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Abstract: Urban Microclimate Canopy is a digitally fabricated fiber glass structure supporting
climbing plants in order to explore new ways of integrating vegetation in densely built urban
environments. A prototype was designed and manufactured in the context of an interdisciplinary
studio with master’s students following an approach of research by design. Varying the assembly
of winding frames and fiber weaving syntax generates diverse geometric shape and structural
performance. For two short-term exhibitions, ivy plants were temporarily installed in the structure.
This first step was followed with a reflection of systematic integration of the growth processes of
climbing plants and parametric design. An iterative solution is given, consisting of a feedback loop
linking the design of the technical structure, the simulation of plant growth, and the simulation of
the environmental effects of the hybrid structure. To achieve this a novel framework for simulating
twining plant’s growth on network-like structures is presented: external stimuli define a cone-shaped
circumnutation space (searching space model) which results in a climbing path (climbing steps
model). The framework is constructed to integrate improved individual functions (such as stimuli of
circumnutation) for better simulation results. To acquire more knowledge about interactions between
the plants and the fiber structure, the prototype was installed permanently and planted with three
different climbing plants, representing different climbing mechanisms.

Keywords: building greening; parametric design; living architecture; robotic fabrication;
twining plants; research by design

1. Introduction

1.1. Intention of the Urban Microclimate Canopy (UMCC)

In the context of climate change and increasing urban population, greening of buildings through
vegetation has been widely explored in the past decades in order to mitigate heat waves and Urban Heat
Island effects [1–3]. In this regard, the combination of trellises and climbing plants are a well-established
and robust solution. Usually these are simple, two-dimensional structures made of rods or ropes.
Systems based on glass-fiber reinforced plastics have proven to be particularly durable and practicable
(see e.g., [4,5]). At present, however, these solutions are fairly little discussed. The discourse on
innovative solutions in building greening has focused strongly on vertical gardens [6,7] despite
the fact that these approaches are much more expensive to install and maintain and less resilient
than traditional solutions like trellises (compare [8]). The project presented here attempts to reveal
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new architectural potentials of trellises and climbing plants by making use of new design and
manufacturing techniques that make it possible to design and build complex structures much more
easily and efficiently than just a few years ago. One such novel strategy is the robotic fabrication of
geometrically complex fiber-reinforced building elements based on a “core-less” filament winding
process allowing for the fabrication of individual components with differentiated fiber layout [9].
The project “Urban Microclimate Canopy” (UMCC) is the first of its kind that employs this approach
to generate trellis-like structures that support the growth of climbing plants. The project was started in
October 2017 at the interface of teaching and research and resulted in a long-term experiment. It is the
first experimental structure of a research cooperation between the Professorship for Green Technologies
in Landscape Architecture (TUM), the Chair for Building Technology and Climate Responsive Design
(TUM), and the company FibR GmbH, Stuttgart. By combining computational design techniques and
robotics with the climatic and aesthetic potentials of climbing plants, an innovative micro-architecture
was created with high potentials for the design of public spaces with improved outdoor comfort.

1.2. Context and Methodical Framework

In this paper, the design and realization of the UMCC prototype as well as the insights and the
lessons learned within this process is reported. The UMCC pavilion was exhibited for a week at
each of the Munich Creative Business Week 2018 and LUMINALE 2018 (Biennale for light art and
urban design in Frankfurt am Main). A discussion was held afterwards regarding the benefits and
drawbacks of this prototype which found that the growth processes of plants are not well integrated in
parametric design processes (see Section 3). Based on these reflections, efforts were made to develop
a simulation tool to forecast climbing plants’ growing paths on complex fiber networks. This tool
is expected to serve as a part of an iterative design process that integrates the growth of plants in
parametric design (see Section 4). In parallel, the base components of the initially only temporary
structure were partly redesigned and revised to be installed permanently at a test site of TU Munich in
order to make long-term observations. Different climbing plant species were planted at the foundation
and a time lapse camera was installed to document how these plants interact with the UMCC structure
(see Section 5). In this paper, the design, manufacture, and installation of the structure as well as
attempts to develop a simulation tool are reported in detail and the permanent setup and preliminary
results of the long-term observations is briefly described.

This overall workflow involves experiencing the consequences of specific design decisions,
abstracting general principles applicable to design situations, applying general principles to specific
situations, and assimilating the knowledge acquired through evaluation of the design. Thereby,
it applies research-by-design as a methodical framework [10,11]. Although not always explicitly
mentioned, this approach stands in a long tradition of architectural research that underpins e.g.,
the works of Frei Otto [12] and is currently applied in architectural innovations like e.g., the BioMat
Pavilion [13]. UMCC extends this method in the field of living architecture and building greening
to link new production techniques and parametric design with dynamic plant growth processes.
At the same time, the project is an example of research integrated into teaching in which students
are involved in the development and implementation of an experimental structure (compare e.g.,
the multimethod pedagogy as described by [14]).

2. Design, Manufacture, and Installation of the UMCC as a Temporary Pavilion

2.1. Concept Development and Design of the Overall Structure

The initial design of UMCC was developed by a team of eight students from architecture,
landscape architecture, and civil engineering of the Technical University of Munich (TUM) in a studio
project. The constructive goal was to develop lightweight elements that can accommodate plants.
The structure should be able to adapt to different spatial requirements and local conditions, and plants
should be integrated to improve the outdoor comfort. The former works by FibR and the Institute



Sustainability 2020, 12, 6004 3 of 23

for Computational Design (ICD) at the University of Stuttgart [15] and the work of research group
Baubotanik at TUM [16–18] were introduced to the students before the group was divided into three
sub-groups working on individual concepts. One proposal was finally chosen for in-depth design
and realization. The selection criteria were spatial-aesthetic quality, innovative use of parametric
design possibilities, and robotic manufacturing technology, convincing integration of the plants and
feasibility with regard to production, transport and assembly. As shown in Figure 1, the chosen
design for the prototype is a lightweight structure made of fiber composite elements hosting the plants,
standing on three wooden foundations that serve also as benches. With this configuration, the structure
is intended to act as an “artificial tree” by generating a heterogeneously shaded space that invites
people to meet and gather. Unlike the ICD/ITKE Research Pavilion 2013/2014 [15], where glass and
carbon fibers were deployed, only glass fibers were used for UMCC. The reasons for this were, firstly,
that the bright and semi-transparent glass-fiber structure forms a clear contrast to the dark green
foliage of the plants and, secondly, that the light-conducting properties of the glass fibers were utilized
for night-time illumination (see Section 2.4). Furthermore, the use of only glass fibers helped to keep
the costs of the prototype comparatively low.
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2.2. Design of the Modular Elements 

As shown in Figure 2, a truncated octahedron was chosen as the geometrical base of the UMCC 
(Figure 2a). The shape is a honeycomb with cells that fill a 3-dimensional Euclidean space without 
gaps [19]. This enables easy permutation and combination of elements. Variants are made by 
expanding the octahedron in certain axes (Figure 2b). Circles (respectively, ellipses) are drawn on 
four of the total eight hexagon surfaces of the octahedron. Each circle is divided into six arc sections 
corresponding to six edges of their hexagons. These arcs have fixed spatial one-to-one 
correspondences in the octahedron (linked by double lines in Figure 2c). A doubly curved shell 
geometry emerges between the described elliptical boundary curves by winding the fiber bundles in 
a specific sequence (Figure 2d). In the concept phase, it was suggested that these geometrical 
parameters are varied piece-by-piece to create highly specific spatial conditions and functionalities 
like sitting, screening, and shading. To build the first prototype of UMCC, however, the total number 
of elements and the shape complexity were reduced in consideration of cost and time limits. As 
shown in Figure 3, the simplified prototype for manufacture consists of only three variants: three 
base elements, three column elements, and ten overtop elements which form three ring shaped 
canopy-like shading areas. 

Figure 1. Renderings of the final design of the Urban Microclimate Canopy (UMCC) prototype.
(graphic by UMCC student design team): (a) perspective at the height of human eye; (b) bird’s-eye view.

2.2. Design of the Modular Elements

As shown in Figure 2, a truncated octahedron was chosen as the geometrical base of the UMCC
(Figure 2a). The shape is a honeycomb with cells that fill a 3-dimensional Euclidean space without
gaps [19]. This enables easy permutation and combination of elements. Variants are made by expanding
the octahedron in certain axes (Figure 2b). Circles (respectively, ellipses) are drawn on four of the total
eight hexagon surfaces of the octahedron. Each circle is divided into six arc sections corresponding to
six edges of their hexagons. These arcs have fixed spatial one-to-one correspondences in the octahedron
(linked by double lines in Figure 2c). A doubly curved shell geometry emerges between the described
elliptical boundary curves by winding the fiber bundles in a specific sequence (Figure 2d). In the
concept phase, it was suggested that these geometrical parameters are varied piece-by-piece to create
highly specific spatial conditions and functionalities like sitting, screening, and shading. To build
the first prototype of UMCC, however, the total number of elements and the shape complexity were
reduced in consideration of cost and time limits. As shown in Figure 3, the simplified prototype for
manufacture consists of only three variants: three base elements, three column elements, and ten
overtop elements which form three ring shaped canopy-like shading areas.
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the fiber shells of the elements. A sequence of multiple winding layers ensures that all desired 
performance goals are integrated in the final building component. A series of initial scaffolding 
sequences define the desired geometry and curvature, while the majority of the anisotropic fiber 
material should be oriented along the primary load paths. Additional winding sequences ensure 
sufficient cross linking and bonding between the fiber layers. Careful calibration of these layers 
allows to meet the structural and process dependent goals with the minimal required material and 
production time. The main supporting elements require more layers to bear the loads while low-
stressed elements should have as few fibers as possible to save material and weight. Based on 
estimations and qualitative Finite Element Analysis (FEA) of potential forces (Figure 4) as well as on 
the experience and empirical knowledge of FibR, the base and column elements and the central 
overtop elements were reinforced by a higher number and thicker fiber bundles while the peripheral 
overtop elements were made as light as possible. How the winding sequence affects the final result 
is hard to simulate in a digital model. Therefore, the syntax was developed by crafting 1:10 physical 
models of the winding frames. Wool threads instead of the glass fiber bundles were used to test the 
winding syntax. The winding syntax then was rebuilt by polyline paths from one anchor point to 
another in digital models (Figure 5), which served as input for the robot path generation. The first 
layer directly connects corresponding arcs on the ellipses (Figure 5a). The following layers are more 
twisted patterns between the arcs and mostly rely on previously laid fibers as scaffolding. Their 
interaction and prestressing ensure a stable bond between the fiber layers and contributes to the 
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Figure 3. Three elements with specific functions on the UMCC prototype (graphic by UMCC student
design team).

The fiber syntax (sequence of weaving) is key to the appearance and structural performance of the
fiber shells of the elements. A sequence of multiple winding layers ensures that all desired performance
goals are integrated in the final building component. A series of initial scaffolding sequences define
the desired geometry and curvature, while the majority of the anisotropic fiber material should be
oriented along the primary load paths. Additional winding sequences ensure sufficient cross linking
and bonding between the fiber layers. Careful calibration of these layers allows to meet the structural
and process dependent goals with the minimal required material and production time. The main
supporting elements require more layers to bear the loads while low-stressed elements should have as
few fibers as possible to save material and weight. Based on estimations and qualitative Finite Element
Analysis (FEA) of potential forces (Figure 4) as well as on the experience and empirical knowledge
of FibR, the base and column elements and the central overtop elements were reinforced by a higher
number and thicker fiber bundles while the peripheral overtop elements were made as light as possible.
How the winding sequence affects the final result is hard to simulate in a digital model. Therefore,
the syntax was developed by crafting 1:10 physical models of the winding frames. Wool threads
instead of the glass fiber bundles were used to test the winding syntax. The winding syntax then was
rebuilt by polyline paths from one anchor point to another in digital models (Figure 5), which served
as input for the robot path generation. The first layer directly connects corresponding arcs on the
ellipses (Figure 5a). The following layers are more twisted patterns between the arcs and mostly rely on
previously laid fibers as scaffolding. Their interaction and prestressing ensure a stable bond between
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the fiber layers and contributes to the forming of a curved shell geometry (Figure 5b). Such syntax
results in a densification around the edges, what can be considered as beneficial since it reinforces
these typically highly stressed areas.
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Figure 5. Fiber syntax design from physical model tests to digital paths: (a) the first wool layer on
physical testing models to outline the geometry; (b) multiple wool layers on physical testing models to
densify the shell; (c) manually recording the winding sequence in 3D modeling software with polylines;
(d) an overview of all digitally recorded fiber layouts.

2.3. Development of the Winding Frames and Manufacturing of the Elements

The overall manufacturing process of the fiber composite elements, as fiberglass by FibR, consists of
three steps: first, configuration of the modular winding frame and generation of the component
specific robot code according to the previously developed winding sequence; second, robotic filament
winding of resin impregnated fiber strands; third, curing and tempering of the fiber composite material.
Only after the third step does the compound structure gain sufficient strength to become self-supporting
and load bearing. Therefore, a dismountable, re-usable and re-configurable supporting frame is required
to hold the fiber composite material during the winding and curing process. This winding frame
should have sufficient deforming resistance against the weight of the fiber plus resin and especially
against the tensions which occur during the winding process.

For manufacturing the UMCC specifically, developing the winding frames in the geometry of the
elements was difficult as four elliptical (or circular) discs should be fixed to no perpendicular planes.
Figure 6 shows a principal solution: each disc is held by an arm which consists of three non-coplanar
joists. These joists are accordingly coplanar with one joist from each other disc. Four arms assembled
together lock the discs in the required spatial positions. The supporting frames were finally made of
laser cut steel plates which were welded into the specific frame elements.
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Figure 6. Principal solution for the supporting frames to solve the problem of spatial orientation in a
modular system: (a) assembly method for base element; (b) assembly method for column element;
(c) assembly method for overtop element.

The detailed design for the winding frame takes dismantling and economic aspects into
consideration (final outcome in Figure 7). The solidified fiber structure completely encloses the
frames (Figure 7d). To remove the frame, the arms and discs therefore must be dismountable into
smaller elements that can be passed through the openings (Figure 7f). To produce three different
winding frames with minimum material, the frames are designed as modular (Figure 7e): by combining
different modules, the three different frames needed for the production can be created. These modules
include the welded core onto which short or long arms can be attached, which themselves can hold
circular or elliptical discs (Figure 7b). The frame for the base elements consists of three long arms and
one short arm with only circular discs; the frame for the column elements consists of four long arms
with three elliptical discs and one circular disc; the frame for the overtop elements consists of three
long arms and one short arm with three elliptical discs and one circular disc (Figure 6).

The actual processes for manufacturing the 16 elements in the three described variations took
two weeks. For each element, the metal frame was firstly assembled, then tubular aluminum sleeves
were placed on the disks where fiber bundles should be fixed or where they should turn winding
directions. In a similar way, galvanized steel brackets were integrated, which later serve to connect
the individual elements with each other (Figure 7g). The winding frame was then installed on a
KUKA industrial robot at the disk with the shortest arm (see Figure 7a,c); The movements of the robot
arm were controlled in such a way that resin-impregnated glass fibers were wound on the frames
following a digital path input; after winding, the fiber structure together with its frame were sent to
a thermostatic chamber for curing and tempering at a stable temperature of 60 ◦C Celsius; finally,
the winding supports were dismantled from inside the fiber structure.
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mesh that was spanned between the fiber structure (Figure 8a). This installation consists of a pre-
cultivated moss mat, an EPDM (ethylene propylene diene monomer) plastic sheet as a waterproofing 
layer, a root protection mat, and a mixture of expanded clay and garden soil (Figure 8b). Three ivy 
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Figure 7. Winding frame structure and the robot setup for fabricating the UMCC (graphic (a,b)
are made by UMCC student design team): (a) setup of KUKA robot, fiber holder and winding frame;
(b) modules of the winding frame for overtop element; (c) at the beginning of the digital winding
process; (d) during the winding process; (e) all modules for assembling three different winding frames;
(f) winding frame being dismantled from the fiber shell; (g) galvanized steel brackets to connect two
fiber elements.

2.4. Planting And Lighting Design for the Temporary Installation

At the concept stage, the main idea was to plant climbers at the bottom in the box-like wooden
foundations. As they grow, these plants were supposed to climb up to the overtop elements and
extend their branches inside the fiber structure. Combinations with herbs or mosses at the column
elements were also taken into account to create an impression of “a forest inside the city” and to
enhance biodiversity. The selection criteria for the climbing plant species were firstly, frost tolerance as
they were scheduled to be exhibited outdoors at Frankfurt am Main in March for a week, where the
temperature could drop below zero degrees Celsius; secondly, the maximum length available on the
market because the temporary installation doesn’t wait for the plant’s growth; and thirdly, the fact that
the plants should have foliage when installed. An evergreen species was sought.

The only species that meets these requirements is ivy (hedera helix), the maximum length available
in nurseries being three meters. With such length, the ivy leaves would not reach the central canopy
element from the ground. Therefore, a compromised solution was implemented for the exhibition
purposes: a planting area was installed in the upper part of the column elements on a wire mesh that
was spanned between the fiber structure (Figure 8a). This installation consists of a pre-cultivated moss
mat, an EPDM (ethylene propylene diene monomer) plastic sheet as a waterproofing layer, a root
protection mat, and a mixture of expanded clay and garden soil (Figure 8b). Three ivy plants were
placed in each of these three planting areas, the plant shoots were manually arranged in the overtop
elements. For the relatively short-term installation, no irrigation system was installed; watering took
place by hand. This solution made it possible that the shoots reached all areas of the overtop elements
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immediately. At the same time, this arrangement had the advantage that the lower parts of the
structure—approximately up to eye level—remained free of plants, thus demonstrating how light and
delicate the supporting structure actually is.

Sustainability 2020, 06, 26 FOR PEER REVIEW 8 of 24 

parts of the structure—approximately up to eye level—remained free of plants, thus demonstrating 
how light and delicate the supporting structure actually is. 

In addition to the planting design, the lighting design and the night-time effect played an 
important role. During the design phase, different possibilities for integrated distribution of LEDs 
within the fiber structure during production were discussed. However, this was later ruled out due 
to the high technical complexity and the modular design which would cause a great deal of electrical 
interlocking. Instead, an attempt was made to use the light-conducting effect of glass fibers. For this 
purpose, two LED spotlights were installed in each wooden foundation, which illuminate the lowest 
fiber elements, from where the light spreads over the entire structure by conduction and reflection. 
In addition to this lighting equipment, the wooden boxes were filled with concrete slabs to act as a 
mass foundation, avoiding mechanical anchoring to the ground. 

 

(a) 

 

(b) 

Figure 8. (a) Planting concept for the temporary installation; (b) Integration of the planting areas on 
the column elements. 

2.5. Temporary Installations and Their Perception 

As mentioned in the introduction, the UMCC prototype was presented to the public in the 
context of two different events. The first installation took place at the Munich Creative Business Week 
2018 in the German Museum. The aim of this indoor exhibition was to demonstrate the principle 
approach by presenting some assembled elements (Figure 9a). When visitors were polled with the 
question “which product changes your world the most?” in the first two day of the exhibition, UMCC 
received by far the most votes among the exhibits (Figure 9b). 

The first outdoor and complete installation of the UMCC took place at Hauptwache, Frankfurt 
in the context of the biennial for light art and urban design LUNINALE. The overall structure with 
its 16 fiber elements, the three wooden foundations, the plants, as well as the lighting was installed 
within two days. During the installation process, about a dozen passers-by came close being curious 
about the materials and techniques. During the week of the LUMINALE, UMCC was often seen 
surrounded by attracted visitors who also used the place to rest and gather on the base elements. At 
night, the illuminated fiber structure stood out from the plaza context, serving the site as a unique 
urban furniture (Figure 10). 
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the column elements.

In addition to the planting design, the lighting design and the night-time effect played an
important role. During the design phase, different possibilities for integrated distribution of LEDs
within the fiber structure during production were discussed. However, this was later ruled out due to
the high technical complexity and the modular design which would cause a great deal of electrical
interlocking. Instead, an attempt was made to use the light-conducting effect of glass fibers. For this
purpose, two LED spotlights were installed in each wooden foundation, which illuminate the lowest
fiber elements, from where the light spreads over the entire structure by conduction and reflection.
In addition to this lighting equipment, the wooden boxes were filled with concrete slabs to act as a
mass foundation, avoiding mechanical anchoring to the ground.

2.5. Temporary Installations and Their Perception

As mentioned in the introduction, the UMCC prototype was presented to the public in the context
of two different events. The first installation took place at the Munich Creative Business Week 2018 in
the German Museum. The aim of this indoor exhibition was to demonstrate the principle approach
by presenting some assembled elements (Figure 9a). When visitors were polled with the question
“which product changes your world the most?” in the first two day of the exhibition, UMCC received
by far the most votes among the exhibits (Figure 9b).

The first outdoor and complete installation of the UMCC took place at Hauptwache, Frankfurt in
the context of the biennial for light art and urban design LUNINALE. The overall structure with
its 16 fiber elements, the three wooden foundations, the plants, as well as the lighting was installed
within two days. During the installation process, about a dozen passers-by came close being curious
about the materials and techniques. During the week of the LUMINALE, UMCC was often seen
surrounded by attracted visitors who also used the place to rest and gather on the base elements.
At night, the illuminated fiber structure stood out from the plaza context, serving the site as a unique
urban furniture (Figure 10).
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Figure 10. UMCC at the LUMINALE 2018 during the daylight and illuminated by LED at night:
(a) daytime appearance; (b) lighting effect at night; (c) aerial view during daytime; (d) aerial view at
night; (e) ivy leaves inside the an overtop element during daytime; (f) detail of the illumination in a
base element at night.

3. Reflection of the Outcome

As the visitor poll during the Munich Creative Business Week clearly demonstrates, the idea
of combining an innovative design and production process with green architecture can be regarded
as an overall convincing approach. During the design process it was confirmed that various design
requirements (e.g., different requirements regarding the load-bearing capacity or transparency) can be
addressed by variations of the winding pattern, the thickness of the fiber bundles and the number
of layers. The specific characteristics of the compound fiber structure in the form of double curved
surfaces achieved both functional and aesthetical standards. Deep comprehension of the design and
fabrication technology enables utilization of the fiber material.

In contrast to the design and production of these technical parts, using plants as integral natural
elements in the design posed a particular challenge. Unlike the technical components, plants are not
finished elements, but develop over time based on their inherent growth patterns in reaction to the
setting’s growth factors (compare e.g., [18,20], see also [21]). However, due to the need to create a
representative pavilion that can be exhibited in minimal time, plants had to be used in exactly that way
here: the ivies at the temporary exhibition were not demanded to really grow. In the design process,
this was reflected in the fact that, for example, the size of the plants at the time of installation and not
their growth characteristics were considered as decisive design parameters. In a long-term application,
however, the question of how the plants will grow in the geometrically complex structure that offers a
multitude of possible growth paths and complex growing conditions is much more important as it is
decisive for the spatial, aesthetic, and microclimatic effect.

In order to design projects like UMCC in such a way that they achieve high microclimatic effects
(e.g., through optimal shading or maximal evapotranspiration) it is therefore necessary to forecast
plant growth during the design process and, building on this, the microclimatic effect of the plants
(as done e.g., by [22] or [23]). In a next step, the findings from such simulations can then be used to
modify the structure in an iterative design process in such a way that preferred growth pathways are
created that guide the growth in desired directions. Accordingly, the aim of a comprehensive design
approach in living architecture must be that the specific characteristics of the plants become the starting
point for an iterative design approach.

4. Moving towards an Iterative Design Approach

4.1. Prerequisites to Integrate Plant Growth in a Parametric Design Process

A design approach in which the growth behavior of plants is integrated in an iterative design
process requires at least four steps (Figure 11): (1) a parametric design of the technical structure (2)
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a plant growth simulation to forecast the development of the plants under the given conditions;
(3) an analysis of the plant-technical hybrid system’s performance; (4) a feedback system which
allows—on the basis of the performance analysis—to change the input parameters of the technical
structure and thus the growth conditions of the plants in such a way that the desired performance
is improved. These four steps have to be repeated until an aimed indicator setup is reached
(e.g., the shading effect in Figure 11). This iterative approach can be seen as a pre-occupancy evaluation
(unlike post-occupancy evaluation [24]) that evolves the proposal already during the design process.
UMCC offers an essential prerequisite for this approach since it is based on a parametric design
methodology (step 1). The geometry as well as the winding syntax of the elements can be altered by
altering input parameters which would drastically change the growing conditions for plants such as
the possible pathway a climbing plant could follow. Regarding step 3, evaluating indicators such as
building’s environmental impact [25] or material properties during digital fabrication [26] have been
covered in previous studies. Considering microclimatic effects as indicators, existing environmental
engines like Ladybugs [27] and ENVI-met [28] provide models for common microclimate analysis,
such as shading effect based on the sun path and radiation. To adjust the input parameters in
step 4, an enumeration method is feasible when parameters are given small ranges and strict rules
(i.e., Table A in [25]). To deal with combinations of a larger range of parameters and multi-criteria
problems, generative design is a solution to vary parameters partly randomly based on a historical
vector graphical database system [29].
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Regarding step 2 of the planned iterative design process, corresponding functional-structural plant
models (FSPM) are required to depict plants’ 3D presentation based on physiological processes [30].
Although FSPMs are studied for different purposes (e.g., for peach gains [31], for crop growth [32],
for animation [33]), no systematic description exists for simulating climbing plants growth on a
geometrically complex network like supporting structures. This is why a first approach of a novel
functional-structural model for twining plant growth on 3D trellises is introduced.

4.2. Physiological and Morphological Basis for this Simulation

A functional-structural model (FSM) for plant growth is a combination of a process-based model
(PBM) that is developed on plants’ physiological processes and a structural model that defines the
geometry [30]. FSMs can be achieved by either adding physiological information to a structural model
or in the opposite, increasing the structural detail from a process based, functional model [30].

Starting from the structural side, the most commonly used models for plants in general are
L-systems [34–36]. Particularly, climbing plant models adapted from L-systems can be sensitive to
some environmental factors, for example light [37] or gravity and collisions [38]. By introducing physical
engines, the branches of the climbing plants acquire interactions with the wind [39]. These models are
well applied in the computer game and film industries. For such applications, tools with improved
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handling for end users have been developed [39]. With these features in environment sensing, these
tools are powerful for virtual rendering; however, they are not feasible for predicting climbing plants’
pattern within a performance-oriented design process. The gap between these revised L-systems and
potentially correct forecast of climbing plants’ growth is large. Therefore, a growth simulation for
UMCC requires a stronger physiological basis.

Starting from the functional (process based) side, climbing plants can be categorized according
to climbing mechanism: plants that twine at stem around a support; plants that have clinging roots
or tendrils with adhesive pads; plants with twining petioles or tendrils; and plants with thorns or
other hooked structures [40]. In our simulation, twining plants are the only focus to narrow down the
problem. There are two crucial characteristics of twining plants’ behavior: firstly, when twining plants
grow without prior attachment to a support structure, searcher shoots actively search for adjacent
supports to continue growing along. Secondly, shoots searching for their next anchorage point sweep
through the air in a helix, called circumnutation (Figure 12a). One rotation usually takes 1–2 h, but both
the helix diameter and the circumnutating rate vary with species and environmental conditions [40,41].
Using modern time-lapse video methods, it has been found that changes in aspects of the circumnutation
(radius, orientation, and speed of rotation) are a plant’s visible reaction to certain environmental
conditions [42]. Reaction to stimuli like light and gravity were studied using particular species like
Morning Glory (Ipomoea nil) [43]. Experiments have shown that rotational movement was modified
into an ellipse with the long axis oriented towards the support (Figure 12b), perhaps due to negative
phototropism [40]. Nonetheless, the physiology underpinning the phenomenon of circumnutation
is still under investigation and there is, as yet, neither a universal model for circumnutation nor
conclusions regarding the relationship between relevant stimuli and the twining behavior.
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common circumnutation; (b) an adaption to the movement in certain environmental condition.

Prusinkiewicz et al. mention the possibility for a parametrized model of twining plants winding
around a supporting pole using an L-system [44]. Adaptions to environmental stimuli are not involved
in this study, and unlike pole-shaped structures that have a certain diameter, the thickness of the fiber
glass bundles of UMCC is negligible. Therefore, this study is not directly applicable to simulating
twining plants’ growth on UMCC, but it indicates a great potential to apply the circumnutating
movement as a physiological model to twining plants’ growth: a searching shoot repeatedly moves its
head from a current location in a spiral space to search for supporting structures that can be climbed on.
The computational solution, accordingly, can use a polyline that connects touch points of the plant with
the supporting structure in sequence to represent the main branch. Based on circumnutating movement
affected by environmental conditions, the simulation presented here puts forwards a novel approach
to generating a single growing path of a twining plant on a network like 3D supporting structure.

Circumnutating movements of twining plants can be very complex in relation to environmental
conditions. This study focusses solely on and accounts only for two highly important factors: light and
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gravity, and the corresponding plant responses of phototropism and gravitropism. The following are
preconditions for modelling:

(1) The species considered must be a twining plant that uses searching shoots to find support;
(2) Soil conditions including water, nutrition, and gas exchange are in idealized condition,

not affecting the plant’ s performance;
(3) The growing process requires support systems; stems cannot stand on their own;
(4) Stems overlain on the same supporting locations or on previous stems are excluded;
(5) No wind effects on the circumnutating movement are considered;
(6) No plant diseases or extreme weather events that could interrupt the growth process

are considered.

4.3. Core Models of the Simulating Process

In general, a simulation of twining plant growth should represent characteristics of all kinds of
plants that show circumnutation as a main pattern of growth. To accomplish this task, two core models
are suggested, namely the “searching space model” and the “climbing steps model.”

The “searching space model” describes how a searching shoot circumnutates to find a support
(Figure 13). It is assumed that at each anchored point, a shoot head’s searching space is defined by the
maximum searching range (a physiological limit) and the circumnutating behavior. The searching range
defines firstly a maximum spherical searching space of the shoot (Figure 14a); Circumnutating behavior
is an adaption to this searching space by driving factors. For example, if only directed by a single factor
like gravity, the shoot head begins sweeping with a circle of smaller radius at lower height, and then
moves higher (against gravity) with bigger range (Figure 13). Such movement results in a funnel-shaped
searching space, which is seen as a mesh transformed from the original sphere (Figure 14b,c).
In the same way, the searching space can also follow other circumnutation driving factors, e.g.,
light (either towards brightness or darkness). The “driving factors function” converts these driving
factors into guidance directions. Most of these driving factors (and therefore guidance directions)
vary depending on the anchorage point (position in space). The final searching space output is the
weighted synthesis of all the funnel-shaped meshes by different guidance directions (Figure 14d).
With this model, it is possible to modify “driving factors function” to simulate different species. Support
sections positioned inside this final searching space can be found by the shoot.

The “climbing steps model” is a superordinate model consisting of iterative rounds of growth
(Figure 15). Each round includes the “searching space model” as well as two functions, the “anchor
selection function” and the “timed loop function” (Figure 16). Searching space is set at the beginning
of each searching round where the searching shoot is anchored. A new anchored location is picked out
within this searching space by the “anchor selection function.” This new anchor point acts as the base
of the next searching round. All anchor points lined up in sequence shape the route of one branch.
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Figure 13. Circumnutation driven by gravity direction in, a simplified form of Stolarz’s study [42]:
(a) shoot head starts sweeping in a spiral path; (b) circumnutation continues; (c) shoot head contacts
with a supporting structure; (d) further climbing up the supporting structure.
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4.4. Simulating Framework and Additional Functions

Having framed the simulating process (Figure 16), definitions of the “driving factors function”
and “anchor selection function” become crucial for the performance of this method. These two functions
require strong physiological knowledge about specific species to work out reliable results. Presented in
this paper are simplified setups to allow a preliminary completion of the program for a generic
twining plant. It is expected that these functions can later be individually improved or adapted for
specific species.
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For driving factors function, two guidance directions of environmental stimuli are applied:
gravity is a constant downwards direction (usually Z-axis) in a 3D working space. Light direction
adopts maximum received radiation direction at the plant’s position. This is in our case calculated by
using annually average sky matrix radiation data of Munich and the surroundings that may block
the sun (Figure 17) [45]. Maximum searching range of the virtual generic plant is set to 0.5 m and the
respective weighting of gravity direction to light direction is 0.2 to 0.8.
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block the sun light; (c) calculating the average light radiation falling on each sub-surface of a detective
sphere mesh; (d) composing normal vectors of all sub-surfaces into one vector, where maximum
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For selecting a new anchor point at the supporting structure within the searching space (Figure 18),
as the shoot circumnutates in a helix, the probability of anchorage varies between points, depending
on two evaluated characteristics. A point located closer to the shoot head (smaller distance d) is more
likely to become the next anchor. Also, a narrower angle α (Figure 18c) between the central axis of
the searching space and the line of connection from shoot head to evaluated point leads to a higher
probability. Tests in this study input an equation cosα× 2.5−

√
d to calculate a score for each proposed

point. The point with the highest score is selected as the new anchor point in this searching round
(Figure 18d) and becomes the shoot head of the next searching round.
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Additionally, a “leaf pattern function” is introduced to roughly imitate leaf and bud distribution
along the output branch route for visual effect. This is achieved by defining the bud distance,
angles between stalks and stems, and elliptical shape of each palmate leaf (Figure 19).

Finally, the branching problem is overall a complex issue. In woody plants it is controlled
by internal patterns (mainly apical dominance) and external parameters (e.g., lighting conditions,
orientation in space etc. (see e.g., [46,47])). To overcome this complexity and to allow multiple branches
in the simulation, a temporary working solution is suggested here which picks out some buds near
possible unoccupied supports to start new branches. In order to avoid new branches overlaying
previous ones, the later branch uses the evaluation equation cosα× 2.5−

√
d + lg(d′) instead of the
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original one for anchor selection, where d′ is the shortest distance from the anchor candidate to any
previous branch.
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4.5. Plausibility Test of the Simulation Approach Using Case Studies

As already mentioned, all setups in Section 4.4 do not represent a specific species of twining
plants, but instead a generic prototype. To make accurate forecasts for the growth of specific species
these functions require further studies. To gain a preliminary understanding of the feasibility of the
simulating model, virtual 3D models of existing situations are built where twining plants are growing
on a trellis and compared the simulation result with the photos of the grown plants. (the testing scenes
and source codes are available in Supplementary Materials) The results of two such plausibility checks
are presented below.

In Figure 20a, two sets of the same support systems are installed on a building’s exterior wall
next to each other. Figure 20b is the simulated result for the scene. Compass direction is added to
the model without precise reference to the scene’s true orientation though a rough estimation seems
to be appropriate here. In the model, the first stem grows on the southernmost support. The second
generated branch that can’t overlay the previous branch climbs up along the middle support. This result
shows how searching space affects branch route “decision” on support systems: owing to the buildings
blocking sky radiation from the north and west sides, the most sunlight radiation comes from south
and east in this scene. Therefore, among the three vertical parallel support lines, the southernmost one
is most likely to be chosen by the twining plant.

Figure 21a shows two sets of grid support systems in a courtyard. A twining plant starts growing
from the bottom of different vertical cables. Simulation results of this scene are shown in Figure 21b.
Here especially, the simulated plants on the east oriented wall show interesting patterns. The two
northern ones develop branches at each intersection point of the grid which grow all to the south.
This can be explained by the orientation of the searching cone, which is oriented to the south here
(Figure 22). The southernmost plant grows in an area which is heavily shaded by the building in
the south. It does not show branches and grows straight upwards to the highest horizontal support.
Along the vertical support, the search cone is slightly oriented to the north since this is the direction of
the light under the southern wall’s shade. Nonetheless, this orientation does not lead to the growth of
branches along the north oriented supports at the intersections. An explanation for this “behavior”
is that the deviation of the searching cone is below the threshold of the branching function. At the top
point, where the north-oriented horizontal support is the only possible growth direction, the plant
turns right and follows this support. It is of interest that the plant stops growing at the middle of this
top horizontal support. As the southern sunlight increases (and the shadow’s influence decreases),
the searching space turns to the south (see Figure 22). Growth stops when the searching space does
not include a viable point that avoids overlaying. In the simulation, the selected anchor point falls on
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an existing branch route. In the real world, twining plants indeed behave this way, making U-turns
and climbing backwards along their own branches or may simply continue growing even though they
are not reaching a better-lit space. However, the simulator does not currently allow stems to overlay,
so the climbing steps model ends here.
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4.6. Growth Simulation on the UMCC

The fiber structure of the Urban Microclimate Canopy (as described in Section 2) has a great
fiber density, which makes for a complex support structure and a high calculation load. Therefore,
this simulation uses a simplified version of the original canopy, which only consists of around one
tenth of the original support elements. However, an over-simplified structure may cause difficulties for
shoots jumping over gaps between two canopy modules. A second simplification to keep calculation
load low is that shading of the (very light and transparent) fiber structure was not simulated here.
Radiation inside the canopy also cannot be simulated here. The result (Figure 23) is generated in two
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branching rounds, having three primary branches and nine secondary branches. All the branches
climb generally towards the sun direction (south). As the canopy’s overhead modules form three tori,
the stems climb around the edge forming green arched belts.
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5. Redesign and Setup as a Long-Term Experiment

To acquire more knowledge about the real interactions between the artificial fiber networks and
climbing plants during their growth, the structure was set up for long-term observation at a test field at
TU Munich in September 2018. The fiber elements were reused without any changes while the wooden
box-like foundations were replaced by a foundation of precast concrete and arch-like steel elements
with wooden coverings (see Figure 24). Within each of these elements, two climbing plants were
planted and their shoots guided into the lower, round openings of the fiber structure. Three distinct
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types with different climbing patterns were used: Virginia creeper (Parthenocissus quinquefolia) as an
example for a plant with tendril adhesive pads, Bavarian Hardy Kiwi (Actinidia arguta ‘Weiki’) as an
example of a twining plant, and the rambler rose Bobbie James (Rosa ‘Bobbie James’) as an example for a
hook climber.
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Figure 24. Urban Microclimate Canopy long term setup at TU Munich: (a) directly after installation; 
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installations. It was carried out based on a research by design approach in the field of living 
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Figure 24. Urban Microclimate Canopy long term setup at TU Munich: (a) directly after installation;
(b) situation in June 2020. Virginia Creeper has already reached the roof (top left); Hardy Kiwi in the
background starting to twine up the column element; roses growing partly inside, partly outside the
fiber elements (foreground right).

This installation has been set for about 20 months as this article is written, which cannot yet
provide meaningful results but only first impressions. At least five years of growth observations are
planned. What is visible so far is that the Virginia creeper is developing very vigorously, weaving in
and out the fiber glass structure seeking supports. The shoots reached the top of the structure easily
within the first growth period in 2019. Some shoots could not find hold on the structure and were
hanging down by up to one meter (Figure 25). The Hardy Kiwi grew much less in the first year and
the few circumnutating shoots could not find their way through the structure or could not loop around
fiber bundles. Therefore, they fell back and the plants did not grow out of the base element. It was not
until May 2020 that longer and stronger shoots emerged, which were able to find their way through
the openings in the fiber structure, to find hold and continue growth upwards (Figure 24). In contrast,
the roses grew very vigorously from the start. However, only a few, rather short shoots grew as
intended within the fiber elements. The majority sprouted vertically at the base and one shoot reached
the overtop element directly from there without any further support. In winter 2019/2020, the hanging
shoots of the Virginia Creeper were removed or inserted into the structure. The shoots of the roses
growing outside the fiber elements were also removed or cut back for the most part.
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6. Discussion and Conclusion

This paper documents the UMCC project from design to manufacture, simulation, and installations.
It was carried out based on a research by design approach in the field of living architecture. The design
and temporary installation of UMCC with its advantages and disadvantages has been discussed in
Section 3. The integrated design approach that was developed on this basis required a new simulation
framework for the growth of climbing plants. The simulation results suggest that the framework
is feasible for reflecting the phototropism and gravitropism in climbing plants’ growth on fiber-like
supporting networks. However, the simulation tool presented here must be seen as a first step, which is
as yet not able to predict climbing paths close to reality. The limitations lie in the exclusion of branch
overlay, the fact that the anchor selection function is lacking a physiological basis and that the leaf
pattern, bud distribution, and branching problems are not deeply analyzed in this simulator. Also,
other environmental factors like wind need to be taken into account. Nevertheless, the simulation
method put forward in this paper shows a novel framework and its potential in climbing plant
simulation. While some obstacles remain, a combination of the new approach and existing simulators
that cover aspects such as branching in high detail appear promising (compare e.g., [51]).

Furthermore, experiments are needed to derive the relevant parameters for different climbing
plants. Findings in this regard for the example of Hardy Kiwi will certainly be provided by the long-term
observations in a few years’ time. Regardless of the relatively short growth period of 20 months,
this test set-up already provides some qualitative findings and draws attention to aspects that need to
be taken into account when further developing the approach. In the current simulation, no overhanging
branches can occur, as was the case with Virginia Creeper. The fact that these branches have been
cut back or manually tied into the fiber structure shows that another factor, beyond plant-structure
interaction, has to be taken into account: in the long term, the interaction with maintenance and
manipulation by humans must be considered. There are several possible reasons that the Hardy Kiwi
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could not establish well in the structure in the first year. Firstly, it is very likely that the plants first
had to establish themselves in the new location after transplanting. Such delays should also be taken
into account if a time component is added to the simulation, which is currently not the case. Secondly,
the Hardy Kiwi seems to have problems finding its way through the openings in the dense areas of the
structure. This is a well-known problem with climbing plants on specific climbing support systems,
but it is not represented by the approach with the searching cone and could not occur in the actual
simulation due to the simplification of the structure.

The simulation allows environmental stimuli to affect the growth behavior of the twining plants.
This model helps execute the first two steps in the iterative design approach of UMCC and comparable
future applications. Admittedly, the gap in fully achieving a feedback process in living architecture
design is still large.

The long-term setup was installed on a test field in a very green, open area where the plant could
be planted in the ground. This location was chosen since it allows for undisturbed development and
permanent observation to gain further knowledge. To measure the microclimatic impact of such a
structure, a second prototype in an urban heat island needs to be installed. On the present location,
microclimatic measurements would not be very meaningful. Yet it can be concluded that the iterative,
parametric, and performance-oriented design approach presented here can contribute significantly to
overcoming current constraints in the design and implementation of living architecture, thus promoting
a broader and more diverse and meaningful green architecture.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/15/6004/s1,
model of simulation scenes: Urban Microclimate Canopy_Supplementary_simulation test scenes.3dm, source code:
Urban Microclimate Canopy_Supplementary_simulator code.gh.
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