harnessed for this project. This project
uses inosculation and thus is a plant addition based Baubotanical application. This structure
is shaped using catenaries pointing downwards for two main reasons. First because the Ivy’s
resistance in tension is larger than its resistance in compression (see Tab.4.3). Also due to the
large span, cables, which are efficient and easy to implement, are used to guide ivy growth; and
the natural hanging shape of a cable is a catenary. This is not the main focus of this paper,
but to create a more efficient structure, a form-finding process using the Kangaroo plugin was
conducted to generate the 2D geometry. The final project geometry is illustrated in Fig.6.28:

Figure 6.28: Living Ivy footbridge geometry side view

The structure will be constructed using the plant addition principle (see Section 3.1.6). The
process involves three steps. Initially, cables will be placed to guide the growth of the plants.
Next, primary elements will grow along the cables. Finally, secondary elements will be grown,
alming to unify the structure into one cohesive entity. To ensure proper vascularity, sections of
the elements closer to the center should be smaller than those at the sides. Consequently, the
plants closer to the center should be planted later.

The growth construction process is illustrated in Fig.6.29. In step 3, the red elements are planted
earlier than the yellow elements in order to ensure a proper vascularity within the structure.
Additionally, containers for growing plants are attached to the cable structure in this step.
These containers will be removed once inosculation is effective, allowing the structure to stand
as a unified entity.

Figure 6.29: Living Ivy footbridge growth process. 1) Establishment of the temporary cable structure,
2) Growth of primary elements, 3) Growth of secondary elements; red elements are planted the earliest
in this step

6.3.1 Growth model

From the literature on Hedera helix L., a longitudinal growth rate of 100 cm/year has been
observed, along with a radial growth rate of 0.15 cm/year. No additional data has been found to
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develop a more precise growth model. The allometric rules are not applied in this case, because
we already have the specific growth rates. While using linear growth may not result in the most
accurate model, it should be sufficient to draw first conclusions for this structure.

The following parameter values were used in Egs.(6.18) to represent ivy growth with a linear

growth model: % = 0.274 cm/day , %2 = 4.11 x10~* cm/day and u = 0.8.

6.3.2 Vascular condition

The structure will be assembled by joining different plants together through inosculation. It is
essential to adhere to the vascular condition to ensure the viability of the system. This condition
will define the construction sequence for this structure.

The principal elements will be grown first. As these elements don’t depend on other elements,
they will be planted at time t = 0. The same applies for secondary elements planted in the ground
on both sides of the structure. On the contrary, the secondary elements planted on containers
hanging from the temporary structure should have a trigger time to ensure that total area of
the cross section on the structure diminishes when closer to the center to ensure satisfying the
vascular condition. The trigger time depends on the development of previously existing elements.

Fig.6.30 illustrates the concept of trigger times for each plant.

—— Principal elements Secondary elements e Secondary elements
(no trigger time) (no trigger time) (with trigger time)

Figure 6.30: Ivy footbridge triggered growth. The elements in blue do not require a trigger time; they
start growing at t = 0. The red elements, however, require a trigger time. Each red element must wait
for the preceding dotted blue element to grow sufficiently before it can begin to grow.

In Fig.6.30 red dotted elements depend on the blue dotted elements, following Eq.(6.24):

T’I”Ed = (]— - u) : tlblue (6.27)

With 7..q the trigger time for red elements, ¢;,, . the time needed for the blue element to reach
the point where it would encounter the red element to be able to form a common node.

The model was designed to ensure the vascular condition, as illustrated in the Fig.6.31.
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Figure 6.31: Verification of the vascular condition

Resulting growth

The mathematical definition described above was implemented in Grasshopper to create the
growing geometry. Fig.6.32 illustrates the growth of the living ivy bridge over a period of 10
years following the implemented model.

1year 2 years 3years 4 years 5years

10 years 9years 8years 7 years 6 years

Figure 6.32: Ivy footbridge growth evolution

6.3.3 Structural model

The previously established geometry was adapted with slight modifications to construct an evolv-
ing structural FE model in Karamba. Curved elements were discretized into straight elements
between each intersection. Additionally, the curved elements at the top were not included in the
model. These changes were made to simplify the implementation in Karamba (the differences
are highlighted in Fig.6.33).

Designed geometry Structural geometry

Figure 6.33: Living ivy footbridge designed geometry vs discretized structural geometry

1D FE elements are utilized (1 per segment), connections between beams are considered rigid,
and plants are anchored through clamped nodes at the roots (left and right boundaries) as shown
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in Fig.6.34.
According to NBN EN 1991-2, the service load ¢ on a footbridge should be calculated as follows:

120
=24+ —" [kN/m? 2
q + T30 [EN/m?] (6.28)

With L the span of the footbridge (in meters).

The living ivy footbridge spans 15 meters, resulting in a service load of approximately ¢ =
4.7 kN/m2. For simplicity, the deck of the bridge is not modeled. Instead, the loads will be
distributed and carried by the modeled elements. The deck itself should be made of ivy covered
by wooden planks. As for other projects, we will consider a self-weight of 2 kN/m?2. Therefore,
the resulting design load is Qgeck = 6.7 kN/mQ.

Loads will be represented by vertical nodal loads pointing downwards applied at the lowest
connections (see Fig.6.34). The load on each node is calculated as follows:

A ecC
dock % Queck (6.29)

fconnection =
TN connections

With, feonnection the nodal load resulting from the deck, Ageck the area of the deck, and neonnection
the total number of connections to the deck (bottom nodes). The length of the deck, measured in
the Rhinoceros model, is approximately 15.3 meters, and the width is supposed to be 1.3 meters.
The number of connections (considering both sides) is neonnections = 38. Therefore, the load on
each connection is estimated to be feonnection = 3.5 kN.
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Figure 6.34: 2D FE model of the living ivy footbridge implemented in Karamba. Vertical point loads
with a value of 3.5 kN are applied to the footbridge deck. Anchorages are highlighted in purple.

In this project, stiffness is quantified through the maximum displacement under a load of 6.7
kN/m? on the deck, while strength is defined as the maximum admissible load on the deck when
the critical beam element reaches a utilization of 100%, calculated with the ”utilization compo-

nent” in Karamba.

The structure is estimated to form in about 10 years, therefore the structural analysis commences
at this time.
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Ivy structure evolution
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Figure 6.35: Evolution of stiffness and bearing capacity of the living ivy structure as a function of time.
The red curve represents the maximum structural displacement under a loading of 6.7 kN/m? on each
platform, the blue curve represents the admissible load on each platform.

Fig.6.36 illustrates the deformation of the structure under the loads. The 2D structure deforms
as expected. It’s important to note that a full 3D representation of this bridge could be set up
in a straightforward manner in future work.

The span ratio from Eurocode EN 1992-2 is utilized to verify if the resulting deformation is
within acceptable limits. By using a span of L = 1500 cm, the admissible deflection is about
6 cm. Therefore the deflection at 17 years of growth is not acceptable. The deflection become
acceptable after 19 years of growth with a value of approximately 6 cm.

Figure 6.36: Initial and deformed shape in grey and blue, respectively. Arrows indicate the deformation
direction. (Displacements magnified by a scale factor for visibility

Finally, Fig.6.37 and Fig.6.38 illustrate the behavior of the structure over time. Fig.6.37 depicts
the axial stress in the beams under a loading of 6.7 kN/m2 on the deck and Fig.6.38 illustrates
the maximum structural displacement of the structure under the same loading conditions. The
reduction in both stress and displacement over time can be observed.
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Figure 6.37: Evolution of the axial peak stress under a loading of 6.7 kN/m2on the deck
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Figure 6.38: Evolution of the maximum displacement under a loading of 6.7 kN/m?

Based on the model built, the structure should be able to carry the applied load after approxi-
mately 17 years of growth. The following values were evaluated at 17 years:

Maximum displacement = 7.56 cm
Maximum axial compressive stress = 6.34 MPa (6.30)
Maximal axial tensile stress = 11.14 MPa

Both SLS (19 years) and ULS (16.5 years) are satisfied for the living willow structure. The SLS
is the limiting constraint, and the structure is estimated to be functional after 19 years.

6.4 Discussion

Based on the developed modeling approach, the proposed projects appear feasible from a struc-
tural strength and stiffness points of view. The Living Moso Bamboo pavilion should be func-
tional after 6.5 years of growth, the Living White Willow observatory tower should be functional
after 13 years of growth and the Living Ivy footbridge should be functional after 19 years of
growth.

The growth model plays a determinant role in assessing the feasibility of Baubotanical designed
projects. In this work, the approach is to derive the geometry from the growth model and then
apply a finite element analysis to this geometry. In future work, both models could be combined
in an iterative process, as loads applied to living, growing plants influence their growth.

Although a similar design approach was used across all three projects, the utilization of different
plant species tailored to different applications resulted in distinct limiting constraints for each
project. The bamboo pavilion project is not a Baubotanical design since it does not utilize in-
osculation. For this project, it was necessary to estimate the point at which there would be no
more significant growth below the platform height (this was the limiting constraint), so that the
platform could be properly attached to the bamboo structure. On the other hand, the willow
observatory tower and the ivy footbridge represent Baubotanical applications. These projects
required the development of a specific construction process to ensure the vascular viability of
plants. For the living willow structure, the limiting constraint was the admissible load (ULS),
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while for the living ivy footbridge, the limiting constraint was the admissible maximum displace-
ment (SLS).

Assuming the administrative and design stage duration is the same for Baubotanical and con-
ventional projects, the point of comparison would be the construction time. Based on a brief
review of current projects, the estimated construction time for such conventional projects can
be estimated 1 to 2 years at most. The long growing phase required for Baubotanical designs is
a significant concern for their practical application. Additionally, while not in use, these living
structures require constant attention and maintenance. However, throughout their lifespan, they
provide the benefit of CO2 absorption (see section 6.4.1).

It is important to emphisize that the growth models in this work were simplified. While clearly
not constituting an exhaustively complete model, the goal here was to focus on the structures
until they become serviceable (early growth). Assumptions, such as linear growth for Salix alba
L. and Hedera helix L., were made due to a lack of data. Consequently, these models may not
accurately reflect reality on larger time scales. Allometric rules were essential for complementing
missing data based on the gathered information. However, specifically, with a linear longitudinal
growth assumption, using allometric rules to determine radial growth has proven to be unrealistic
(willow example). This also underscores the necessity of collecting accurate and sufficient data
to build a proper growth model.

Because the projects made for each plant are different, making a proper comparison between
them is challenging. To ease the discussion, a comparison for the same toy example is provided
here. The comparison extends over a period of 20 years, a time range within which the results
are potentially valid. The behavior for each plant species once it reaches a length of 1 meter is
focused upon for a long clamped-free beam subject to bending by a 0.1 kN force applied at the
free end.

Stem utilization comparison over20 years Stem deflection comparison over 20 years
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90 :
structural strength
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Figure 6.39: Mechanical behavior evolution for a cantilever beam made of plant stem loaded with a 0.1
kN nodal load at its extremity for bending. Comparison between Moso bamboo (blue), Salix alba L.
(orange) and Hedera helix L. (green). (a) compares the stem utilization (stress to strength ratio) over
time (see Chapter 5), (b) compares the stem free end displacement over time.
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Mechanical properties comparison
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Figure 6.40: Mechanical properties comparison between Moso bamboo, Salix alba L. and Hedera helix
L.

Moso bamboo exhibits superior overall mechanical behavior compared to Salix alba L., followed
by Hedera helix L. (see Fig.6.40). For bamboo the assumption that it starts with a diameter of
8 cm and the adaptation of the model for Belgium should be refined.

To complement this comparison, the evolution of stem length, diameter and volume over time is
assessed for each plant:

Stem length comparison over 20 years Stem diameter comparison over 20 years
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Figure 6.41: Growth comparison between Moso bamboo (blue), Salix alba L. (orange) and Hedera helix
L. (green). (a) compares the stem length over time, (b) compares the stem diameter over time.
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Stem volume comparison over 20 years
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Figure 6.42: Stem volume evolution over time comparison between Moso bamboo (blue), Salix alba L.
(orange) and Hedera helix L. (green)

Figure 6.43 highlights the rapid growth of bamboo in its early stages. However, over the long
term, the other species eventually reach and even surpass bamboo in volume (computed from
diameter, wall thickness - for bamboo - and length stem).

According to these graphs, Salix alba L. appears very promising for Baubotanical design. How-
ever, it has the shortest lifespan, approximately 30 years which means that the willow application
project could potentially have 17 years of service. In comparison, Moso bamboo has a lifespan
of about 50 years (bamboo application project ~ 43 years of service), while Hedera helix L.
can live for more than a hundred years and can actually grow horizontally. These lifespans are
comparatively shorter than those of traditional buildings, which are typically designed to last
for more than 50 or even 100 years [173].

6.4.1 Sustainability - Carbon sequestration

Sustainability is a crucial strength of these living structures and should be considered when eval-
uating their disadvantages and advantages for real-world applications. The introduction (Ch.1)
highlighted they can contribute to reducing runoff water, cooling urban areas, and boosting bio-
diversity. Here, the carbon sequestration potential of these structures is considered to estimate
crude order of magnitudes.

COs is a greenhouse gas that significantly contributes to global warming. Trees are widely recog-
nized for their crucial role in mitigating CO4 levels in the atmosphere, primarily by sequestering
carbon in biomass (living mass of a plant). Plants utilize carbon from the atmosphere to pro-
duce glucose through photosynthesis. However, not all the carbon transformed into glucose can
be considered removed from the atmosphere. Some of the glucose is converted into starch and
cellulose, essential components of biomass. Yet, another portion of the carbon is not stored and
is released into the atmosphere, particularly during plant respiration. To estimate the amount of
carbon each plant can store, a rough estimate typically assumes that 50% of the biomass consists
of carbon [174].

The biomass comprises many parts of the plant (e.g., roots, leaves, branches) while in developed

models only the stem is considered. As a conservative estimates, the stem volume determined in
Fig.6.43 is utilized for the carbon that could be sequestered. By knowing the volume (Fig.6.43)
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and density (Ch.4) for each plant, the carbon mass can be determined straightforwardly. The
amount of CO5 absorbed can then be calculated by considering that carbon constitutes approx-
imately 27.3% of the total mass of COy [175].

Comparison of carbon sequestration over 20 years
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Figure 6.43: Carbon absorption over time. Comparison between on stem of Moso bamboo, Salix alba L.
and Hedera helix L.

It’s important to note that the approach of using only stem mass is particularly disadvantageous
for ivy, as it possesses a significant amount of secondary branches and leaves. With this approach,
the amount of carbon absorbed by each of the proposed projects over 20 years is calculated as
follows:

e Moso bamboo pavilion: 4.08 tons of COy absorbed over 20 years
e Willow observatory tower: 47.8 tons of CO4 absorbed over 20 years

e Living ivy footbridge (2D assumption): 0.73 tons® of CO5 absorbed over 20 years

For comparison, in Belgium, the average estimated CO, emissions per person per year is around 9
tons [176]. While the CO5 absorbed by each project provides a rough estimation, a more thorough
analysis is necessary to refine the results. However, the COs absorption appears relatively low
in comparison to current emissions. To better estimate the environmental benefits of living
constructions, a further comparison could involve considering the COs emissions during the
construction of both a traditional building and a Baubotanical structure.

3Note that the deck, which also consists of ivy, was not modeled and thus is not taken into account in this
calculation
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Chapter 7

Conclusions and outlook

This work was structured into two main parts: the foundational framework for Baubotanical de-
sign, which defined the key principles governing the growth of living plants and their mechanical
characteristics; and the implementation of growth and structural models with their application
for three specific projects: one living architecture project from Moso bamboo (Phyllostachys
edulis), and two Baubotanik projects following the plant addition principle from white willow
(Salix alba L.) and ivy (Hedera helix L.) .

The growth and mechanical properties were gathered from literature. When data were unavail-
able, the missing properties were estimating using the determined principles governing living
plants such as the allometric rules, the correlation between plants mechanical properties and
their density, plant tissues mechanical properties or the correlation between green wood and dry
wood mechanical properties. Moreover, a set of simplifying assumptions was established to build
the models with the specific aim to serve for Baubotanical design. An evolving finite element
model was implemented for each project from their plant growth models using the Karamba
parametric finite element plugin for Rhinoceros 3D. With these models three applications were
developed: a living bamboo pavilion, a living willow observatory tower and a living ivy footbridge.
The main conclusions drawn are listed below:

e The considered Baubotanik structures are feasible from a structural strength and stiffness
point of view.

e The use of trees or plants in construction offers numerous benefits, including enhancing
air quality in cities, mitigating the urban heat island effect, reducing the risk of flooding,
promoting biodiversity, and enriching local ecosystems.

e Baubotanical structures have the capacity to absorb COs from the atmosphere; however,
the quantity absorbed by the projects examined in this work appears to be low compared
to the global emissions released by human activity.

e Compared to classical constructions, these projects require significantly more time for im-
plementation and may not be suited for our fast-paced society.

e In comparison to conventional buildings, these structures have a shorter service duration.
This duration depends on both the lifespan of the plant, which might be short depending on
the species, and the initial serviceability time (when the structure first meets serviceability
criteria). Throughout the entire lifespan of the plants (even before the structure is put
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into service), maintenance is necessary to ensure the integrity and targeted growth of the
structure.

Specific applications could be adapted for Baubotanical design, providing the potential to cleanse
from COs. However, to assess feasibility for real-world applications, design tools are essential.
This work focused on developing such tools with a justified set of assumptions. A significant foun-
dation of this work stems from the Baubotanik Research Group, this study aimed to complement
and contribute to the field of living architecture design by proposing an original methodology for
implementing growth and structural numerical models.

No imperfections were incorporated in the models. Nature’s unpredictability introduces varia-
tions in material properties or growth patterns different from those predicted by the idealized
models used in this work. Additionally, the models assume fully rigid connections between ele-
ments and roots are represented as clamped nodes. This rigid assumption may not truly reflect
reality, especially concerning the known flexibility of roots. These assumptions could be lifted
in future work in which more elaborate growth models could also be considered. The elements
included in the appendix of this manuscript could serve as a foundation to further refine the
structural and growing model.
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Appendix A

Plant anatomy - Vascular system

Relevancy for Baubotanical design: A fundamental understanding of plant anatomy is
required to understand plant functioning. It aids in comprehending other concepts explained
further on, such as plant growth dynamics (Section 3.1.1), inosculation (Section 3.1.5), plants
vascular systems of (Section 3.1.7), and in characterizing green wood properties (Section 3.2).

A plant can be divided into three main parts: roots, stems, and leaves.

Roots serve to anchor the plant in the soil, while also absorbing water and essential solutes
necessary for the plant’s survival. Leaves, containing chlorophyll as the primary component,
play a crucial role in producing glucose, which is essential for the production of amino acids
(vital for the proper functioning of plants). Stems act as the structural and vascular connection
between the leaves and the roots [177].

A vascular system comprising xylem and phloem ensures the transportation of these essential
elements. Both xylem and phloem consist of rows of cells forming continuous tubes that run the
entire length of the plant. Xylem vessels are composed of elongated, non-living cells impermeable
to water, with walls containing lignin, a complex organic polymer that lends strength and rigidity
to plant cell walls. Xylem vessels ensure the movement of water and solutes in a unidirectional
flow from roots to leaves. Phloem vessels, composed of living cells, facilitate the transportation
of glucose and amino acids (serving crucial roles in growth and regulating metabolic processes)
to various parts of the plant [177, 59].

In the stem, vascular bundles are generally positioned near the edges. Due to their better struc-
tural properties compared to other tissues (see Table 3.2), these bundles help the plant withstand
bending forces. Conversely, in roots, which generally do not experience bending, these bundles
are centrally located. This placement difference contributes to the differing mechanical proper-
ties between stem and root [99].
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Figure A.1: Plant tissues

The constituents of the composite material shown in Figure A.1 are explained as follows.

The epidermis constitutes the outermost cell layer of a plant stem. It serves as a protective
barrier against physical damage, pathogens, and excessive water loss. In some plants, the epider-
mis may have specialized structures such as stomata and trichomes, which regulate gas exchange
and reduce water loss, respectively [59].

The cortex refers to a stratum of parenchyma cells positioned beneath the epidermis within
plant stems. It serves several functions, including the storage of nutrients, synthesis of com-
pounds, and providing support. In certain plants, the cortex may also contain specialized cells
such as collenchyma or sclerenchyma, which offer additional structural support [59].

Sclerenchyma is among the strongest and stiffest tissues in plants. Composed predominantly
of dead cells at maturity, it forms lignified walls that impart strength and stiffness to various
parts of the plant [59].

The cambium represents a layer of meristematic tissue situated between the xylem and phloem
within the stem. Its primary role involves facilitating secondary growth, generating fresh vas-
cular tissue (secondary xylem and phloem) that contributes to the expansion in diameter or
thickness of the stem. There exist two distinct types of cambium: vascular cambium, responsible
for generating secondary vascular tissue, and cork cambium (phellogen), which yields cork cells
essential for the outer bark [59].

Cork constitutes the outermost protective layer of the stem, developed through the production
of cork cells by the cork cambium. It serves as a waterproof barrier, protecting the inner tissues
from desiccation, physical damage, and pathogens. Cork cells contain a waxy substance called
suberin, which makes them impermeable to gases and water [59].
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Appendix B

Functional structural plant
models

Functional-structural plant modeling (FSPM) is a computational approach to describe
plants by creating models of their structure and physiological processes at different levels (organ,
individual plant, canopy). These models account for both the geometry and topology of plant
organs and consider how local environmental factors such as temperature, radiation, COs con-
centration, and relative humidity influence processes like photosynthesis, growth, and branching.
Dynamic FSPMs simulate changes over time, while static FSPMs use a fixed structure to ex-
plain spatial variations in physiological activities. FSPMs differ from process-based models by
explicitly incorporating structural feedback, where the plant’s structure affects and is affected
by physiological functions [179].

A plant, when viewed as a single entity, embodies an autotrophic organism; however, no single
part within it can claim full autonomy. Instead, it represents a burgeoning assembly of semi-
autonomous organs, each adapting to local conditions while interconnected to exchange essential
resources. This interconnection facilitates coordination in development through internal signal-
ing mechanisms and the utilization of shared genetic information [180].

Since in general there are important differences between the root system and the shoot system,
it can be more convenient to model them separately [95]. In the current work the focus is set
entirely on the stems as structural load bearing elements and roots aren’t represented, keeping
in mind that their flexibility and strength may be considered in a future, more elaborate model
(see research on roots in Appendix F).

For centuries, plant scientists have constructed conceptual models to understand plant growth
and development. Only in the late 1990s did quantitative models begin to emerge that compre-
hensively address the interaction between the modular structure of plants, the abiotic environ-
ment, and internal functioning and signaling[181, 182].

The development of Functional-Structural Plant Models (FSPMs) was driven by three overar-
ching objectives: 1) Unraveling the operational mechanisms of plants across different scales, 2)
Synthesizing knowledge from diverse fields including plant biology, biophysics, ecology, and com-
puter science, and 3) Creating predictive models applicable in domains where plant architecture
significantly influences outcomes [183].
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A detailed review of FSPMs over the past two decades was conducted by Louarn and Song in
2020 [180]. While research into the development of FSPMs spans various fields of plant sci-
ence, it appears that, at present, there are no FSPMs entirely dedicated to Baubotanical design.
Nonetheless, these models remain of significant interest due to their capacity to simulate living
plants. The appendix C compiles three tables where the main existing models for plants, roots
and urban trees are described.
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Appendix C

Existing models

Model name References Type of model Programming lan- Availability
urban trees guage
UrbTree [184] Software tool designed for simulating and analyzing Python Upon request

urban tree growth and development. Factors: soil
composition, climate conditions, and urban infras-

tructure.
i-Tree [185] A software suite for assessing urban forests, to under- ~ GIS-extension tool https://www.
stand the economic, ecological, and social benefits of itreetools.org/

trees in cities. It analyzes tree canopy cover, air qual-
ity, stormwater management, and carbon storage,

CITYgreen [186] Software for urban forestry and green infrastructure = GIS-esxtension tool Upon request
planning. It assesses benefits of city green spaces in-
cluding environmental, social, and economic aspects.
With tools for analyzing tree canopy coverage, air
quality improvement, stormwater management, and
energy savings,

UFORE [187] Urban Forest Effects is a software tool designed to Not indicated Upon request
quantify urban forests structure, function, and value.
Help to evaluate ecological and economic benefits of
urban trees. It analyzes tree species, canopy cover, air
pollution removal, carbon sequestration, and energy
conservation.

CityTree [188] This growth model functions on physiological prin- Not indicated Upon request
ciples, simulating the individual growth of trees. It
delineates the carbon and water cycles within trees,
incorporating biological, physical, and chemical pro-
cesses that are chiefly shaped by environmental con-
ditions.

Table C.1: Overview of major urban tree models


https://www.itreetools.org/
https://www.itreetools.org/

Appendix D

The Lindenmeyer System

In FSPM studies, the L-system stands out as the predominant method for simulating plant
growth [14]. Numerous FSPM platforms have been built upon the foundational principles of L-
systems. Among others, notable examples include: L-Studio [189], GroIMP [190], OpenAlea
[191], and L-Py [192]. Descriptions of these platforms can be found in the Table ?7?.

The Lindenmayer system, abbreviated as L-system, serves as a mathematical formalism em-
ployed to simulate plant growth processes, notably capturing the intricate branching patterns
found in natural organisms such as trees and algae.

Originating from the work of Hungarian biologist Aristid Lindenmayer in 1968, L-systems utilize
rewriting rules iteratively to generate strings of symbols that represent plant structures. These
symbols are interpreted geometrically to generate visual representations of plant forms [193].

The process of creating geometric shapes using string commands is known as turtle interpreta-
tion. In this method, commands guide a virtual ”turtle” to move forward or change its direction.
The resulting path traced by the turtle represents the geometry being drawn [194].

In an L-system, there are typically two key components:

1. A set of symbols or an alphabet: These symbols denote different components of the plant,
including the stem, leaves, branches , and other structural elements.

2. A set of production rules or rewriting rules: These rules describe how each symbol should
be replaced in each iteration of the system. The rules are typically based on the context
of the symbol and may involve parameters such as angle of branching and growth length.

The iterative application of production rules results in the generation of increasingly complex
structures, mimicking the growth patterns observed in real plants. L-systems can produce a
wide variety of plant forms, ranging from simple branching structures to intricate and realistic
representations of trees and other vegetation.

L-systems are widely used in computer graphics, biology, and artificial life simulations for mod-
eling and simulating plant growth, as well as in generative art for creating visually appealing

and intricate patterns inspired by nature [193].

The L-system syntax presents certain limits, including:
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1. The inability to define unique rotation angles and distances for each movement.
2. Challenges in integrating physiological processes related to plant growth.

3. Challenges arise in manipulating the generated geometry, rendering it incapable of accu-
rately representing re-joined networks of branches, such as those observed in grafted tree
formations.

Consequently, advancements have led to innovations like Language XL, which implements rela-
tional growth grammars (RGG). This enables the simultaneous rewriting of plant descriptions
and geometry generation [195, 190].
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Appendix E

Mapping Plant topology: A
Comparative Examination of
Imaging Methods

Topology investigates the characteristics of geometric objects that persist under continuous
deformations like stretching and twisting, without tearing or gluing [196]. In the case of complex
shapes, a simplified version called a topological skeleton is often used [197].This skeleton, which
is equidistant to shape boundaries, is mathematically defined through various methods such as
distance functions, medial axis or morphological operators [198, 199, 200]. Despite differences in
construction, the skeleton and its distance to the boundary contain all necessary information for
shape reconstruction, making it a valuable tool in analyzing and understanding complex geome-
tries as of plants.

Technological advancements and increasing computational capabilities have eased the develop-
ment of new tools for gathering the requisite data to reconstruct tree topologies. The following
are some examples of these tools:

LiDAR (Light Detection and Ranging): This technology employs laser pulses to gauge distances
to objects, producing accurate 3D models of tree canopies and structures [201, 202].

Photogrammetry: Photogrammetry involves taking overlapping photographs of trees from dif-
ferent angles and using software to reconstruct their 3D structure based on the visual data [22].

Terrestrial Laser Scanning (TLS): TLS involves mounting laser scanners on tripods and cap-
turing high-resolution 3D point cloud data of trees and their surroundings [203, 204].

Ground-Penetrating Radar (GPR): GPR technology uses radar pulses to penetrate the
ground and map the root systems of trees below the surface [205].

Portable X-ray CT Scanning: Portable X-ray computed tomography (CT) scanning can

provide detailed cross-sectional images of tree trunks and branches, allowing for non-destructive
analysis of internal structures [206].
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These tools generally yield raw data. The discrete point cloud obtained needs to undergo pro-
cessing to reconstruct the topology of the plant. Several methodologies have been devised for this
purpose. Raumonen et al. [207] introduced a unique technique utilizing ”cover sets” to rebuilt
tree geometry. Similarly, PypeTree [208] employed ”segments” derived from shaping curves, fol-
lowed by adjustments to rectify inaccuracies. SimpleTree [209] utilized voxel-grid and Euclidean
clustering in C++ to construct cylindrical tree models and developed a crown calculation tool
for estimating canopy volume, demonstrating the effectiveness of cylinder fitting in accurately
representing tree trunks and branches. Additionally, AdTree [210] adopted a skeleton-oriented
approach, employing cylinder fitting to the point cloud model of individual trees.

Modeling plant topology is crucial for Baubotanical design. The accuracy of structural analysis
is deeply linked to the representation of geometry. Finite element analysis can be performed from
highly precise 3D models to simplified 1D models. However, the complexity of the model directly
impacts the computational load. It’s essential to recognize that a more detailed model doesn’t
always yield more accurate results. Therefore, representing living plants for design purposes
requires striking a balance between accuracy and computational efficiency.
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Appendix F

Roots

This appendix provides a detailed review of roots to facilitate their modeling for Baubotanical
design purposes. It includes a description of a complex resistance model proposed by Zhu et al.
[211], an overview of the mechanical properties of roots, a detailed examination of root architec-
ture, and assumptions and elements that could be implemented to improve root system resistance.

F.0.1 Root resistance model

Roots are indispensable in Baubotanical design, serving not only for plant nutrition but also as
the primary means of anchoring the structure. A recent study by Shu et al. in 2022 highlighted
that the primary contributors to tree hazards are root deterioration and internal trunk decay.
Given their intricate nature, current computational models are unable to accurately assess these
risks.” [14]. In fact, the lack of available data on roots presents a challenge in creating accurate
models [212]. A robust model should establish a correlation between the stability of roots and
factors such as the configuration of the root structure and the properties of the soil. [43].

In the literature, numerous models exist for root system resistance. While analytical models are
available, numerical methods, particularly the finite element method, receive more attention due
to their robustness in defining complex 3D geometries [45, 213, 211]. Presently, there exists no
widely agreed-upon approach for effectively modeling root systems [214].

Various failure modes exist, including soil wedge failure when the soil exceeds its tensile capacity
[215], root pull-out [216], root breakage [217], and combinations thereof [218].

The pull-out resistance test, conducted either in situ or in laboratories, is a commonly used
method to assess the strength of a root system. In this experiment, the bottom part of the plant
stem is secured in a clamp, and then the plant is pulled upwards vertically to gauge how the
force applied correlates with the subsequent vertical movement [219].

Within literature, there are various models concerning root system resistance. Despite the
availability of analytical models, numerical techniques, notably the finite element method, gar-
ner greater interest owing to their capacity to accurately delineate intricate 3D geometries
[45, 213, 211]. Presently, there is a lack of agreement regarding the most effective approach
for modeling root systems. Some researchers prefer using solid elements [43, 213], while others



opt for beam elements based on theories such as the Timoshenko beam theory or the Euler-
Bernoulli elastic beam theory [220].

The focus here is set on the model proposed by Zhu et al. [211] (the interested reader can find a
review on modeling also in this reference), which represents an enhancement of existing models
and holds relevance for Baubotanical design .

The model is built utilizing the embedded beam element (EBE), comprising two components: the
beam element representing the root itself, and a contact surface embedded with zero thickness
[46].

The model enables relative displacement A between the soil and root, with the shared interface
adhering to a perfect elastic-plastic behavior. Until reaching a critical displacement A, the
behavior remains elastic, with a linear correlation between the shear stress interface and the
relative displacement A. Upon surpassing A, the interface shear behavior shifts to a perfectly
plastic state, inducing the root to slide at an interface shear stress 7,,,, remaining constant.
This can be expressed mathematically as follows:

T:{ kA i A< Ay F 1)

Tmax 1L A > Ag

With kg representing the bond modulus of the root-soil interface and 7,4, denoting the shear
stress determined by Coulomb’s friction law [221]:

Tmax = Oy, tan(®) (F.2)

o, denotes the normal stress in the soil failure plane, ® represents the soil’s internal friction
angle, and 7,4, signifies the soil shear strength.

Root behavior when A < A,

The EBE axial strain (e,) is composed by the root elastic strain (¢.) and the interfacial shear
strain (e5). It can be expressed as follows:

. A
a — Ce s — T - F.3
€a=¢€ct+€ z, + - (F.3)
The equation provided below yields the EBE critical elastic axial strain:
max ACT
cr — cr cr — a _ F‘4
Sa 56 + 68 ET + l ( )

With E, representing the Young modulus of the root, o, denoting the EBE axial stress, d,. indi-
cating the root diameter, and [ representing the characteristic length of the root. The exponent
cr signifies ”critical”.
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Root behavior when A > A,

During the pulling-up process, there is a noticeable decrease in root resistance, attributed to
a reduction in the root-soil interface area. In order to account for this softening behavior, the
model introduces a criterion for damage initiation Eq.(F.5) alongside a linear degradation law
governing material stiffness Eq.(F.6).

The damage initiation criterion:

Fy=|2] =1 (F.5)
. cer
The degradation law:
By = (1 - Dyy)ES (F.6)

The degradation variable:

Dy = +—/——""== (F.7)

With F,y the pulling force ratio, £, the EBE Young modulus in the softening phase, Ej the
EBE Young modulus in the linear elastic phase and D,,; the degradation variable. The exponent
f stands for ”failure” and cr for ”critical”.

The failure strain €/ can be correlated with the dissipated energy per unit area G, throughout
the pullout failure process [222]:

2G,

max]
omax]

ef = (F.8)

Root breakage

Root breakage occurs when the stress within the root surpasses its strength. This model builds
upon the work by Yang et al. [45], wherein roots were conceptualized as metal laminates, offering
a closer approximation to the brittle failure behavior observed in real roots.

The damage initiation variable :

t )2 1
Fyy = \/ IR S P \/ 2

Damage occurs when the damage initiation variable Fys reaches the ultimate tensile strength
el or the ultimate compressive strain €. Once the damage initiates, the damage variable, Dy,
increases until it reaches 1 at failure. The damage variable is linked to the failure energy of the
root, G (determined by a three-point bending test) as follows:

(€a)? + (§ — €b)edl (F.9)

et Brel(Fyp—ch)l
Dbf =1—-—=2¢ G (FlO)
Fyy
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Figure F.1: Root stress-strain diagram for the modified EBE model [211]

With u representing both tension ¢ or compression ¢ and E]l; the elastic modulus during the
failure phase.

F.0.2 Roots mechanical properties

Root mechanical properties are closely linked to the diameter; the larger the diameter, the
stronger and stiffer the root becomes [45]. Several studies assessed roots strength through me-
chanical tests [44, 45, 46, 49, 211]. The following range of magnitudes can be obtained from the
literature:

e Root elastic modulus : 1.2 GPa - 10.1 GPa
e Root tensile strength : 31 MPa - 51.8 MPa
e Root compressive strength : 16 MPa - 25.8 MPa

e Root Poisson coefficient : 0.3

Liang et al. conducted laboratory tests on analog roots made of ABS plastic and correlated the
Young’s modulus E, and tensile strength o! with the root diameter d, [223]:

E, =3.24(d,)” %% (F.11)
ol =57.89(d,) 052 (F.12)

F.0.3 Root architecture

Root architecture or geometry is required to conduct a finite element analysis. Schnepf et al.
classified root growth models into three main categories: the root depth model, characterized by
an exponential distribution of root length with depth; the density-based model; and the 3D root
architecture model, which considers the dynamic evolution of root structure [224]. The challenge
in creating such models lies in integrating genotype with phenotype to develop an architecture
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that can effectively respond to various environmental factors, including water conditions, nutri-
ent availability, radiation exposure, and others [225].

F.0.4 Assumption and beyond the scope

Root modeling presents significant challenges, prompting some researchers to simplify the prob-
lem, particularly when it’s not the primary focus of their research (e.g. using an equivalent
stiffness[57]).

Recent studies have demonstrated the effectiveness of guiding root growth to shape them into
desired forms. These research efforts have been notably undertaken in the domains of art and the
creation of new biomaterials based on roots. However, there is potential interest in Baubotanik
to explore this technique for optimizing the anchorage of such structures [17, 18].
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