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Biohybrid robotics takes an engineering approach to the expansion and
exploitation of biological behaviours for application to automated tasks.
Here, we identify the construction of living buildings and infrastructure as
a high-potential application domain for biohybrid robotics, and review tech-
nological advances relevant to its future development. Construction, civil
infrastructure maintenance and building occupancy in the last decades
have comprised a major portion of economic production, energy consump-
tion and carbon emissions. Integrating biological organisms into automated
construction tasks and permanent building components therefore has high
potential for impact. Live materials can provide several advantages over
standard synthetic construction materials, including self-repair of damage,
increase rather than degradation of structural performance over time, resili-
ence to corrosive environments, support of biodiversity, and mitigation of
urban heat islands. Here, we review relevant technologies, which are cur-
rently disparate. They span robotics, self-organizing systems, artificial life,
construction automation, structural engineering, architecture, bioengineer-
ing, biomaterials, and molecular and cellular biology. In these disciplines,
developments relevant to biohybrid construction and living buildings are
in the early stages, and typically are not exchanged between disciplines.
We, therefore, consider this review useful to the future development of
biohybrid engineering for this highly interdisciplinary application.
1. Introduction
Biohybrid robotic construction, a potentially broad field, couples interrelated
engineered systems and biological systems. In the related fields of bioinspira-
tion and biomimetics, extensive approaches exist for a range of applications,
including building design, materials, construction and robotics (see [1–4]).
However, in this review, we look to biohybrid robotics not as a form of
bioinspiration, but as a subset of robotic hybrid societies (see [5]), in which
biological organisms and robotic elements perform collective behaviours in a
self-organizing way. With this understanding, we can define biohybrid living
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buildings as those where robotic, mechanical and live biologi-
cal elements—potentially also with user interaction—
collectively accomplish built structures for human occupancy.

Construction is a relevant application for biohybrid
robotics, as biological organisms excel at producing material
with limited resources, and robots excel at flexible and pro-
grammable control. Though automation in architecture,
engineering and construction (AEC) sectors is rapidly growing
in popularity and sophistication [6], investigation of biohybrid
robotics in this context is currently rare and is an emerging
research trend. We are aware of two projects pursuing founda-
tional research for biohybrid living buildings, one being our
own flora robotica, for shaping biohybrid structures [7,8], the
other being Living Architecture (LIAR), for programmable
energy and resource infrastructure in building components
[9]. In this review, we do not address all potential aspects of
biohybrid living buildings, but focus specifically on the process
of construction, including operations like material deposition
and shaping. For buildings where living organisms are
involved in construction, we identify the essential challenge
to be steering biological growth or deposition into shapes or
patterns that perform building functions. These can include
not only the structural system (perhaps of multi-storey
height) but also building envelope functions such as shading,
thermal insulation, moisture barrier, air barrier and delivery
of building utilities. Though bio-mechanical hybrid structures
can conceivably be constructed by manual manipulation
alone, the growth times are likely to be long and the construc-
tion tasks laborious, suggesting the usefulness of automation.
Furthermore, the inclusion of self-organizing robotic partners
enables continual management of the full biological deposition
or growth process, which inherently involves some degree of
unpredictability. In order to guide and shape biological
elements during construction, robots might indirectly influence
the organisms through the construction and manipulation of
mechanical scaffolds, or directly influence them by providing
stimuli specific to the species.

As biohybrid construction has been infrequently studied so
far, we review the approaches that could be foundational for
future developments. Broadly, we first review robots that inter-
act with biological organisms, then construction involving
biological organisms, and finally construction involving robot
collectives. We seek to answer the following broad questions,
in a sufficiently concrete way to facilitate future study: (1)
which biological organisms are known to responsively deposit,
generate, or shape living or non-living material and what natu-
ral mechanisms are understood to modulate these behaviours?
(2) What existing autonomous technologies interact, or could
be expected to interact, with organisms and behaviours that
fall into the aforementioned category? (3) What methods
have been, or could be, used to incorporate living organisms
or their depositions into construction outcomes or processes?
(4) Which existing robot control, hardware and user-interface
approaches are relevant to the management of construction
processes that incorporate living organisms?

2. Hybridizing robots and biology
Though studies investigating the construction potential of bio-
hybrid robots are rare, many existing examples of robotic
interaction with organisms could be foundational for novel
applications. Plants and material-depositing animals are two
major categories of organisms that are candidates for biohybrid
construction (figure 1). In this section, we first review the beha-
viours of these two organism categories that could be useful for
steering or shaping their deposition or growth into constructed
artefacts. We then review robots that interact with biological
organisms on various scales, including organisms that might
not be directly applicable to the task of construction, as their
approaches to interaction could be extended in useful ways.

2.1. Organisms that are candidates for biohybrid
construction

2.1.1. Material-depositing behaviours of animals
Social insects (e.g. ants, honeybees, wasps, termites), collectively
construct ‘houses’ (nests) in a decentralized and self-organized
way. Their construction occurs through low-level interactions
among themselves and with their environment, which they
continually reconstruct by building (general: [10]; ants: [11];
honeybees: [12]; wasps: [13,14]; termites: [15,16]).

Some simple mechanisms impact the insects’ patterns
of material deposition or further shaping, such as thermo-
regulation [17,18], tunnel digging [19,20] or vibrational
communication [21]. More complex mechanisms involve
spreading of chemical gradients and modulation of animals’
behaviours based on the local concentration of these sub-
stances [22]. Such substances can be pheromones emitted
by the queen, by the brood, or by building workers [23].
Alternatively to pheromone gradients, there can also be gra-
dients in the density of the physical presence of brood,
workers, or building materials, which can also function as a
form-giving template [24]. Construction can be complexified
by cascades of environment-changing behaviours that are
triggered through environmental cues and signals—a
phenomenon known as stigmergy [25]. To roughly summar-
ize, stigmergy is a category of mechanisms by which social
insects communicate among themselves not directly but by
responding to the conditions found in the environment,
which may have been modified by any of the insects [26].
One example of this is termite nest-building as shown in
figure 1b, where the termites do not directly communicate
about what to build, but rather simply respond to the already
placed material in making their individual decision about
where to place the next [25]. Another example is in how
ants forage for food, wherein they again do not communicate
directly, but rather choose their path based on the pheromone
trails collectively left by the colony [27]. The presence of these
behavioural feedback loops, and the nonlinearity of
stimulus–response relationships, can lead to a significant
increase in the complexity of the produced nests [10].

Beyond social insects, many animals construct their nests
through material collection and deposition, including birds
[28], badgers [29], mole rats [30] and beavers [31]. Beavers,
as a prominent example, exhibit a construction activity that
can be seen from a stigmergic perspective. The beaver not
only constructs its nest by depositing material collected in
the surrounding environment but uses this material to con-
struct water dams which in turn heavily shape that
environment. The resultant environmental changes can then
trigger further building activities in the nest or dam (e.g. cor-
rectional restructuring depending on water level and water
flow). Some animals also construct nests by depositing
material they have secreted. Prominently, silkworms build
cocoons from secreted protein forming strong fibres [32],
somewhat similar to spiders weaving their nets [33].
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(a) (b)

Figure 1. Natural methods of shaping and material deposition, found in plants and social insects. (a) A tree-shaped substantially by natural tropisms; image used
with license. (Image retrieved from Wikimedia Commons, from username Roberto Fiadone. Used with Creative Commons license CC BY 3.0. Image copyright holder
chose and approved the license at upload.) (b) A termite mound built with natural stigmergy; image used with license. (Image retrieved from Wikimedia Commons,
from username Thomas Fuhrmann. Used with Creative Commons license CC BY 4.0. Image copyright holder chose and approved the license at upload.) (Online
version in colour.)
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2.1.2. Modelling material-deposition by animals
The nest construction of paper wasps and termites has been
modelled several times with qualitatively different approaches.
For example, [34] intensively examines the search-space of
‘stigmergic rule scripts’ implemented in a lattice swarm
model, finding several rule-sets that produce a paper wasp-
like nest. However, the cognitive abilities of individual
modelled wasps need to be strong in this approach, able to
process 211 different nest configuration properties. Other
studies show that an alternative approach—simple sets of a
few locally applied rules—can also be derived from observing
the wasps. These sets are capable of modelling the dynamics of
nest growth, suggesting that the wasps may govern their con-
struction behaviours using only a few simple rules based on
simple local assessments [13,14]. As a construction principle,
this looks rather general and applicable across many domains.
However, the study of [35] suggests that behaviours evolved in
nature are evolved for a specific animal, task and environment,
and therefore the derived construction principle may not be
useful for understanding animal construction generally.

In the related fields of bioinspiration and biomimetics, if
the desired application closely resembles the conditions of
the biological inspiration source, models have been success-
fully translated across physical spatio-temporal domains. For
example, collective transport of material observed in ants
has successfully been used as a modelling inspiration to
develop control for autonomous robot swarms which collec-
tively transport objects [36,37]. This suggests that extending
such models to biohybrid cases, where robots and organisms
collaborate, could be investigated. Modelling approaches for
self-organizing robots are discussed further in §§ 4.2 and 4.3.3.

2.1.3. Motion and tropism behaviours of plants
In addition to the behaviours of material-depositing animals,
we look at the behaviours of plants that may be relevant for
shaping biohybrid artefacts. Perhaps contradicting common
perception, plants show a remarkable diversity of move-
ments. Apart from passive propagules (detached pieces
riding external forces) and motion due to purely physical pro-
cesses (e.g. hydro-responsive curling in the resurrection plant
[38]), there is a plentitude of physiologically controlled active
growth and motion responses. Active plant movements can
be grouped into:

(i) autonomous, endogenously controlled movements;
(ii) externally triggered non-directional responses (i.e.

nasticmovements), where stimulus location is irrelevant
for response; and

(iii) externally triggered directional responses (i.e. trop-
isms), where stimulus location determines the
direction of growth and motion, see example in
figure 1a.

Of the autonomous movements, the most universal is cir-
cumnutation, which occurs in elongating tissues of all plants.
This behaviour, whereby tissues wind around their mean
growth direction, is most notable in climbing plants that
wind around a support, such as the common bean or morn-
ing glory [39–41]. This basic motion interacts with other
motion behaviours, especially irreversible tropisms involving
growth. Nastic movements are typically fast and reversible
responses where direction is incidental, such as the closing
of a venus’s fly trap regardless of the excitement direction
[42]. Because of the context of applying robot–organism inter-
action to construction, we focus on the directional tropisms of
plants, reviewed below. In natural settings, many of these
responses occur simultaneously, with the strength of
each response weighted differently according to species,
developmental stage, tissue and situation.

Tropisms are directed growth responses guided by stimuli
and enacted through the plant hormone auxin. Plants react to

https://commons.wikimedia.org/wiki/File:Museo_Larreta_Yatay.jpg
https://en.wikipedia.org/wiki/es:Usuario:Roberto_Fiadone
https://creativecommons.org/licenses/by/3.0/deed.en
https://commons.wikimedia.org/wiki/File:Termite_mound_-_Litchfield_National_Park.jpg
https://commons.wikimedia.org/wiki/User:Snowmanstudios
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a variety of environmental cues with tropic movements, par-
ticularly at the roots [43–45]. Tropic changes in growth
direction occur by redistributing concentrations of auxin, trig-
gering anisotropic growth and thus inducing curvature.
Plants employ gravity as a primary spatial cue to orient
their growth, via gravitropism. Stems generally grow against
the gravity vector, while roots grow along it. Lateral roots,
branches, or leaves often keep the gravity vector at a constant
angle to their growth direction. Gravity is sensed in regions
near growth tips (of shoots or roots) via subcellular statoliths
[46], ultimately leading to anisotropic expansion and division
of cells, causing directional re-orientation [47]. Even small
gravitational forces (as little as 0.1 g) can produce profound
effects on growth patterns (cf. wheat seedlings, [48]).

Plants react and adapt to mechanical impacts on all scales
[49–51], from stretch-activated ion-channels in cell mem-
branes to wind-swept trees minimizing surface of exposure
[52,53]. Although gravity is a type of mechanical stimulus,
the sensing and signalling pathways for gravitropic responses
only partially overlap with those for other mechanical impact
responses [54]. In general, mechanical forces provide plants
with information about their environments and themselves,
allowing for adaptive behaviour [55]. Thigmotropism (touch-
guided growth) can readily be observed in root tips growing
along the edge of dense soil clumps, assessing and following
the penetrability of the material while still generally satisfy-
ing their gravitropism [56,57]. Another thigmotropic
mechanism, common in climbing plants, helps tendrils coil
quickly around objects they touch using ionic signalling
and differential turgor-changes. If the stimulus is only transi-
ent, tendrils can uncoil again. However, if irreversible
responses (growth and lignification) have already occurred,
the coiling can no longer be undone [58,59].

Plants perceive light wavelengths from UV-B to far-red
(280–750 nm), incorporating it in a number of ways. For
example, the incident direction and duration of photo-
receptor exposure is used to help time key developmental
decisions and to continuously direct growth to exploit the
most promising local light situation [60–62]. Additionally,
light in the visual spectrum (400–700 nm) is a necessary
food staple of plants and is absorbed via photosynthesis
[63–65]. Concurrently, phototropism directs growth trajec-
tories relative to the incident angle of light, for which the
typical sensing mechanism is well-characterized. Blue light
(and to a lesser extent UV light) excites membrane-bound
proteins, relaying the signal to the cell or to responding tis-
sues further away. This again leads to the same
redistribution of auxin concentrations, and subsequently ani-
sotropic growth [66–68]. Phototropic responses and their
intensities vary largely across species, developmental
stages, and tissues. For instance, some climbing plants will
temporarily employ skototropism (growth towards shade) to
find a support to climb, by growing towards the darkest
spot, but not necessarily away from the brightest. There are
also reversible directional responses to light, such as the
light-stimulated movement of leaves [69,70] or the famous
heliotropic movement of young sunflowers before the
flower opens [71].

Being photosynthetic organisms, actively avoiding shade
is a major benefit to plants. They have evolved complex strat-
egies to manage shade or potential shade by harnessing their
full arsenal of light receptors [72]. These strategies include the
avoidance of projected future shade from nearby competitors
by triggering the well-researched shade avoidance syndrome
(SAS) [73]. This response is triggered by spectra enriched in
far-red (and possibly green: [74]) light, a good indicator of
the proximity of chlorophyll-bearing organisms. Mechanical
stimulation and plant-emitted volatile chemicals can also
feed into this response [61,73]. It usually results in elongated
stems and in petioles with reduced branching and root
growth. Meanwhile leaves tilt upwards (hyponasty) in an
attempt to outgrow competitors. Much less is known about
shade-tolerance mode, which is employed by plants growing
under a dense canopy to cope with long-term shaded con-
ditions. Typically, this response leads to an increase in
specific leaf area (SLA), an optimization of photosynthesis
for low-light conditions, and greater physical defence of
leaves [75].

Chemotropism (chemically guided growth) has long been
known in roots, which sense a plentitude of chemicals and
are seemingly aware of local and global needs [76]. In
shoot tissues, chemotropic growth has been shown in the
parasitic dodder, as it seeks and selects host plants in a
dark environment [77,78].

Plants control which tissues follow which environmental
cues, as well as the timing and magnitude of response. In this
way, a certain stimulus can influence or fully override the
direction growth would otherwise follow, according to fac-
tors like nutritional status [44]. The development of a
climbing bean is an illustrative example of this concept.
First, the germinating bean shoot grows against gravity, but
towards (blue) light. Soon, autonomous circumnutational
winding sets in, allowing the plant to use its sensing machin-
ery to assess the environment in much higher spatial
resolution [79], while increasing the odds of hitting and encir-
cling a support. If that occurs, thigmotropic cues help the
bean wind around the structure, while the other tropisms
are still present. More favourable light regimes allow the
bean to climb supports at more horizontal slopes, while
both light and gravity positively influence the circumnutation
radius. Finding a support triggers a change in development
as the plant is relieved of the need to mechanically support
itself [39,58,78]

All of these processes and sensing strategies are at the dis-
posal not only of herbaceous species like bean, but of self-
supporting woody species. Such species have been used in
the domains of architecture and plant shaping (see §3.3) to
build up adaptive living support structures over years or dec-
ades. The guidance of woody species through the stimuli and
tropisms described here, rather than through manual
manipulation, could be investigated. Beyond using the
plants’ natural growth and motion behaviours, the genetics
of plant development are increasingly becoming understood
[80], opening routes to ‘programming’ plants for functional
applications like construction.
2.1.4. Modelling plant growth and motion
A generic formalization that models the comprehensive bio-
logical phenomena of plant growth and motion across
species does not yet exist [81,82], but the many approaches
described in the literature are extensive, diverse and sophisti-
cated. Many models have been proposed (cf. reviews in
[53,83–87]), ranging from abstract geometric models to
detailed biological models of the motion behaviours
described in §2.1.3. Overall, we can roughly group the
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examples in the literature into the categories of (1) abstract
models or grammars inspired by plants, (2) computer
graphics models for plant visualization and (3) biological
models of observed plant dynamics. Though the topic of
plant modelling is too broad for us to comprehensively
describe, in this subsection we review some highlights from
these categories, focusing on relevance to biohybrid robots.

Arguably the most prominent type of abstract model or
grammar inspired by plant development is L-systems
[88–90]. An L-system is a formal language with a parallel
rewriting mechanism where a set of context-free generative
rules are applied to a set of symbols starting from an initial
seed. Many variations of L-systems are described in the litera-
ture, mostly with the purpose of extending the system to react
to environmental factors during development. In the
approach of [91], the symbols of the L-system are agents of
different types and their interactions and dynamics are
defined by a swarm grammar. Others have introduced the
concept of virtual plants explaining the development of
plants interacting with the physical and biotic environment
[92]. Some of the other methods of modelling an individual
plant’s morphogenesis are proposed by Bell [93] and Niklas
[94], complemented by the approach of [95] for a plant’s
motion. Some models are introduced to capture other aspects
of growth in plants. For example, the approach of [96,97] uses
a swarm intelligence approach to model morphogenesis,
inspired by plant resource distribution in response to
environmental factors. Many of these models could be inves-
tigated for the control of self-organizing robots in a biohybrid
system, particularly in combination with approaches dis-
cussed in §§ 4.2 and 4.3.3. They might also be extended for
integration with biological plant modelling data, as [98]
explore by integrating L-systems with multi-scale tree graph
(MTG) data structures, a common multi-scale representation
of plant architecture in biological sciences.

Modelling plants is an expansive and relevant topic in
computer graphics and animation. One general approach
uses generative models, such as the abstract models and
grammars described above, to simulate shape and develop-
ment of plants, reaching desired shapes by tuning
parameters (e.g. [99–101]). Another approach takes a hand-
drawn sketch or an image of a plant as generative input
and uses it to construct a visually realistic three-dimensional
(3D) model. In sketch-based modelling (e.g. [102,103]), a user
draws a sketch of the plant and the system approximates par-
ameters of a base model in order to construct the 3D plant
shape. In a similar approach (e.g. [104]), sketch gestures
from the user interact with the plant model to steer and
shape it with simple brushstrokes. These sketch approaches
can be combined with self-organizing models (e.g. [105])
and could be investigated in the context of the human–
biohybrid interfaces discussed in §4.4. In image-based
modelling, images of real plants are processed by methods
of computer vision and image processing, and an optimiza-
tion method infers the parameters for a graphical model of
the plants. For example, [106] use a differential evolution
method to retrieve a plant model from the real images
taken from the trees, incorporating its growth, sway in the
wind, and addition of leaves. A similar method on the
forest scale is reported by Zamuda & Brest [107], while
[108] present a different extension using a laser scan rather
than image. Though these approaches currently focus on
computer graphics, they could potentially be investigated
for extension to data-driven models of plant response to
stimuli in biohybrid set-ups, similar to the simple approach
of [109] described below.

Biological models are relevant to the application of bio-
hybrid robots, especially if they can be used to predict or
simulate a plant’s response to specific robotic stimuli. We
are not aware of any existing models that can universally
fulfil this need when engineering biohybrid systems with
plants. Ad hoc approaches to this problem (e.g. [109,110]) con-
struct a data-driven model by image processing time-lapse
records of a certain species in a given set-up, from a few
initial experiments. More generalized approaches could be
investigated, building from a variety of models in plant
science literature. Though many approaches exist for agricul-
tural purposes to improve crop yields (see example review by
Malézieux et al. [111]), these are not likely to extend to the
application of construction. Other plant science approaches,
however, focus on the growth patterns, trajectories and bio-
mechanics of individual plants, and are therefore adjacent
to the engineering task of steering and shaping growth
through automated robotic stimuli for biohybrid construc-
tion. Arguably the most relevant for this engineering
application are unified models of several tropisms (see
§2.1.3 for description of tropisms) such as that presented by
Bastien et al. [112], or comprehensive models of growth in a
specific species (e.g. [113]). Other relevant approaches focus
on a variety of topics, including generalized measurement
of growth volume [114]; image processing for spatio-temporal
leaf and root patterns [115]; genetic impacts on growth trajec-
tories [116]; impact of photosynthesis patterns on growth’s
response to resources [117]; geometry of nutation and its
relation to growth dynamics [41]; and building a framework
for simulation of growth and development [118].

2.2. Robots that interact with organisms
One approach to biohybrid robotics described in the litera-
ture is to use engineered tissues as part of the machine
[119,120]. In this review focused on construction as appli-
cation, we review robots that influence intact organisms, as
we are interested in their behaviours of depositing or grow-
ing building material. Robotics that incorporate biological
organisms can have any of the following interaction types:

(i) microscale (i.e. coupling with individuals),
(ii) mesoscale (i.e. interaction with groups, as artificial

agents or via local stimuli), or
(iii) macroscale (i.e. globally influencing environment).

Of the below robots interacting with animals, not all are
with organisms that are useful for construction. However,
their approaches to interaction could be investigated for
animals with material-depositing behaviours.

2.2.1. Coupling with individual animals
Today’s technology fails in delivering centimetre scale robots
which are able to perform autonomously and effectively in
unknown dynamic environments. In contrast, natural insects
are able to easily navigate in most environments while success-
fully maintaining control and stability. Therefore, as a
compromise, a biobiotic approach (i.e. cyborg system [121])
could be followed, allowing thewireless control and navigation
of insects to perform meaningful tasks in such environments.
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For example, cockroaches with backpack systems are manoeu-
vred wirelessly to perform line following behaviour using
neural stimulation [122], and augmented rats could be guided
by visual cues and solve mazes [123,124]. The ZigBee enabled
backpack system is equippedwith a tissue-electrode bioelectrical
coupling system which insures safe electrochemical stimula-
tion. Erickson et al. [125] further investigate the locomotion
response to various degrees of neuro-electric stimulation on
the Madagascar hissing cockroach (Gromphadorhina portentosa).
Investigation has also been done for bio-machines (i.e.
mechanical cyborgs), where sensing or actuating in a robot is
accomplished in part by biological tissues; [126] have shown
robot propulsion with frog muscle tissue.
J.R.Soc.Interface
16:20190238
2.2.2. Interaction with groups of animals or environments
Animal behaviour as a response to events in the environment
or to local interaction between group members has been
modelled by several methods, described above. Robotics
approaches can allow further investigation of animal behaviour,
by replacing swarm individuals with biomimetic robots and
then establishing cause-and-effect interaction sequences. The
ASSISI Project (Animal and robot Societies Self-organize and
Integrate by Social Interaction) [127], introduced a biohybrid
society composed of animals (e.g. fish and honeybees) and
robots. First, the robots interact with the animals, learning
their behaviour and adapting to it in order to be socially
accepted. Then, they feed information into the society through
physical channels, influencing the system to move towards
desired states. Robots and animals can make collective choices
in their habitats, while the robots couple separated habitats by
sharing information between them [128].

In one approach, [129] develop autonomous robots inte-
grated into groups of live cockroaches to influence collective
decision-making. The robots were designed to exhibit similar
behaviour to cockroaches and were coated with a chemical
blend to bear an acceptable chemical signal. In this work, the
robots were able to introduce bias into the decision-making
process by influencing the cockroaches into aggregating
towards a less favourable shelter. da Silva Guerra et al. [130]
follow a different approach for physical acceptance within
living crickets (Gryllus bimaculatus). By installing decoys (live
cricket heads) on the robots to increase the acceptance and
allow for proper interaction, the robotic crickets were able to
trigger specific insect behaviours by performing certain
repeated movements (e.g. courtship or agonistic behaviour).
Also, in the Chicken Robot project [131], a mobile robot
(i.e. PoulBot) was developed to collaborate and control a
group of chicks. Based on a learned filial imprinting
model, the robot was able to integrate and show leadership be-
haviour using acceptable movement patterns and appropriate
emitted sounds.

To investigate interaction with marine animals, [132]
construct a robotic fish (stickleback Gasterosteus aculeatus
L. replica) which can be remotely controlled to move around
in a fish tank. The robotic fish was able to exhibit leadership
behaviour by recruiting a single fish from a refuge, and by
initiating a turn in singletons and in groups of 10. An interest-
ing observation is that the individuals would respond to the
robotic fish to a greater degree than to others. The reasons
for this could be the behavioural model (i.e. the robotic fish
moves faster than other fish and without stopping) or posi-
tioning (i.e. the presence of the robotic fish at the front of the
group). In similar work [133], see figure 2b, experiments
were conducted implementing the following behavioural
patterns with guppies (Poecilia reticulata): swarm following,
integration, predator, and recruitment behaviours. Interest-
ingly, a robotic fish was able to recruit a group of fish to the
non-favourable area at the centre of the tank. Executing a
sequence of behaviours (first integration then recruitment)
helped the robotic fish to be integrated and accepted within
the swarm, hence, succeeding in its recruitment mission to
the desired target points. Later, [136,137] investigate accep-
tance of the robotic fish within the swarm in further detail.
The results indicated that natural appearance and motion
significantly increases the acceptance level of the artificial
individual. Hence, the precise modelling of animal behaviour
and individual characteristics is crucial. Along this line of
work, [138] develop a robotic fish (zebrafish Danio rerio
replica) which can beat its tail with different frequencies and
amplitudes. The experiments concluded that the tail beating
rate increases the acceptance level of the robotic fish within
the shoal.

The safety of both animals and robots is important within
biohybrid environments. The classical robotic task of collision
avoidance was re-approached by Gribovskiy & Mondada
[139] and Gribovskiy et al. [140] using methods such as
fuzzy control with the constraints of the new systems. Inter-
esting tasks for this system are mapping and exploration
[141] where the topological information about an unknown
environment is obtained based on local interactions without
localization. Whitmire et al. [142] follow an acoustic approach
where the biobots are equipped with a microphone. The
swarm of biobots was able to localize a sound source
which allows further investigation in search and rescue appli-
cations. In a similar context of search and rescue missions, the
concept of an invisible fence composed of biobots as a reliable
wireless sensor network is introduced by Latif et al. [143].
Also, the approach allows the biobots to guide each other
towards light sources in order to charge their batteries
using solar energy in extended mission durations. Yang
et al. [144] introduced a protocol for manoeuvring spiders.
The spiders were steered successfully in the left or right direc-
tions using electrical simulation. This work is considered an
important step towards creating a spider biorobot.

Research has also dealt with technological intervention at
the scale of full ecosystems, via distributed sensing, tracking,
and monitoring of wildlife [145], including animals that can
exhibit self-organizing behaviours in groups, such as birds
[146,147]. Beyond monitoring, the restoration of overall eco-
system health via mobile robotics has been proposed, to
increase biodiversity and combat desertification [148].
2.2.3. Coupling with individual plants
Robot actuators have long been developed to handle or har-
vest individual plants or organs in greenhouse settings, cf.
[149,150]. Recent developments trend towards deeper inte-
gration. Technological coupling with plants to form
biomachines (i.e. botanical cyborgs) has been explored for
sensing, display, and actuating [151]. One way of interacting
with plants is via their chemical and electrical signals
[152,153], which perform even long-distance communication
[154]. Robotic effects on plant signalling are used in plant
science research to understand physiological behaviours
[155]. Physiological responses of the plant to the environment
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(a) (b)

Figure 2. Two approaches to interaction between robots and natural organisms. (a) A robot interacts with plants by providing directional light stimuli, as seen in
[134,135]. Image by authors. (b) A robotic fish interacts with a group of natural fish as an artificial agent in [136]; image from [136] and used with license. (Image
reprinted from fig. 1d of the Royal Society Open Science paper of Bierbach et al. [136], DOI, open access. Used with Creative Commons license CC BY 4.0. Authors
holding the image copyright approved the license at publishing.) (Online version in colour.)
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have been suggested as a basis for bio-sensors or phytosen-
sing (where the environment can be sensed indirectly via
the plant). The PLEASED project uses plant roots as an
organic approach to a distributed sensor network [156],
while a plant and mobile robot pair [157], and the flora robot-
ica project, use the plant as a sensor to inform devices [8].
Plants as bio-sensors has become a developed research
topic for environmental monitoring [158], and engineered
plants have been proposed even for especially challenging
environments [159]. Plants have also been used to power
very low-voltage devices [160]. By infusing organic conduc-
tive polymer into a cut plant’s vascular system, a plant has
even been used as functional circuitry [161].

Research on steering the morphological development of
individual plants is rare, as agricultural concerns, for
instance, do not motivate such studies. However, there is a
line of research on shaping plants that develops an auto-
mated process of evolving controllers that direct the growth
of a single plant to certain goals [109,110,162,163]. Machine
vision was used to understand the behaviour of single bean
plants in reaction to external light stimuli, and to construct
data-driven models of the plant’s growth and motion. The
models were used to control light stimuli and steer the
plants to predetermined targets, adaptive targets, and
around obstacles—in simulation and on real plants. This
approach is extended to robots with distributed control, pro-
viding stimuli to guide the decisions of climbing plants,
between several growth path options [134,135], see figure
2a. Similar methods applied on a much larger scale could
drive more complex construction processes with plants.

2.2.4. Interaction with groups of plants or environments
A plant-inspired robot has been developed in the Plantoid
project to mimic a root system [164], in research towards
soil monitoring. As root systems of plants use forms of indir-
ect communication, similar plant-inspired robots could
feasibly integrate into a group of real plants to influence
their behaviours, similar to approaches for robot interaction
with social insects described above. Automated vehicles
and robots are commonly used for industrialized agriculture,
automated greenhouses, and home gardening (e.g. [165–172])
for an expansive range of tasks (see [173]) due to their pre-
cision or cost efficiency in monitoring and supporting plant
growth [174,175]. Automation approaches have been devel-
oped even for especially challenging tasks like weed control
[176]. Guidelines have also been introduced for the design
of plant nursing robots [177]. Computer vision and other
imaging techniques for monitoring and 3D modelling of
plants are also well-developed [178–180]. Steering of plant
behaviours is again less explored. However, groups of
plants steered by stimuli have been proposed as interactive
displays for user devices [181,182].
3. Hybridizing buildings and biology
The majority of existing biohybrid construction uses some
combination of biological organisms, manual manipulation,
and static scaffolds or moulds. These generally hybridize bio-
logical and mechanical elements, without incorporating
automation. Examples that include robotic elements are lim-
ited, and usually focus on autonomously maintaining
organism health, rather than steering motion or shaping mor-
phology. Current bio-mechanical hybrid structures can be
roughly organized into the following categories:

(i) static mechanical scaffolds that support biological
organisms;

(ii) biological energy sources in buildings;
(iii) plant growth shaped into load-bearing elements; and
(iv) forming building components from amorphous living

material.

When shaping material into a fully equipped long-term
occupancy building, the roles to be materially performed
include not only the structural system but crucial building
envelope functions (e.g. thermal insulation, moisture barrier,
utility delivery). In this section, we review examples where a
biological element fulfils one or more of these roles. Because
infrastructural roles such as light emittance are often coupled
to a material role such as utility delivery, the distinction is not

https://royalsocietypublishing.org/cms/attachment/bcd28143-184e-4e55-aeee-8b700d1f57ef/rsos181026f01.jpg
https://doi.org/10.1098/rsos.181026
https://creativecommons.org/licenses/by/4.0/deed.en
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always clear. Therefore, the works here include some
examples that, though primarily infrastructural, we consider
to be integrated into material building components in a
way that might impact artefact shaping.

On one hand, in examples of static structural scaffolds
hosting organisms or of building components that cultivate
energy sources, the grown or deposited biological material
typically does not carry the primary structural load, but
rather contributes to a building envelope role. On the other
hand, in examples of plants shaped into structural elements
or of amorphous material shaped by moulding, the biological
material often acts as the primary structural system, with
envelope roles sometimes fulfilled either by artificial
elements or biological ones. To realize biohybrid living build-
ings, the approaches described below could be individually
extended, or potentially could be combined together in a var-
iety of ways, such that plants, material-depositing animals,
and microorganisms might coexist in a single living building.
This section concludes by identifying opportunities in the
reviewed bio-mechanical systems for extensions that integrate
robots as partners in shaping biohybrid artefacts.
90238
3.1. Static structural scaffolds that host biological
organisms

Structural scaffolds that incorporate organisms are organized
such that artificial elements form a mechanical scaffold upon
which the biological elements can grow or deposit material.
The mechanical scaffolds are static, steering biological
growth or deposition through their predetermined shape
and arrangement of components. The scaffolds leave voids
for the biological elements to fill, or form paths or surfaces
for them to follow. After biological material has been
added, the mechanical scaffolds stay in place as a permanent
part of the structure.
3.1.1. Scaffolds for animals depositing material
In structural systems involving animals that exhibit material-
depositing behaviours, mechanical scaffolds are designed to
steer deposition patterns specific to the species used. Silk-
worms are guided by density in the scaffold, while
honeybees are guided by voids. In the Silk Pavilion project
by Oxman et al. [183,184], shown in figure 3b, a domed
room-sized scaffold forms the substrate for silkworms to
deposit their threads. The scaffold comprises frame modules,
each of which is prefabricated and robotically wound with a
sparse pattern of silk threads. When released, the silkworms
seek to patch gaps in the pattern of existing silk threads, as
they naturally would for cocoon-building. The silkworms
do not cover the entire scaffold in dense silk fibres—rather,
their deposition is guided by density of the robotically
wound threads, as they are not able to cross gaps larger
than their body size. Therefore, intentional windows in the
sparse pattern of the scaffold are maintained when the silk-
worms fill in their dense matte of fibres. In the Co-occupied
Boundaries project by Ilgun & Ayres [185], an object-sized
3D printed polymer scaffold is shaped to leave voids for
honeybees to construct their comb according to their natural
behaviours, as shown in figure 3a. The printed polymer fila-
ment forming the scaffold is dense, but maintains gaps large
enough for honeybees to pass through, giving them pathways
to all sides of the scaffold. The rough material texture of the
scaffold and the sloping angles of its sides create surfaces to
which the honeybees can easily attach comb. The placement
of comb is guided by creating large voids with two or more
sides of enclosure. In both of these examples, the mechanical
scaffold must be structurally sufficient to support the load of
the biologically placed material. In the case of the [183,184]
Silk Pavilion, the fibres placed by the silkworms are not self-
supporting and cannot serve a structural role on their own.
In the case of the [185] Co-occupied Boundaries, the honeybee
comb is self-supporting once formed, although it requires a
scaffold for initial placement. The structural properties of
the comb are not further investigated by Ilgun & Ayres
[185], but due to the wax material of comb, it is unlikely
that it would be able to support large external loads.

Material deposited by animals, while often capable of ser-
ving some structural role on the scale of the associated
animal, is unlikely to be stiff enough on its own to carry
building scale loads or human occupants. Stiffening methods
such as resin impregnation could be investigated for these
materials to prepare them for a structural role, but this may
be a prohibitively inefficient construction process. Alterna-
tively, these materials could be investigated for non-structural
roles in building construction, such as thermal insulation or
façade cladding.

3.1.2. Scaffolds for microorganisms
Microorganisms are integrated with mechanical scaffolds as
part of structural systems, as well as for other functional
roles such as the cleaning of pollution. For structural systems,
[186] cultivate bacterially produced cellulose on 3D printed
polymer scaffolds. The bacterial cellulose grows to fully
coat the surfaces of the scaffold, and additionally forms
membranes across gaps. Similar to the silk fibres described
above, these cellulose membranes are unlikely to bear build-
ing scale loads, but might be investigated for other roles
such as thermal insulation or moisture membranes. In a
different approach, mycelium fungus is investigated for soil
decontamination by Sollazzo et al. [187] in their Symbiotic
Associations project. The mechanical scaffold, in this case,
does not serve a structural role for a building, but exclusively
supports the growth of the fungus. Though not a direct part
of the typical construction process, this approach could be
investigated for use on the larger building site or as part of
a structure’s foundation.

3.1.3. Scaffolds hosting plants or habitats
The combination of scaffolds and plants may be generally
familiar through gardening practices, such as the use of a trel-
lis to host a climbing plant. For buildings, basic mechanical
scaffolds on façades and roofs have been used extensively
in building construction to host plants as green walls and
green roofs [188,189]. This strategy is exemplified in façades
designed by Patrick Blanc, as described by Gandy [190].
The plants, and especially the soil mass required to host the
plants, serve a substantial thermal insulation role and may
also work to mitigate the urban heat island effect [191] and
manage urban stormwater [192]. The full range and limit-
ations of the economic and environmental aspects of green
roofs and other green infrastructure are for instance examined
in [193]. Examples in the literature work to advance the flexi-
bility or functionality of green walls approaches. For instance
[194] investigate 3D printed solutions for suitable growth
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(a) (b)

(i)

(ii)

Figure 3. Natural material-depositing behaviours of animals in response to their environment. (a) Social insects such as bees will naturally build structures that are
adaptive to their environment, for instance by filling gaps with honeycomb; image used with license. (Image retrieved from Wikimedia Commons, from username
Onésime. Used with Creative Commons license CC BY-SA 3.0. Image copyright holder chose and approved the license at upload.) (b) Silkworms constructing a domed
pavilion, by depositing material according to the shape of the mechanical scaffold in their artificial environment [183,184]. Top and bottom images both used with
license. (Top image and bottom image both retrieved from Wikimedia Commons, both from username Sj. Both images used with Creative Commons license
CC BY-SA 4.0. Image copyright holder for both images has approved the licenses, verified by OTRS ticket number 2016072510000875.) (Online version in colour.)
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substrates, achieving flexibility in geometry and in fabrication
processes. Another approach to increase flexibility is taken in
the Plug-In Ecology project by Joachim [195], where plants are
individually hosted in modular building components that
can discretely pop in and out of a larger structure. Besides
flexibility, the functionality of plants on mechanical scaffolds
is increased in the Eco Boulevard in Vallecas, by Ecosistema
Urbano et al.1,2 and in the Baubotanik Plane Tree Cube
Nagold, Baubotanik Tower, and Baubotanik House of the Future
by Ludwig et al.3,4 and Ludwig & Schönle [196], in all of
which trees are planted upon an open structural frame that
is either temporary or permanent and are grown to fill in
gaps and form the façade of the building or to form the
load-bearing structure, rather than be added to an existing
fully enclosed façade. Providing an alternative functionality,
although not implemented in a building, the floating artificial
islands in the [197] RiverFIRST project act as a simple scaffold
like that of a green roof, to support a range of plants and ani-
mals present naturally in local habitats, with the aim of
increasing biodiversity (cf. urban biodiversity, [198]). The sys-
tems described above, and similar, typically incorporate some
robotic elements for automated irrigation, monitoring, and
maintaining health of the plants. However, none of the afore-
mentioned examples, or similar green walls we found in the
literature, use their robotic elements to steer the location or
shape of growth.
3.2. Biological energy sources in buildings
Cultivation of algae or microorganisms as energy sources in
buildings is an approach that typically incorporates auto-
mation to manage the infrastructural system and keep the
organisms healthy. Some examples are integrated into build-
ing components in a way that impacts envelope functions or
artefact shaping.
3.2.1. Growing algae for biomass
Algae are systematically cultivated and harvested for biomass
in dedicated photo-bioreactor plants, as reviewed by Proksch
[199]. Integrating this process into buildings allows the culti-
vation to occur on its site of eventual use, cutting down on
transportation energy or on distribution losses. A fully oper-
ational example of integration can be seen in the [200] BIQ
Algae House by architect Splitterwerk, shown in figure 4. The
algae façade panels by Elsayedet al. [201] act asmobile shading
devices for the building interior, in addition to their role of
continual energy production. This approach of designing the
integrated algae cultivation system to serve additional stan-
dard building functions is also explored by Decker et al.
[202], in the relationship between algae density in the panel
and interior light levels and distribution. Both of these
examples use rigid façade panels that are made to be mounted
in a specific way. Systems with greater flexibility in use case
allow cultivation in interiors of buildings or as part of urban
infrastructure. The HORTUS project by Pasquero & Poletto
[203] cultivates algae indoors and incorporates user inter-
action as part of the CO2 and oxygen ventilation loop. The
Urban Algae Canopy Module, as described by Ednie-Brown
[204] prototypes algae cultivation modules for use in public
plazas and other urban infrastructural spaces. The modules
can provide an additional function of shading, similar to the
façade panels described above, but do so in the form of a
canopy over open outdoor space.

https://upload.wikimedia.org/wikipedia/commons/f/fd/Abeilles_et_ruches_13.JPG
https://commons.wikimedia.org/wiki/User:On%E9sime
https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://upload.wikimedia.org/wikipedia/commons/f/fa/Silk_Pavilion_silkworm2.jpg
https://upload.wikimedia.org/wikipedia/commons/d/df/Silk_Pavilion_silkworms_at_work.jpg
https://commons.wikimedia.org/wiki/User:Sj
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://ticket.wikimedia.org/otrs/index.pl?Action=AgentTicketZoom%26TicketNumber=2016072510000875
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Figure 4. The BIQ Algae House [200] with algae façade panels by Elsayed et al. [201] that cultivate biomass for energy production. Left and right images both used
with license. (Left image, titled ‘IBA Hamburg BIQ (2).nnw.jpg’, and right image, titled ‘IBA Hamburg BIQ Fassadenteil mit Mikroalgen.nnw.jpg’, are both retrieved
from Wikimedia Commons, both from username NordNordWest. Both images used with Creative Commons license CC BY-SA 3.0. Image copyright holder for both
images chose and approved the licenses at upload.) (Online version in colour.)
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3.2.2. Microorganisms as light sources
Bioluminescence has been investigated for infrastructural
applications [205], including bio-lighting in cities and a few
preliminary studies for bioluminescent building components.
In the Biolamp project by Genetic Architectures Research
Group & Estévez5,6 small discrete containers of biolumines-
cent bacteria are integrated into a domestic interior to test
whether useful light levels can result. By including a high
density of containers, a low but useful level of ambient
green light was achieved, but keeping the bacteria healthy
in such a decentralized organization was considered too chal-
lenging for the method to be pursued further [206]. The
Microbial Home biolight by PHILIPS7 addresses this bacterial
health challenge by consolidating larger containers in a
single location, and connecting each container to a source
of methane gas from an onsite biodigester [207]. In Biolumi-
nescent Field, a spatial art installation by Burggraf et al.,8

instead of using bacteria with a constant glow, containers
that can be manually agitated by users are filled with micro-
organisms that glow only when disturbed [208]. Providing
robotic stimuli to trigger bioluminescence in buildings
when desired, rather than uniformly, could be investigated.

3.3. Guiding plant growth into load-bearing elements
Many plant species do not require external support, and their
property of providing material with low resource cost can
easily be seen as advantageous for building construction.
However, it is less automatically clear that plants can fulfil
structural roles for occupant loads and multi-storey buildings.
Existing examples of guiding or constraining plants into struc-
tures mostly have been made by handcraft practitioners or
through indigenous traditions, partly because grown struc-
tures that are substantially large at present must have been
begun years or decades ago. These approaches include manu-
ally rearranging roots, weaving stems, constraining stems into
bundles, joining stems through grafting, and constraining
stems onto temporary moulds. As a whole, these examples
give evidence for the ability of plants to perform certain
structural or building envelope roles. Newer studies in scien-
tific or engineering fields extend these handcraft approaches,
for example by embedding permanent mechanical elements
into natural growth to perform supplementary roles (e.g.
floor plates, handrails), or by using robotic elements to
guide or shape plants through provision of stimuli.

3.3.1. Manually guiding growth in the Living Root Bridges
Several examples of building-sized structures, functioning
successfully for occupant loads, can be seen in the construc-
tions termed Living Root Bridges in Meghalaya, India
(figure 5). As described by Shankar[209] and Chaudhuri
et al. [210], these bridges, made from live plants over a
period of years or decades, are demonstrated to structurally
outlast steel suspension bridges in the area due to high
levels of moisture and dynamic loads such as flash floods.
According to [209], the Living Root Bridges, once constructed,
can last for centuries with minimal maintenance, and are
even used in the area to replace failing cable bridges. Shankar
[209] documents the following process of light manual gui-
dance of natural growth by which the bridges are formed
over a period of 15–30 years: first, a hollowed tree trunk sup-
ported by bamboo scaffolding is used to guide young, pliable
Ficus elastica roots across a desired bridge location, sometimes
from both sides; second, multiple layers of ficus roots are
guided through the trunk until the combined roots are self-
supporting and the trunk is removed; third, multiple layers
of roots are guided along the bamboo scaffold, until they
too are self-supporting and the bamboo is gradually
removed; finally (or simultaneously with the previous step),
‘dead load’ such as stones, wood planks and dirt are added
to fill gaps and to test the bridge for structural stability.
According to [209], mature bridges can carry loads of up to
35 people.

3.3.2. Mechanically constraining growth
While in their young, pliable state, plant stems can be manu-
ally placed in a desired position, and then mechanically

https://upload.wikimedia.org/wikipedia/commons/b/b6/IBA_Hamburg_BIQ_%282%29.nnw.jpg
https://upload.wikimedia.org/wikipedia/commons/1/1f/IBA_Hamburg_BIQ_Fassadenteil_mit_Mikroalgen.nnw.jpg
https://commons.wikimedia.org/wiki/User:NordNordWest
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Figure 5. One of the Living Root Bridges constructed by the manual rearrangement of root growth over long periods of time [209]; image used with license. (Image
retrieved from Wikimedia Commons, attributed to Arshiya Urveeja Bose. Used with Creative Commons license CC BY 2.0. Image copyright holder chose and approved
the license at upload.) (Online version in colour.)

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190238

11
constrained in that position. Stable structures can, for
instance, be built with pliable woody species such as willows,
although the individual stems have low stiffness, by perma-
nently constraining the stems in tightly woven patterns or
in large, strong bundles. Over time, the individual plants
sometimes graft with their constrained neighbours, but we
are not aware of any examples where grafting is demon-
strated to give additional load-bearing capacity to bundled
stems. Examples of living willow construction are partially
reviewed by Ludwig [211] and more generally reviewed by
Gale [212] in their respective literature reviews. Gale [212]
notes that the construction methods used for these living
structures are based on ancient Sumerian techniques for
building with cut reeds, currently still used in Iraq. Though
these reed structures use dried plants rather than live
plants, their methods of bending and constraining can be
extended to live willows. Some of the simpler reed structures,
described by Mandilawi [213], closely resemble many of the
living willow structures. However, a significant category of
reed structures—termed mudhifs—are more advanced, able
to serve standard building functions for long-term occu-
pancy. New mudhifs, according to [214], are currently
underway that include water and electricity utilities, allowing
functions such as cooling, refrigeration and internet connec-
tion. Though the mudhifs, historically documented by
Broadbent [214] and analysed by Mandilawi [213], are
made from cut and dried reeds, their construction techniques
could be investigated for buildings made from living plants.

In the existing living willow structures, the woven or
bundled stems form a structural frame, but not a fully
enclosed interior. Two methods are documented in the litera-
ture for adding a façade or canopy to shelter occupants from
wind or rain. One method, for tightly woven living willows,
is to allow the foliage that grows from the stems to cover the
small gaps in the woven structure, as seen in the Living
Willow Tunnel by Gale.9 This does not provide a full enclo-
sure, but can effectively buffer wind or rain if growth is
allowed to mature for several weeks. The method can also
be used for bundled structures, despite the much larger
gaps, by following a longer construction process as seen in
the Hopland Willow Dome by Schaeffer et al.10 In this appli-
cation, as the willows in the bundled structure mature and
grow branches, the new shoots are periodically constrained
in locations where denser cover is desired, until the branches
are thick enough that their foliage can buffer rainfall. A thick
canopy was achieved in the Hopland Willow Dome within six
years of growth, as documented by Calkins [215]. The
second method is to use the living willows as structure
only, and to use typical building materials to shade and
shelter the structure’s interior, as seen in the tensioned textile
roof of the Rostock Willow Church by Kalberer & Strukturen.11,12

In the built examples using these two methods, their respective
canopies provide some degree of shelter, but they are far from
full enclosure for long-term occupancy. By contrast, themudhifs
described above include fully functioning façades and roofs,
with architectural details like columns, vaults, windows and
doors (see [213,214]). The finished mudhifs use exclusively
constrained reeds to form these architectural details, as the
structures can be untied and reassembled on other sites,
according to [214]. These mudhif construction techniques, so
far used only for dried reeds, could be investigated to extend
living willow structural frames into fully enclosed living
willow buildings for long-term occupation, depending on
whether the plants can be kept healthy in such a dense
structure.

Weaving and constraining willow is popular for hand-
craft of living sculpture, furniture, and small building
elements such as fences or garden tunnels [212,216,217].
Larger structures that exist in the literature are constructed
by bundling willow rather than weaving it, and have been
constructed from 1985 onward by Marcel Kalberer and
Sanfte Strukturen, as described by Kalberer & Remann
[218,219]. There are many examples of these Sanfte Strukturen
bundled living willow structures that are of multi-storey
height. These examples have only single-storey occupancy
however, so they do not test the ability of these structures

https://commons.wikimedia.org/wiki/File:Living_root_bridges,_Nongriat_village,_Meghalaya2.jpg
https://www.flickr.com/people/45649858%40N08
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to support live occupancy loads. Also, the larger of such
structures sometimes include metal poles for structural
reinforcement, according to [212]. The Auerstedt Auerworld
Palast by Kalberer & Strukturen13 had before 2011 success-
fully reached mature growth according to the original
design and was living healthily for a period of time according
to [212], although many of the willows seem to have died and
been removed in 2012, according to the website of the pro-
ject14. A similarly large structure, the Longrun Meadow Willow
Cathedral15 shown in figure 6, was constructed in Somerset,
UK. The most used of these structures has arguably been the
Rostock Willow Church by Kalberer & Strukturen11 described
above for its textile roof, part of the World Horticultural
Exposition in Rostock, Germany.
R.Soc.Interface
16:20190238
3.3.3. Joining constrained growths via grafting
Plants that become woody and structurally stiff in late growth
phases can be constrained while they are young, until the
plant has matured enough that constraints are no longer
needed to keep the plant in position. This strategy can
additionally be used with plants that have substantially
more structural potential than willow, but of course, these
species also have a longer growth period to reach maturity.
This method typically incorporates horticultural grafting
[220], induced during the process of mechanical constraint.
After initiation, constraints apply enough pressure that
stems are joined together through growth processes over
time. Examples of such structures have been reviewed in
part by Ludwig [211], Gale [212] and Katola & Goy [221] in
their respective literature reviews. When used to construct
sculpture, furniture, and other smaller elements, this strategy
is often termed arborsculpture or tree shaping, and has been
used to make a wide variety of growths [211,212,221–225].
Besides trunks or stems, it is also possible to keep partial
root systems above ground and shape them, as described
for ficus trees by Golan [226].

Several large sized grafted tree sculptures were con-
structed by Axel Erlandson decades ago [224], and have
thus had time to mature. His Gilroy Gardens Basket Tree16

shown in figure 7b, which comprises several trees woven
together to form a hollow diagrid-surface column, provides
evidence that mature shaped and grafted trees could have
structural success at multi-storey heights. Many grafted
living structures meant to function as buildings or architec-
tural elements have been begun by Kirsch [225], who
according to [212] and [211] has based his process on the
historic patents of [227,228]. The Kassel Waldgartendorf by
Kirsch & Block17 showed some success in its middle
growth phases, documented by Ludwig [211]. The existing
living tree structure that is designed to be functionally closest
to an occupied building is the Ash Tree House by Kirsch,18

planned to have a fully enclosed living roof, fully enclosed
living walls with windows, and several subdivided rooms
[225]. During its middle growth phases, the Ash Tree House
also had preparations added for electrical utilities, according
to [212]. Its design comprises tightly woven trees with only
small gaps between them, meant to eventually graft together
into solid continuous walls. This solid living wall strategy
however challenges plant health, and according to [211]
could not succeed in later phases. A very recently planted
structure, The Patient Gardener by Visiondivision & di
Milano19,20 plans to apply the arborsculpture approach to
construct a two-storey building structurally fit for occupancy.
Its design uses living trees as both wall supports and floor
supports by planning to bend and join the trees through
grafting at mid-height, forming an overall hourglass shape
for the structure. Its growth phases are still too early to pro-
vide evidence for whether its strategy of acute bending will
provide sufficient joint pressure for successful grafting, a
primary concern among arborsculpturists according to [212].
3.3.4. Combining constrained growth with mechanical scaffolds
In contrast to the fully living structures described above, the
literature also includes hybrid approaches, in which con-
strained living plants are combined with mechanical
scaffolds. Two strategies for these hybrid approaches are
documented in the literature, one which uses the mechanical
scaffold as a temporary mould, and one which embeds the
mechanical scaffold into plant tissue and incorporates it
permanently as part of the structure.

For the method of using mechanical scaffolds as remova-
ble moulds, the examples in the literature are the size of
furniture or building components, and plan for the grown
object to be harvested at a certain stage, for processing into
industrial products. Before the stage of harvesting, [229]
strap bamboo onto mechanical profile forms during growth,
constraining them in the shape of a vehicle frame. This
example is not yet extended to the processing stage after
growth. Finished furniture products such as stools, using
young trees strapped to small moulds during growth, have
been made by Chris Cattle for decades, as described by John-
son [230]. Products such as chairs and lamps are made by
Munro & Full Grown [231], using young trees strapped to
reusable industrial moulds in a process that nears mass man-
ufacture [232]. An extension of the mould method is
investigated by Beger et al. [233], using shaped tubes to
direct growth, instead of constraining it fully. Though the
existing uses of moulds are for furniture-sized elements,
and for products that are harvested rather than maintained
indefinitely in a living state, similar moulds could be investi-
gated for larger and longer-term growth, with moulds
applied incrementally or holistically.

The method of embedding mechanical scaffold in plant
stems over time, and thereby creating a biohybrid structural
system, has been investigated for the application of multi-
storey buildings. The Baubotanik Footbridge by Ludwig
et al.21 uses trees as living columns to support a steel platform
and handrail at second-storey height, as shown in figure 7a.
The mechanical platform and handrails maintained their
location and orientation throughout growth, as the stems
only grew radially in the zone where the mechanical elements
were incorporated, according to [234]. Though there were
originally trees planted diagonally as well as vertically, the
diagonals did not maintain health and did not survive
early growth phases. The vertical trees were still healthy 60
years after construction, as documented by Ludwig [234],
and had by that time fully encircled the steel railings at
their attachment points, embedding the railings into the
living trunks. In order to extend these results to taller
multi-storey buildings, the Baubotanik Plane Tree Cube
Nagold and Baubotanik Tower, referred to above in §3.1.3,
were built by Ludwig et al.3,4 In these two, free-standing
steel structures were first built with columns and floor
plates, with the intention to grow trees in a structural frame
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Figure 6. The Longrun Meadow Willow Cathedral,15 an example living willow structure, built by permanently constraining the willow in large bundles; image used
with license. (Image retrieved from Wikimedia Commons, from username Geof Sheppard. Used with Creative Commons license CC BY-SA 3.0. Image copyright holder
chose and approved the license at upload.) (Online version in colour.)

(a) (b)

Figure 7. Example methods of combining constrained plant growth with mechanical scaffolds and with grafting. (a) An example growth phase of the Baubotanik
Footbridge by Ludwig et al.,21 where living trees support a steel platform; image used with license. (Image copyright: F. Ludwig. Image provided by Ferdinand
Ludwig, of the Baubotanik Footbridge project consortium,21 and used with permission.) (b) The Gilroy Gardens Basket Tree,16 where several trees were woven
together manually and grafted over time; image used with license. (Image retrieved from Wikimedia Commons, from username Palnatoke. Used with Creative
Commons license CC BY 3.0. Image copyright holder chose and approved the license at upload. Image adapted, as permitted by license.) (Online version in colour.)
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pattern around permanent floor plate perimeters at each
level, until the trees mature enough that they can structurally
support the floor plates and the temporary steel columns can
be removed [234]. The growth on both of these structures is
still too young to provide evidence for multi-level structural
frames from living trees.
3.3.5. Shaping plants by robotic control of stimuli
There are some examples of using robotics to steer the shape of
plant growth, at a size smaller than a room. These systems trig-
ger behaviours in the plants such as phototropism, by
providing stimuli such as a specific spectrum of light. The
behaviours of plants that can be interfaced for robotically
steered control are reviewed in §2. Centralized robotic control
of plant stimuli is explored by Wahby et al. [109,162],
Hofstadler et al. [110] and Wahby et al. [163], using a
purpose-specific model of plant growth combined with
controllers evolved in simulation to predictably steer growth
to two-dimensional geometric targets. In this set-up, the
plant has no mechanical scaffold, but the height to which it
can support itself is not tall enough for building-sized
growth. Steering with such stimuli is extended to distributed
robotic control and larger sized growth [134,135]. In this set-
up, the plants grow along a mechanical scaffold wall and the
shape of their growth pattern is guided by stimuli.
3.4. Forming building components from amorphous
living material

Organisms that produce material or grow to fill available
space on a surface or substrate can be used to form or
strengthen functional building components. Approaches in
the literature include bacterially produced cellulose, growth
of mycelium, and bacterially induced cementation.

https://upload.wikimedia.org/wikipedia/commons/0/0e/Longrun_Meadow_willow_cathedral_in_2011.jpg
https://commons.wikimedia.org/wiki/User:Geof_Sheppard
https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://commons.wikimedia.org/wiki/File:Baskettree.jpg
https://commons.wikimedia.org/wiki/User:Palnatoke
https://creativecommons.org/licenses/by/3.0/deed.en
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3.4.1. Cellulose shaped into membranes
Biologically produced cellulose can be shaped into non-load-
bearing membranes that can serve as building shading
devices, moisture barriers, or air flow barriers. For instance,
cellulose produced by bacteria is used by Araya et al. [235]
to create thin translucent membranes that are not load-
bearing but with further development could be used in
buildings to mediate the occupied environment (e.g. daylight
or wind) and can potentially be self-healing. In the Gen2Seat
project by Terreform ONE et al.22,23 bacterial cellulose is used
to grow a thin membrane in its final intended position, cover-
ing a furniture volume [236]. This approach is envisioned by
Terreform ONE et al.24 to be extended to a building-sized
membrane in the art installation In Vitro Meat Habitat, by
use of cellulose or of laboratory-grown cells from animals
[236]. This vision of bacterially produced cellulose formed
directly on a building structure could be investigated for
development.
e
16:20190238
3.4.2. Load-bearing mycelium elements
The growth of fungal mycelium (i.e. mushroom roots) into
load-bearing building components, sometimes termedmycotec-
ture, is seen in several examples in the literature. Mycelium is
grown in rectangular substrate-filled moulds to form simple
bricks, dried when growth is mature, and used to construct a
small vault structure in the installation Mycotectural Alpha by
Ross & Far West Fungi.25 The mycelium bricks made for the
vault failed under a sharp point load but could withstand
substantial forces if the load was well distributed, according
to [237]. Through further investigation, a methodwas patented
by Ross [238] for producing a variety of highly standardized
mycelium bricks structurally reinforced by wood or steel. In
both reinforced and unreinforced cases, mycelium used in a
building envelope can perform thermal insulation functions
[237]. Though these investigations are small in size, a publicly
occupied mycelium structure of building size also exists in
the literature. The partially enclosed Hy-Fi building by The
Living et al.26 is single-storey occupancy of multi-storey
height and is constructed of unreinforced mycelium bricks
joined with fixed connections. Through a combination of
finite-element analysis (FEA) and load-testing bricks with
different combinations of properties (e.g. grow time, substrate,
and fungi nutrients), the bricks were developed to successfully
carry their compression and wind loads for that building
design and site [239,240]. In the above examples, themycelium
bricks are baked before construction, to stop the growth
process. Mycelium building components meant to remain
live after construction, to allow new growth to form, are inves-
tigated by Mayoral [241] in more intricate strut-and-node
shapes. These prototyped live components are not yet tested
for their structural performance, compared to the baked
mycelium components above. Live unreinforced mycelium
bricks are used to construct a small wall in the installation
Mycelium Mockup by AFJD Studio.27 The wall test results
are successful in continued growth after construction, by
which new mycelium growth bonds neighbouring
bricks together and mushrooms grow from the side of the
wall, according to [242]. After the exhibition, the wall is
dismantled and moved to an outdoor site [242] where the
mycelium is intended to contribute to soil bioremediation
(i.e. neutralization of contaminants, see [243]).
3.4.3. Microorganisms and biocementation
Biocementation of soil (i.e. hardening) and bioremediation of
concrete structures (i.e. restrengthening of degraded concrete)
with certain types of bacteria is a well-investigated area of
civil engineering, construction technology, and geotechnical
applications, as reviewed by Pacheco Torgal et al. [244]. In
these applications, the bacteria are not specifically shaped,
but rather act to fill any voids or porosity that occurs in the
material to which they are added. Microbes that induce the
production of minerals through biochemical reactions
can be used to form a biocemented crust on a volume, a
biocemented layer of a specific depth, or an overall biocemen-
tation of an entire monolithic structure [244]. In standard
concrete structures such as buildings, bacteria can be inter-
mixed to seal new cracks as they form, as in the examples
of [245,246], seen in figure 8. Bacteria can also be intermixed
in concrete structures in harsh conditions (e.g. submerged in
seawater or toxic materials) to support continual remediation
and improve the longevity of the structure, as in the example
of [247]. Beyond strengthening concrete, bacteria can cement
undisturbed soil in situ when added to the top of the volume,
percolating down throughout [248]. An extension of this
method is envisioned and modelled by the Computational Col-
loids project [249], in which bacteria are genetically modified
to induce mineral production in reaction to environmental
changes in pressure, forming a self-organizing foundation
for a building.

3.5. Structural modelling of biohybrid buildings
If biohybrid structural systems are to be built for standard
occupation, their features will need to be approved by regu-
latory bodies. Most of the above examples of publicly
accessible structures either might be categorized by their
authors as art installations, or are built in isolated terrain
where governments might not enforce building code regu-
lations. In order to systematically realize buildings for long-
term occupancy with biological elements in a structural
role, the biological portions will need to be demonstrated as
fulfilling structural provisions of relevant local and inter-
national building codes (see [250–253]). Models of structural
behaviour will be challenging for materials that are living
or are biologically deposited directly on site, therefore includ-
ing some degree of unpredictability. In the process of
developing the aforementioned Baubotanik structures, exper-
iments were conducted to modify the structural Young’s
moduli of stems of the used plant species. In these exper-
iments, a substantial variety in stiffness was achieved by
altering environmental conditions during growth [254].

To predict structural performance in living buildings, we
find two categorical approaches in the literature to be evi-
dently relevant, one being FEA and the other being various
artificial intelligence methods. FEA, which is standard
across engineering disciplines [255], is also used in biological
sciences for the study of plant biomechanics, among other
functions [256]. This application of FEA could be investigated
for extension to biological material in buildings, carrying
multi-storey and live occupancy loads. FEA was used, in
combination with material testing, to confirm the structural
behaviour and safety of the aforementioned Hi-Fy pavilion’s
fungal mycelium brick structure, in a way that was sufficient
to be accepted for temporary public occupancy [239,240].
Further pursuing this approach with the goal to establish
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Figure 8. Microbially induced deposition of calcium carbonate for self-healing of cracks in concrete [246], an example of biocementation. Images from [246] and
used with license. (Images reprinted from fig. 7 (subfigures a and b) of the Frontiers in Built Environment paper of Farrugia et al. [246], DOI, open access. Used with
Creative Commons license CC BY 4.0. Authors holding the image copyright approved the license at publishing.) (Online version in colour.)
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biological building blocks in construction, we propose that
biohybrid organisms be comprehensively specified in terms
of expected environmental conditions in relation to structural
and other properties such as amount of bio-material pro-
duced or shadow cast. The resulting database could be fed
into a general, centrally maintained registry, similar to the
one set-up for amino acid chains and proteins for synthetic
biology by MIT’s international competition on genetically
engineered machines (iGEM). One step further, also consider-
ing robustness that can result from sets of biohybrid agents
working together, biohybrid (sub-)systems could be speci-
fied accordingly. The robots, which can be well-specified to
begin with, could also fulfil the task of measuring the
plants’ proper development in accordance with the provided
registry information and communicate their findings like
sensor networks throughout the system and to the human
user, in case interference is required.

Though the mycelium in the example above was killed
before the bricks were aggregated, the unknowns of the
material still caused substantial variation in material per-
formance during the building’s short lifespan. After heavy
rainfall, moisture affected the stiffness of the mycelium
bricks in a way unanticipated by the engineers, causing
large deformations, according to [240]. The most affected
areas of the structure were rebuilt during the lifespan of the
building, successfully enabling continued public occupancy.

For the second approach, of various artificial intelligence
methods, there are examples in the literature used to predict
the behaviour of materials that are non-uniform or present
other challenges (cf. neural networks for concrete or 3D
prints [257,258]; genetic programming for limestone or geo-
polymers [259,260]. Such methods could be investigated for
predicting the structural performance of biological material
that is alive or is deposited in situ. The modelling techniques
used in the context of self-organizing systems (see §§ 4.2 and
4.3.3) could possibly also be applied here; but we are not
aware of any related work.
4. Robots for biohybrid construction
4.1. Centrally controlled robots in construction
Industrial robots have been extensively explored for off-site
prefabrication in AEC [261], in ways that have fundamentally
shifted AEC design and execution [262–265]. On-site con-
struction automation with industrial robots also enjoys
substantial exploration in the literature [266,267]. This realm
presents new challenges when compared to prefabrication,
as work takes place in unstructured environments rather
than laboratory or factory conditions [261]. Improved
approaches to existing construction processes are, of course,
an important challenge for on-site AEC automation [261].
Perhaps more ambitiously, as noted in an editorial on con-
struction robots by Yang [6], on-site AEC robotic processes
may present entirely new types of construction opportunities.
In the context of a new type of construction for biohybrid
buildings, where biological elements either grow or deposit
material in situ, we have to take into account uncertainty in
terms of sensory information (measurement precision and
noise), dynamics in terms of ever-changing environments
over different timescales, and diversity in terms of the tasks
robots need to fulfil—from planting seeds and watering to
self-assembling into scaffolds at high altitudes. The most ver-
satile robot is not a single entity but a collective of robots that
self-organize and coordinate their work to achieve goals no
individual would by itself. Hardware and software to achieve
construction automation via robot collectives is quickly
developing [268,269].

4.2. Realizing constructive robot collectives
Technically speaking, self-organization can be understood as
the distribution of control of a system over a considerable set
of its components [270]. This immediately applies to systems
comprised of autonomously acting agents, as each of those
follows its own agenda. Thus, biological systems are

https://www.frontiersin.org/files/Articles/443720/fbuil-05-00062-HTML/image_m/fbuil-05-00062-g007.jpg
https://doi.org/10.3389/fbuil.2019.00062
https://creativecommons.org/licenses/by/4.0/deed.en
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inherently self-organizing. When designing technological sys-
tems, one also has to consider that large systems that have to
work flexibly and be robust to local failures and changes in
the environment, can only be realized if individual com-
ponents may act autonomously—otherwise, the managerial
overhead, the communication overhead and the risk of
single points of failure do not allow scaling up of the
number of involved components or subsystems [271].

In the context of biohybrid systems, where large numbers
of agents or robots might be deployed to interact with plants
or animals in various ways, the capability to also concert
robotic construction efforts (e.g. to provide scaffolding for
the plants’ growth) is crucial. The intelligence of such
robots has to consider their environment and to closely
align their activity with their biological counterparts. The
ability to quickly adapt to new situations, for instance, if a
plant branches out, without losing the user-defined goals
out of sight, for instance to grow in height, requires the
robots’ controllers to handle a great variety of situations.
Even in cases where the possible growth directions are inten-
tionally restricted, as seen in figure 9, it has been shown that
the task of robotically managing several plants simul-
taneously is quite complex [134,135]. The variety of goals,
the expected flexibility, the complexity of the interactions in
biohybrid systems, and in addition, the uncertainties and
insufficient precision in perceiving and manipulating real-
world environments would require the robots to learn
[272]. If we can narrow down the tasks of a specific robotic
unit, we may be able to find a simple, reactive behaviour
that renders collaborative work possible [10] and robustly
succeeds even within a broad range of situations [270]. Yet,
even the realization of a modestly simple robotic unit that
could grow artefacts and thereby guide and support bio-
hybrid development is already challenging as stressed in
the following paragraphs.
4.2.1. Materials for self-organized construction
In order to conceive both robotics hardware and self-orga-
nized behaviours for construction tasks in the context of
biohybrid systems, we first shed some light on rigid and
amorphous materials—the two categories that have been
considered in the literature.

Magnenat et al. [273] made robots deploy cubic bricks to
bridge gaps and to stack them up as tower constructions.
Consistent alignment and cohesion between the bricks was
established by magnets. Similarly, [37] made use of deploy-
ment-ready building blocks. In order to better support
structural loads, protrusions on the surface ensured a tight
bonding mechanism between the elements. Aluminium
rods were deployed by Stroupe et al. [274]. Its size rendered
collaborative transportation by two robots necessary. An
alternative, also to render the transport easier is realized by
blocks of polyurethane foam [275]. The foam blocks were
glued together applying an adhesive. A less persistent
approach is to establish magnet bonds by means of electronic
components as realized by Werfel et al. [276,277].

Napp & Nagpal [278] used amorphous foam to construct
ramps to elevate grounded robots to higher construction
levels. In order to compensate for uneven surfaces, the flexi-
bility of amorphous materials was harnessed. Napp &
Nagpal [279] later succeeded in constructing larger volumes
using these ramps and foam material. Previously, [280] had
tested toothpicks (with glue on their tips), sandbags (with
rice and corn to fill the gaps) similar to [281], and said
foam. The resulting artefacts were examined for features
such as sensitivity to pressure, effort of transportation and
deployment and associated costs. Depending on the context,
different materials are favourable. The expansion of foam, for
instance, facilitates storage and transport but incurs greater
costs. Sandbags are cheaper and the resulting construction
is immediately usable, which is important in self-organizing
systems as otherwise the robots need to synchronize their
construction efforts. In order to achieve greater versatility,
[282] mixed two-component polyurethane and right away
printed the material by an airborne robot. In the context
of airborne construction, there have also been efforts to let
quadcopters build tensile structures from threads or ropes
[283–285].
4.2.2. Robotic hardware for self-organized construction
Considering hardware options for realizing self-organizing
robotic communities for the purpose of construction, there
are mainly the two categories of ground and airborne
units.

Most ground robots follow an approach that is also rep-
resented by the marXbot by Magnenat et al. [273] and
Soleymani et al. [286] or the Swarm Robotics Construction
System (SRoCS) by Allwright et al. [287]. The marXbot’s
small and lightweight base is augmented with a basic set
of sensors including a rotating distance sensor, 24
ultrasonic sensors and eight ground sensors. Its battery
lasts for up to 7 h. As actuators, the marXbot is equipped
with two magnetic arms, whereas the SRoCS realizes grab-
bing by means of a fork-lift. Working with the marXbot
and alike can be challenging. For instance, although they
are augmented with magnets, its grabbers may not work as
expected for transporting and deploying construction
elements as emphasized by Karakerezis et al. [288]. Another
challenge lies in the need to recharge the battery; it could
tap into environmental resources such as solar power and
recover during a long break or to visit an energy outlet,
which requires complex planning and path-finding routines.
Directing the robots across a dynamic construction site can
be a demanding chore in itself. Nigl et al. [289], for instance,
guide construction robots by means of rails. There are also
conceptual works such as by Saltarén et al. [290] which
shed light on the robots’ movement capability in more com-
plex scenarios, for instance if the robot needs to climb the
built structure to manipulate it. In the long run, robots
might become capable of reconfiguring themselves, thus
changing their shapes and functionalities as outlined by
Rus et al. [291]. Clearly, such concepts bear numerous
additional challenges but they might also hold the key to ver-
satile robotic systems needed to not only build by themselves
but also to actively support and direct plant growth in
biohybrid systems.

For the immediate realization of biohybrid systems, either
ground or airborne units can be chosen. Flight opens an
additional spatial, navigational dimension compared to
grounded units. But flight also means that minute errors
may quickly lead to crashes that result in complete failures
and loss of hardware. Precautions must be taken accord-
ingly—for instance by provision of accurate values of
remaining energy. Due to their reliable and robust flight,
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Figure 9. A group of distributed robots providing directional stimuli to steer
plant growth on a mechanical scaffold [134]; image from [134] and used
with license. (Image reprinted from fig. 12(b) of the Royal Society Open
Science paper of Wahby et al. [134], DOI, open access. Used with Creative
Commons license CC BY 4.0. Authors holding the image copyright approved
the license at publishing.) (Online version in colour.)
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quadcopters have been studied in the context of construction
tasks [275,282–285,292,293]. In airborne contexts, however,
the transport and deployment of construction materials is
even harder than on the ground. A systematic inquiry on
handling construction materials in airborne set-ups was con-
ducted by Mellinger et al. [292]. It revealed the crucial role of
the relative position of the construction material both for
transport and deployment.
4.2.3. Discussing options for deployment
The precision and supposed ease of deployment of rigid con-
struction materials greatly depends on the rigour of the
building blocks’ manufacturing process. In addition to
these efforts, there are other drawbacks such as the need for
pre-designed joint mechanisms or the use of additional
adhesive materials, as well as an inability to build directly
on uneven terrain. However, rigid materials can bring
about great stability. Obviously, the less precise but adaptive
and ad hoc deployable amorphous materials can compensate
for the lack of flexibility of rigid materials. Therefore, [268]
concluded that a multi-stage process that considers different
materials at different times, similar to traditional building
construction, might be most beneficial. They also suggested
that a heterogeneous set of airborne and ground robots
might be most successful considering their individual
strengths and weaknesses—high risks but easy manoeuvr-
ability of airborne units and inflexible but strong and
robust grounded robots.
4.3. Control, collaboration and modelling
In general, the control of collective robot systems is challen-
ging. The usual approach is to keep the individual, local
controllers simple and create complexity from interactions
between robots. While system complexity can also be kept
low by letting the robots work in parallel without explicit
robot–robot interactions, the more ambitious objective
should be to let them closely interact and to create true collab-
oration between the constructing robots beyond mere
parallelization. The robot controller design can be supported
by models for better predictions about the expected global
behaviour.

4.3.1. Control
Construction of living buildings by biohybrid robots is cur-
rently too underexplored for the literature to include
established, purpose-specific approaches to control. Instead
externally standard approaches are used and novel
approaches are borrowed from other fields. Here, we restrict
our discussion mostly to multi-robot systems. The standard
approach in multi-robot set-ups is to limit the robot control-
lers to simple behaviours for two reasons. First, multiple
interactions between robots complicate the system [294,295],
hence, one wants to keep as many components simple and
manageable as possible. Second, the idea is to create complex
behaviours from the interactions between robots and their
collaboration, not from complex individual behaviours. This
is in line with the concepts of swarm intelligence [296] and
emergence [297].

The applied underlying concept for these rather simple
controllers is often behaviour-based robotics, such as the sub-
sumption architecture by Brooks [298]. The approach by
Mellinger et al. [299] uses standard techniques of (centralized)
control theory. Allwright et al. [287] use an ad hoc approach
resembling partially the idea of behaviour-based robotics.
Werfel et al. [37] use reactive control based on behavioural
rules. The main research question here is, how to derive or
generate these rules (see §4.3.3).

4.3.2. Collaboration
In multi-robot set-ups, the questions arise of whether and
how the robots should collaborate. Often the robots work
in parallel but rather independently (see for example colla-
borative material towing in [300], shown in figure 10). An
immediate challenge in multi-robot scenarios is that robots
have to avoid collisions between each other. In addition,
each robot should be granted access to shared resources
(e.g. space, charging stations, etc.), both deadlocks and
bigger interference effects should be avoided, too [301]. How-
ever, the ambition should be to go beyond a mere concurrent
parallelization and enable the robots to collaborate. Then one
can hope for super-linear performance increases [302–304]
and for self-organization into higher order entities, i.e.
teams, taking care of different parts of the task [305,306]. Effi-
cient collaboration between robots requires robot–robot
communication. An option is to use direct point-to-point
communication, however, often it is advantageous to allow
for asynchronous communication. Construction usually
requires that robots place building material at well-defined
positions, sometimes coordination between robots may be
required, and robots may not always meet at the material des-
tination site to directly communicate the position of the

https://royalsocietypublishing.org/cms/attachment/5124478e-5389-45d5-a5fd-ec926a119c9f/rsos180296f12.gif
https://doi.org/10.1098/rsos.180296
https://creativecommons.org/licenses/by/4.0/deed.en
pop209826
Notiz
None festgelegt von pop209826

pop209826
Notiz
MigrationNone festgelegt von pop209826

pop209826
Notiz
Unmarked festgelegt von pop209826



Figure 10. Collaboration of multiple robots on the construction sub-task of towing materials, inspired by a collaborative mechanism in social insects [300]; image
from [300] and used with license. (Image reprinted from fig. 1 (subfigures a and b) of the Royal Society Open Science paper of Wilson et al. [300], DOI, open access.
Used with Creative Commons license CC BY 4.0. Authors holding the image copyright approved the license at publishing.) (Online version in colour.)
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building material to be added next. Following again the con-
cepts of swarm intelligence, an option is to use stigmergy [25],
that is, asynchronous communication via the environment
(see §2.1.1). Stigmergy in construction usually means that
the presence or absence of building material itself is used as
cue [296,307]. The robots then have simple rules when to
place material where depending on the current, local state
of construction (cf. the wasp nest construction model by Ther-
aulaz & Bonabeau [34] discussed in §2.1.1). The designer of
the system has to take care that the summation over all
these simple behaviours results in the desired construction
without deadlocks (e.g. certain areas cannot be reached any-
more after placement of building material in unanticipated
sequences). This approach, however, still has a tendency to
mere parallelization. True collaboration would arise once
robots hand over building material, collectively transport
bigger pieces, and maybe even self-assemble, for example,
to reach high positions.
4.3.3. Modelling
As mentioned above, controlling interacting robots is already
a challenge but the control of multi-robot construction even
more so. If the robot controllers follow the concept of self-
organization with a strict limitation to local information to
stay scalable, then the overall system is difficult to govern.
Besides the standard tool of simulations [308], in multi-
robotics one also uses modelling techniques to predict
expected system behaviours. Specific for multi-robot bio-
hybrid systems for construction are the requirements of
spatial representation in the models and support for multiple
timescales. There are non-spatial models based on rate
equations in swarm robotics [301,309] that have successfully
been applied to different scenarios. However, for construction
it seems essential to represent space, hence, represent inter-
mediate configurations of the construction in space and
time. Options are models operating on continuous space
[295,310] or discretized space [37]. The discrete case seems
a considerably simpler approach, especially if the building
material is also discrete (e.g. bricks). Modelling, control and
construction are more challenging if the building material is
continuous [311]. In order to realize self-organizing buildings
for occupancy, it is necessary to satisfy government regu-
lations that are standard for AEC sectors (e.g. [250]), as
described in §3.5, meaning that details of the final structure
must be somehow guaranteed before construction begins.
Werfel et al. [37] address this by providing each mobile
robot with the plan for the final structure. Architects suggest
another approach whereby approval of a fully detailed plan
might not be necessary as long as the key features of the
structure can be guaranteed [312].

Support for multiple timescales is important once mobile
robots and/or human beings are combined with either natu-
ral plants or material-depositing animals. Timescales relevant
for mobile robotics and humans are seconds or fractions of
seconds, while relevant timescales for growth and motion
of natural plants and animals’ nests are hours, days, or
even weeks. Modelling techniques would hence be necessary
to generalize from small time-step phases to big time-step
phases (roughly relating to the technique of adaptive stepsize
in numerical analysis).
4.4. Human–biohybrid interfaces
Interaction with machines has been a challenge ever since
machines came about. The research discipline of human–
robot interaction (HRI) especially focuses on automata that
can behave autonomously and their interactions with
humans. A comprehensive introduction is provided by
Goodrich & Schultz [313]. HRI aims at discovering new
insights about interfaces for various degrees of autonomy—
from direct teleoperation of a robot to its full autonomy—
and for various situations involving one or more robots as
well as humans. In HRI settings, robots generally assume
one of the following roles: supervisor, operator, mechanic,
peer, bystander, and mentor. In the context of biohybrid sys-
tems, all these roles make sense but their objective also
extends beyond the human user to the other system com-
ponents. For instance, they can assume roles in relation to
the other robots, which is addressed by the research areas
of multi-agent [314], self-organizing [270], and complex sys-
tems [315] as well as, specifically, by swarm robotics
research [294,316]. We focus below on the particular chal-
lenge of HRI interfaces for a human user that needs to
guide an otherwise self-organizing biohybrid system. In
addition to guiding the system, according interfaces also
need to provide information about the current state of the
system and its potential development.
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Figure 11. Augmented reality interfaces for user interaction with simulations of biohybrid living construction [318]; image from [318] and used with license.
(Images reprinted from fig. 8 (subfigures a and b) of the Frontiers in Robotics and AI paper of von Mammen et al. [318], DOI, open access. Used with Creative
Commons license CC BY 4.0. Authors holding the image copyright approved the license at publishing.) (Online version in colour.)
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4.4.1. Biohybrid design and control
von Mammen et al. [317,318] presented a prototype of an
augmented reality interface for biohybrid system design
(figure 11). They outfitted the user with a head-mounted dis-
play augmented with a pair of cameras to provide a
stereoscopic video feed of the environment. This video
feed could be overlaid with information about a simulated
biohybrid system. In the given case, the user was able to
seed simple plant-like structures that would grow upwards
and towards light sources. The strategic placement of
lamps allowed the user to steer the structural growth, for
instance, to climb around a pole. This augmented reality
(AR) prototype already hints at the potential design and
use-case for the next generation of AR prototypes for bio-
hybrid system design and control. In addition to the
different kinds of system components that could be deployed
(plants and lamp-‘bots’) and configured (at least the techni-
cal devices), the system allowed the user to fast forward into
the near future and explore the result in a real-world context.
Heinrichet al. [319] explored user control of self-organizing
construction more generally, through an interactive evolution
approach.

4.4.2. Guiding biohybrid swarms
Human–swarm interaction (HSI) can be considered a subset
of HRI research with a focus on controlling and inspecting
collective robotic systems (e.g. [320,321]). A rather recent
review on HSI is provided by Kolling et al. [322]. As pointed
out by Bashyal & Venayagamoorthy [323], in HSI questions
of scalability, harnessing the system’s intelligence and work-
ing with locally available knowledge are of special interest.
Due to the complexity that can arise in HSI scenarios and
that systems comprised of large numbers of interacting com-
ponents lend themselves well for distributing activities, use-
cases with multiple users are frequently considered as well
(e.g. [324–326]). Again, a wide spectrum from direct control
to full autonomy of the swarm is considered, with inter-
mediary steps being realized by either hierarchies in
command unfolding across the systems’ constituents or
by means of more or less abstract goal formulations by
the users.
4.4.3. Conclusion on human–biohybrid interfaces
Research towards interfaces between humans and biohybrid
systems is at an early stage. The target domain of biohybrid
systems yields new challenges or intensifies those considered
by HRI and HSI. For instance, different from interactive with
robot collectives only, there is the need to model behaviours
of reactivity and development of the inherently hetero-
geneous population of organisms in varying environments.
This directly impacts the responsiveness to various user-
induced stimuli and necessitates thinking in probabilities or
ranges of outcomes. The timescales involved pose another
challenge that needs to be addressed. The individual life-
spans of the organisms, their developmental stages, the
interaction with the environment—all these aspects may
play out on different dimensions of time. This insight also
reinforces the important role that simulations will play for
the informed design of biohybrid systems.
5. Discussion
Living organisms as building components have to be con-
sidered not only as continually growing entities, but also as
dynamic, open systems that change structurally and morpho-
logically in time. Many species are subjected to regular
changes. For instance in plant organs, mechanical properties
change due to the seasons and the developmental stages, and
annual plants do not disappear after dying but will continue
to mechanically impact the system. In a living system, certain
animal depositions and plant organs not only develop but
may spontaneously be withdrawn if they are no longer fulfill-
ing their intended role. Planning and coordination of
biohybrid construction processes will involve cycles of spatial
expansion and reduction.

Living organisms sense and respond to environmental
changes by adjusting their internal processes to overcome
threats and to take advantage of changed conditions. Organ-
isms successfully realize their developmental programmes
due to their plasticity. In addition, organisms actively shape
their environment. For example, trees change light conditions
for their lower branches, they change the soil structure,
underground water conditions, and the ambient air. The
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activities of living plants change the originally provided con-
ditions, such that future growth is not guaranteed. In
biohybrid construction, environmental conditions and the
physiological reactions of organisms will have to be moni-
tored and perhaps modulated continually, on long
timescales and large spatial scales.

The artificial elements of a biohybrid system also influ-
ence the environment. There are intentional influences, by
stimulating physiological reactions or providing scaffolds,
but there can also be side effects. For example, robots will
increase the temperature locally due to waste heat, influen-
cing animal behaviours and plant generative organs in
close proximity. This may not be harmful; flowers generate
complex heat patterns to attract and assist pollinators towards
flowers. In biohybrid construction the system will need to
autonomously deal with non-anticipated situations—a per-
vasive challenge throughout robotics, which is not yet
solved. One advantage of approaching this challenge within
a biohybrid system is that many actions may be required
only on intermediate and long timescales, compared to
typical robotics applications.

The slow speed of biohybrid construction compared to
standard construction may be its primary limitation,
especially if the structure is based on woody plant species
or other processes that last several decades. In addition, the
considerations we have previously raised [327] for biological-
engineered hybrids generally are still relevant in the case of
application to buildings, and may raise further domain-
specific limitations. Future work in the fields of gene modifi-
cation or synthetic biology may help to ameliorate
limitations, either by making growth speeds faster or
making grown or deposited materials stronger. Research
has advanced plant genetic engineering for instance to
improve their performance as biofuel [328]—it may indeed
be feasible to improve their performance as living structures
for occupancy.
6. Conclusion
Here, we have reviewed the existing understandings, technol-
ogies, and approaches that have contributed to the
development of biohybrid living buildings and construction,
or could be used in future studies targeting the relevant chal-
lenges. We have reviewed biological organisms and
behaviours that deposit, shape, or otherwise generate
material in a responsive and typically directional manner.
We have also reviewed the methods and technologies that
have coupled biological organisms with mechanical
elements, integrated them into a construction process or
infrastructure outcome, or coupled them with robots. Finally,
we have reviewed the autonomous approaches, namely those
that are self-organizing, that we expect to be relevant when
targeting construction that incorporates both robots and bio-
logical organisms. In the abstract and introduction, we note
that the targeting of biohybrid living buildings is in part
driven by the advantages that living material may offer
over traditional synthetic alternatives, and throughout the
review, we examine the literature for the occurrence of these
advantages. We find that both the self-repair of damage to
a living or synthetic structure and the resilience to corrosive
environments, achieved via biological organisms, has been
demonstrated several times in the literature, prominently in
the use of Ficus elastica roots in the Living Root Bridges [209]
and of bacteria in the remediation of concrete [247]. We
find that an increase in structural performance over time, as
opposed to degradation, has been demonstrated in examples
where woody plants form part of a load-bearing structure,
notably in the Baubotanik Footbridge.21 We find that support
for ecosystems, soil remediation and biodiversity have often
been proposed as key targets and challenges, such as by
Mohamed et al. [148] to combat desertification with robots,
but that examples of successful technological implemen-
tations remain a gap in the literature, in the topic of
biohybrid living buildings. We find that mitigation of the
urban heat island effect is regularly targeted by well-estab-
lished technologies such as green roofs [191], but that
integration of this objective into biohybrid robots or construc-
tion processes is a remaining challenge. In conclusion, we
find a high number and wide variety of references that
handle some combination of living organisms, robots, and
buildings and construction. However, we find that these
examples are quite disparate from one another, and that the
field has broad gaps and remaining challenges to achieve
construction of a biohybrid living building.
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Endnotes
1Urbano E et al. 2007 Eco boulevard in Vallecas. Images by the archi-
tect and republished in [221], 66. Building in Vallecas, Madrid, Spain.
2This citation, like several others in this paper, may look odd, as it
cites a company as an author. Buildings, like paper figures, are citable
works of intellectual property; example of how to cite images refer to
[329]; addition of buildings as of 1990 refer to [330]. If the team of
architects or builders has not written a scientific paper about their
structure, then we cite the third-party author who has published a
description and photograph(s) of the original work, from which we
were able to understand the structure. In this case, the citation style
we have chosen is such that the in-text citation (often including a
company as an author) is for the original structure, and its respective
bibliography entry in turn points to the third-party source publishing
its image.
3Ludwig F, Hackenbracht C, Baubotanik research group, and Neue
Kunst am Ried. 2009 Baubotanical Tower. Images by author and pub-
lished in [333], 86. Building in Wald-Ruhestetten, Germany.
4Ludwig F, Schönle D, Brocke I, Roesler C (SecOp/GaLaTech). 2012
Platanenkubus Nagold (Plane Tree Cube Nagold). Images by
author and published in [211], 254–255. Also published in [196].
Building at the 2012 Landesgartenschau in Nagold, Germany.
5Genetic Architectures Research Group, Estévez AT. 2008 Biolamps:
Genetic barcelona project, 2nd phase. Images by architect and pub-
lished in [206], 452. Room interiors at a private building in
Barcelona, Spain.
6See endnote 2
7PHILIPS. 2010 Microbial home: Biolight. Referenced without images
in [207], 6. Product prototype.
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8Burggraf N, Zauner S, and Thierfelder H. 2010 Bioluminescent field.
Images by designer and published in [208], 84, 191. Exhibit at Lumi-
nale 2010, Frankfurt Lighting Culture Biennale.
9Gale B. 2011 Living willow tunnel. Published in [212], 18. Built struc-
ture at Pierce’s Park in Baltimore, Maryland, USA.
10Schaeffer J, Kotin S, and Tebbutt C. 1996 Willow dome. Early
growth images published by the architects in [331], later growth
image by author published in [215], republished in [212], 3. Built
structure at the Real Goods Solar Living Center in Hopland, CA,
USA.
11Kalberer M, Strukturen S. 2003 Willow church. Images published in
[211], 48, and [332], 23. Building at the 2003 World Horticultural
Exposition in Rostock, Germany.
12See endnote 2
13Kalberer M, Strukturen S. 1998 Auerworld Palast. Images by author
and published in [212], 21, and [332], 20–21. Building in Auerstedt,
Germany.
14http://www.auerworld.com/auerworldpalast/
15Jennings S, Courtier S, Project Taunton. 2011 Longrun meadow
willow cathedral. Building that is a part of Project Taunton, located
in Somerset, UK.
16Erlandson A. 1940s Basket tree. Images by author published in
[222], republished in [211], 37, c. Built structures originally at Tree
Circus in Scotts Valley, California, USA, currently at Gilroy Gardens
in Gilroy, California, USA.
17Kirsch K, Block HF. 1993-1997 Waldgartendorf. Images by author
and published in [211], 50. Built structures near Kassel, Germany.
18Kirsch K. 1990 Ash tree house or ash tree dome. Images by author
and published in [212], 31, ca. Built structure in Bauhaus, Germany.
19Visiondivision and Politecnico di Milano. 2011 The patient gar-
dener. Images by author and published in [212], 35, Built structure
in Milano, Italy.
20See endnote 2
21Ludwig F, Storz O. 2005 Baubotanik research group, and
Neue Kunst am Ried. Baubotanik footbridge. Images by author
and published in [234], 184. Built structure in Wald-Ruhestetten,
Germany.
22Terreform ONE, Genspace, Ecovative Design LLC, Mitchell Joa-
chim, Oliver Medvedik, Melanie Fessel, Maria Aiolova, Ellen
Jorgenson, Shruti Grover, James Schwartz, Josue Ledema, Tania
Doles, Philip Weller, Greg Pucillo, Shivina Harjani, Jesse Hull,
Suzanne Lee, BioCouture, and NYU Gallatin. Gen2seat: Genetic gen-
eration seat. Images by author and published in [236], 2012. Furniture
installation in New York, NY, USA.
23See endnote 2
24Terreform ONE, Genspace, Mitchell Joachim, Eric Tan, Oliver Med-
vedik, and Maria Aiolova. 2008 In vitro meat habitat. Images by
author and published in [236], Art installation at Genspace in
New York, NY, USA.
25Ross P, Far West Fungi. 2009 Mycotectural alpha, a prototype tea-
house. Images by author and published in [237]. Temporary
installation at the Eating the Universe exhibition at Kunsthalle Düs-
seldorf in Düsseldorf, Germany.
26The Living, Ecovative Design, 3M, Arup, Atelier Ten, Build It
Green!, Autodesk Dynamo, SCAPE Landscape Architecture,
Advanced Metal Coatings Incorporated, and Associated Fabrication.
2014 Hy-fi. Images by architect and published in [239] and [240].
Temporary building at the Museum of Modern Art (MoMA) PS1 in
New York, NY, USA.
27AFJD Studio. 2015 Mycelium mockup. Images by Krista Jahnke and
published in [242], 121–124. Temporary installation at the CATA-
LYZE exhibition of the annual conference of the International
Society of Electronic Arts, at the Museum of Vancouver in Vancouver,
BC, Canada.
References
1. Knippers J, Speck T. 2012 Design and construction
principles in nature and architecture. Bioinspir.
Biomim. 7, 015002. (doi:10.1088/1748-3182/7/1/
015002)

2. Pfeifer R, Lungarella M, Iida F. 2007 Self-
organization, embodiment, and biologically inspired
robotics. Science 318, 1088–1093. (doi:10.1126/
science.1145803)

3. Bar-Cohen Y. 2006 Biomimetics—using nature to
inspire human innovation. Bioinspir. Biomim. 1,
P1–P12. (doi:10.1088/1748-3182/1/1/p01)

4. Sanchez C, Arribart H, Giraud Guille MM. 2005
Biomimetism and bioinspiration as tools for the
design of innovative materials and systems. Nat.
Mater. 4, 277–288. (doi:10.1038/nmat1339)

5. Hamann H et al. 2016 Hybrid societies: challenges
and perspectives in the design of collective behavior
in self-organizing systems. Front. Robot. AI 3, 14.
(doi:10.3389/frobt.2016.00014)

6. Yang G-Z. 2017 Digital architecture and robotic
construction. Sci. Robot. 2, eaan3673. (doi:10.1126/
scirobotics.aan3673)

7. Hamann H et al. 2015 flora robotica — mixed
societies of symbiotic robot–plant bio-hybrids. In
Proc. of the IEEE Symposium Series on Computational
Intelligence, pp. 1102–1109. Piscataway, NJ: IEEE.

8. Hamann H et al. 2017 flora robotica—an
architectural system combining living natural plants,
distributed robots. (https://arxiv.org/abs/1709.04291).

9. Armstrong R et al. 2017 Living architecture (LIAR):
metabolically engineered building units. In Cultivated
building materials (eds DE Hebel, F Heisel), pp. 168–
175. Berlin, Germany: De Gruyter.

10. Theraulaz G, Bonabeau E, Deneubourg J-L. 1998 The
origin of nest complexity in social insects.
Complexity 3, 15–25. (doi:10.1002/(SICI)1099-
0526(199807/08)3:6<15::AID-CPLX3>3.0.CO;2-V)

11. Dorigo M, Bonabeau E, Theraulaz G. 2000 Ant
algorithms and stigmergy. Future Gener. Comput.
Syst. 16, 851–871. (doi:10.1016/S0167-
739X(00)00042-X)

12. Pratt S. 2004 Collective control of the timing and
type of comb construction by honey bees (Apis
mellifera). Apidologie 35, 193–205. (doi:10.1051/
apido:2004005)

13. Karsai I, Pézes Z. 1998 Nest shapes in paper wasps:
can the variability of forms be deduced from the
same construction algorithm? Proc. R. Soc. Lond. B
265, 1261–1268. (doi:10.1098/rspb.1998.0428)

14. Karsai I, Pézes Z. 2000 Optimality of cell
arrangement and rules of thumb of cell initiation in
Polistes dominulus: a modeling approach. Behav.
Ecol. 11, 387–395. (doi:10.1093/beheco/11.4.387)

15. Noirot C. 1970 The nests of termites. In Biology of
termites (eds K Krishna, FM Weesner), vol. 1,
pp. 73–126. New York, NY: Academic Press.

16. Bonabeau E, Theraulaz G, Deneubourg J-L, Franks
NR, Rafelsberger O, Joly J-L, Stéphano B. 1998 A
model for the emergence of pillars, walls and royal
chambers in termite nests. Phil. Trans. R. Soc.
Lond. B 353, 1561–1576. (doi:10.1098/rstb.
1998.0310)
17. Jones JC, Oldroyd BP. 2006 Nest thermoregulation in
social insects. Adv. Insect Phys. 33, 153–191.
(doi:10.1016/S0065-2806(06)33003-2)

18. Jones JC, Myerscough MR, Graham S, Oldroyd BP.
2004 Honey bee nest thermoregulation: diversity
promotes stability. Science 305, 402–404. (doi:10.
1126/science.1096340)

19. Espinoza DN, Santamarina JC. 2010 Ant tunneling—
a granular media perspective. Granular Matter
12, 607–616. (doi:10.1007/s10035-010-0202-y)

20. Buhl J, Gautrais J, Deneubourg J-L, Theraulaz G.
2004 Nest excavation in ants: group size effects on
the size and structure of tunneling networks.
Naturwissenschaften 91, 602–606. (doi:10.1007/
s00114-004-0577-x)

21. Pielström S, Roces F. 2012 Vibrational
communication in the spatial organization of
collective digging in the leaf-cutting ant Atta
vollenweideri. Anim. Behav. 84, 743–752. (doi:10.
1016/j.anbehav.2012.07.008)

22. Bonabeau E, Theraulaz G, Deneubourg J-L, Aron S,
Camazine S. 1997 Self-organization in social insects.
Trends Ecol. Evol. 12, 188–193. (doi:10.1016/S0169-
5347(97)01048-3)

23. Khuong A, Gautrais J, Perna A, Sbaï C, Combe M,
Kuntz P, Jost C, Theraulaz G. 2016 Stigmergic
construction and topochemical information shape
ant nest architecture. Proc. Natl Acad. Sci. USA 113,
1303–1308. (doi:10.1073/pnas.1509829113)

24. Franks NR, Deneubourg J-L. 1997 Self-organizing
nest construction in ants: individual worker

http://www.auerworld.com/auerworldpalast/
http://www.auerworld.com/auerworldpalast/
http://dx.doi.org/10.1088/1748-3182/7/1/015002
http://dx.doi.org/10.1088/1748-3182/7/1/015002
http://dx.doi.org/10.1126/science.1145803
http://dx.doi.org/10.1126/science.1145803
http://dx.doi.org/10.1088/1748-3182/1/1/p01
http://dx.doi.org/10.1038/nmat1339
http://dx.doi.org/10.3389/frobt.2016.00014
http://dx.doi.org/10.1126/scirobotics.aan3673
http://dx.doi.org/10.1126/scirobotics.aan3673
https://arxiv.org/abs/1709.04291
https://arxiv.org/abs/1709.04291
http://dx.doi.org/10.1002/(SICI)1099-0526(199807/08)3:6%3C15::AID-CPLX3%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1099-0526(199807/08)3:6%3C15::AID-CPLX3%3E3.0.CO;2-V
http://dx.doi.org/10.1016/S0167-739X(00)00042-X
http://dx.doi.org/10.1016/S0167-739X(00)00042-X
http://dx.doi.org/10.1051/apido:2004005
http://dx.doi.org/10.1051/apido:2004005
http://dx.doi.org/10.1098/rspb.1998.0428
http://dx.doi.org/10.1093/beheco/11.4.387
http://dx.doi.org/10.1098/rstb.1998.0310
http://dx.doi.org/10.1098/rstb.1998.0310
http://dx.doi.org/10.1016/S0065-2806(06)33003-2
http://dx.doi.org/10.1126/science.1096340
http://dx.doi.org/10.1126/science.1096340
http://dx.doi.org/10.1007/s10035-010-0202-y
http://dx.doi.org/10.1007/s00114-004-0577-x
http://dx.doi.org/10.1007/s00114-004-0577-x
http://dx.doi.org/10.1016/j.anbehav.2012.07.008
http://dx.doi.org/10.1016/j.anbehav.2012.07.008
http://dx.doi.org/10.1016/S0169-5347(97)01048-3
http://dx.doi.org/10.1016/S0169-5347(97)01048-3
http://dx.doi.org/10.1073/pnas.1509829113
pop209826
Notiz
None festgelegt von pop209826

pop209826
Notiz
MigrationNone festgelegt von pop209826

pop209826
Notiz
Unmarked festgelegt von pop209826



royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190238

22
behaviour and the nest’s dynamics. Anim. Behav.
54, 779–796. (doi:10.1006/anbe.1996.0496)

25. Grassé P-P. 1959 La reconstruction du nid et les
coordinations interindividuelles chezbellicositermes
natalensis etcubitermes sp. la théorie de la
stigmergie: Essai d’interprétation du comportement
des termites constructeurs. Insectes Soc. 6, 41–80.
(doi:10.1007/BF02223791)

26. Theraulaz G, Bonbeau E. 1999 A brief history of
stigmergy. Artif. Life 5, 97–116. (doi:10.1162/
106454699568700)

27. Sumpter DJT, Beekman M. 2003 From nonlinearity
to optimality: pheromone trail foraging by ants.
Anim. Behav. 66, 273–280. (doi:10.1006/anbe.
2003.2224)

28. De Silva TN, Peterson AT, Bates JM, Fernando SW,
Girard MG. 2017 Molecular phylogenetics and
evolution phylogenetic relationships of weaverbirds
(aves: ploceidae): a first robust phylogeny based on
mitochondrial and nuclear markers. Mol.
Phylogenet. Evol. 109, 21–32. (doi:10.1016/j.
ympev.2016.12.013)

29. Roper TJ. 1992 Badger Meles meles setts—
architecture, internal environment and function.
Mamm. Rev. 22, 43–53. (doi:10.1111/j.1365-2907.
1992.tb00118.x)

30. Davies KC, Jarvis JUM. 1986 The burrow systems
and burrowing dynamics of the mole-rats
Bathyergus suillus and Cryptomys hottentotus in the
fynbos of the south-western Cape, South Africa.
J. Zool. 209, 125–147. (doi:10.1111/j.1469-7998.
1986.tb03570.x)

31. Müller G, Watling J. 2016 The engineering in beaver
dams. In River Flow 2016: Eighth Int. Conf. on
Fluvial Hydraulics (eds G Constantinescu, M Garcia,
D Hanes), pp. 2094–2099. USA: CRC Press.

32. Magoshi J, Magoshi Y, Nakamura S. 1993
Mechanism of fiber formation of silkworm. In Silk
polymers: materials science and biotechnology (eds
DL Kaplan, WW Adams, C Viney, BL Farmer), ch. 25,
pp. 292–310. Washington, DC: American Chemical
Society. ACS Symposium Series 544 edition.

33. Holland C, Terry AE, Porter D, Vollrath F. 2006
Comparing the rheology of native spider and
silkworm spinning dope. Nat. Mater. 5, 870–874.
(doi:10.1038/nmat1762)

34. Theraulaz G, Bonabeau E. 1995 Modelling the
collective building of complex architectures in social
insects with lattice swarms. J. Theor. Biol. 177,
381–400. (doi:10.1006/jtbi.1995.0255)

35. Bullock S, Ladley D, Kerby M. 2012 Wasps, termites,
and waspmites: distinguishing competence from
performance in collective construction. Artif. Life 18,
267–290. (doi:10.1162/artl_a_00065)

36. Berman S, Lindsey Q, Sakar MS, Kumar V, Pratt SC.
2011 Experimental study and modeling of group
retrieval in ants as an approach to collective
transport in swarm robotic systems. Proc. IEEE 99,
1470–1481. (doi:10.1109/JPROC.2011.2111450)

37. Werfel J, Petersen K, Nagpal R. 2014 Designing
collective behavior in a termite-inspired robot
construction team. Science 343, 754–758. (doi:10.
1126/science.1245842)
38. Rafsanjani A, Brulé V, Western TL, Pasini D. 2015
Hydro-responsive curling of the resurrection plant
Selaginella lepidophylla. Sci. Rep. 5, 1–7. (doi:10.
1038/srep08064)

39. Mugnai S, Azzarello E, Masi E, Pandolfi C, Mancuso
S. 2015 Nutation in plants. In Rhythms in plants:
dynamic responses in a dynamic environment
(eds S Mancuso, S Shabala), ch. 2, pp. 19–34.
Cham, Switzerland: Springer International
Publishing.

40. Migliaccio F, Tassone P, Fortunati A. 2013
Circumnutation as an autonomous root movement
in plants. Am. J. Bot. 100, 4–13. (doi:10.3732/ajb.
1200314)

41. Bastien R, Meroz Y. 2016 The kinematics of plant
nutation reveals a simple relation between
curvature and the orientation of differential growth.
PLoS Comput. Biol. 12, 1–20. (doi:10.1371/journal.
pcbi.1005238)

42. Guo Q, Dai E, Han X, Xie S, Chao E, Chen Z. 2015
Fast nastic motion of plants and bioinspired
structures. J. R. Soc. Interface 12, 20150598. (doi:10.
1098/rsif.2015.0598)

43. Schrank AR. 1950 Plant tropisms. Annu. Rev. Plant
Physiol. 1, 59–74. (doi:10.1146/annurev.pp.01.
060150.000423)

44. Vandenbussche F, Van Der Straeten D. 2004 Shaping
the shoot: a circuitry that integrates multiple
signals. Trends Plant Sci. 9, 499–506. (doi:10.1016/
j.tplants.2004.08.002)

45. Kellermeier F, Armengaud P, Seditas TJ, Danku J,
Salt DE, Amtmann A. 2014 Analysis of the root
system architecture of Arabidopsis provides a
quantitative readout of crosstalk between
nutritional signals. Plant Cell 26, 1480–1496.
(doi:10.1105/tpc.113.122101)

46. Hashiguchi Y, Tasaka M, Morita MT. 2013
Mechanism of higher plant gravity sensing.
Am. J. Bot. 100, 91–100. (doi:10.3732/ajb.1200315)

47. Baldwin KL, Strohm AK, Masson PH. 2013 Gravity
sensing and signal transduction in vascular plant
primary roots. Am. J. Bot. 100, 126–142. (doi:10.
3732/ajb.1200318)

48. Paul A-L, Wheeler RM, Levine HG, Ferl RJ. 2013
Fundamental plant biology enabled by the space
shuttle. Am. J. Bot. 100, 226–234. (doi:10.3732/ajb.
1200338)

49. Hamant O. 2013 Widespread mechanosensing
controls the structure behind the architecture in
plants. Curr. Opin. Plant Biol. 16, 654–660. (doi:10.
1016/j.pbi.2013.06.006)

50. Moulia B, Coutand C, Julien JL. 2015
Mechanosensitive control of plant growth: bearing
the load, sensing, transducing, and responding.
Front. Plant Sci. 6, 52. (doi:10.3389/fpls.2015.
00052)

51. Leblanc-Fournier N, Martin L, Lenne C, Decourteix
M. 2014 To respond or not to respond, the recurring
question in plant mechanosensitivity. Front. Plant
Sci. 5, 401. (doi:10.3389/fpls.2014.00401)

52. Telewski FW. 2012 Is windswept tree growth
negative thigmotropism? Plant Sci. 184, 20–28.
(doi:10.1016/j.plantsci.2011.12.001)
53. Gardiner B, Berry P, Moulia B. 2016 Review: wind
impacts on plant growth, mechanics and damage.
Plant Sci. 245, 94–118. (doi:10.1016/j.plantsci.
2016.01.006)

54. Toyota M, Gilroy S. 2013 Gravitropism and
mechanical signaling in plants. Am. J. Bot. 100,
111–125. (doi:10.3732/ajb.1200408)

55. Robinson S, Burian A, Couturier E, Landrein B,
Louveaux M, Neumann ED, Peaucelle A, Weber A,
Nakayama N. 2013 Mechanical control of
morphogenesis at the shoot apex. J. Exp. Bot. 64,
4729–4744. (doi:10.1093/jxb/ert199)

56. Moulia B. 2013 Plant biomechanics and
mechanobiology are convergent paths to flourishing
interdisciplinary research. J. Exp. Bot. 64,
4617–4633. (doi:10.1093/jxb/ert320)

57. Massa GD, Gilroy S. 2003 Touch modulates gravity
sensing to regulate the growth of primary roots of
Arabidopsis thaliana. Plant J. 33, 435–445. (doi:10.
1046/j.1365-313X.2003.01637.x)

58. Braam J. 2004 In touch: plant responses to
mechanical stimuli. New Phytol. 165, 373–389.
(doi:10.1111/j.1469-8137.2004.01263.x)

59. Scorza LCT, Dornelas MC. 2011 Plants on the move:
towards common mechanisms governing
mechanically-induced plant movements. Plant Signal.
Behav. 6, 1979–1986. (doi:10.4161/psb.6.12.18192)

60. Hughes J. 2013 Phytochrome cytoplasmic signaling.
Annu. Rev. Plant Biol. 64, 377–402. (doi:10.1146/
annurev-arplant-050312-120045)

61. Galvão VC, Fankhauser C. 2015 Sensing the light
environment in plants: photoreceptors and early
signaling steps. Curr. Opin. Neurobiol. 34, 46–53.
(doi:10.1016/j.conb.2015.01.013)

62. Ouzounis T, Rosenqvist E, Ottosen CO. 2015 Spectral
effects of artificial light on plant physiology and
secondary metabolism: a review. HortScience 50,
1128–1135. (doi:10.21273/HORTSCI.50.8.1128)

63. Hogewoning SW, Wientjes E, Douwstra P,
Trouwborst G, van Ieperen W, Croce R, Harbinson J.
2012 Photosynthetic quantum yield dynamics: from
photosystems to leaves. Plant Cell 24, 1921–1935.
(doi:10.1105/tpc.112.097972)

64. Rochaix J-D. 2014 Regulation and dynamics of the
light-harvesting system. Annu. Rev. Plant Biol. 65,
287–309. (doi:10.1146/annurev-arplant-050213-
040226)

65. Ruban AV. 2015 Evolution under the sun: optimizing
light harvesting in photosynthesis. J. Exp. Bot. 66,
7–23. (doi:10.1093/jxb/eru400)

66. Christie JM, Murphy AS. 2013 Shoot phototropism
in higher plants: new light through old concepts.
Am. J. Bot. 100, 35–46. (doi:10.3732/ajb.1200340)

67. Liscum E, Askinosie SK, Leuchtman DL, Morrow J,
Willenburg KT, Coats DR. 2014 Phototropism:
growing towards an understanding of plant
movement. Plant Cell 26, 38–55. (doi:10.1105/tpc.
113.119727)

68. Briggs WR. 2014 Phototropism: some history, some
puzzles, and a look ahead. Plant Physiol. 164,
13–23. (doi:10.1104/pp.113.230573)

69. Inoue S, Kinoshita T, Shimazaki K. 2005 Possible
involvement of phototropins in leaf movement of

http://dx.doi.org/10.1006/anbe.1996.0496
http://dx.doi.org/10.1007/BF02223791
http://dx.doi.org/10.1162/106454699568700
http://dx.doi.org/10.1162/106454699568700
http://dx.doi.org/10.1006/anbe.2003.2224
http://dx.doi.org/10.1006/anbe.2003.2224
http://dx.doi.org/10.1016/j.ympev.2016.12.013
http://dx.doi.org/10.1016/j.ympev.2016.12.013
http://dx.doi.org/10.1111/j.1365-2907.1992.tb00118.x
http://dx.doi.org/10.1111/j.1365-2907.1992.tb00118.x
http://dx.doi.org/10.1111/j.1469-7998.1986.tb03570.x
http://dx.doi.org/10.1111/j.1469-7998.1986.tb03570.x
http://dx.doi.org/10.1038/nmat1762
http://dx.doi.org/10.1006/jtbi.1995.0255
http://dx.doi.org/10.1162/artl&lowbar;a&lowbar;00065
http://dx.doi.org/10.1109/JPROC.2011.2111450
http://dx.doi.org/10.1126/science.1245842
http://dx.doi.org/10.1126/science.1245842
http://dx.doi.org/10.1038/srep08064
http://dx.doi.org/10.1038/srep08064
http://dx.doi.org/10.3732/ajb.1200314
http://dx.doi.org/10.3732/ajb.1200314
http://dx.doi.org/10.1371/journal.pcbi.1005238
http://dx.doi.org/10.1371/journal.pcbi.1005238
http://dx.doi.org/10.1098/rsif.2015.0598
http://dx.doi.org/10.1098/rsif.2015.0598
http://dx.doi.org/10.1146/annurev.pp.01.060150.000423
http://dx.doi.org/10.1146/annurev.pp.01.060150.000423
http://dx.doi.org/10.1016/j.tplants.2004.08.002
http://dx.doi.org/10.1016/j.tplants.2004.08.002
http://dx.doi.org/10.1105/tpc.113.122101
http://dx.doi.org/10.3732/ajb.1200315
http://dx.doi.org/10.3732/ajb.1200318
http://dx.doi.org/10.3732/ajb.1200318
http://dx.doi.org/10.3732/ajb.1200338
http://dx.doi.org/10.3732/ajb.1200338
http://dx.doi.org/10.1016/j.pbi.2013.06.006
http://dx.doi.org/10.1016/j.pbi.2013.06.006
http://dx.doi.org/10.3389/fpls.2015.00052
http://dx.doi.org/10.3389/fpls.2015.00052
http://dx.doi.org/10.3389/fpls.2014.00401
http://dx.doi.org/10.1016/j.plantsci.2011.12.001
http://dx.doi.org/10.1016/j.plantsci.2016.01.006
http://dx.doi.org/10.1016/j.plantsci.2016.01.006
http://dx.doi.org/10.3732/ajb.1200408
http://dx.doi.org/10.1093/jxb/ert199
http://dx.doi.org/10.1093/jxb/ert320
http://dx.doi.org/10.1046/j.1365-313X.2003.01637.x
http://dx.doi.org/10.1046/j.1365-313X.2003.01637.x
http://dx.doi.org/10.1111/j.1469-8137.2004.01263.x
http://dx.doi.org/10.4161/psb.6.12.18192
http://dx.doi.org/10.1146/annurev-arplant-050312-120045
http://dx.doi.org/10.1146/annurev-arplant-050312-120045
http://dx.doi.org/10.1016/j.conb.2015.01.013
http://dx.doi.org/10.21273/HORTSCI.50.8.1128
http://dx.doi.org/10.1105/tpc.112.097972
http://dx.doi.org/10.1146/annurev-arplant-050213-040226
http://dx.doi.org/10.1146/annurev-arplant-050213-040226
http://dx.doi.org/10.1093/jxb/eru400
http://dx.doi.org/10.3732/ajb.1200340
http://dx.doi.org/10.1105/tpc.113.119727
http://dx.doi.org/10.1105/tpc.113.119727
http://dx.doi.org/10.1104/pp.113.230573
pop209826
Notiz
None festgelegt von pop209826

pop209826
Notiz
MigrationNone festgelegt von pop209826

pop209826
Notiz
Unmarked festgelegt von pop209826



royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190238

23
kidney bean in response to blue light. Plant Physiol.
138, 1994–2004. (doi:10.1104/pp.105.062026)

70. Werk KS, Ehleringer J. 1984 Non-random leaf
orientation in Lactuca serriola L. Plant Cell
Environ. 7, 81–87. (doi:10.1111/j.1365-3040.1984.
tb01560.x)

71. Kutschera U, Briggs WR. 2016 Phototropic solar
tracking in sunflower plants: an integrative
perspective. Ann. Bot. 117, 1–8. (doi:10.1093/aob/
mcv141)

72. Fraser DP, Hayes S, Franklin KA. 2016 Photoreceptor
crosstalk in shade avoidance. Curr. Opin. Plant Biol.
33, 1–7. (doi:10.1016/j.pbi.2016.03.008)

73. Pierik R, De Wit M. 2014 Shade avoidance:
phytochrome signalling and other aboveground
neighbour detection cues. J. Exp. Bot. 65,
2815–2824. (doi:10.1093/jxb/ert389)

74. Wang Y, Folta KM. 2013 Contributions of green light
to plant growth and development. Am. J. Bot. 100,
70–78. (doi:10.3732/ajb.1200354)

75. Gommers CMM, Visser EJW, Onge KRSt, Voesenek
LACJ, Pierik R. 2013 Shade tolerance: when growing
tall is not an option. Trends Plant Sci. 18, 65–71.
(doi:10.1016/j.tplants.2012.09.008)

76. Baluška F, Mancuso S, Volkmann D, Barlow P. 2009
The ‘root-brain’ hypothesis of Charles and Francis
Darwin. Plant Signal. Behav. 4, 1121–1127. (doi:10.
4161/psb.4.12.10574)

77. Runyon JB, Mescher MC, De Moraes CM. 2006
Volatile chemical cues guide host location and host
selection by parasitic plants. Science 313,
1964–1967. (doi:10.1126/science.1131371)

78. Gianoli E. 2015 The behavioural ecology of climbing
plants. AoB Plants 7, 1–11. (doi:10.1093/aobpla/
plv013)

79. Trewavas A. 2017 The foundations of plant
intelligence. Interface Focus 7, 20160098. (doi:10.
1098/rsfs.2016.0098)

80. Farré G, Blancquaert D, Capell T, Van Der Straeten
D, Christou P, Zhu C. 2014 Engineering complex
metabolic pathways in plants. Annu. Rev. Plant Biol.
65, 187–223. (doi:10.1146/annurev-arplant-
050213-035825)

81. Prusinkiewicz P. 2004 Modeling plant growth and
development. Curr. Opin. Plant Biol. 7, 79–83.
(doi:10.1016/j.pbi.2003.11.007)

82. Prusinkiewicz P. 1998 Modeling of spatial
structure and development of plants: a review. Sci.
Hort. 74, 113–149. (doi:10.1016/S0304-4238(98)
00084-3)

83. Prusinkiewicz P, Runions A. 2012 Computational
models of plant development and form. New
Phytol. 193, 549–569. (doi:10.1111/j.1469-8137.
2011.04009.x)

84. Sen SI, Day AM. 2005 Tutorials/surveys: modelling
trees and their interaction with the environment: a
survey. Comput. Graph. 29, 805–817. (doi:10.1016/j.
cag.2005.08.025)

85. Biondi E, Feoli E, Zuccarello V. 2004 Modelling
environmental responses of plant associations: a
review of some critical concepts in vegetation study.
Crit. Rev. Plant Sci. 23, 149–156. (doi:10.1080/
07352680490433277)
86. Pretzsch H. 2009 Forest dynamics, growth, and yield:
from measurement to model. Berlin, Germany:
Springer.

87. Hodge A, Berta G, Doussan C, Merchan F, Crespi M.
2009 Plant root growth, architecture and function.
Plant Soil 321, 153–187. (doi:10.1007/s11104-009-
9929-9)

88. Lindenmayer A. 1968 Mathematical models for
cellular interactions in development I. Filaments
with one-sided inputs. J. Theor. Biol. 18, 280–299.
(doi:10.1016/0022-5193(68)90079-9)

89. Lindenmayer A. 1975 Developmental algorithms for
multicellular organisms: a survey of L-systems.
J. Theor. Biol. 54, 3–22. (doi:10.1016/S0022-
5193(75)80051-8)

90. Kari L, Rozenberg G, Salomaa A. 1997 L systems. In
Handbook of formal languages, vol. 1, pp. 253–328.
Berlin, Heidelberg: Springer.

91. von Mammen S, Jacob C. 2009 The evolution of
swarm grammars—growing trees, crafting art, and
bottom-up design. IEEE Comput. Intell. Mag. 4,
10–19. (doi:10.1109/MCI.2009.933096)

92. Room P, Hanan J, Prusinkiewicz P. 1996
Virtual plants: new perspectives for ecologists,
pathologists and agricultural scientists. Trends
Plant Sci. 1, 33–38. (doi:10.1016/S1360-
1385(96)80021-5)

93. Bell AD. 1986 The simulation of branching patterns
in modular organisms. Phil. Trans. R. Soc. Lond. B
313, 143–159. (doi:10.1098/rstb.1986.0030)

94. Niklas KJ. 2003 The bio-logic and machinery of
plant morphogenesis. Am. J. Bot. 90, 515–525.
(doi:10.3732/ajb.90.4.515)

95. Beaudoin J, Keyser J. 2004 Simulation levels of
detail for plant motion. In (SCA ’04) Proc. of the
2004 ACM SIGGRAPH/Eurographics Symposium on
Computer Animation, pp. 297–304. Eurographics
Association.

96. Zahadat P, Hofstadler DN, Schmickl T. 2017 Vascular
morphogenesis controller: a generative model for
developing morphology of artificial structures. In
Proc. of the Genetic and Evolutionary Computation
Conf., GECCO ’17, New York, NY, USA, pp. 163–170.
New York, NY: ACM.

97. Soorati MD, Heinrich MK, Ghofrani J, Zahadat P,
Hamann H. 2019 Photomorphogenesis for robot
self-assembly: adaptivity, collective decision-
making, and self-repair. Bioinspir. Biomim. (doi:10.
5281/zenodo.2538671)

98. Boudon F, Pradal C, Cokelaer T, Prusinkiewicz P,
Godin C. 2012 L-py: an L-system simulation
framework for modeling plant architecture
development based on a dynamic language. Front.
Plant Sci. 3, 76. (doi:10.3389/fpls.2012.00076)

99. Prusinkiewicz P. 2002 Art and science of life:
designing and growing virtual plants with
L-systems. In ISHS Acta Horticulturae: XXVI
International Horticultural Congress: Nursery Crops;
Development, Evaluation, Production and Use,
vol. 630, pp. 15–28. International Society for
Horticultural Science.

100. Runions A, Fuhrer M, Lane B, Federl P, Rolland-
Lagan A-G, Prusinkiewicz P. 2005 Modeling and
visualization of leaf venation patterns. ACM Trans.
Graph. 24, 702–711. (doi:10.1145/1073204.
1073251)

101. Owens A, Cieslak M, Hart J, Classen-Bockhoff R,
Prusinkiewicz P. 2016 Modeling dense
inflorescences. ACM Trans. Graph. 35, 136. (doi:10.
1145/2897824.2925982)

102. Chen X, Neubert B, Xu Y-Q, Deussen O, Kang SB.
2008 Sketch-based tree modeling using Markov
random field. ACM Trans. Graph. 27, 109:1–109:9.
(doi:10.1145/1409060.1409062)

103. Anastacio F, Prusinkiewicz P, Sousa MC. 2009
Sketch-based parameterization of L-systems using
illustration-inspired construction lines and depth
modulation. Comput. Graph. 33, 440–451. (doi:10.
1016/j.cag.2009.05.001)

104. Longay S, Runions A, Boudon F, Prusinkiewicz P.
2012 Treesketch: interactive procedural modeling of
trees on a tablet. In EUROGRAPHICS Symposium on
Sketch-Based Interfaces and Modeling, pp. 107–120.
Eurographics Association. See https://hal.inria.fr/hal-
00828850.

105. Palubicki W, Horel K, Longay S, Runions A, Lane B,
Měch R, Prusinkiewicz P. 2009 Self-organizing tree
models for image synthesis. ACM Trans. Graph. 28,
58. (doi:10.1145/1531326.1531364)

106. Zamuda A, Brest J. 2014 Vectorized procedural
models for animated trees reconstruction using
differential evolution. Inf. Sci. 278, 1–21. (doi:10.
1016/j.ins.2014.04.037)

107. Zamuda A, Brest J. 2013 Environmental framework
to visualize emergent artificial forest ecosystems.
Inf. Sci. 220, 522–540. (doi:10.1016/j.ins.2012.07.
031)

108. Zhang X, Li H, Dai M, Ma W, Quan L. 2014 Data-
driven synthetic modeling of trees. IEEE Trans. Vis.
Comput. Graph 20, 1214–1226. (doi:10.1109/TVCG.
2014.2316001)

109. Wahby M, Hofstadler DN, Heinrich MK, Zahadat P,
Hamann H. 2016 An evolutionary robotics approach
to the control of plant growth and motion:
modeling plants and crossing the reality gap. In
2016 IEEE 10th Int. Conf. on Self-Adaptive and Self-
Organizing Systems (SASO), pp. 21–30. Piscataway,
NJ: IEEE.

110. Hofstadler DN, Wahby M, Heinrich MK, Hamann H,
Zahadat P, Ayres P, Schmickl T. 2017 Evolved control
of natural plants: crossing the reality gap for user-
defined steering of growth and motion. ACM Trans.
Auton. Adapt. Syst. 12, 1–24. (doi:10.1145/
3124643)

111. Malézieux E, Crozat Y, Dupraz C, Laurans M, Makowski
D, Ozier-Lafontaine H, Rapidel B, De Tourdonnet S,
Valantin-Morison M. 2009 Mixing plant species in
cropping systems: concepts, tools and models. a
review. In Agronomy for sustainable development,
vol. 29, pp. 329–353. Berlin, Germany: Springer.

112. Bastien R, Douady S, Moulia B. 2015 A unified
model of shoot tropism in plants: photo-, gravi-and
propio-ception. PLoS Comput. Biol. 11, e1004037.
(doi:10.1371/journal.pcbi.1004037)

113. Mündermann L, Erasmus Y, Lane B, Coen E,
Prusinkiewicz P. 2005 Quantitative modeling of

http://dx.doi.org/10.1104/pp.105.062026
http://dx.doi.org/10.1111/j.1365-3040.1984.tb01560.x
http://dx.doi.org/10.1111/j.1365-3040.1984.tb01560.x
http://dx.doi.org/10.1093/aob/mcv141
http://dx.doi.org/10.1093/aob/mcv141
http://dx.doi.org/10.1016/j.pbi.2016.03.008
http://dx.doi.org/10.1093/jxb/ert389
http://dx.doi.org/10.3732/ajb.1200354
http://dx.doi.org/10.1016/j.tplants.2012.09.008
http://dx.doi.org/10.4161/psb.4.12.10574
http://dx.doi.org/10.4161/psb.4.12.10574
http://dx.doi.org/10.1126/science.1131371
http://dx.doi.org/10.1093/aobpla/plv013
http://dx.doi.org/10.1093/aobpla/plv013
http://dx.doi.org/10.1098/rsfs.2016.0098
http://dx.doi.org/10.1098/rsfs.2016.0098
http://dx.doi.org/10.1146/annurev-arplant-050213-035825
http://dx.doi.org/10.1146/annurev-arplant-050213-035825
http://dx.doi.org/10.1016/j.pbi.2003.11.007
http://dx.doi.org/10.1016/S0304-4238(98)00084-3
http://dx.doi.org/10.1016/S0304-4238(98)00084-3
http://dx.doi.org/10.1111/j.1469-8137.2011.04009.x
http://dx.doi.org/10.1111/j.1469-8137.2011.04009.x
http://dx.doi.org/10.1016/j.cag.2005.08.025
http://dx.doi.org/10.1016/j.cag.2005.08.025
http://dx.doi.org/10.1080/07352680490433277
http://dx.doi.org/10.1080/07352680490433277
http://dx.doi.org/10.1007/s11104-009-9929-9
http://dx.doi.org/10.1007/s11104-009-9929-9
http://dx.doi.org/10.1016/0022-5193(68)90079-9
http://dx.doi.org/10.1016/S0022-5193(75)80051-8
http://dx.doi.org/10.1016/S0022-5193(75)80051-8
http://dx.doi.org/10.1109/MCI.2009.933096
http://dx.doi.org/10.1016/S1360-1385(96)80021-5
http://dx.doi.org/10.1016/S1360-1385(96)80021-5
http://dx.doi.org/10.1098/rstb.1986.0030
http://dx.doi.org/10.3732/ajb.90.4.515
http://dx.doi.org/10.5281/zenodo.2538671
http://dx.doi.org/10.5281/zenodo.2538671
http://dx.doi.org/10.3389/fpls.2012.00076
http://dx.doi.org/10.1145/1073204.1073251
http://dx.doi.org/10.1145/1073204.1073251
http://dx.doi.org/10.1145/2897824.2925982
http://dx.doi.org/10.1145/2897824.2925982
http://dx.doi.org/10.1145/1409060.1409062
http://dx.doi.org/10.1016/j.cag.2009.05.001
http://dx.doi.org/10.1016/j.cag.2009.05.001
https://hal.inria.fr/hal-00828850
https://hal.inria.fr/hal-00828850
https://hal.inria.fr/hal-00828850
http://dx.doi.org/10.1145/1531326.1531364
http://dx.doi.org/10.1016/j.ins.2014.04.037
http://dx.doi.org/10.1016/j.ins.2014.04.037
http://dx.doi.org/10.1016/j.ins.2012.07.031
http://dx.doi.org/10.1016/j.ins.2012.07.031
http://dx.doi.org/10.1109/TVCG.2014.2316001
http://dx.doi.org/10.1109/TVCG.2014.2316001
http://dx.doi.org/10.1145/3124643
http://dx.doi.org/10.1145/3124643
http://dx.doi.org/10.1371/journal.pcbi.1004037
pop209826
Notiz
None festgelegt von pop209826

pop209826
Notiz
MigrationNone festgelegt von pop209826

pop209826
Notiz
Unmarked festgelegt von pop209826



royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190238

24
Arabidopsis development. Plant Physiol. 139,
960–968. (doi:10.1104/pp.105.060483)

114. Roderick ML. 2000 On the measurement of growth
with applications to the modelling and analysis of
plant growth. Funct. Ecol. 14, 244–251. (doi:10.
1046/j.1365-2435.2000.00414.x)

115. Walter A, Silk WK, Schurr U. 2009 Environmental
effects on spatial and temporal patterns of leaf and
root growth. Annu. Rev. Plant Biol. 60, 279–304.
(doi:10.1146/annurev.arplant.59.032607.092819)

116. Wu R, Ma C-X, Chang M, Littell RC, Wu SS, Yin T,
Huang M, Wang M, Casella G. 2002 A logistic
mixture model for characterizing genetic
determinants causing differentiation in growth
trajectories. Genet. Res. 79, 235–245. (doi:10.1017/
S0016672302005633)

117. Schurr U, Walter A, Rascher U. 2006 Functional
dynamics of plant growth and photosynthesis— from
steady-state to dynamics — from homogeneity to
heterogeneity. Plant Cell Environ. 29, 340–352.
(doi:10.1111/j.1365-3040.2005.01490.x)

118. Merks RMH, Guravage M, Inzé D, Beemster GTS.
2011 VirtualLeaf: an open-source framework for
cell-based modeling of plant tissue growth and
development. Plant Physiol. 155, 656–666. (doi:10.
1104/pp.110.167619)

119. Park S-J et al. 2016 Phototactic guidance of a
tissue-engineered soft-robotic ray. Science 353,
158–162. (doi:10.1126/science.aaf4292)

120. Chan V, Park K, Collens MB, Kong H, Saif TA, Bashir
R. 2012 Development of miniaturized walking
biological machines. Sci. Rep. 2, 857. (doi:10.1038/
srep00857)

121. Wu Z, Zhou Y, Shi Z, Zhang C, Li G, Zheng X, Zheng
N, Pan G. 2016 Cyborg intelligence: recent progress
and future directions. IEEE Intell. Syst. 31, 44–50.
(doi:10.1109/MIS.2016.105)

122. Latif T, Bozkurt A. 2012 Line following terrestrial
insect biobots. In 2012 Annual Int. Conf. of the IEEE
Engineering in Medicine and Biology Society,
pp. 972–975. Piscataway, NJ: IEEE.

123. Wang Y, Lu M, Wu Z, Tian L, Xu K, Zheng X, Pan G.
2015 Visual cue-guided rat cyborg for automatic
navigation [research frontier]. IEEE Comput. Intell.
Mag. 10, 42–52. (doi:10.1109/MCI.2015.2405318)

124. Yu Y, Pan G, Gong Y, Xu K, Zheng N, Hua W, Zheng
X, Wu Z. 2016 Intelligence-augmented rat cyborgs
in maze solving. PLoS ONE 11, e0147754. (doi:10.
1371/journal.pone.0147754)

125. Erickson JC, Herrera M, Bustamante M, Shingiro A,
Bowen T. 2015 Effective stimulus parameters for
directed locomotion in Madagascar hissing
cockroach biobot. PLoS ONE 10, e0134348. (doi:10.
1371/journal.pone.0134348)

126. Shimizu M, Ishii D, Aonuma H, Hosoda K. 2017
Swimming frog cyborg which generates efficient
hydrodynamic propulsion with webbed foot. In
2017 IEEE Int. Conf. on Cyborg and Bionic Systems
(CBS), pp. 73–76. Piscataway, NJ: IEEE.

127. Schmickl T et al. 2013 ASSISI: charged hot bees
Shakin’ in the spotlight. In SASO, pp. 259–260.

128. Mills R, Zahadat P, Silva F, Miklic D, Mariano P,
Schmickl T, Correia L. 2015 Coordination of collective
behaviours in spatially separated agents. In Proc. of
the 13th European Conf. on Artificial Life (ECAL),
pp. 579–589. Cambridge, MA: MIT Press.

129. Halloy J et al. 2007 Social integration of robots into
groups of cockroaches to control self-organized
choices. Science 318, 1155–1158. (doi:10.1126/
science.1144259)

130. da Silva Guerra R, Aonuma H, Hosoda K, Asada M.
2010 Semi-automatic behavior analysis using robot/
insect mixed society and video tracking. J. Neurosci.
Methods 191, 138–144. (doi:10.1016/j.jneumeth.
2010.06.013)

131. Gribovskiy A, Halloy J, Deneubourg J-L, Bleuler H,
Mondada F. 2010 Towards mixed societies of
chickens and robots. In 2010 IEEE/RSJ Int. Conf. on
Intelligent Robots and Systems (IROS), pp. 4722–
4728. Piscataway, NJ: IEEE.

132. Faria JJ, Dyer JRG, Clément RO, Couzin ID, Holt N,
Ward AJW, Waters D, Krause J. 2010 A novel
method for investigating the collective behaviour of
fish: introducing ‘Robofish’. Behav. Ecol. Sociobiol.
64, 1211–1218. (doi:10.1007/s00265-010-0988-y)

133. Landgraf T, Nguyen H, Schröer J, Szengel A, Clément
RJG, Bierbach D, Krause J. 2014 Blending in with the
shoal: robotic fish swarms for investigating strategies of
group formation in guppies. In Biomimetic and
Biohybrid Systems. Living Machines 2014. Lecture Notes
in Computer Science (LNCS), vol. 8608, pp. 178–189.
Berlin, Germany: Springer.

134. Wahby M, Heinrich MK, Hofstadler DN, Neufeld E,
Kuksin I, Zahadat P, Schmickl T, Ayres P, Hamann H.
2018 Autonomously shaping natural climbing
plants: a bio-hybrid approach. R. Soc. open sci. 5,
180296. (doi:10.1098/rsos.180296)

135. Wahby M, Heinrich MK, Hofstadler DN, Petzold J,
Kuksin I, Zahadat P, Schmickl T, Ayres P, Hamann H.
2019 Robotic sensing and stimuli provision for
guided plant growth. J. Vis. Exp. 149, e59835.
(doi:10.3791/59835)

136. Bierbach D, Landgraf T, Romanczuk P, Lukas J,
Nguyen H, Wolf M, Krause J. 2018 Using a robotic
fish to investigate individual differences in social
responsiveness in the guppy. R. Soc. open sci. 5,
181026. (doi:10.1098/rsos.181026)

137. Landgraf T, Bierbach D, Nguyen H, Muggelberg N,
Romanczuk P, Krause J. 2016 RoboFish: increased
acceptance of interactive robotic fish with realistic
eyes and natural motion patterns by live Trinidadian
guppies. Bioinspir. Biomim. 11, 015001. (doi:10.
1088/1748-3190/11/1/015001)

138. Bonnet F, Kato Y, Halloy J, Mondada F. 2016
Infiltrating the zebrafish swarm: design,
implementation and experimental tests of a
miniature robotic fish lure for fish–robot interaction
studies. Artif. Life Robot. 21, 239–246. (doi:10.
1007/s10015-016-0291-8)

139. Gribovskiy A, Mondada F. 2009 Design of collision
avoidance system for a chicken robot based on fuzzy
relation equations. In 2009 IEEE Int. Conf. on Fuzzy
Systems (FUZZ-IEEE), pp. 1851–1856. Piscataway,
NJ: IEEE.

140. Gribovskiy A, Halloy J, Deneubourg J-L, Mondada F.
2012 Building a safe robot for behavioral biology
experiments. In 2012 IEEE Int. Conf. on Robotics and
Biomimetics (ROBIO), pp. 582–587. Piscataway, NJ:
IEEE.

141. Dirafzoon A, Lobaton E. 2013 Topological mapping
of unknown environments using an unlocalized
robotic swarm. In 2013 IEEE/RSJ Int. Conf. on
Intelligent Robots and Systems (IROS), pp. 5545–
5551. Piscataway, NJ: IEEE.

142. Whitmire E, Latif T, Bozkurt A. 2014 Acoustic
sensors for biobotic search and rescue. In SENSORS,
2014 IEEE, pp. 2195–2198. Piscataway, NJ: IEEE.

143. Latif T, Whitmire E, Novak T, Bozkurt A. 2014
Towards fenceless boundaries for solar powered
insect biobots. In Engineering in Medicine and
Biology Society (EMBC), 2014 36th Annual Int. Conf.
of the IEEE, pp. 1670–1673. Piscataway, NJ: IEEE.

144. Yang Z, Chun KY, Xu J, Lin F, Li D, Ren H. 2014 A
preliminary study of motion control patterns for
biorobotic spiders. In 11th IEEE Int. Conf. on Control &
Automation (ICCA), pp. 128–132. Piscataway, NJ: IEEE.

145. Bayram H, Stefas N, Isler V. 2018 Aerial radio-based
telemetry for tracking wildlife. In 2018 IEEE/RSJ Int.
Conf. on Intelligent Robots and Systems (IROS),
pp. 4723–4728. Piscataway, NJ: IEEE.

146. Hodgson JC, Baylis SM, Mott R, Herrod A, Clarke RH.
2016 Precision wildlife monitoring using unmanned
aerial vehicles. Sci. Rep. 6, 22574. (doi:10.1038/
srep22574)

147. Taylor CE, Huang Y, Yao K. 2016 Distributed sensor
swarms for monitoring bird behavior: an integrated
system using wildlife acoustics recorders. Artif. Life
Robot. 21, 268–273. (doi:10.1007/s10015-016-0295-4)

148. Mohamed Z, Flavien V, Pierre B. 2015 Mobile
robotics for restoring degraded ecosystems. In 2015
IEEE Global Humanitarian Technology Conf. (GHTC),
pp. 273–278. Piscataway, NJ: IEEE.

149. Simonton W. 1991 Robotic end effector for handling
greenhouse plant material. Trans. ASAE 34,
2615–2621. (doi:10.13031/2013.31914)

150. Van Henten EJ, Hemming J, Van Tuijl BAJ, Kornet
JG, Meuleman J, Bontsema J, van Os EA. 2002 An
autonomous robot for harvesting cucumbers in
greenhouses. Auton. Robots 13, 241–258. (doi:10.
1023/A:1020568125418)

151. Sareen H. 2017 Cyborg botany: augmented plants
as sensors, displays and actuators. PhD thesis,
Massachusetts Institute of Technology.

152. Davies E. 2006 Electrical signals in plants: facts and
hypotheses. In Plant electrophysiology (ed. AG
Volkov), pp. 407–422. Berlin, Germany: Springer.

153. Fromm J, Lautner S. 2007 Electrical signals and
their physiological significance in plants. Plant Cell
Environ. 30, 249–257. (doi:10.1111/j.1365-3040.
2006.01614.x)

154. Trebacz K, Dziubinska H, Krol E. 2006 Electrical
signals in long-distance communication in plants. In
Communication in plants: neuronal aspects of plant
life (eds F Balusk̆a, S Mancuso, D Volkmann),
pp. 277–290. Berlin, Germany: Springer.

155. Bricchi I, Leitner M, Foti M, Mithöfer A, Boland W,
Maffei ME. 2010 Robotic mechanical wounding
(MecWorm) versus herbivore-induced responses:
early signaling and volatile emission in Lima bean

http://dx.doi.org/10.1104/pp.105.060483
http://dx.doi.org/10.1046/j.1365-2435.2000.00414.x
http://dx.doi.org/10.1046/j.1365-2435.2000.00414.x
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092819
http://dx.doi.org/10.1017/S0016672302005633
http://dx.doi.org/10.1017/S0016672302005633
http://dx.doi.org/10.1111/j.1365-3040.2005.01490.x
http://dx.doi.org/10.1104/pp.110.167619
http://dx.doi.org/10.1104/pp.110.167619
http://dx.doi.org/10.1126/science.aaf4292
http://dx.doi.org/10.1038/srep00857
http://dx.doi.org/10.1038/srep00857
http://dx.doi.org/10.1109/MIS.2016.105
http://dx.doi.org/10.1109/MCI.2015.2405318
http://dx.doi.org/10.1371/journal.pone.0147754
http://dx.doi.org/10.1371/journal.pone.0147754
http://dx.doi.org/10.1371/journal.pone.0134348
http://dx.doi.org/10.1371/journal.pone.0134348
http://dx.doi.org/10.1126/science.1144259
http://dx.doi.org/10.1126/science.1144259
http://dx.doi.org/10.1016/j.jneumeth.2010.06.013
http://dx.doi.org/10.1016/j.jneumeth.2010.06.013
http://dx.doi.org/10.1007/s00265-010-0988-y
http://dx.doi.org/10.1098/rsos.180296
http://dx.doi.org/10.3791/59835
http://dx.doi.org/10.1098/rsos.181026
http://dx.doi.org/10.1088/1748-3190/11/1/015001
http://dx.doi.org/10.1088/1748-3190/11/1/015001
http://dx.doi.org/10.1007/s10015-016-0291-8
http://dx.doi.org/10.1007/s10015-016-0291-8
http://dx.doi.org/10.1038/srep22574
http://dx.doi.org/10.1038/srep22574
http://dx.doi.org/10.1007/s10015-016-0295-4
http://dx.doi.org/10.13031/2013.31914
http://dx.doi.org/10.1023/A:1020568125418
http://dx.doi.org/10.1023/A:1020568125418
http://dx.doi.org/10.1111/j.1365-3040.2006.01614.x
http://dx.doi.org/10.1111/j.1365-3040.2006.01614.x
pop209826
Notiz
None festgelegt von pop209826

pop209826
Notiz
MigrationNone festgelegt von pop209826

pop209826
Notiz
Unmarked festgelegt von pop209826



royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190238

25
(Phaseolus lunatus L.). Planta 232, 719–729.
(doi:10.1007/s00425-010-1203-0)

156. Manzella V, Gaz C, Vitaletti A, Masi E, Santopolo L,
Mancuso S, Salazar D, De Las Heras JJ. 2013 Plants
as sensing devices: the PLEASED experience. In
(SenSys ’13) Proc. of the 11th ACM Conf. on
Embedded Networked Sensor Systems, p. 76.
New York, NY: ACM.

157. Stocker J, Veillat A, Magnenat S, Colas F, Siegwart
R. 2011 Towards adaptive robotic green plants. In
Conf. Towards Autonomous Robotic Systems, Lecture
Notes in Computer Science (LNCS), vol. 6856,
pp. 422–423, Berlin, Heidelberg, Germany:
Springer.

158. Volkov AG, Ranatunga DRA. 2006 Plants as
environmental biosensors. Plant Signal. Behav. 1,
105–115. (doi:10.4161/psb.1.3.3000)

159. Paul A-L, Bamsey M, Berinstain A, Braham S, Neron P,
Murdoch T, Graham T, Ferl RJ. 2008 Deployment of a
prototype plant GFP imager at the Arthur Clarke Mars
Greenhouse of the Haughton Mars Project. Sensors 8,
2762–2773. (doi:10.3390/s8042762)

160. Himes C, Carlson E, Ricchiuti RJ, Otis BP, Parviz BA.
2010 Ultralow voltage nanoelectronics powered
directly, and solely, from a tree. IEEE Trans.
Nanotechnol. 9, 2–5. (doi:10.1109/TNANO.2009.
2032293)

161. Stavrinidou E, Gabrielsson R, Gomez E, Crispin X,
Nilsson O, Simon DT, Berggren M. 2015 Electronic
plants. Sci. Adv. 1, e1501136. (doi:10.1126/sciadv.
1501136)

162. Wahby M, Soorati MD, von Mammen S, Hamann H.
2015 Evolution of controllers for robot–plant bio-
hybdrids: a simple case study using a model of
plant growth and motion. In Proc. 25 Workshop
Computational Intelligence, Dortmund, 26–27
November 2015, vol. 54, p. 67. KIT Scientific
Publishing.

163. Wahby M, Heinrich MK, Hofstadler DN, Zahadat P,
Risi S, Ayres P, Schmickl T, Hamann H. 2018 A robot
to shape your natural plant: the machine learning
approach to model and control bio-hybrid systems.
In GECCO ’18 Proc. of the Genetic and Evolutionary
Computation Conference, pp. 165–172. New York,
NY: ACM.

164. Sadeghi A, Mondini A, Del Dottore E, Mattoli V,
Beccai L, Taccola S, Lucarotti C, Totaro M, Mazzolai
B. 2016 A plant-inspired robot with soft differential
bending capabilities. Bioinspir. Biomim. 12, 015001.
(doi:10.1088/1748-3190/12/1/015001)

165. Al-Beeshi B, Al-Mesbah B, Al-Dosari S, El-Abd M.
2015 iplant: The greenhouse robot. In Proc. of the
28th Canadian Conf. on Electrical and Computer
Engineering (CCECE 2015), pp. 1489–1494.
Piscataway, NJ: IEEE.

166. Agostini A, Alenyà G, Fischbach A, Scharr H,
Wörgötter F, Torras C. 2017 A cognitive architecture
for automatic gardening. Comput. Electron. Agric.
138, 69–79. (doi:10.1016/j.compag.2017.04.015)

167. Nagaraja H, Aswani R, Malik M. 2012 Plant
watering autonomous mobile robot. IAES
Int. J. Robot. Autom. 1, 152. (doi:10.11591/ijra.
v1i3.1305)
168. Correll N et al. 2009 Building a distributed
robot garden. In 2009 IEEE/RSJ Int. Conf.
on Intelligent Robots and Systems (IROS),
pp. 1509–1516.

169. Correll N et al. 2010 Indoor robot gardening: design
and implementation. Intell. Serv. Robot.
3, 219–232. (doi:10.1007/s11370-010-0076-1)

170. Chang C-L, Chen J-F, Jhu J-H. 2012 Design and
implementation of a gardening mobile robot with
embedded face-tracking system. In 2012 Int.
Symposium on Intelligent Signal Processing and
Communications Systems (ISPACS), pp. 239–244.
Piscataway, NJ: IEEE.

171. Sørensen CG, Nørremark M, Jørgensen RN, Jensen K,
Maagaard J, Jensen LA. 2007 Hortibot: feasibility
study of a plant nursing robot performing weeding
operations — Part IV. In Proc. of the 2007 ASAE
Annual Meeting. Minneapolis, MN, USA, June,
pp. 17–19.

172. Jørgensen RN, Sørensen CG, Maagaard J,
Havn I, Jensen K, Søgaard HT, Sørensen LB. 2007
Hortibot: a system design of a robotic tool carrier
for high-tech plant nursing. Agric. Eng. Int. CIGR J.
9, 13–22.

173. Edan Y, Han S, Kondo N. 2009 Automation in
agriculture. In Springer handbook of automation (ed.
S Nof ), Springer Handbooks, pp. 1095–1128. Berlin,
Heidelberg, Germany: Springer.

174. Garcia-Alegre M, Ribeiro A, García-Pérez L, Martínez
R, Guinea D, Pozo-Ruz A. 2001 Autonomous robot
in agriculture tasks. In 3ECPA-3 European Conf. On
Precision Agriculture, France, pp. 25–30. See https://
citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.
27.3626.

175. Torii T. 2000 Research in autonomous agriculture
vehicles in Japan. Comput. Electron. Agric. 25,
133–153. (doi:10.1016/S0168-1699(99)00060-5)

176. Slaughter DC, Giles DK, Downey D. 2008
Autonomous robotic weed control systems: a
review. Comput. Electron. Agric. 61, 63–78. (doi:10.
1016/j.compag.2007.05.008)

177. Sørensen CG, Jørgensen RN, Maagaard J, Bertelsen
KK, Dalgaard L, Nørremark M. 2010 Conceptual and
user-centric design guidelines for a plant nursing
robot. Biosyst. Eng. 105, 119–129. (doi:10.1016/j.
biosystemseng.2009.10.002)

178. Rath T, Kawollek M. 2009 Robotic harvesting of
Gerbera jamesonii based on detection and three-
dimensional modeling of cut flower pedicels.
Comput. Electron. Agric. 66, 85–92. (doi:10.1016/j.
compag.2008.12.006)

179. Sankaran S, Mishra A, Ehsani R, Davis C. 2010 A
review of advanced techniques for detecting plant
diseases. Comput. Electron. Agric. 72, 1–13. (doi:10.
1016/j.compag.2010.02.007)

180. McCarthy CL, Hancock NH, Raine SR. 2010 Applied
machine vision of plants: a review with implications
for field deployment in automated farming
operations. Intell. Serv. Robot. 3, 209–217. (doi:10.
1007/s11370-010-0075-2)

181. Holstius D, Kembel J, Hurst A, Wan P-H, Forlizzi J.
2004 Infotropism: living and robotic plants as
interactive displays. In Proc. of the 5th Conf. on
Designing Interactive Systems: Processes, Practices,
Methods, and Techniques, pp. 215–221. New York,
NY: ACM.

182. Chien JT, Guimbretière FV, Rahman T, Gay G,
Matthews M. 2015 Biogotchi!: an exploration of
plant-based information displays. In Proc. of the
33rd Annual ACM Conf. Extended Abstracts on
Human Factors in Computing Systems, pp. 1139–
1144. New York, NY: ACM.

183. Oxman N, Laucks J, Kayser M, Gonzalez Uribe CD,
Duro-Royo J. 2013 Biological computation for digital
design and fabrication: a biologically-informed finite
element approach to structural performance and
material optimization of robotically deposited fibre
structures. In Computation and Performance— Proc.
of the 31st eCAADe Conf. (eds R Stouffs, S Sariyildiz),
vol. 1. Education and research in Computer Aided
Architectural Design in Europe (eCAADe).

184. Oxman N, Laucks J, Kayser M, Duro-Royo J,
Gonzales-Uribe C. 2014 Silk pavilion: a case study in
fiber-based digital fabrication. In FABRICATE Conf.
Proc., pp. 248–255. ta Verla.

185. Ilgun A, Ayres P. 2016 Self-organised
embellishment of 3d printed scaffolds for the
production of co-occupied architectural boundaries.
In IEEE International Workshops on Foundations and
Applications of Self* Systems, pp. 143–144.
Piscataway, NJ: IEEE.

186. Derme T, Mitterberger D, Di Tanna U. 2016 Growth
based fabrication techniques for bacterial cellulose:
three-dimensional grown membranes and
scaffolding design for biological polymers. In
ACADIA 2016 — POSTHUMAN FRONTIERS: Data,
Designers, and Cognitive Machines, Proc. of the 36th
Annual Conf. of the Association for Computer Aided
Design in Architecture (ACADIA). ACADIA.

187. Sollazzo A, Baseta E, Chronis A. 2016 Symbiotic
associations. In ACADIA 2016 - POSTHUMAN FRONTIERS:
Data, Designers, and Cognitive Machines, Proc. of the
36th Annual Conf. of the Association for Computer Aided
Design in Architecture (ACADIA). ACADIA.

188. Köhler M. 2008 Green facades—a view back and
some visions. Urban Ecosyst. 11, 423. (doi:10.1007/
s11252-008-0063-x)

189. Herman R. 2003 Green roofs in Germany: yesterday,
today and tomorrow. In Greening Rooftops for
Sustainable Communities, Chigago, 29–30 May
pp. 41–45.

190. Gandy M. 2010 The ecological facades of Patrick
Blanc. Archit. Des. 80, 28–33. (doi:10.1002/ad.1071)

191. Susca T, Gaffin SR, Dell’Osso GR. 2011 Positive
effects of vegetation: urban heat island and green
roofs. Environ. Pollut. 159, 2119–2126. (doi:10.
1016/j.envpol.2011.03.007)

192. Stovin V. 2010 The potential of green roofs to
manage urban stormwater. Water Environ. J. 24,
192–199. (doi:10.1111/j.1747-6593.2009.00174.x)

193. Pérez G, Perini K (eds). 2018 Nature based strategies
for urban and building sustainability. London, UK:
Butterworth-Heinemann.

194. Takeuchi Y. 2016 Printable hydroponic gardens:
initial explorations and considerations. In Proc. of
the 2016 CHI Conf. Extended Abstracts on Human

http://dx.doi.org/10.1007/s00425-010-1203-0
http://dx.doi.org/10.4161/psb.1.3.3000
http://dx.doi.org/10.3390/s8042762
http://dx.doi.org/10.1109/TNANO.2009.2032293
http://dx.doi.org/10.1109/TNANO.2009.2032293
http://dx.doi.org/10.1126/sciadv.1501136
http://dx.doi.org/10.1126/sciadv.1501136
http://dx.doi.org/10.1088/1748-3190/12/1/015001
http://dx.doi.org/10.1016/j.compag.2017.04.015
http://dx.doi.org/10.11591/ijra.v1i3.1305
http://dx.doi.org/10.11591/ijra.v1i3.1305
http://dx.doi.org/10.1007/s11370-010-0076-1
https://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.27.3626
https://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.27.3626
https://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.27.3626
https://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.27.3626
http://dx.doi.org/10.1016/S0168-1699(99)00060-5
http://dx.doi.org/10.1016/j.compag.2007.05.008
http://dx.doi.org/10.1016/j.compag.2007.05.008
http://dx.doi.org/10.1016/j.biosystemseng.2009.10.002
http://dx.doi.org/10.1016/j.biosystemseng.2009.10.002
http://dx.doi.org/10.1016/j.compag.2008.12.006
http://dx.doi.org/10.1016/j.compag.2008.12.006
http://dx.doi.org/10.1016/j.compag.2010.02.007
http://dx.doi.org/10.1016/j.compag.2010.02.007
http://dx.doi.org/10.1007/s11370-010-0075-2
http://dx.doi.org/10.1007/s11370-010-0075-2
http://dx.doi.org/10.1007/s11252-008-0063-x
http://dx.doi.org/10.1007/s11252-008-0063-x
http://dx.doi.org/10.1002/ad.1071
http://dx.doi.org/10.1016/j.envpol.2011.03.007
http://dx.doi.org/10.1016/j.envpol.2011.03.007
http://dx.doi.org/10.1111/j.1747-6593.2009.00174.x
pop209826
Notiz
None festgelegt von pop209826

pop209826
Notiz
MigrationNone festgelegt von pop209826

pop209826
Notiz
Unmarked festgelegt von pop209826



royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190238

26
Factors in Computing Systems (ACM CHI EA ’16),
pp. 449–458. New York, NY: ACM.

195. Joachim M. 2016 Bio city map and plug-in ecology.
In The Routledge companion to biology in art and
architecture, Chapter 8. Oxford, UK: Routledge.

196. Ludwig F, Schönle D. 2018 Growth as a concept. In
Hortitecture — the power of architecture and plants
(ed. A Grüntuch-Ernst), pp. 65–71. Jovis.

197. Minneapolis Riverfront Development Initiative. 2012
Riverfirst: a park design proposal and
implementation framework for the minneapolis
upper riverfront. Technical report, Minneapolis Park
and Recreation Board, City of Minneapolis, and
Minneapolis Parks Foundation. See https://www.
slideshare.net/MplsRiverfrontDesign/riverfirst-vision-
april-2012.

198. Goddard MA, Dougill AJ, Benton TG. 2010 Scaling
up from gardens: biodiversity conservation in urban
environments. Trends Ecol. Evol. 25, 90–98. (doi:10.
1016/j.tree.2009.07.016)

199. Proksch G. 2013 Growing sustainability —
integrating algae cultivation into the built
environment. Edinburgh Archit. Res. J. 33, 147–162.

200. International Building Exhibition Hamburg. 2013
Smart material house: Biq. Technical report, IBA
Hamburg GmbH. See https://www.iba-hamburg.de/
fileadmin/Slideshows˙post2013/02˙Wissen/
01˙Whitepaper/130716˙White˙Paper˙BIQ˙en.pdf.

201. Elsayed S et al. 2015 Algal cultivation and
hydrothermal gasification: biomass and energy
production. ET. Energiewirtschaftliche Tagesfragen
65, 2–4. See https://www.researchgate.net/
publication/308522152.

202. Decker M, Hahn G, Harris LM. 2016 Bio-enabled
façade systems: managing complexity of life
through emergent technologies. In Complexity &
Simplicity, Proc. of the 34th eCAADe Conf., vol. 1,
pp. 603–612. Education and research in Computer
Aided Architectural Design in Europe (eCAADe).

203. Pasquero C, Poletto M. 2014 Ecology beyond nature.
In ALIVE: Advancements in adaptive architecture (eds
M Kretzer, L Hovestadt), Applied Virtuality Book
Series, vol. 8, pp. 34–38. Basel: Birkhäuser.

204. Ednie-Brown P. 2015 Architecture of the occasion.
Archit. Des. 85, 100–105. (doi:10.1002/ad.1907)

205. Thouand G, Marks R. 2014 Bioluminescence:
fundamentals and applications in biotechnology, vol.
2. Advances in Biochemical Engineering/
Biotechnology (ABE), vol. 145. Berlin, Heidelberg,
Germany: Springer.

206. Estévez AT. 2016 Towards genetic posthuman
frontiers in architecture & design. In Data,
Designers, and Cognitive Machines, Proc. of the 36th
Annual Conf. of the Association for Computer Aided
Design in Architecture (ACADIA).

207. Reeve B, Sanderson T, Ellis T, Freemont P. 2014 How
synthetic biology will reconsider natural
bioluminescence and its applications. In
Bioluminescence: fundamentals and applications in
biotechnology, vol. 2, pp. 3–30. Berlin, Heidelberg,
Germany: Springer.

208. Burggraf N. 2014 Bioluminescence: toward design
with living light. In ALIVE: advancements in
adaptive architecture (eds M Kretzer, L Hovestadt).
Applied Virtuality Book Series, vol. 8. Basel:
Birkhäuser.

209. Shankar S. 2015 Living root bridges: state of
knowledge, fundamental research and future
application. In Proc. of 2015 IABSE Conf. —
Structural Engineering: Providing Solutions to Global
Challenges, vol. 105, pp. 1–8. International
Association for Bridge and Structural Engineering
(IABSE). See https://www.sanjeevshankar.com/pdf/
Living-Root-Bridges-by-Sanjeev-Shankar-IABSE-
Conference-Geneva.pdf.

210. Chaudhuri P, Bhattacharyya S, Samal AC. 2016
Living root bridge: a potential no cost eco-
technology for mitigating rural communication
problems. Int. J. Exp. Res. Rev. 5, 33–35.

211. Ludwig F. 2012 Botanische Grundlagen der
Baubotanik und deren Anwendung im Entwurf. PhD
thesis, Institut Grundlagen Moderner Architektur
und Entwerfen der Universitat Stuttgart.

212. Gale B. 2011 The potential of living willow
structures in the landscape. Master’s thesis, State
University of New York, College of Environmental
Science and Forestry.

213. Mandilawi ASH. 2012 Effect of daylight application
on the thermal performa iraqi traditional vernacula
residential buildings. Master’s thesis, The University
of Arizona, College of Architecture and Landscape
Architecture, School of Architecture.

214. Broadbent G. 2008 The ecology of the mudhif. WIT
Trans. Ecol. Environ. 113, 15–26. (doi:10.2495/
ARC080021)

215. Calkins M. 2000 A living structure: the willow dome
at the real goods solar living center. Landscape
Archit. 90, 42–45.

216. Danks SG. 2003 Green mansions: living willow
structures enhance children’s play environments.
Child. Youth Environ. 13, 302–313. See https://
www.jstor.org/stable/10.7721/chilyoutenvi.13.1.
0302.

217. Warnes J. 2000 Living willow sculpture. Kent, UK:
Search Press.

218. Kalberer M, Remann M. 1999 Das Weidenbaubuch:
die Kunst, lebende Bauwerke zu gestalten. Aarau,
Switzerland: AT Verlag.

219. Kalberer M, Remann M. 2003 Grüne Kathedralen:
Die weltweite Wirkung wachsender Weiden. Aarau,
Switzerland: AT Verlag.

220. Goldschmidt EE. 2014 Plant grafting: new
mechanisms, evolutionary implications. Front. Plant
Sci. 5, 727. (doi:10.3389/fpls.2014.00727)

221. Katola K, Goy B. 2015 The ‘green architecture’
definition development in modern projecting and
building. Housing Environ. 15, 64–69. See https://
www.ejournals.eu/housingenvironment/2015/
15(2015)/art/7437/.

222. Reames R. 2005 Arborsculpture: solutions for a small
planet. Williams, OR: Arborsmith Studios.

223. Reames R, Delbol BH. 1995 How to grow a chair:
the art of tree trunk topiary. Williams, OR:
Arborsmith Studios.

224. Erlandson W. 2001 My father ‘talked to trees’.
Watsonville, CA: W. Erlandson.
225. Kirsch K. 1997 Naturbauten aus lebenden Gehölzen.
Kevelaer, Germany: OLV, Organischer Landbau-
Verlag Lau.

226. Golan E. 2004 Method and a kit for shaping a
portion of a woody plant into a desired form, US
Patent 7,328,532. See https://patents.google.com/
patent/US7328532B2.

227. Wiechula A. 1922 Schneeschutzzaun aus
verflochtenen Pflanzen (A snow fence of interwoven
plants), DE386940C. Germany. See https://patents.
google.com/patent/DE386940C.

228. Wiechula A. 1925 Verfahren zum Vereinigen von
Baumteilen (A method for combining parts of
trees), DE459996C. Germany. See https://patents.
google.com/patent/DE459996C.

229. Richardson M, Vittouris A, Rose G. 2010 Socialised
transport: increasing travel mode diversity through
open-source vehicle design, upcycling, natural
production and distributed production methods. In
Australasian Transport Research Forum 2010
Proceedings.

230. Johnson D. 1999 Grow-it-yourself furniture. The
Futurist 33, 60.

231. Munro G, Full Grown. 2016 Human factor— endless
prototyping. Published as short term exhibition of
work. Exhibition at Ars Electronica, held at the Drive
Volkswagen Group Forum in Berlin, Germany.

232. Schmitz V. 2016 Möbel aus dem Garten:
Einzigartiges Naturdesign bei Full Grown aus
England. AIT 2016, 142–143.

233. Beger A-L et al. 2015 Tailored natural
components—functional geometry and topology
optimization of technical grown plants. In 11th
World Congress on Structural and Multidisciplinary
Optimisation, WCSMO-11.

234. Ludwig F. 2016 Baubotanik — designing with
living material. Materiality and Architecture,
pp. 182.

235. Araya S, Zolotovsky E, Gidekel M. 2012 Living
architecture: micro performances of bio fabrication. In
Digital Physicality, Proc. of the 30th eCAADe Conf., vol.
2, pp. 447–457. Education and research in Computer
Aided Architectural Design in Europe (eCAADe).

236. Joachim M. 2015 A century of ecological innovation.
Archit. Des. 85, 68–73. (doi:10.1002/ad.1928)

237. Ross P. 2016 Your rotten future will be great. In The
Routledge companion to biology in art and
architecture (eds CN Terranova, M Tromble), Chapter
13. Oxford, UK: Routledge.

238. Ross P. 2011 Method for producing fungus
structures, November 28. US20120135504A1. US
Patent App. 13/305,576. See https://patents.google.
com/patent/US20120135504A1.

239. Nagy D, Locke J, Benjamin D. 2015 Computational
brick stacking for constructing free-form structures.
In Modelling behaviour, pp. 203–212. Berlin,
Germany: Springer.

240. Saporta S, Yang F, Clark M. 2015 Design and
delivery of structural material innovations. In
Structures Congress 2015, pp. 1253–1265. American
Society of Civil Engineers (ASCE).

241. Mayoral E. 2011 Growing architecture through
mycelium and agricultural waste. Int. J. Construct.

https://www.slideshare.net/MplsRiverfrontDesign/riverfirst-vision-april-2012
https://www.slideshare.net/MplsRiverfrontDesign/riverfirst-vision-april-2012
https://www.slideshare.net/MplsRiverfrontDesign/riverfirst-vision-april-2012
https://www.slideshare.net/MplsRiverfrontDesign/riverfirst-vision-april-2012
http://dx.doi.org/10.1016/j.tree.2009.07.016
http://dx.doi.org/10.1016/j.tree.2009.07.016
https://www.iba-hamburg.de/fileadmin/Slideshows_post2013/02_Wissen/01_Whitepaper/130716_White_Paper_BIQ_en.pdf
https://www.iba-hamburg.de/fileadmin/Slideshows_post2013/02_Wissen/01_Whitepaper/130716_White_Paper_BIQ_en.pdf
https://www.iba-hamburg.de/fileadmin/Slideshows_post2013/02_Wissen/01_Whitepaper/130716_White_Paper_BIQ_en.pdf
https://www.iba-hamburg.de/fileadmin/Slideshows_post2013/02_Wissen/01_Whitepaper/130716_White_Paper_BIQ_en.pdf
https://www.researchgate.net/publication/308522152
https://www.researchgate.net/publication/308522152
https://www.researchgate.net/publication/308522152
http://dx.doi.org/10.1002/ad.1907
https://www.sanjeevshankar.com/pdf/Living-Root-Bridges-by-Sanjeev-Shankar-IABSE-Conference-Geneva.pdf
https://www.sanjeevshankar.com/pdf/Living-Root-Bridges-by-Sanjeev-Shankar-IABSE-Conference-Geneva.pdf
https://www.sanjeevshankar.com/pdf/Living-Root-Bridges-by-Sanjeev-Shankar-IABSE-Conference-Geneva.pdf
https://www.sanjeevshankar.com/pdf/Living-Root-Bridges-by-Sanjeev-Shankar-IABSE-Conference-Geneva.pdf
http://dx.doi.org/10.2495/ARC080021
http://dx.doi.org/10.2495/ARC080021
https://www.jstor.org/stable/10.7721/chilyoutenvi.13.1.0302
https://www.jstor.org/stable/10.7721/chilyoutenvi.13.1.0302
https://www.jstor.org/stable/10.7721/chilyoutenvi.13.1.0302
https://www.jstor.org/stable/10.7721/chilyoutenvi.13.1.0302
http://dx.doi.org/10.3389/fpls.2014.00727
https://www.ejournals.eu/housingenvironment/2015/15(2015)/art/7437/
https://www.ejournals.eu/housingenvironment/2015/15(2015)/art/7437/
https://www.ejournals.eu/housingenvironment/2015/15(2015)/art/7437/
https://www.ejournals.eu/housingenvironment/2015/15(2015)/art/7437/
https://patents.google.com/patent/US7328532B2
https://patents.google.com/patent/US7328532B2
https://patents.google.com/patent/US7328532B2
https://patents.google.com/patent/DE386940C
https://patents.google.com/patent/DE386940C
https://patents.google.com/patent/DE386940C
https://patents.google.com/patent/DE459996C
https://patents.google.com/patent/DE459996C
https://patents.google.com/patent/DE459996C
http://dx.doi.org/10.1002/ad.1928
https://patents.google.com/patent/US20120135504A1
https://patents.google.com/patent/US20120135504A1
https://patents.google.com/patent/US20120135504A1
pop209826
Notiz
None festgelegt von pop209826

pop209826
Notiz
MigrationNone festgelegt von pop209826

pop209826
Notiz
Unmarked festgelegt von pop209826



royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190238

27
Environ. 1, 87–132. (doi:10.18848/2154-8587/CGP/
v01i04/37506)

242. Dahmen J. 2016 Soft matter: responsive
architectural operations. Technoetic Arts 14,
113–125. (doi:10.1386/tear.14.1-2.113_1)

243. Margesin R, Zimmerbauer A, Schinner F. 2000
Monitoring of bioremediation by soil biological
activities. Chemosphere 40, 339–346. (doi:10.1016/
S0045-6535(99)00218-0)

244. Pacheco Torgal F, Labrincha JA, Diamanti MV,
Yu C-P, Lee HK (eds). 2015 Biotechnologies and
biomimetics for civil engineering. Basel, Switzerland:
Springer International Publishing.

245. Jonkers HM, Thijssen A, Muyzer G, Copuroglu O,
Schlangen E. 2010 Application of bacteria as self-
healing agent for the development of sustainable
concrete. Ecol. Eng. 36, 230–235. (doi:10.1016/j.
ecoleng.2008.12.036)

246. Farrugia C, Borg RP, Ferrara L, Buhagiar J. 2019 The
application of Lysinibacillus sphaericus for surface
treatment and crack healing in mortar. Front. Built
Environ. 5, 62:1–62:10. (doi:10.3389/fbuil.2019.
00062)

247. Achal V, Mukherjee A, Reddy MS. 2010 Microbial
concrete: way to enhance the durability of building
structures. J. Mater. Civ. Eng. 23, 730–734. (doi:10.
1061/(ASCE)MT.1943-5533.0000159)

248. Cheng L, Cord-Ruwisch R. 2012 In situ soil
cementation with ureolytic bacteria by surface
percolation. Ecol. Eng. 42, 64–72. (doi:10.1016/j.
ecoleng.2012.01.013)

249. Dade-Robertson M, Corral JR, Mitrani H, Zhang M,
Wipat A, Ramirez-Figueroa C, Hernan L. 2016
Thinking soils: a synthetic biology approach to
material-based design computation. In Posthuman
Frontiers: Data, Designers, and Cognitive
Machines, Proc. of the 36th Annual Conf. of the
Association for Computer Aided Design in
Architecture (ACADIA).

250. International Code Council (ICC). 2018 International
Building Code (ICC IBC-2018). International Code
Council, Inc. ( formerly BOCA, ICBO and SBCCI).
Distributed by Cengage Learning.

251. Ching FDK, Winkel SR, International Code Council.
2018 Building codes illustrated: a guide to
understanding the 2015 international building code.
Hoboken, NJ: John Wiley & Sons.

252. European Union DG ENTR and JRC. 2008 B1 — the
eurocodes: implementation and use. Technical
report, Enterprise and Industry Directorate General
(DG ENTR) and the Joint Research Centre (JRC). See
https://eurocodes.jrc.ec.europa.eu/doc/WS2008/
B1˙Eurocodes˙Implementation˙&˙Use.pdf.

253. Dimova S, Fuchs M, Pinto A, Nikolova B, Sousa L,
Iannaccone S. 2015 State of implementation of the
Eurocodes in the European Union: support to the
implementation, harmonization and further
development of the Eurocodes. Technical report,
Publication office of the European Union. Joint
Research Centre (JRC): Policy Support Document.

254. Ludwig F, de Bruyn G, Thielen M, Speck T. 2009
Plant stems as building material for living plant
constructions. In Proc. of the 6th Plant Biomechanics
Conference, French Guyana, France, Cayenne, 2009
(ed. T Bernard), vol. 405. ECOFOG.

255. Hughes TJR. 1987 The finite element method: linear
static and dynamic finite element analysis.
Englewood Cliffs, NJ: Prentice Hall. Reprinted by
Dover, 2012.

256. Dumont ER, Grosse IR, Slater GJ. 2009 Requirements
for comparing the performance of finite element
models of biological structures. J. Theor. Biol. 256,
96–103. (doi:10.1016/j.jtbi.2008.08.017)

257. Rafiei MH, Khushefati WH, Demirboga R, Adeli H.
2016 Neural network, machine learning, and
evolutionary approaches for concrete material
characterization. ACI Mater. J. 113, 781–789.
(doi:10.14359/51689360)

258. Panda BN, Bahubalendruni MVAR, Biswal BB. 2015
A general regression neural network approach for
the evaluation of compressive strength of FDM
prototypes. Neural Comput. Appl. 26, 1129–1136.
(doi:10.1007/s00521-014-1788-5.)

259. Baykasoğlu A, Güllü H, Çanakçı H, Özbakır L. 2008
Prediction of compressive and tensile strength of
limestone via genetic programming. Expert Syst.
Appl. 35, 111–123. (doi:10.1016/j.eswa.2007.06.
006)

260. Nazari A. 2013 Compressive strength of
geopolymers produced by ordinary Portland
cement: application of genetic programming for
design. Mater. Des. 43, 356–366. (doi:10.1016/j.
matdes.2012.07.012)

261. Loveridge R, Coray T. 2017 Robots on construction
sites: the potential and challenges of on-site digital
fabrication. Sci. Robot. 2, eaan3674. (doi:10.1126/
scirobotics.aan3674)

262. Gramazio F, Kohler M, Willmann J. 2014 The Robotic
touch: how robots change architecture. Zürich,
Switzerland: Park Books.

263. McGee W, Ponce de Leon M (eds). 2014 Robotic
fabrication in architecture, art and design 2014.
Springer International Publishing.

264. Reinhardt D, Saunders R, Burry J (eds). 2016 Robotic
fabrication in architecture, art and design 2016.
Basel, Switzerland: Springer International
Publishing.

265. Daas M, Wit AJ. 2018 Towards a robotic architecture.
Novato, CA: ORO Editions.

266. Saidi KS, O’Brien JB, Lytle AM. 2008: Robotics in
construction. In Springer handbook of robotics,
pp. 1079–1099. Berlin, Heidelberg: Springer.

267. Ardiny H, Witwicki S, Mondada F. 2015
Autonomous construction of separated artifacts by
mobile robots using SLAM and stigmergy. In Proc.
of the 2015 Conf. on Autonomous and Robotic
Construction of Infrastructure, pp. 90–97. IA, USA:
Ames. Center for Earthworks Engineering Research
Institute for Transportation, Iowa State University.
See https://www.semanticscholar.org/paper/
665d45bb0340d1376b4e2454909d312b6ff024ea.

268. Gerling V, von Mammen S. 2016: Robotics for
self-organised construction. In Proc. of the 2016
IEEE 1st Int. Workshops on Foundations and
Applications of Self* Systems, pp. 162–167.
Piscataway, NJ: IEEE.
269. Petersen KH, Napp N, Stuart-Smith R, Rus D, Kovac
M. 2019 A review of collective robotic construction.
Sci. Robot. 4, eaau8479. (doi:10.1126/scirobotics.
aau8479)

270. Müller-Schloer C, Schmeck H, Ungerer T (eds). 2011
Organic computing — a paradigm shift for complex
systems. Autonomic Systems. Basel, Switzerland:
Birkhäuser.

271. Pawlaszczyk D, Strassburger S. 2009 Scalability in
distributed simulations of agent-based models. In
Proc. of the 2009 Winter Simulation Conf. (WSC),
pp. 1189–1200. New York, NY: IEEE.

272. Russell S, Norvig P. 2014 Artificial intelligence: a
modern approach, 3rd edn. London, UK: Pearson
Education.

273. Magnenat S, Philippsen R, Mondada F. 2012
Autonomous construction using scarce resources in
unknown environments. Auton. Robots 33,
467–485. (doi:10.1007/s10514-012-9296-x)

274. Stroupe A, Huntsberger T, Okon A, Aghazarian H,
Robinson M. 2005 Behavior-based multi-robot
collaboration for autonomous construction tasks. In
2005 IEEE/RSJ Int. Conf. on Intelligent Robots and
Systems (IROS), pp. 1495–1500. IEEE.

275. Augugliaro F et al. 2014 The flight assembled
architecture installation: cooperative construction
with flying machines. IEEE Control Syst. Mag. 34,
46–64. (doi:10.1109/MCS.2014.2320359)

276. Werfel J, Bar-Yam Y, Rus D, Nagpal R. 2006
Distributed construction by mobile robots with
enhanced building blocks. In Proc. 2006 IEEE Int.
Conf. on Robotics and Automation, 2006. ICRA 2006,
pp. 2787–2794. IEEE.

277. Werfel J, Ingber D, Nagpal R. 2007 Collective
construction of environmentally-adaptive structures.
In 2007 IEEE/RSJ Int. Conf. on Intelligent Robots and
Systems (IROS), pp. 2345–2352. Piscataway, NJ:
IEEE.

278. Napp N, Nagpal R. 2014 Distributed amorphous
ramp construction in unstructured environments. In
Distributed Autonomous Robotic Systems. Springer
Tracts in Advanced Robotics, vol. 104. Berlin,
Heidelberg, Germany: Springer.

279. Napp N, Nagpal R. 2014 Robotic construction of
arbitrary shapes with amorphous materials. In 2014
IEEE Int. Conf. on Robotics and Automation (ICRA),
pp. 438–444. Piscataway, NJ: IEEE.

280. Napp N, Rappoli OR, Wu JM, Nagpal R. 2012
Materials and mechanisms for amorphous robotic
construction. In 2012 IEEE/RSJ Int. Conf. on
Intelligent Robots and Systems (IROS), pp. 4879–
4885. Piscataway, NJ: IEEE.

281. dos Santos SRB, Júnior CLN, Givigi SN. 2014
Planning and learning for cooperative construction
task with quadrotors. In Systems Conf. (SysCon),
2014 8th Annual IEEE, pp. 57–64. Piscataway,
NJ: IEEE.

282. Hunt G, Mitzalis F, Alhinai T, Hooper PA, Kovac M.
2014 3D printing with flying robots. In 2014 IEEE
Int. Conf. on Robotics and Automation (ICRA),
pp. 4493–4499. Piscataway, NJ: IEEE.

283. Augugliaro F, Mirjan A, Gramazio F, Kohler M,
D’Andrea R. 2013 Building tensile structures with

http://dx.doi.org/10.18848/2154-8587/CGP/v01i04/37506
http://dx.doi.org/10.18848/2154-8587/CGP/v01i04/37506
http://dx.doi.org/10.1386/tear.14.1-2.113&lowbar;1
http://dx.doi.org/10.1016/S0045-6535(99)00218-0
http://dx.doi.org/10.1016/S0045-6535(99)00218-0
http://dx.doi.org/10.1016/j.ecoleng.2008.12.036
http://dx.doi.org/10.1016/j.ecoleng.2008.12.036
http://dx.doi.org/10.3389/fbuil.2019.00062
http://dx.doi.org/10.3389/fbuil.2019.00062
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000159
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000159
http://dx.doi.org/10.1016/j.ecoleng.2012.01.013
http://dx.doi.org/10.1016/j.ecoleng.2012.01.013
https://eurocodes.jrc.ec.europa.eu/doc/WS2008/B1_Eurocodes_Implementation_%26_Use.pdf
https://eurocodes.jrc.ec.europa.eu/doc/WS2008/B1_Eurocodes_Implementation_%26_Use.pdf
https://eurocodes.jrc.ec.europa.eu/doc/WS2008/B1_Eurocodes_Implementation_%26_Use.pdf
http://dx.doi.org/10.1016/j.jtbi.2008.08.017
http://dx.doi.org/10.14359/51689360
http://dx.doi.org/10.1007/s00521-014-1788-5.
http://dx.doi.org/10.1016/j.eswa.2007.06.006
http://dx.doi.org/10.1016/j.eswa.2007.06.006
http://dx.doi.org/10.1016/j.matdes.2012.07.012
http://dx.doi.org/10.1016/j.matdes.2012.07.012
http://dx.doi.org/10.1126/scirobotics.aan3674
http://dx.doi.org/10.1126/scirobotics.aan3674
https://www.semanticscholar.org/paper/665d45bb0340d1376b4e2454909d312b6ff024ea
https://www.semanticscholar.org/paper/665d45bb0340d1376b4e2454909d312b6ff024ea
https://www.semanticscholar.org/paper/665d45bb0340d1376b4e2454909d312b6ff024ea
http://dx.doi.org/10.1126/scirobotics.aau8479
http://dx.doi.org/10.1126/scirobotics.aau8479
http://dx.doi.org/10.1007/s10514-012-9296-x
http://dx.doi.org/10.1109/MCS.2014.2320359
pop209826
Notiz
None festgelegt von pop209826

pop209826
Notiz
MigrationNone festgelegt von pop209826

pop209826
Notiz
Unmarked festgelegt von pop209826



royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190238

28
flying machines. In 2013 IEEE/RSJ Int. Conf. on
Intelligent Robots and Systems (IROS), pp. 3487–
3492. Piscataway, NJ: IEEE.

284. von Mammen S, Tomforde S, Höhner J, Lehner P,
Förschner L, Hiemer A, Nicola M, Blickling P. 2014
OCbotics: an organic computing approach to
collaborative robotic swarms. In 2014 IEEE
Symposium on Swarm Intelligence. Piscataway, NJ:
IEEE.

285. Augugliaro F, Zarfati E, Mirjan A, D’Andrea R. 2015
Knot-tying with flying machines for aerial
construction. In 2015 IEEE/RSJ Int. Conf. on
Intelligent Robots and Systems (IROS), pp. 5917–
5922. Piscataway, NJ: IEEE.

286. Soleymani T, Trianni V, Bonani M, Mondada F,
Dorigo M. 2016 Autonomous construction with
compliant building material. In Intelligent
Autonomous Systems 13. Advances in Intelligent
Systems and Computing, vol. 302, pp. 1371–1388.
Berlin, Germany: Springer.

287. Allwright M, Bhalla N, El-faham H, Antoun A,
Pinciroli C, Dorigo M. 2014 SRoCS: leveraging
stigmergy on a multi-robot construction platform
for unknown environments. In Swarm Intelligence.
ANTS 2014. Lecture Notes in Computer Science,
vol. 8667, pp. 158–169. Berlin, Germany:
Springer.

288. Karakerezis A, Ippolito M, Doulgeri Z, Rizzi C, Cugini
C, Petridis V. 1994 Robotic handling for flat non-
rigid materials. In Proc. of IEEE Int. Conf. on Systems,
Man and Cybernetics. Piscataway, NJ: IEEE.

289. Nigl F, Li S, Blum JE, Lipson H. 2013 Structure-
reconfiguring robots: autonomous truss
reconfiguration and manipulation. IEEE Robot.
Autom. Magazine 20, 60–71. (doi:10.1109/MRA.
2012.2201579)

290. Saltarén R, Aracil R, Sabater JM, Reinoso O, Jimenez
LM. 1999 Modelling, simulation and conception of
parallel climbing robots for construction and service.
In 2nd Int. Workshop & Conf. on CLIMBING &
WALKING ROBOTS (CLAWAR).

291. Rus D, Butler Z, Kotay K, Vona M. 2002 Self-
reconfiguring robots. Commun. ACM 45, 39–45.
(doi:10.1145/504729.504752)

292. Mellinger D, Lindsey Q, Shomin M, Kumar V. 2011
Design, modeling, estimation and control for aerial
grasping and manipulation. In 2011 IEEE/RSJ Int.
Conf. on Intelligent Robots and Systems, pp. 2668–
2673. Piscataway, NJ: IEEE.

293. Chen X, Liu J, Shi T, Qian H, Chen K, Wei Q. 2012 3D
printing robot: model optimization and image
compensation. J. Control Theory Appl. 10, 273–279.
(doi:10.1007/s11768-012-1122-7)

294. Brambilla M, Ferrante E, Birattari M, Dorigo M. 2013
Swarm robotics: a review from the swarm
engineering perspective. Swarm Intell. 7, 1–41.
(doi:10.1007/s11721-012-0075-2)

295. Schweitzer F. 2003 Brownian agents and active
particles: collective dynamics in the natural and
social sciences. Springer Series in Synergetics. Berlin,
Germany: Springer.

296. Bonabeau E, Dorigo M, Theraulaz G. 1999 Swarm
intelligence: from natural to artificial systems. Santa
Fe Institute Studies on the Sciences of Complexity.
New York, NY: Oxford University Press.

297. Crutchfield JP. 1994 The calculi of emergence:
computation, dynamics, and induction. Physica D
75, 11–54. (doi:10.1016/0167-2789(94)90273-9)

298. Brooks R. 1986 A robust layered control system for a
mobile robot. IEEE J. Robot. Autom. 2, 14–23.
(doi:10.1109/JRA.1986.1087032)

299. Mellinger D, Shomin M, Michael N, Kumar V. 2013
Cooperative grasping and transport using multiple
quadrotors. In Distributed autonomous robotic
systems. Springer Tracts in Advanced Robotics, vol.
83, pp. 545–558. Berlin, Heidelberg: Springer.

300. Wilson S, Buffin A, Pratt SC, Berman S. 2018 Multi-
robot replication of ant collective towing
behaviours. R. Soc. open sci. 5, 180409. (doi:10.
1098/rsos.180409)

301. Lerman K, Galstyan A. 2002 Mathematical model of
foraging in a group of robots: effect of interference.
Auton. Robots 13, 127–141. (doi:10.1023/
A:1019633424543)

302. Ijspeert AJ, Martinoli A, Billard A, Gambardella
LM. 2001 Collaboration through the exploitation
of local interactions in autonomous collective
robotics: the stick pulling experiment. Auton.
Robots 11, 149–171. (doi:10.1023/
A:1011227210047)

303. Gunther N, Puglia P, Tomasette K. 2015 Hadoop
superlinear scalability. Queue 13, 20:20–20:42.
(doi:10.1145/2773212.2789974)

304. Hamann H. 2013 Towards swarm calculus: urn
models of collective decisions and universal
properties of swarm performance. Swarm
Intell. 7, 145–172. (doi:10.1007/s11721-013-
0080-0)

305. Groß R, Nouyan S, Bonani M, Mondada F, Dorigo M.
2008 Division of labour in self-organised groups. In
From animals to animats 10. SAB 2008. Lecture
Notes in Computer Science, vol. 5040, pp. 426–436.
Berlin, Heidelberg: Springer.

306. Zahadat P, Crailsheim K, Schmickl T. 2013 Social
inhibition manages division of labour in artificial
swarm systems. In 12th European Conf. on Artificial
Life (ECAL 2013), pp. 609–616. Cambridge, MA: MIT
Press.

307. Werfel J, Nagpal R. 2006 Extended stigmergy in
collective construction. IEEE Intell. Syst. 21, 20–28.
(doi:10.1109/MIS.2006.25)

308. Pinciroli C et al. 2012 ARGoS: a modular, parallel,
multi-engine simulator for multi-robot systems.
Swarm Intell. 6, 271–295. (doi:10.1007/s11721-
012-0072-5)

309. Martinoli A, Easton K, Agassounon W. 2004
Modeling swarm robotic systems: a case study in
collaborative distributed manipulation. Int. J. Robot.
Res. 23, 415–436. (doi:10.1177/
0278364904042197)

310. Hamann H, Wörn H. 2008 A framework of space–
time continuous models for algorithm design in
swarm robotics. Swarm Intell. 2, 209–239. (doi:10.
1007/s11721-008-0015-3)

311. Heinrich MK, Wahby M, Soorati MD, Hofstadler DN,
Zahadat P, Ayres P, Stoy K, Hamann H. 2016 Self-
organized construction with continuous building
material: higher flexibility based on braided
structures. In 2016 IEEE 1st Int. Workshops on
Foundations and Applications of Self* Systems
(FAS*W), pp. 154–159. IEEE.

312. Heinrich MK, Ayres P. 2016 Using the phase space
to design complexity: design methodology for
distributed control of architectural robotic
elements. In Complexity & Simplicity, Proc. of the
34th eCAADe Conference, volume 1, pp. 413–422.
eCAADe.

313. Goodrich MA, Schultz AC. 2007 Human–robot
interaction: a survey. Found. Trends Human–Comput.
Interact. 1, 203–275. (doi:10.1561/1100000005)

314. Wooldridge M. 2012 An introduction to multiagent
systems, 2nd edn. New Jersey: Wiley Publishing.

315. Bar-Yam Y. 1997 Dynamics of complex systems.
New York, NY: Routledge. Originally published 1997
by Westview Press.

316. Dorigo M, Birattari M, Brambilla M. 2007 Swarm
intelligence. Scholarpedia 2, 1462.

317. von Mammen S, Hamann H, Heider M. 2016 Robot
gardens: an augmented reality prototype for plant-
robot biohybrid systems. In Proc. of the 22nd ACM
Conf. on Virtual Reality Software and Technology,
pp. 139–142. ACM.

318. von Mammen SA, Wagner D, Knote A, Taskin U.
2017 Interactive simulations of biohybrid systems.
Front. Robot. AI 4. (doi:10.3389/frobt.2017.00050)

319. Heinrich MK et al. 2018 Using interactive evolution
to design behaviors for non-deterministic self-
organized construction. In Proc. of the Symposium
on Simulation for Architecture, Urban Design, ACM
SIMAUD ’18. ACM and Society for Computer
Simulation International. See https://dl.acm.org/
citation.cfm?id=3289750.3289771.

320. Vasile C, Pavel A, Buiu C. 2011 Integrating human
swarm interaction in a distributed robotic control
system. In Proc. of the IEEE Conf. on Automation
Science and Engineering (CASE), pp. 743–748.
Trieste, Italy: IEEE Press.

321. Nagi J, Ngo H, Giusti A, Gambardella LM,
Schmidhuber J, Di Caro GA. 2012 Incremental
learning using partial feedback for gesture-based
human–swarm interaction. In Proc. of the 21st IEEE
Int. Symposium on Robot and Human Interactive
Communication (RO-MAN), pp. 898–905. Paris,
France: IEEE.

322. Kolling A, Walker P, Chakraborty N, Sycara K, Lewis
M. 2016 Human interaction with robot swarms: a
survey. IEEE Trans. Human Mach. Syst. 46, 9–26.
(doi:10.1109/THMS.2015.2480801)

323. Bashyal S, Venayagamoorthy GK. 2008 Human
swarm interaction for radiation source search
and localization. In Swarm Intelligence
Symposium, 2008. SIS 2008. IEEE, pp. 1–8. St Louis,
MO: IEEE.

324. McLurkin J, Smith J, Frankel J, Sotkowitz D, Blau D,
Schmidt B. 2006 Speaking swarmish: human–robot
interface design for large swarms of autonomous
mobile robots. In AAAI Spring Symposium: To Boldly
Go Where No Human–Robot Team Has Gone Before,
pp. 72–75. Palo Alto, CA: AAAI Press. See

http://dx.doi.org/10.1109/MRA.2012.2201579
http://dx.doi.org/10.1109/MRA.2012.2201579
http://dx.doi.org/10.1145/504729.504752
http://dx.doi.org/10.1007/s11768-012-1122-7
http://dx.doi.org/10.1007/s11721-012-0075-2
http://dx.doi.org/10.1016/0167-2789(94)90273-9
http://dx.doi.org/10.1109/JRA.1986.1087032
http://dx.doi.org/10.1098/rsos.180409
http://dx.doi.org/10.1098/rsos.180409
http://dx.doi.org/10.1023/A:1019633424543
http://dx.doi.org/10.1023/A:1019633424543
http://dx.doi.org/10.1023/A:1011227210047
http://dx.doi.org/10.1023/A:1011227210047
http://dx.doi.org/10.1145/2773212.2789974
http://dx.doi.org/10.1007/s11721-013-0080-0
http://dx.doi.org/10.1007/s11721-013-0080-0
http://dx.doi.org/10.1109/MIS.2006.25
http://dx.doi.org/10.1007/s11721-012-0072-5
http://dx.doi.org/10.1007/s11721-012-0072-5
http://dx.doi.org/10.1177/0278364904042197
http://dx.doi.org/10.1177/0278364904042197
http://dx.doi.org/10.1007/s11721-008-0015-3
http://dx.doi.org/10.1007/s11721-008-0015-3
http://dx.doi.org/10.1561/1100000005
http://dx.doi.org/10.3389/frobt.2017.00050
https://dl.acm.org/citation.cfm?id=3289750.3289771
https://dl.acm.org/citation.cfm?id=3289750.3289771
https://dl.acm.org/citation.cfm?id=3289750.3289771
http://dx.doi.org/10.1109/THMS.2015.2480801
pop209826
Notiz
None festgelegt von pop209826

pop209826
Notiz
MigrationNone festgelegt von pop209826

pop209826
Notiz
Unmarked festgelegt von pop209826



royalsocietypublishing.org/journal/rs

29
https://www.aaai.org/Library/Symposia/Spring/
2006/ss06-07-011.php.

325. Andolina S, Forlizzi J. 2014 The design of interfaces
for multi-robot path planning and control. In 2014
IEEE Workshop on Advanced Robotics and its Social
Impacts (ARSO), pp. 7–13. Piscataway, NJ: IEEE.

326. Day MA, Clement MR, Russo JD, Davis D, Chung TH.
2015 Multi-UAV software systems and simulation
architecture. In 2015 Int. Conf. on Unmanned Aircraft
Systems (ICUAS), pp. 426–435. Piscataway, NJ: IEEE.

327. Skrzypczak T, Krela R, Kwiatkowski W, Wadurkar S,
Smoczyńska A, Wojtaszek P. 2017 Plant science
view on biohybrid development. Front. Bioeng.
Biotechnol. 5, 46. (doi:10.3389/fbioe.2017.00046)

328. Sticklen M. 2006 Plant genetic engineering to
improve biomass characteristics for biofuels. Curr.
Opin. Biotechnol. 17, 315–319. (doi:10.1016/j.
copbio.2006.05.003)

329. Gibaldi J. 2008 MLA style manual and guide to
scholarly publishing, vol. C10 45. New York, NY:
Modern Language Association

330. Winick R. 1992 Copyright protection for
architecture after the Architectural Works
Copyright Protection Act of 1990. Duke Law J. 41,
1598–1651. See https://scholarship.law.duke.edu/
dlj/vol41/iss6/8.

331. Schaeffer J et al. 1997 A place in the sun: the
evolution of the real goods solar living center.
White River Junction, Vermont: Real Goods
Solar Living Book. Chelsea Green Publishing
Company.

332. Slavid R. 2005 Wood architecture. London, UK:
Laurence King Publishing.

333. Ludwig F, Schwertfeger H, Storz O. 2012 Living
systems: designing growth in Baubotanik. Archit.
Des. 82, 82–87. (doi:10.1002/ad.1383)
if

J.R.Soc.Interface

16:20190238

https://www.aaai.org/Library/Symposia/Spring/2006/ss06-07-011.php
https://www.aaai.org/Library/Symposia/Spring/2006/ss06-07-011.php
https://www.aaai.org/Library/Symposia/Spring/2006/ss06-07-011.php
http://dx.doi.org/10.3389/fbioe.2017.00046
http://dx.doi.org/10.1016/j.copbio.2006.05.003
http://dx.doi.org/10.1016/j.copbio.2006.05.003
https://scholarship.law.duke.edu/dlj/vol41/iss6/8
https://scholarship.law.duke.edu/dlj/vol41/iss6/8
https://scholarship.law.duke.edu/dlj/vol41/iss6/8
http://dx.doi.org/10.1002/ad.1383
pop209826
Notiz
None festgelegt von pop209826

pop209826
Notiz
MigrationNone festgelegt von pop209826

pop209826
Notiz
Unmarked festgelegt von pop209826


	Constructing living buildings: a review of relevant technologies for a novel application of biohybrid robotics
	Introduction
	Hybridizing robots and biology
	Organisms that are candidates for biohybrid construction
	Material-depositing behaviours of animals
	Modelling material-deposition by animals
	Motion and tropism behaviours of plants
	Modelling plant growth and motion

	Robots that interact with organisms
	Coupling with individual animals
	Interaction with groups of animals or environments
	Coupling with individual plants
	Interaction with groups of plants or environments


	Hybridizing buildings and biology
	Static structural scaffolds that host biological organisms
	Scaffolds for animals depositing material
	Scaffolds for microorganisms
	Scaffolds hosting plants or habitats

	Biological energy sources in buildings
	Growing algae for biomass
	Microorganisms as light sources

	Guiding plant growth into load-bearing elements
	Manually guiding growth in the Living Root Bridges
	Mechanically constraining growth
	Joining constrained growths via grafting
	Combining constrained growth with mechanical scaffolds
	Shaping plants by robotic control of stimuli

	Forming building components from amorphous living material
	Cellulose shaped into membranes
	Load-bearing mycelium elements
	Microorganisms and biocementation

	Structural modelling of biohybrid buildings

	Robots for biohybrid construction
	Centrally controlled robots in construction
	Realizing constructive robot collectives
	Materials for self-organized construction
	Robotic hardware for self-organized construction
	Discussing options for deployment

	Control, collaboration and modelling
	Control
	Collaboration
	Modelling

	Human–biohybrid interfaces
	Biohybrid design and control
	Guiding biohybrid swarms
	Conclusion on human–biohybrid interfaces


	Discussion
	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References




