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Figure 1: Direct interactions with Flavobacteria. a) (Re)activating living colour through pressing. b) (Re)directing living colour
through tilting. c) (Re)arranging living colour through swiping.

ABSTRACT

HCI designers increasingly engage in the integration of microbes
into artefacts, leveraging their distinct biological affordances for
novel interactions. While in many explorations the interaction be-
tween humans and microbes is mediated, scholars also highlight
the potential of direct interactions, such as visualising mechanical
distortions or fostering a sense of relationality with nonhumans
through eliciting intimate encounters. Seizing upon this potential,
our study delves into the realm of direct interactions involving
Flavobacteria, recently introduced as a colour-changing interactive
medium in HCI. We present a design space for direct interactions
where humans can (re)activate, (re)direct, and (re)arrange Flavobac-
teria’s colourations, thereby fostering a personal and dynamic in-
terplay between humans and microbes. With our work, we aspire
to provide pathways and ignite inspiration among HCI designers to
create living artefacts that cultivate active engagement and height-
ened attentiveness towards microbial worlds and beyond.
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1 INTRODUCTION

Driven by multiple factors, such as increased mediation via technol-
ogy, a lack of access to natural spaces, and diminishing ecological
literacy [62], human-nature interactions are increasingly scarce
[6, 56, 76]. Ironically, this alienation comes at a time when human
connectedness to nature is presented as a leverage point for two of
the most pressing issues of modern times: the environmental crisis
[1, 18] and human well-being [30].

Within HCI, the importance of designing for human well-being
has long been recognised [9], while more recently scholars have
also called for the widening of practices to navigate the complex
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challenge of sustainability [17, 48, 68]. Demonstrating the potential
to attend to both, biodesign approaches in HCI [40, 65] facilitate
interactions with and draw our attention to the usually hidden
world of microorganisms (e.g. [7]), which may yield benefits for
ourselves and the wider natural world.

The integration of living microbes into interactive systems is a
growing area of interest for HCI and design researchers. Organisms
have, for example, been embedded in sensing devices [15, 53], am-
bient displays [14, 24], games [42, 70], and interactive installations
[44, 45], in which novel functionalities and interaction possibilities
are achieved through organisms’ distinct biological affordances. In
most of these interactive systems, interaction between humans and
microorganisms is indirect, as human input is translated into a spe-
cific stimulus that is known to affect living microorganisms. Such
mediation helps tackle challenges of control, accuracy, longevity,
and bio-safety for interactive living systems [58, 66]. Yet, HCI de-
signers show increasing interest in exploring more direct interac-
tions with microbes, stressing their significance for establishing
reciprocal relationships [33] towards a culture of life [3] instead of
using microorganisms strictly as controlled media [60].

1.1 Direct Interactions with Living Microbes

The potential for profound connections with nonhuman entities
through direct interactions between humans and living microor-
ganisms has been widely acknowledged [7, 59, 60, 74]. These inter-
actions foster intimate experiences that, in turn, amplify relational
dynamics and empathy [26, 29], particularly when the intricate
living aesthetics of microbes (i.e., their temporal expressions [33])
are perceivably influenced by human interactions. This relationality
holds the potential to develop sensibilities for non-human tempo-
ralities and needs [61, 87], while affording reflection on our own
everyday practices through a patina of living traces [23]. Ultimately,
these reciprocal engagements hold potential for increased ecologi-
cal awareness and a deeper appreciation for the intricate web of life
that surrounds us [35]. Acknowledging the potential for intimate
engagements facilitated by direct interactions with living microor-
ganisms, our objective is to explore and dissect this design realm
further. We initiate this exploration by explaining what we mean
by ‘direct interactions with microbes’. Given the relatively nascent
nature of microbial-HCI [40] as a research endeavour, we adopted
a broader perspective to screen through literature pertaining to
direct interactions involving other living entities (i.e., plants) or
entities with lifelike attributes (e.g., smart materials). This approach
aided us in refining our description.

Looking first within the field of microbe-HCI, Ofer et al. [60] de-
scribe direct interactions as unmediated and physical interactions in
which microbes respond to kinetic stimuli within designed environ-
ments. At the larger scale of living plant interfaces, Chang et al. [11]
consider other inputs, in addition to touch, through which humans
can directly interact with living organisms, for example, gestures
and voice. Yet, by their definition, a direct interaction between
plants and humans can be both locally situated in close proximity
and occur remotely through a connected interface. In the context
of shape-changing interfaces, Rasmussen et al. [69] classify direct
interactions as those that employ shape-change as both input and
output, which can again be experienced locally or remotely. Finally,
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we looked into Lim et al’s [50] paper on interaction gestalt, which
helped us get a better understanding of how interaction attributes,
such as directness and proximity, can define direct interactions with
microbes.

Drawing from these existing works in HCI and extensive discus-
sions within our team, we have formulated the following definition
to serve as a guiding framework for our research, as presented
in this paper: Direct interactions with microbes refer to in-
stances where humans act upon living artefacts through their
own bodies (e.g., touch, movement, voice, etc.), thereby in-
putting signals to microorganisms in an unmediated way.
In response, these microorganisms adapt their behaviour,
often manifesting changes in their living aesthetics (e.g., al-
terations in colour) that are perceivable by humans in close
proximity.

Given the immense potential inherent in direct interactions with
microbes, it becomes evident that HCI stands to benefit from a
design space outlining a comprehensive spectrum of possibilities
within this context. With that aim, this research contributes to the
HCI community by inspiring and outlining the possibilities of direct
interactions with living microorganisms through our explorations
with Flavobacteria. Recently introduced as a colour-changing inter-
active medium in HCI [23, 41], these bacteria show great variety in
their colony’s form, texture, and iridescent colour as well as in their
stimuli response time (i.e., immediate and delayed) and are affected
by direct human input. Specifically, our goal is to further explore di-
rect interactions with Flavobacteria by (re)activating, (re)arranging,
or (re)directing their living colour. Through this exploration and
our in-depth discussion, including a reflection from an ecological
perspective, we aim to provide inspiration to HCI designers, open-
ing up new and innovative avenues for interacting not only with
Flavobacteria but also with other microorganisms.

2 RELATED WORK
2.1 Human-Nature Engagement in HCI

Humans possess an innate affiliation - or biophilia [85] - with liv-
ing systems, which fosters a deep sense of connection linked to
improved mental health, stress reduction, and enhanced cognitive
abilities [28, 47, 63, 64] . In addition to these positive effects on
humans’ well-being and functioning, nature engagement can in-
crease our ecological awareness and sense of responsibility towards
the natural world [12]. Yet, technological development in the in-
dustrialised world seems to have gradually removed people from
nature [20, 82]. Digital technologies play a significant role in this
phenomenon and therefore contribute to catastrophic effects such
as human depression, loss of emotional affinity to nature, and a
decline in pro-environmental attitudes and behaviours [56, 76].
Aiming to restore this balance, HCI researchers have identified
many possibilities for public (re)engagement with nature through
technologies [84], ranging in distance from nature (i.e., in situ versus
ex situ) and in their directness of experience (i.e., directly or indirectly,
e.g., through mediation). Mediated nature experiences allow for
temporal compression of ecological processes and the capture of
otherwise imperceptible phenomena, as, for example, Gaver et al.’s
[21] DIY wildlife camera, which makes humans more aware of and
ultimately concerned with local wildlife. Direct experiences, on the
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other hand, might have a greater capacity for enriching encounters,
fostering a deeper sense of connection and appreciation for nature.
Researchers have, for example, explored how computation might
help us connect to and care for nature through inspiring a new
wave of forest technology [8].

Challenging the ingrained idea of an ontological separation be-
tween humans and nature, Haraway [26] introduced the notion
of natureculture, which recognises that humans are deeply entan-
gled in complex relationships with other species and ecosystems.
Puig de la Bellacasa [16] further explores this idea by emphasising
the ethical responsibilities and actions that arise from these inter-
connected naturecultures. Likewise, Escobar’s work on pluriversal
approaches [19] emphasises the significance of diverse worldviews
and engagement with non-human entities. Tsing [80] amplifies the
conversation by advocating for the recognition of agency within
the realms of non-human actors—be they plants, animals, or mi-
crobes. Through this lens, we can develop more sustainable and
inclusive approaches to environmental stewardship.

These concepts of ongoing interspecies entanglements have been
adopted by HCI communities, shifting attention from a human-
centred agenda to a multispecies worldview [81]. Researchers within
this community challenge us, for example, to design for cohabi-
tation [36, 75], engage in symbiotic encounters [52], and become
more attentive towards the more-than-human world [48]. Rodgers
et al. [72] presented an approach to imagining such sustainable fu-
tures, seeking to highlight relations between people and nonhuman
stakeholders. Reflecting how interactive artefacts can open new
pathways for noticing and engaging with other species, Liu et al.
[51] have introduced the concept of collaborative survival within
the context of mushroom foraging, which brings us to the field of
microbe-HCI.

2.2 Human-Microbe Interaction in HCI

Focusing on the microscopic lifeforms of our natural world, design-
ers and researchers within the field of bio-HCI [58, 66] explore the
unique temporal qualities of microorganisms for novel interaction
possibilities between humans and microbes. In the case of Liu et al’s
[51] multisensory tools for noticing fungi, humans are invited to in-
teract with microbes in situ (i.e., at the microbe’s original location).
Numerous other concepts within microbe-HCI [40] concentrate
on engaging with microbes outside their natural setting and incor-
porating them into interactive artefacts, which Merritt et al. [58]
characterise as living media interfaces. Rafigh [24], for example,
encompasses a living mushroom colony, motivating children to do
speech exercises as data on usage of a digital app is used to regulate
the interface’s irrigation system.

Even though, in many of these instances, living microorgan-
isms are mainly presented as controlled media [60], researchers
increasingly promote the establishment of a culture of life, raising
critical questions about mutualism, care, and cohabitation [3, 33, 60].
Zhou et al. [87] have, for example, introduced a temporal-aligning
interface for timely noticing cyanobacteria behaviour, fostering
reciprocal human-microbe relations in everyday scenarios. Ofer et
al. [60] have delved into unmediated and physical interactions with
bioluminescent algae while introducing an organism-centered ap-
proach to preserve the organism’s livingness. Both of these works
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extend invitations for humans to engage in direct interactions with
microbes, emphasising opportunities for more intimate and recip-
rocal relationships with them. This is particularly evident in the
context of how humans can influence the living aesthetics [33] of
microbes. Harnessing this opportunity, researchers have, for exam-
ple, explored possibilities for visualising direct interactions (e.g.,
bending, twisting, and stretching) through encapsulating biolumi-
nescent algae in soft chambers [46] and developed a DIY shaking
device to explore diverse ways humans can provide direct input for
living light output [4].

Zooming further into the design of living artefacts for direct
interactions with microbes, Ofer et al. [60] distinguished open,
porous, and closed environments to physically interact with biolu-
minescent algae. While a closed environment might be beneficial
in safeguarding the well-being of microorganisms and enhancing
our sense of safety and acceptance towards such living artefacts,
it may potentially diminish the intimacy of the experience. Open
environments, on the other hand, such as Nukabot [13], which
invites humans to stir a symbiotic culture of microbes by hand on
a daily basis, foster affective relationships between humans and
microbes through physical contact. Along the same lines, a num-
ber of researchers have delved into the kombucha fermentation
practices, wherein humans and nonhumans engage in a notably
direct manner with one another in open environments. Researchers
have, for example, investigated this practice as a platform to recog-
nise relationality with nonhumans through collective reflection
with kombucha brewers [74] or presented a range of probes for
direct sensory engagement with this biofilm made by bacteria and
yeast, aiming to reveal the interconnectedness between human-
and nonhuman-designers [59].

Exploring another facet of the potential within direct interac-
tions with microbes, Groutars and Risseeuw et al. [23] discussed
how structurally coloured Flavobacteria can capture the peculiar
ways in which humans interact with objects and spaces through
their distinct temporal expressions, namely living traces. Besides
insights on our own behaviour, such a patina of living traces offers a
unique perspective on the intricate relationships between humans
and the microbial world. Highlighting such relationships can aid
in understanding that humans and nonhumans are inextricably
interconnected.

Overall, the perceptibility and promptness of response have
been discussed by researchers at times (e.g., [60]), highlighting the
need to mediate the “output” of some microorganisms to effectively
unveil shifts in their behaviour [41]. For example, the behaviour
of Cyanobacteria was manifested through colour shifts in elec-
trochromic material triggered by their photosynthetic activity [87].
Adopting digital avenues, the well-being of fermentation bacteria
was translated into voice interactions and blinking patterns [13],
while the electrons generated by microbial fuel cell biofilms enabled
the creation of artistic animations [3]. Intervening in microbial re-
sponses can serve to address "temporal dissonance’ [87] between
humans and microorganisms, aiding in exposing the well-being
or struggles of microorganisms [41] for timely care practices. Nev-
ertheless, excessive mediation might detract from the experience,
much like the way unmediated interactions with nature in general
tend to offer more enriching encounters than mediated ones [79].
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2.3 Flavobacteria as an Interactive Medium

Flavobacteria species, in particular Cellulophaga lytica, have re-
cently been introduced as an interactive living medium for HCI
[23] due to their ability to produce dynamic colourations when
growing on a surface (Fig. 2). These bacteria can organise their
cells into so called photonic crystals [32, 38, 73], which interact
with light and create striking visual effects akin to butterfly wings.
While the exact reason behind this behaviour is, to date, unknown,
microbiologists have revealed a lot of insights over the last decades
on Flavobacteria’s ability to self-organize. Those include the factors
that affect this organisation, such as temperature [38, 83], different
substrates [77] and the presence of other microbes [25], as well as
the associated genetic pathways [32]. Doing so, they identify oppor-
tunities for engineering living optical materials such as sustainable
paints and living sensors [32].

In the context of HCI, Groutars and Risseeuw et al. [23] explored
Flavobacteria’s temporal qualities and responsive behaviour, focus-
ing on the changes in their expression, i.e., living aesthetics. They
introduced various ways to tune Flavobacteria’s living aesthetics,
such as through environmental stimuli and “direct human input”-
in which they explored different techniques of applying bacteria
and physically altering the colonies’ growth. This work highlights
the potential of Flavobacteria for Living Colour Interfaces (LCIs),
which can embody digital and environmental data as well as enable
playful interactions with living media.

To further support HCI designers in exploring Flavobacteria’s
living aesthetics, Risseeuw et al. [71] presented FlavoMetrics, a
digital tool that enables designers to virtually inoculate Flavobac-
teria and manipulate stimuli to tune the living colour in a digital
environment. Kim et al. [41] explored how different mechanisms
could aid in surfacing Flavobacteria’s livingness towards timely
noticing Flavobacteria’s changes in behaviour and enriching how
we interact with them.

Building upon the foundation laid by these HCI studies, we aim
to elaborate on different ways to influence Flavobacteria’s living
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aesthetics as well as further unpack direct interaction possibilities
with these vividly coloured bacterial colonies. We believe Flavobac-
teria provides an exceptional case for exploring the landscape of
direct interactions with microorganisms due to the striking trans-
formations in their colony’s form, texture, and iridescent colour.
Furthermore, Flavobacteria exhibit a spectrum of response times to
stimuli, including both immediate and delayed reactions, offering a
rich design space for HCI designers, which we aim to commence
with the initial set of explorations in our paper.

3 DESIGN SPACE OF DIRECT INTERACTIONS
WITH FLAVOBACTERIA

3.1 Our Approach

Focusing on the distinct qualities of Flavobacteria, our research is
guided by our curiosity and fascination with these microorganisms.
Over the course of three years, we embraced a material-driven de-
sign approach [34], which prompted us to centre our attention on
the distinct characteristics and affordances of these microorganisms
while exploring potential user experiences and interactions. We
started our explorations by carefully considering the microorgan-
isms’ needs and exploring their habitat elements [33, 60, 86]. In
an attempt to open up the design space of directly engaging with
these microorganisms, we then proceeded to explore Flavobacte-
ria’s unique colour-producing mechanism (i.e., structural colour as
a means of cell organisation) and elements that affect their living
aesthetics.

Our exploratory studies were conducted in our biolab at the TU
Delft Faculty of Industrial Design Engineering, where we had ac-
cess to specialised equipment for cultivating living microorganisms.
We worked with C. lytica PLY A2, which we cultivated at room tem-
perature. This non-pathogenic bacterium originates from marine
environments and is known for its brilliant structural colourations
[23, 37]. The habitat we designed to support Flavobacteria’s growth
included a semi-solid surface created with marine agar medium
[23], enabling them to thrive and form optical structures. All the

Figure 2: Cellulophaga lytica’s growth over four days, expanding around 5mm in radius a day and displaying a variety of
colours, ranging from violet and red to more dominant green hues. Image credits: [71].
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experiments were conducted with sample triplets for reliable re-
sults, except for one of our studies in Section 4 (as elaborated on in
the discussion).

We used photography and videomaking to capture the living
aesthetics of Flavobacteria in response to our direct interactions
with them. This allowed us to reflect on the particular effects of
these interactions on the microbes’ behaviour and analyse the living
aesthetics in terms of form, texture, and iridescent colour, leveraging
the vocabulary introduced by Groutars and Risseeuw et al. [23].
We used a Canon EOS 250D camera equipped with a macro lens
and ring flash and aimed for capturing the colonies with incident
angle of 45° from which they have been shown to appear the most
brilliant and multi-coloured [23].

We documented events in the biolab as well as our experiences
when interacting with and observing the microorganisms. Through
this documentation of the first author, we were able to record the
nuances and intricacies of our personal experience while interacting
with Flavobacteria in the three presented studies (see appendix A.1),
which we used to support our application concept ideation.

3.2 Basic Habitat Architecture of Flavobacteria
Artefacts

Living artefacts that integrate Flavobacteria consist of a habitat
enclosure, the microorganism(s), and growth medium (Fig. 3). The
habitat enclosure can vary in shape and size as well as in proper-
ties related to the material, such as flexibility, porosity, and trans-
parency. Considering these properties and the desired interactions,
designers can, for example, create a more open or closed environ-
ment [60] for the microorganism or tap into materials’ performative
qualities [10], for example, by creating a flexible habitat from sili-
cone [23] to invite humans to bend the artefact. The microorgan-
ism(s) can vary in their genotype (i.e., which species or strain(s)),
culture condition (i.e., active or dormant), as well as their amount and
distribution within the habitat. Regarding the growth medium, the
ideal nutrition, salinity, and viscosity highly depend on the species.
The agar medium [23] used in this work, for example, provides the
optimal amount of nutrients, salt, and agar for C. lytica to thrive
and produce structural colour. Additionally, designers can vary the
growth medium’s colour (e.g., adding black pigment to highlight
Flavobacteria’s colour), surface texture (e.g., creating texture to steer
Flavobacteria’s growth [23]), and volume, which mainly influences
the temporal scale of the living artefact.

3.3 Interaction Primitives for Direct
Interactions with Flavobacteria

Acting upon Flavobacteria artefacts through their own bodies, hu-
mans can directly interact with Flavobacteria through different
input mechanisms (i.e., stimuli that affect microorganisms’ living
colour). These include salinity, oxygen, nutrients, humidity, temper-
ature, exposure to other microbes, and mechanical force (Fig. 4a).
The first five were derived from considering the microorganisms’
needs, resulting in a range for each of these stimuli that is essential
for Flavobacteria’s livingness and/or structural colour. The last two
factors, exposure to other microbes and mechanical force, were
deduced by considering Flavobacteria’s responsive behaviour. Me-
chanical force, in particular, boasts a broad spectrum as an input
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Habitat enclosure
Form (i.e., shape and size); flexibility; porosity; transparency;

Growth medium
Nutrition; salinity; viscosity; colour; surface texture; volume;

Microorganism(s)

Genotype; culture condition (i.e., active or dormant); amount
of cells; distribution;

Figure 3: Basic habitat architecture and properties of
Flavobacteria artefacts.

mechanism due to its capacity to physically interfere with Flavobac-
teria’s optical structures as well as guide the bacteria to different
conditions (e.g., nutrients).

Several examples of human input are included in the design
space (Fig. 4b), which are categorised into body liquid and airflow,
touch, and movement. The relationships between these human
inputs and the input mechanisms are highly dependent on the
basic habitat architecture. The porosity of the habitat enclosure, for
example, influences whether touch allows Flavobacteria to interact
with other microbes. We speculated on Flavobacteria’s potential
response to the examples of human input (visualised in Fig. 4b)
based on prior works [23, 39] and our extensive experience with
these microbes, yet none of these outputs had at this time been
shown in a systematic study. This opens up an exciting research
avenue for HCI, which we aim to inaugurate with the initial set of
explorations in our paper.

3.4 Interaction Mechanisms

We distinguish three ways in which humans can interact with
Flavobacteria’s living colour: (re)activate, (re)direct, and (re)arrange.
These are presented in Fig. 5.

Through the first interaction mechanism, humans can activate
Flavobacteria’s living colour as their input triggers the bacteria’s
cells to organise into optical structures that interact with incident
light. This occurs when the necessary conditions for living colour
are created as a result of the input, for example, when inoculating
Flavobacteria from liquid freezer stock (-80°C) to moist, nutritious
agar medium at room temperature. On a macro level, the resulting
cell organisation over time culminates in the observable emergence
of living colour. Upon the fading of iridescence over time, Flavobac-
teria’s living colour can be reactivated by once again establishing
the necessary conditions, in contrast with the prior assumption
that Flavobacteria are dead as the iridescence fades away [23].
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Through the second interaction mechanism, Flavobacteria’s liv-
ing colour is (re)directed as input changes conditions, such as hu-
midity [23], that affect how the cells organise themselves into op-
tical structures. These changes prompt Flavobacteria to arrange
their cells in a different way and/or expand their colony in a par-
ticular direction, leading to distinct changes in the colony’s form,
texture, and iridescent colour. Thirdly, humans can interact with
Flavobacteria by (re)arranging their living colour. Here, the input
physically interferes with the optical structures of the microorgan-
isms, disrupting their cell organisation, upon which the cells will
reorganise themselves in a different way over time. On a macro
level, this results in the elimination of living colour and, later on,
surprising colourations [23].

3.5 Selection of Interaction Primitives for
Further Exploration

To illustrate how this design space can inspire a broad array of
direct interactions, we selected three human actions to be further
explored in our study, to either (re)activate, (re)direct, or (re)arrange
Flavobacteria’s living colour. We opted for the human actions of
pressing, tilting, and swiping as they closely mirror the ways in
which humans engage with everyday objects in HCI interactions
(e.g., pressing buttons, tilting laptop screens, swiping touchscreens).
Groutars and Risseeuw et al. [23] touched upon the effect of swiping
movements that interfere with Flavobacteria’s optical structures.
Nevertheless, the microorganisms’ response had not been fully
explored, triggering our interest and curiosity. Besides, we were
inspired by previous observations of Flavobacteria growing in a
static vertical habitat [23] prompting our interest to investigate
how tilting as a human action can (re)direct Flavobacteria’s living
colour.
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Figure 5: Mechanisms for interacting with Flavobacteria’s
living colour: (re)activate, (re)direct, and (re)arrange, showing
changes on the micro (top) and macro (bottom) levels.
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4 THREE STUDIES INTO DIRECT
INTERACTIONS WITH FLAVOBACTERIA

In this section, we present our three lab studies in which we ex-
plored direct interactions to (re)activate, (re)direct, and (re)arrange
Flavobacteria’s living colour. We investigated Flavobacteria’s re-
sponse in relation to the human inputs of pressing, tilting, and
swiping, aiming to identify the changes in the microbes’ living aes-
thetics. For bio-safety reasons, we focused on the input mechanism
of mechanical force only (i.e., not including the effect of other mi-
crobes). Focusing on one input mechanism at a time enabled us
to get a better understanding of the input and output relations.
Although the following three studies all revolve around the same
input mechanism, they distinctly showcase the diverse spectrum of
direct interactions it facilitates with Flavobacteria. We discuss the
interaction procedure and the response of Flavobacteria for each
study in detail, as well as potential HCI applications.

4.1 Study 1: (Re)activating through Pressing

4.1.1  Procedure. For our explorations into (re)activating Flavobac-
teria’s living colour through pressing, a standard-sized Petri dish
with agar medium was used as a habitat. We designed a flexible
lid by laser cutting a hole in the standard rigid lid and sealing
it with thin plastic foil. After sterilising the flexible lid with UV
light, Flavobacteria were applied to the inside surface of the plas-
tic foil. To extend bacterial survival in this environment without
nutrients, Flavobacteria were first induced into a dormant state
through lyophilization. This method, also called freeze-drying and
commonly used in microbiology, inhibits microbial growth by re-
moving water from the culture under low pressure. To protect the
bacterial cells during this process, we first suspended them in a
solution with a protective agent (i.e., sucrose).

The experiment of the pressing study consisted of two parts
(Fig. 6). In the first part, aimed at activating Flavobacteria’s living
colour, dormant bacteria were exposed to agar medium to rehydrate
and revive them. To do so, pressure was applied to the flexible lid
until the Flavobacteria touched the nutritious, semi-solid surface
(Fig. 7), mimicking the gentle touch of the inoculation process.
In the second part, seven days later, Flavobacteria’s living colour
was reactivated by providing new territory to the colonies as they
began to lose their iridescence. When preparing the habitat for
this study, different compartments were made in the agar medium
using circular cookie cutters. This allowed us to build a barrier,
created by a small channel, ensuring that the bacteria initially only
expanded within the first area. When the first area was colonised
and faded in colour, pressure was once again applied to the centre
of the flexible lid, allowing the bacteria to cross the channel and
produce structural colour again in the new territory.

4.1.2 Response of Flavobacteria. After activation, Flavobacteria
produced a familiar colony, i.e., expanding in a circular shape, rang-
ing in colour from violet and red to more dominant green hues.
However, whereas structural colour typically becomes apparent
within 24 hours after inoculation, the colourful colony did not
emerge until two days later (Fig. 8). This is probably due to adapta-
tion to new conditions. The colony expanded until it reached the
small channel in the agar medium on day 5 and obtained a more
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Preparation Activating Reactivating
Channel
Apply dormant Flavobacteria Press Capture (automatic) Press Capture (automatic)
° |
(every hour) +7days (every hour) t

Figure 6: Illustrated procedure of the pressing study.

Figure 7: Applying pressure to the lid to activate Flavobacte-
ria’s living colour.

hollow shape over time as its iridescence gradually faded away
from the centre. After applying pressure for the second time, seven
days after activation, we could see Flavobacteria adhering to the
plastic foil through their inherent yellow pigment [67] (Fig. 9).

+2days +3days

Right after

+4days +5days +7days
Figure 8: Overview of Flavobacteria’s living colour after ac-
tivation. See Appendix A.2 for details on the camera setup

and the complete overview of images.

Figure 9: Flavobacteria on the plastic foil after applying pres-
sure to reactive their colour.

Five hours after the reactivation, it became apparent that Flavobac-
teria started producing structural colourations in new areas (Fig.
10). Again, the colony’s texture and iridescent colour developed
in familiar ways. However, the form was no longer circular be-
cause the bacteria were irregularly pushed to the new area, initially
forming separate colonies that seemed to merge over time.

Right after +2days
Figure 10: Overview of Flavobacteria’s living colour after
reactivation, with close-ups showing first signs of structural
colour after five hours. See Appendix A.2 for details on the
camera setup and the complete overview of images.

4.2 (Re)directing through Tilting

4.2.1  Procedure. Flavobacteria’s living colour is affected by the
orientation of the agar medium, as can be concluded from initial ob-
servations of growth in a vertical habitat presented in [23]. Yet, this
responsive behaviour only comes to light on a large spatial and tem-
poral scale. For our explorations into (re)directing Flavobacteria’s
living colour through tilting, we therefore created an environment
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for the microorganisms to thrive for up to one month. The habi-
tats (Fig. 11) offered a 240 mm by 240 mm surface of agar medium
and a relative humidity of 95% to ensure hydration. In prior work
[23], the habitat was tilted 90 degrees, yet we wondered whether a
smaller tilt - which could be the case in everyday interactions with
HCI objects - would be adequate to affect Flavobacteria’s growth.
We opted for 45 degrees and lasercut a base to support tilting the
habitat.

Figure 11: Two custom-made habitats for the tilting study.
Image shows setup of the first experiment on day 1.

The first experiment of this exploration (Fig. 12a) evolved around
directing Flavobacteria’s living colour in a certain direction. The
bacteria were inoculated in the designed habitat, which, one hour
later, after allowing the Flavobacteria culture to settle, was tilted 45
degrees by carefully placing it on the base. Flavobacteria were also
inoculated in a second habitat, which was placed in a horizontal
position, as a control group.

In the second experiment (Fig. 12b), our aim was to redirect
Flavobacteria’s living colour. This time, both habitats were tilted
45 degrees one hour after inoculation. After six days of growth -
when there was still plenty of available agar medium for bacterial
growth - one of the habitats was carefully flipped the other way
(Fig. 13).

As it proved challenging to capture Flavobacteria’s iridescent
colour in both habitats simultaneously, the automated camera was
only used to extensively capture the microorganisms that we inter-
acted with (in experiment 1) or those we interacted with repeatedly
(in experiment 2). It was positioned at an approximate 45° angle
with the habitat surface (see left image of Fig. 13) to capture the
distinctively brilliant colours of the colony. To analyse differences
between the colonies, both habitats were also captured manually
from the same angle and distance (i.e., circa 30cm) every weekday.

4.2.2 Response of Flavobacteria. In the first experiment, colonies in
the tilted and horizontal habitats displayed remarkable differences
in their texture and form, proving that a tilt of 45 degrees was
adequate to affect Flavobacteria’s growth. As can be seen in Fig. 14,
Flavobacteria in the tilted habitat created different colony textures
in the top and bottom areas, whereas bacteria in the horizontal
habitat demonstrated a more uniform texture. Only six days after
the tilting movement, these subtle differences in texture became
noticeable.
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Figure 12: Illustrated procedures of the tilting study’s first
(a) and second (b) experiments.

Figure 13: Flipping the habitat on day 6 during the second
experiment, captured with the automated camera.

The overview in Fig. 15 shows how the colonies further devel-
oped over time, illustrating the difference in the colonies’ form,
which becomes noticeable around days 7/8. Whereas bacteria in
the tilted habitat managed to extend their colourful colony to the
bottom edge of the habitat in nine days, bacteria in the horizontally-
orientated habitat only started to reach the edges around day 15.
At this time, the bacteria in the tilted habitat also reached the top
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Tilted (day 6)

Horizontal (day 6)

Figure 14: Texture differences between Flavobacteria’s living
colour in the tilted (left) and horizontal (right) habitats on
the sixth day of growth. Pictures are perspective-corrected
and 5x magnified in closeups on the right.

Tilted ™

Horizontal

Day 7 Day 8 Day 9 Day 15

Figure 15: Overview of Flavobacteria’s growth in the tilted
(top) and horizontal (bottom) habitats, showing perspective-
corrected images. See Appendix A.3 for details on the camera

setup and the complete overview of images.

Figure 16: Adjustment of texture differences within the
flipped colony. The picture on day 6 was taken immediately
after flipping. Pictures are perspective-corrected and 5x mag-
nified in closeups on the right.

part of their habitat. These differences in colonies’ texture and form
are probably caused by the moisture that escapes from the agar
medium [2], easing the microbes’ gliding motility in a downward
direction.

In the second experiment, both colonies demonstrated similar
differences in texture between the top and bottom areas (as seen in
the first experiment) until one habitat was flipped on day 6. Over
the following six days, new bacteria in the flipped colony started
to form structural colour correspondingly: the (now) bottom area
started to show a more scattered texture, while the (now) top area
transformed to a dense texture (Fig. 16).
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Static-tit  ™°/§ Top Flipped

(since
day 6)

Bottom

Bottom (since day 6)

Day 13 Day13
Figure 17: Flavobacteria’s perspective-corrected growth in
the static-tilted (left) and flipped (right) habitats, illustrating
how the static-tilted colony (left) hit the bottom of its habitat
first. See Appendix A.3 for details on the camera setup and
the complete overview of images.

Whereas the static-tilted colony was the first to hit the bottom
of its habitat, the flipped colony started to adjust its form to its new
orientation in a similar manner over time (see Fig. 17).

4.3 Study 3: (Re)arranging through Swiping
4.3.1 Procedure. For these explorations into (re)arranging Flavobac-
teria’s living colour through swiping movements, we used a standard-
sized Petri dish with agar medium as a habitat. Contrary to the first
study, we did not opt for a flexible plastic foil as a lid, as bacteria ad-
hering to it might compromise our observations of Flavobacteria’s
response. Instead, we performed the swiping in a sterile environ-
ment within the biolab (i.e., a laminar airflow cabinet), wearing a
sterile glove to separate Flavobacteria from the human microbiome.
The first experiment of this exploration (Fig. 18a) evolved around
arranging Flavobacteria’s living colour. Here, we interacted with the
bacteria by swiping only once (Fig. 19), three days after inoculation.
In the second experiment (Fig. 18b), the same swiping movement
was repeated five times with an interval of 30 minutes. Again, this
interaction took place three days after inoculation.

a) Arranging

Capture (automatic)

Inoculation Swipe
}
T

day 3 (every hour) t

b) Arranging and rearranging

f

Repeat 5x (every 30min)

Capture (automatic)

Inoculation Swipe
Il
T

day 3 (every hour) t

Figure 18: Illustrated procedure of the swiping study’s first
(a) and second (b) experiments.
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Figure 19: Swiping the bacteria on day 3. As can be seen in
the left image, the colony’s growth is remarkably advanced
for the third day, which was caused by a heat wave over
the weekend. The right image shows some transference of
Flavobacteria to the glove.

Iridescent Flavobacteria are known to re-organize their cells
when their organisation, producing structural colour, is interfered
with [23]. However, we were unsure how quickly this response
could be observed by the naked eye. In our first attempt to under-
stand this response time, capturing Flavobacteria with a commonly-
used time interval of one hour proved - to our surprise- not to be
frequent enough to capture the first signs of response. With further
testing, a time interval of 10 minutes was selected for the rest of
our experiments.

To get a better understanding of the effect of swiping on the
colony’s iridescent properties, we additionally captured a sample
from several angles- before and 30 minutes after swiping- using a
custom-made tool (based on [23]).

4.3.2  Response of Flavobacteria. Flavobacteria’s iridescent colour
is instantly eliminated when swiping through the optical structures
(Fig. 19), as the cell organization is disrupted. Colourations in these
areas noticeably re-appear after 20 minutes and become clearer over
time (Fig. 20). After swiping, the affected areas no longer exhibit a
pointillistic texture but instead show a very uniform, remarkable
colour, which is observable from specific angles (Fig. 21). This
observed phenomenon likely results from the swiping movement
aligning all cells in the direction of the motion, thereby influencing
their reorganization.

Before Right after

+20min +3hrs

Figure 20: Overview of Flavobacteria’s response to swiping
movements over time, including a close-up showing the uni-
form texture after swiping. See Appendix A.4 for details on
the camera setup and complete overview of images.
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before

before

Figure 21: A colony of Flavobacteria captured from different
angles before and 30 minutes after a swiping movement,
demonstrating the effect of swiping on the colony’s texture
and iridescent colour. See Appendix A.4 for details on the
camera setup.

During the second experiment, in which we interacted with
Flavobacteria up to five times, the bacteria persistently reorganised
into optical structures, recolouring the swiped areas (Fig. 22). Yet,
some areas (as indicated in Fig. 22) exhibited less vivid colour over
time.

right after +30min

1st swipe

right after +30min

+30min right after

2nd swipe 3rd swipe

right after

4th swipe 5th swipe t

Figure 22: Overview of Flavobacteria’s response to repeating
swiping movements, showing a colony before, right after, and
30 minutes after each swiping. The arrow indicates the area
that exhibited less structural colour over time. See Appendix
A.4 for details on the camera setup.
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4.4 Application Concepts

Our explorations into direct interactions with Flavobacteria through
pressing, tilting, and swiping highlight their potential to act as a
qualitative display [54] through a diverse range of grown patina
affected by human input, i.e., living traces [23]. This potential can
be harnessed to invite humans to reflect on everyday practices
while building awareness and sensitivities towards Flavobacteria’s
unique temporalities, needs, aesthetics, and conditions in shared
habitats. Below, we present three application concepts to ignite
novel research directions in this context.

In our concept FlavoToile (Fig. 23), Flavobacteria are integrated
into a dress, foregrounding the history between humans and their
garments. This could enhance emotional attachment as well as
provide insights into our body posture for better self-care practices
through empathy towards microbes. Additionally, Flavobacteria’s
living colour can elevate the aesthetic appeal of these garments,
adding a unique and artistic element to the wearables while also
encouraging individuals to develop sensibilities towards microbes
and embrace the integration of nature in their daily lives.

Figure 23: Visualisation of our concept FlavoToile. a) A kid
asking for attention of the mother by touching her dress,
thereby unintentionally (re)arranging Flavobacteria’s living
colour. b) Flavobacteria revealing the touch as their living
colour is instantly eliminated.

On alarger scale, direct interactions with Flavobacteria could cap-
ture the peculiar ways that people interact with their surroundings.
In our concept, FlavoTread (Fig. 24), the pressure from the footsteps
of people walking through a public space activates Flavobacteria’s
living colour. Similar to the Drift Table [22], such an artistic, in-
teractive surface could support ludic engagement in the everyday,
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driven by curiosity, exploration, and reflection rather than prede-
fined tasks. It will bring a highly artistic element to public spaces
and encourage people to notice, acknowledge, and reflect upon the
temporal beauty that the microbes of our natural world have to offer.
Additionally, the performative, dynamic interplay in which humans
can activate and reactivate Flavobacteria’s colour in FlavoTread in-
vites humans to seek out unexplored areas in shared habitats while
providing new territory to the bacteria, which prompts reflection
on their caregiving practices for nonhumans.

L N S
a) o

Figure 24: Visualisation of our concept FlavoTread. a) Peo-
ple activating Flavobacteria’s living colour through their
pressing footsteps. b) Flavobacteria’s growth over night. c)
Flavobacteria revealing how people interact with a public
space and inviting people to explore new areas as well as
provide new territory to them. The colonies in these visuali-
sations were simulated using FlavoMetrics [71].

Flavobacteria’s temporal response to humans’ direct input could
also foster mindful interactions. For example, by marking the start
of a work break with a swipe that disrupts the structural colour,
mental well-being could be supported as Flavobacteria’s response
over the next twenty minutes is patiently observed. This intentional
interaction with Flavobacteria’s optical structures could serve as a
meditative practice, allowing individuals to focus their attention
and find a sense of calm in the mesmerising colourations. In contrast
to the relatively fast response to swiping, Flavobacteria respond to
tilt in a particularly slow manner, highlighting their potential to
enhance mindfulness by revealing the passing of time in an abstract
manner. In our concept FlavoTempo (Fig. 25), the slow changes in
Flavobacteria’s living aesthetics in response to tilt create a unique
and intriguing visual representation of time passing, akin to an
hourglass, allowing individuals to develop a deeper understanding
of the concept of time and its relationship to their daily activities.
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a)

Figure 25: Visualisation of our concept FlavoTempo. a) A per-
son tilting the artefact, thereby directing Flavobacteria’s liv-
ing colour. b) People observing how Flavobacteria reveal the
passing of time in an abstract manner in response to tilting
movements.

5 DISCUSSION

This paper expands on the notion of direct interactions with mi-
croorganisms in living artefacts, providing HCI designers with a de-
sign space that explores (re)activating, (re)directing, and (re)arranging
Flavobacteria’s colourations in this context, supported by applica-
tion concepts. In this section, we reflect on the complexities and
opportunities that emerged from this research, discuss the further
implications of direct interactions with microbes for HCI, and ad-
dress the limitations of our study.

5.1 The Nature of Direct Interactions with
Microbes

While our explorations diversified the range of possible interac-
tions with Flavobacteria, we struggled to define what we meant
by direct interactions with microbes. Our comprehension of the
boundary separating indirect from direct interactions in this con-
text evolved as we explored related definitions and existing living
artefacts. Yet, some cases left us with more confusion than clar-
ity, such as the Living Light [49]. Here, humans physically touch
a plant to activate a light, which is powered by microbes in the
soil that release electrons while interacting with the plant. In this
case, human input is mediated as motion sensors detect humans’
touch, and the behaviour of microbes is not affected by this input.
Yet, the interaction can be experienced as a direct one, as humans
might not be aware of the living artefact’s working principle. Such
examples lead us to believe that the threshold between indirect
and direct interactions with microorganisms in the real world is, in
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fact, blurred, and linked to human experience rather than discrete
boundaries. Nevertheless, to narrow the scope of this work and
guide our explorations, we have formulated a definition that aims to
differentiate indirect and direct interactions with microorganisms.
While our scope for direct interactions excludes both mediating
human input to affect microorganisms and the remote experiencing
of microorganisms’ responses, there still exists a spectrum of direct
interactions in which both mediation and proximity play important
roles.

5.1.1 Mediation-Related Opportunities and Dilemmas. Considering
our definition of direct interactions, microbes adapt their behaviour
in response to unmediated human input. Nevertheless, mediation
is sometimes needed to effectively reveal shifts in their behaviour.
This is especially relevant when microbial responses remain entirely
imperceivable to humans or occur so slowly that we either lose
interest or are too late to prevent harm to the microorganisms.
The methods of mediating microbial responses exhibit significant
variation. For instance, mediating these responses may involve
extensive translation, such as when fermentation bacteria’s activity
is conveyed through voice interaction [13] or electrons generated
by biofilms bring forward artistic animations [3]. In contrast, other
cases might offer more natural ways to reveal the responses of
living organisms through, for example, the magnification of cell
movements (e.g., [43]) or the temporal alignment of colour-changes
in the living interface through non-digital mediation, which humans
may not even be aware of [87]. As Flavobacteria have distinct
living aesthetics, exhibiting visual changes in their colony’s form,
texture, and iridescent colour, mediation of their output is not
strictly necessary, allowing us to position our studies at the least
mediated end of the spectrum.

5.1.2  Proximity-Related Opportunities and Dilemmas. Within our
scope of direct interactions, humans provide input to microorgan-
isms by acting upon living artefacts through their own bodies.
Yet, the distance between humans and microbes themselves can
vary extensively. The closest proximity of input for these inter-
actions would involve humans touching microorganisms without
any barrier in-between. Such direct interactions with microbes can
facilitate microbial transfer, which, in the case of Nukabot [13]
personally enriches the flavour of pickles, or can allow for the de-
composition of human remains in the case of a living mycelium
coffin [55], promoting biodiversity and circularity. However, due to
bio-safety reasons and to maintain the integrity of microorganisms
(e.g., by protecting them from dehydration or contamination), phys-
ical barriers may be necessary. In the tilting study, we used such
a barrier and interacted with Flavobacteria by tilting their rigid
habitat, as also shown in the FlavoTempo concept. Alternatively,
touching microbes through a thin glove or plastic foil retains close
proximity and provides a sense of intimacy (like in our concept
FlavoToile)- perhaps so intimate that people are resistant to inter-
acting with microorganisms in such a direct manner. C. lytica’s
non-pathogenicity allowed us to move towards the close-proximity
end of the spectrum. However, not all microorganisms are suitable
for this [5], and close proximity with microbes is not always desired
by default. Therefore, we call for designers to carefully consider
both microorganisms and human needs and tune proximity as well
as mediation of microbial responses for the desired outcome.
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5.2 Challenges and Opportunities of Direct
Interactions with Microbes for HCI

5.2.1 Diverse Temporalities of Microbes. Microorganisms exhibit a
wide spectrum of temporal behaviours, ranging from immediate to
gradual responses, presenting both challenges and opportunities
for HCI designers. Slow microbial responses can encourage human
mindfulness and reflection but, in extreme cases, may be consid-
ered a technical constraint [41], demanding excessive patience from
humans to attend to microorganisms’ temporality. They can even
diminish the interaction effect [60] and the sense of reciprocity [33],
as humans might no longer be aware that microbes are adapting
their behaviour in response to their input. However, to a certain
extent, delayed responses can enhance human curiosity, captiva-
tion, and emotional investment in microorganisms, fostering deeper
engagement and creating a strong sense of connection towards pro-
foundly meaningful relationships, as instantiated in our application
concepts.

Comprehending these distinct temporal behaviours is crucial for
designers of living artefacts, allowing them to tailor the temporal
scale of the artefact and consider aligning human-microbe tem-
poralities for timely care practices [87]. Yet, understanding these
diverse temporal behaviours is challenging due to the different
circadian rhythms and growth rates among them [57], as well as
their ability to adjust these temporal behaviours based on various
inputs. As demonstrated in our studies, Flavobacteria take six days
to respond noticeably to tilting movements, while swiping elicits
an immediate change in their living aesthetics. While offering a
rich design space for HCIL, this diversity makes predicting response
times to certain inputs challenging, even with years of expertise in
a specific microorganism, as shown by our initial attempt to capture
Flavobacteria’s response to swiping movements with a one-hour
time interval.

5.2.2  Complex and Unpredictable Microbial Behaviour. As we move
further away from interactions in lab environments and the me-
diation of input to regulate living systems, we enter a realm of
(semi)open habitats [60] with less human control. Here, multiple
input mechanisms can be in play, complicating our understanding
of microbes’ responses to certain inputs. For example, as illustrated
in our design space, sweating can potentially affect salinity, nutri-
tion, humidity, temperature, and the presence of other microbes.
Such a single human input can lead to a wide variety in microbes’
responses, as even subtle differences in microbes’ environments can
drastically affect their growth. For instance, in one of our studies,
Flavobacteria’s growth occurred twice as fast as usual due to high
temperatures over the weekend. Whereas the interconnectedness
of input mechanisms complicates the understanding of microbial
responses, designers can also tap into this as an opportunity to
create a dynamic interplay between human input and the diverse
and unexpected living aesthetics of microbes.

Even in relatively controlled habitats, unexpected behaviour
by microbes may occur. Our tilting study revealed unanticipated
microbial behaviour in our first attempt to explore the effect of
tilt (Fig. 26). Though grappling with the explanation of emergent
behaviour was initially challenging, it sparked a fruitful discussion
within our team about the level of control we should aim for. The
emergent behaviour that comes from working with living entities
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poses challenges and questions for designers regarding how we
should design in light of the unpredictabilities of microbes and how
this unpredictability is experienced by humans interacting with
living artefacts.

Figure 26: Flavobacteria’s unanticipated behaviour in the
first attempt to explore the effect of tilt. On day 14 of the
experiment, bacteria in the colony created different paths
that went in all directions across the available agar medium
in the top part of the habitat.

5.2.3 Bio-Safety of Direct Interactions. As discussed by diverse
scholars in Bio-HCI (e.g., [23, 60]), it is challenging to design an
appropriate habitat for microorganisms that preserves their living-
ness outside lab environments, as these controlled environments
offer sterility and ways to stabilise growing conditions. Especially
in this case of direct interactions, safeguarding the microbes’ well-
being becomes more challenging as inputs to living systems are
not regulated and could potentially harm the microorganisms. In
this regard, decisions regarding proximity and open habitats for
direct interactions with microbes, while considered a means to fos-
ter intimate experiences [60], should be meticulously evaluated in
consideration of these bio-safety aspects.

Besides maintaining a safe environment for nonhumans, design-
ers should consider safety concerns for humans in their direct in-
teractions with microbes. Even when dealing with non-pathogenic
microbes (e.g., C. lytica), direct physical contact might raise con-
cerns when encountering a large quantity of the same microor-
ganisms, which should be further explored in designing for direct
interactions with living artefacts.

The additional risk living artefacts bring due to their potential to
distribute foreign living microorganisms to ecosystems is difficult
to anticipate and therefore important to consider. Living artefacts
designed as closed systems could in theory address this risk by
collecting or destroying the microorganism after use; however,
it seems prudent that all living artefacts should utilise endemic,
benign, or beneficial microorganisms. Living artefacts designed
using such approaches would reduce environmental impacts and
might even enrich ecosystems [35, 55].

5.2.4 Sustainability and Ethics of Direct Interactions. Whether facil-
itating direct or indirect interactions, all living artefacts, if deployed
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within existing linear models of design, production, utilisation, and
waste, may pose a threat to ecosystems through the utilisation of
unsustainable materials and production processes [35]. To address
this, living artefacts should either use materials that can be recy-
cled or reused within a product return system or align the diverse
temporalities of materials and microbes for the safe and timely
decomposition of artefacts.

The use of microorganisms within HCI raises distinct ethical
concerns [3], in part because we struggle to relate to them, often
resulting in ambivalence towards their welfare [41]. Organism-
centred [60] and more-than-human [31, 59, 61, 87] approaches in
Bio-HCI prioritise the safeguarding of microbial welfare through
designing appropriate habitats and interactions centred on care
practices (e.g., [33, 87]. In line with these, we call for HCI designers
to give attention to microbial sensitivities in the design time, which
should further encourage them to extend the nurturing of relation-
ality and livingness beyond use time and throughout the whole
life cycle of the organism. Whereas we often struggled to move
further away from our human-centred approach of considering
Flavobacteria as a living medium for HCI, there was a strong sense
of what could be characterised as kinship, caregiving, and respon-
sibility throughout the experiments conducted, as expressed below
by the first author: T felt worried about Flavo when they were in the
freeze-dryer and afterwards, to see them as a powder, in a dormant
state. Therefore, I was happy to provide them access to the nutritious
agar medium by pressing the super thin plastic foil. Oftentimes, I felt
extremely guilty that they didn’t have more space at the moment,
which I hadn’t really experienced before when cultivating them in
a standard Petri dish. In that sense, seeing the bacteria touching the
new area in the Petri dish was very satisfying. Ready to explore new
territory! I would have loved to keep this interaction going, redirecting
them again and again to fresh nutrients. Through the swiping ex-
periment, at some point, some parts of the colony became less bright,
which made me feel worried and guilty- had there been some left-over
alcohol on the glove through which I was trying to keep them safe from
other microbes? Was I exhausting them by interacting with them so
frequently? Or were there simply not enough cells left at the moment
to form structural colour?”

We argue that these questions and concerns, coupled with the
experience of relationality - or kinship [27], provide rich ground
for further research and bode well for dynamic and reciprocal rela-
tionships with living artefacts.

5.2.5 Challenges Concerning Microbial Semantics in the Use Time.
This study also revealed specific concerns related to microbial se-
mantics [41] in direct interactions with microorganisms. For ex-
ample, it might feel as though interacting with Flavobacteria by
touching them through a pliable membrane is more ‘disruptive’
to them than leaving them to ‘grow in peace’ within Flavorium
[23]. Therefore, even if a habitat provides Flavobacteria with their
desired conditions, designers should consider to what extent the
directness of interaction gives humans the idea that they contribute
to microbes’ wellbeing. At the same time, we need to understand
better what is gained and lost from direct interactions. Even though
our intention was to offer HCI designers a way to nurture human-
nature connectedness through direct interactions with Flavobac-
teria, it is possible that direct interactions with microorganisms
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further cultivate feelings of disgust (e.g., [78]), resulting in a corre-
sponding reduction in empathy. With the FlavoToile concept, we
confront such stigma and semantic dilemmas that warrant deeper
exploration in the field of HCI research concerning human-microbe
interactions.

5.3 Limitations and Future Work

In this paper, we showcase three distinct studies. Among them, two
involved meticulous design and prototyping of experimental setups
and research artefacts tailored for Bio-HCI experiments, specifically
focused on investigating direct interactions. In the pressing and
swiping studies, we opted for a standard-sized Petri dish as a habitat
to quickly iterate, allowing us to conduct these studies with sample
triplets for more reliable results. In the tilting study, we employed
a larger habitat because Flavobacteria’s gradual response to tilt is
only evident on a large spatial-scale, as initially shown by Groutars
and Risseeuw et al. [23]. The experiments of the tilting study were
therefore not conducted with sample triplets, as the larger habitats
were custom-made, and this would require six (three times a control
and an experimental). Even though they differentiated, all habitat
sizes in the studies limited Flavobacteria’s ability to expand their
colonies further as well as the number of direct interactions possible
within that time frame.

While the team has diverse backgrounds across HCI, design,
and microbiology, providing expertise and alternative insights, it
was the first author - a researcher with many years of experience
working with Flavobacteria - who provided the initial interpreta-
tions of the study results. We acknowledge that the personal and
long-term relationship the first author has with Flavobacteria may
have caused a positive bias and awe towards the interpretation of
these results. Therefore, in the future, studies with other designers
and human users of living artefacts are important to explore the
temporal nature of such relationalities with microbes.

Our endeavour was driven by a commitment to enrich the ongo-
ing discourse in HCI concerning human-nature engagement and
connectedness, with the goal of fostering greater comprehension
and empathy towards microbes. Although we presented the techno-
logical potential for designing such engagements, we have not yet
investigated whether we have successfully established the intended
connections between humans and microbes over an extended pe-
riod. This marks the focus of our next research endeavour. To that
end, even though our explorations were oriented towards future ex-
periments outside the lab, we acknowledge the need for additional
consideration regarding the viability of the living artefacts when
they are provided to human users. Moreover, a more comprehensive
understanding of the interdependencies among habitat, microor-
ganisms, and interaction variables in real-world settings is required.
We know it can already be difficult for designers to understand and
work with Flavobacteria’s particular temporal expressions [23], and
our studies add new temporal rhythms and real world variables to
further complicate this. Therefore, incorporating the outcomes of
these and future studies—possibly exploring additional suggested
human inputs—into digital tools that support design practices with
Flavobacteria (e.g., [71]) would be a valuable addition to this design
space.
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6 CONCLUSION

This paper delves into the notion of direct interactions with mi-
croorganisms, particularly emphasising the potential of such in-
teractions through the lens of structurally coloured Flavobacteria.
We introduce a design space that encompasses the basic habitat
architecture of Flavobacteria artefacts, various input mechanisms
for directly tuning their living colour, and examples of human input.
Our three studies, which involve (re)activating, (re)directing, and
(re)arranging Flavobacteria’s colourations through pressing, tilting,
and swiping, showcase the intricate interplay between human input
and microbial responses. These interactions exhibit variations in
proximity between humans and microorganisms and underscore
the diverse response times of Flavobacteria, ranging from immedi-
ate to gradual. As well as the design space, proximity and mediation
are presented as dimensions of variety to explore in direct inter-
actions. Through our work, we seek to support the development
of living artefacts that cultivate a sense of kinship and care, ex-
tending human relationality towards the microbial world and the
ecosystems we all belong to.
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