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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 nite 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 simpli ed 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
di erences among the plants and their applications led to the conclusion that constructing with
living plants is feasible from a structural strength and sti ness 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 ] justi es further research in this area.
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Chapter 1

Introduction

Planet Earth formed around 4.5 billion years ago, the rst hominids appeared between 6 and 7
million years ago, and Homo sapiens, our species, emerged a mere 200000 years ago. Thus, our
existence is insigni cant compared to that of our planet, yet our impact extends to every corner
of the world. While Earth 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, re-prone weather conditions, sea level rise, ocean acidi cation, heavy precipitation
events, ooding, 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 e ort 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 CO, + 6H,0 + sun

CgH1,0¢ + 6 O, (1.1)

The use of trees or plants in construction provides numerous bene ts, 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 e ect by providing shade and cooling the surrounding air
through evapotranspiration. Additionally, trees help reduce the risk of ooding 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
o0 ering 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 e orts 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 speci cally 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 e ective 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
di erent 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: rst, 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 rst 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 nite element method is proposed for each plant to analyze
its structural behavior over time. The three plants are compared to understand their di erences
and their potential strengths or weaknesses for speci ¢ 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 di erent 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 speci ¢ 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 identi ed
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 ndings 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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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 eld [12, 13].

The manipulation of living plants extends beyond the construction eld, holding signi cant 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 at
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
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