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Figure 1: Illustrative sketch depicting microorganisms approaching digital components from all sides, merging together within 
the visualization platform introduced in this paper. 

Abstract 
Bio-digital systems that merge microbial life with technology promise 
new modes of computation, combining biological adaptability with 
digital precision. Yet realizing this potential symbiotically – where 
biological and digital agents co-adapt and co-process – remains elu-
sive, largely due to the absence of a shared vocabulary bridging biol-
ogy and computing. Consequently, microbes are often constrained 
to uni-directional roles, functioning as sensors or actuators rather 
than as active, computational partners in bio-digital systems. In 
∗The short title is inspired by Entangled Life by M. Sheldrake [174] 
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response, we propose a taxonomy and pathways that articulate and 
expand the roles of biological and digital entities for synergetic bio-
digital computation. Using this taxonomy, we analysed 70 systems 
across HCI, design, and engineering, identifying how biological 
mechanisms can be mapped onto computational abstractions. We 
argue that such mappings enable computationally actionable direc-
tions that foster richer and reciprocal relationships in bio-digital 
systems, supporting regenerative ecologies across time and scale 
while inspiring new paradigms for computation in HCI. 

CCS Concepts 
• Human-centered computing → HCI theory, concepts and 
models; • Hardware → Bio-embedded electronics; • Theory 
of computation → Interactive computation. 
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1 Introduction 
Admiration for the beauty, complexity, and intelligence of the liv-
ing world around us has captured the hearts and minds of humans 
since the beginning of our existence [46]. Within Human-Computer 
Interaction (HCI), regenerative design approaches that forefront 
care for the natural world and ecological restoration have emerged 
through several burgeoning sub-communities and themes, such 
as biodesign [61], biological HCI [146], more-than-human-centred 
design [196], ecological HCI [117], and regenerative material ecolo-
gies [139]. These communities have generated theories, artefacts, 
and frameworks that guide how we should incorporate and respect 
living organisms when designing new technologies. Nonetheless, a 
gap persists between these communities and mainstream areas of 
HCI, which constantly seek more responsive and more “intelligent” 
computational systems. For computational systems architects, the 
fast, digital, and deterministic modern computing paradigms appear 
to be incompatible with living organisms, which instead are often 
seen as slow, analogue, and probabilistic. 

Bridging this gap is imperative from multiple perspectives. First, 
in pursuit of Weiser’s vision of ubiquitous computing in which 
technology seamlessly blends into the environment [201], it is no 
longer sufficient to innovate solely using artificial systems. Truly 
dissolving the boundary between the technological and the ecolog-
ical demands literal, not just metaphorical, integration of elements 
of the world around us into computational systems. Additionally, 
the trajectory of modern intelligent interactive technologies is un-
sustainable in at least two aspects: materially, with electronic waste 
rapidly accumulating in landfills [36], and energy-wise, with ar-
tificial intelligence (AI) models demanding excessive amounts of 
energy to train, test, and deploy [84, 118]. Replacing system com-
ponents with the innate computational capabilities of biological 
materials and living organisms could open doors to materially and 
energetically sustainable interactive systems. Furthermore, from a 
regenerative perspective, it is crucial to articulate how to design 
synergistic bio-digital systems that foster ecological health and do 
not exploit living organisms as drop-in components. Bio-digital 
hybrid systems1 provide a unique opportunity where living or-
ganisms and electronics can co-evolve in mutualistic relationships, 
where each component enhances and adapts to the other. Such 
dynamics open possibilities for artefacts2 that not only sustain but 
actively enable new forms of resilience and circularity – repairing 
1We adopt the term “bio-digital” here from prior work in HCI. In this paper, we 
specifically mean “bio-” to describe systems incorporating living organisms (not only 
bio-derived). We use “digital” to encompass non-living electronics that can also have 
non-digital architectures (e.g., analogue).
2We understand “systems” (more common in engineering / HCI) and “artefacts” (more 
common in design) to be interchangeable in this paper. 

themselves, adapting to new conditions, and contributing to eco-
logical cycles. Digital components can and should be active, “living” 
participants in regenerative ecologies, not just tools for productiv-
ity [11]. Still, for designers, translating biological affordances into 
computationally actionable abstractions is elusive. Consequently, 
many existing bio-digital systems, while aesthetically striking and 
conceptually provocative, harness only a small slice of the computa-
tional capabilities, and subsequently regenerative potential, of the 
living organisms that they incorporate. Meanwhile, computational 
systems designers vaguely sense the potential of living systems but 
often lack the deep understanding of biology needed to leverage 
these capabilities in practice. 

How, then, can we design bio-digital systems that symbiotically 
realize the potential of both components and translate the capabili-
ties of living organisms to abstractions that are tractable for biode-
signers and computational systems designers alike? We believe that 
developing a shared vocabulary is key to this translation, providing 
common ground for collaboration, reducing miscommunication, 
and enabling knowledge transfer across disciplines. Researchers in 
HCI and beyond have attempted to do this by mapping biological be-
haviours one-to-one with computational components, such as logic 
gates [38, 197]. Others have developed bottom-up, organism-centric 
frameworks [119]. While the former approach has led to laudable 
prototypes, it force-fits biological organisms into paradigms devel-
oped for silicon-based computers, neglecting emergent biological 
modes of “computation” [62, 67]. Meanwhile, the latter inspires 
novel concepts but lacks traction among computational systems 
designers, who depend on formal abstractions, hierarchies, and 
input-output specifications expressed in metrics like voltages and 
frequency. To date, no concerted effort has been made to develop a 
shared vocabulary for bio-digital computation. The computational 
systems focus is significant because interactive properties – respon-
siveness, adaptability, sensing, and feedback – are fundamentally 
enabled by the underlying computational architecture. 

1.1 Contribution 
This paper contributes to HCI a computational design taxonomy 
and vocabulary for bio-digital interfaces that is both biologically 
faithful and computationally actionable. This vocabulary is intended 
to bridge different perspectives present among HCI researchers, 
including (bio)designers and electronics systems designers. We op-
erationalize this as a scaffold to interpret 70 existing bio-digital 
systems, with the goals of both describing the computational roles 
of biological and digital components and prescribing novel compu-
tational partnerships. Secondarily, we contribute an open-source 
database, pre-populated with our analysed subset of bio-digital 
systems, and an interactive visualization platform. We use the plat-
form to systematically explore relationships between organisms 
and digital components across different temporal and spatial scales 
within a computationally tractable framework. We demonstrate 
how such a structured exploration reveals existing patterns and 
missed opportunities for bio-digital systems that are grounded in 
feasible technical implementations. 

https://doi.org/10.1145/3772318.3790657
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1.2 Researcher-Designer Approach 
We adopt a first-person, reflexive designer-research approach [30], 
drawing on our own multi-disciplinary knowledge and perspectives 
to propose a taxonomy. We are a team of computer scientists (two 
PhDs with a collective 25 years publishing at computer science 
and HCI venues) and biodesigners (one PhD and one PhD candi-
date with a collective 25 years publishing at (bio)design and HCI 
venues). While we are employed at the same academic institution, 
our academic trajectories span across four different countries in 
North America, Europe, and the Middle East. Our geographic and 
academic backgrounds shape (and bias) our perspectives on compu-
tation, cognition, intelligence, and nature. This is our first collabora-
tive effort, positioning this paper as both a theoretical contribution 
and an open, Research-through-Design-inspired methodology that 
demonstrates the type of cross-disciplinary pollination needed to 
develop holistic bio-digital systems. 

2 Related Work 

2.1 Regenerative Systems in HCI 
The notion of regeneration – of designing not only to sustain but 
also to restore and enrich ecosystems – has been rapidly gaining 
traction within the HCI and design communities. Regenerative de-
sign moves beyond conventional sustainability paradigms, challeng-
ing designers to not only minimize the use of non-degradable mate-
rials but also contribute positively to the vitality of living organisms 
across material, social, and ecological dimensions [58, 121, 195]. 
Recognizing that anthropocentric design has contributed to ecolog-
ical degradation, regenerative design draws from other scholarly 
movements, such as posthumanism [16, 20, 72], that de-centre hu-
man needs and acknowledge the agency of non-human entities 
[57, 137, 138, 143, 173, 196]. Still, implementing regenerative ap-
proaches is complex in practice. For one, we lack “ecoliteracy” and 
an understanding of the ecosystems and living worlds around us 
[188]. Moreover, the existing digital infrastructure and tools that we 
have come to depend on rely on manufacturing processes and mate-
rials that are inherently energy-intensive, toxic, and non-renewable 
[36, 84, 118, 199]. 

To that end, the mindful creation of “living artefacts” – tangible 
systems integrating living organisms – introduces the inherent ca-
pacities of life, such as growth, repair, and transformation, into mate-
rial practices. These systems offer novel functionalities, aesthetics, 
opportunities for mutualistic care, and re-conceptualizations of 
habitats [94], thereby enabling them to engage in ecological cycles 
and support regeneration [95]. At the same time, these systems 
have the potential to cultivate sensibilities and ecological literacies, 
fostering deeper awareness and care in shared habitats [95, 214]. At 
CHI’25, the panel on Regenerative Material Ecologies in HCI [139] 
articulated the ambition of regenerative systems while identifying 
a critical challenge and missed opportunity when it comes to actu-
ally designing with living organisms in a way that is regenerative: 
while regenerative design philosophy offers guidance for why and 
what we might design, the “how” remains underdeveloped, with 
unclear pathways for implementation and especially integration 
with digital infrastructure and tools. 

2.2 Bio-Digital Interfaces in HCI 
Bio-HCI, the subject of several workshops at CHI and DIS [52, 61, 
98, 216], is a term encompassing approaches to integrate biomateri-
als – both living and derived from living systems – into interactive 
interfaces [12]. While bio-HCI is not synonymous with regenera-
tive design, projects in this space showcase the potential for living 
artefacts that can grow, adapt, and respond to their environments 
in ways that conventional materials cannot. Many transform gar-
ments, surfaces, and other materials into habitats for living organ-
isms, endowing otherwise passive products with novel aesthetics, 
functionality, and responsiveness [65, 145, 208, 217]. Others enable 
direct interactions between humans and organisms without digital 
mediation, revealing new paradigms of care-centric interactions, 
making, and ecological awareness [13–15, 142, 159, 214]. 

Combinations of digital components with living systems have 
opened up rich possibilities for HCI, contributing, for example: 
digital systems with living substrates or scaffolds [104, 217], aug-
mented fermentation systems [13, 31], living displays in which 
digital components activate visible organism responses [10, 22], 
systems that sonify living processes [128, 158], biotic games in 
which humans control living microorganisms through a digital in-
terface [68, 97, 100, 109, 157], interactive habitats and observation 
platforms [66], digital representations of living organisms through 
digital twinning and/or extended reality interfaces [78, 194], and 
hybrid bio-digital fabrication platforms [90, 150, 176]. Plants have 
especially been broadly studied in bio-digital systems within HCI 
[29, 51, 78, 79, 108, 120, 123, 151, 165, 217]. Such studies showcase 
novel interactions and technical feasibility. Still, to move beyond 
one-off implementations, we need design frameworks that help 
articulate and inspire how biological and digital components can 
support one another, especially towards regenerative outcomes. 

Existing HCI frameworks provide a valuable starting point. Zhou 
et al.’s taxonomy of digital tools for biodesign takes an organism-
centric approach, elucidating how technology can play the roles 
of understanding, embodying, and perpetuating habitats for living 
organisms [213]. Kim et. al further elaborate upon the role of digital 
components as a surfacing mechanism [99]. On the more mechanis-
tic side, Pataranutaporn et al.’s Living Bits framework proposes a set 
of computational characteristics – input, process, output, language, 
scale, speed, power, and recyclability – that structures comparisons 
between biological and digital systems and guides future bio-digital 
hybrid system design [147]. Living Bits is a significant first step 
in foregrounding computation as a shared lens for bio-digital inte-
gration, offering a high-level classification for certain dimensions. 
However, much work remains to unpack some aspects further: in 
particular, “processing” is treated as a single, undifferentiated func-
tion, obscuring the diverse and fine-grained computational roles 
that living systems might play. 

2.3 Frameworks and Examples for Computing 
with Living Organisms Beyond HCI 

Bio-digital frameworks in HCI elucidate how digital systems can 
support living organisms, maintaining or creating habitats, mod-
elling and surfacing organisms’ behaviours, or co-fabricating mate-
rials together. An underlying assumption is that the computation 
is done by the digital component; after all, digital systems are built 
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to compute. Critically, however, organisms compute too, and de-
signing bio-digital systems without unpacking the computational 
dimension misses core aspects of both digital and biological sys-
tems’ existence. Accordingly, theoretical computer scientists have 
proposed formal abstractions to understand how biological com-
putation compares with other forms of computation. Jaeger et al.’s 
generalized computational framework describes how models of 
computation, input/output data, and environmental factors trans-
late between theoretical and physical systems, agnostic of substrate, 
including biological ones [91]. Stepney et al. define formal criteria 
for when biological processes constitute “genuine” computation 
[77, 179, 180]. Păun and other “natural computing” researchers have 
developed theoretical models such as membrane computing, which 
abstracts the hierarchical structure and biochemical processes of 
biological cells into formal, generalizable computing frameworks 
[154]. While theoretically rigorous, such frameworks operate at 
high abstraction levels that are not readily translatable for practi-
tioners building physical bio-digital systems. 

Engineering design researchers have tackled the biological-digital 
gap by focusing on language barriers between disciplines. Several 
have proposed systematic approaches for identifying keywords 
from biology literature and translating these into meaningful analo-
gies for engineering design (e.g., the biological keyword “lyse” has 
functional correspondents such as “end” or “interrupt”) [33, 34]. 
Such approaches are still fairly abstract and primarily support 
biomimetic or bio-inspired design. 

On the other end, roboticists developing bio-hybrid “cyborgs” 
have proposed mechanistic frameworks that specify mechanical 
analogues for biological components. Ricotti and Menciassi’s frame-
work outlines traditional mechatronic parts as targets for biological 
component development [156]. Extending beyond individual robots 
and mechanical parts, Romano et al. address social dimensions 
of bio-hybrid systems, developing control protocols for animal-
robot and multi-organism coordination in swarms [162]. These 
approaches outline future avenues of mechanical integration and 
communication for bio-digital robots but do not readily generalize 
to non-robotic systems. 

There are yet other frameworks for bio-digital systems emerging 
from investigations centred on specific organisms or specific com-
putational paradigms. Slime mould (Physarum polycephalum) in par-
ticular has been extensively characterized by Adamatzky and other 
“unconventional computing” researchers, who have implemented 
slime mould analogues to digital components, like logic gates and 
memristors, and have proposed theories for how Physarum “com-
putes” [1–3, 19]. Very recently, reservoir computing, a lightweight 
machine learning model, has been applied to capture fungal mycelia 
growth and bacterial colony dynamics as computation [5, 185, 187]. 
These cross-disciplinary efforts reflect the growing recognition of 
biological systems’ computational potentials and the diversity of 
approaches for harnessing them. 

2.4 Summary of Accounts 
These existing works provide valuable foundations for bio-digital 
system design in HCI, contributing important perspectives on the-
oretical models (computer science), conceptual translation and 

analogy-building (engineering design), organism- and system- spe-
cific mechanical integration (multiple disciplines), and interaction 
paradigms (HCI). Yet none provide a holistic vocabulary for articu-
lating the computational functions that living organisms and digital 
components can perform for one another in hybrid systems. While 
existing frameworks characterize interaction modalities and design 
roles, they offer limited guidance for implementing these interac-
tions. This requires understanding the underlying computational 
capacities of system components. Establishing this understanding is 
an essential step if such systems are to move beyond interaction and 
toward regeneration, where biological and digital components form 
mutually beneficial partnerships that support larger ecosystems. 

3 Computational Design Taxonomy 
In this section, we introduce a computational design taxonomy 
for bio-digital systems, drawing upon existing multi-disciplinary 
computational frameworks. In subsequent sections, we use this 
taxonomy to examine patterns in current microorganism-based bio-
digital systems. We present an interactive visualization platform and 
open-source database to facilitate exploration and analysis of bio-
digital systems using our taxonomy as a scaffold. Finally, we discuss 
how our analysis generates concrete opportunities for bio-digital 
systems, surfaces new considerations for developing regenerative 
systems, parallels similar considerations in other sub-communities 
of HCI, and suggests future implications for the taxonomy itself. 

3.1 Formulation 
The purpose of our computational taxonomy is to provide (bio)-
designers and HCI researchers with a classification and vocabulary 
of essential computational functions in bio-digital systems at an 
abstraction level that is actionable – appropriately grounded in 
computational theories with clear physical implementation impli-
cations – while avoiding prescription to a single architecture and 
preserving openness to emergence. 

Per Minsky [127], a machine – whether it be a bio-digital sys-
tem or conventional computer – is a physical model of underlying 
abstract processes. But what are these underlying abstract pro-
cesses that form a basis for computation? This question has been 
explored extensively across computer science [60, 122, 203, 218], 
mathematics [125, 189], cognitive sciences [136, 175], cybernetics 
[204], and philosophy [35, 148, 172]. There remains disagreement 
on the exact basis for computation, with debates extending be-
yond this work’s scope. For example, is computation fundamentally 
knowledge-generating [203], or does it merely manipulate sym-
bols and transform information [127, 189]? How do computation, 
cognition, and information processing relate [62, 148]? Must we 
decompose computation into (hierarchical) representations at all 
[23]? These debates sparked multi-hour discussions within our 
team, leading us to examine existing taxonomies and resources – 
such as those for human computation [155] and AI systems [209] – 
for grounding. Ultimately, we recognized that each computational 
framework reflects its creators’ perspectives and purposes. There is 
no singular, “correct” categorization of computation – only different 
lenses that reveal different possibilities. 

In formulating our taxonomy, we build upon established prin-
ciples from information processing theory [62, 175], abstractions 
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from cybernetics [204], and mechanistic frameworks from com-
puter architecture [189, 193]. We borrow a functional modelling 
approach from systems design [33, 48, 181], avoiding commitment 
to any particular computational paradigm. Recognizing that in liv-
ing organisms, functions and components do not share the same 
one-to-one mapping or hierarchies as they often do in artificial 
systems, in the taxonomy we put forth here, we avoid specifying 
component hierarchies, instead offering a “flat” categorization of 
core computational functions. 

3.2 Foundational Taxonomy Layers 
Our proposed taxonomy comprises eight computational layers that 
capture essential functions applicable across diverse computational 
architectures: Input, Transduction, Evaluation/Comparison, 
Routing/Selection, Memory/State, Adaptation, Output, and 
Power. Table 1 describes each layer’s primary functions. We char-
acterize the functionality of these layers across two dimensions: 

Space – the spatial characteristics required to elicit the com-
putational function (e.g., for organisms, (sub)cellular, organism, 
population, or ecosystem). 

Time – the temporal characteristics of the function’s response, 
including response latency and whether effects are transient or 
persistent. 

This taxonomy extends the Living Bits framework [147] by de-
composing its broad concept of “Process” into discrete functions: 
Transduction, Evaluation/Comparison, Routing/Selection, Mem-
ory/State, and Adaptation. We also expand beyond the Living Bits 
framework’s “Speed” dimension to capture emergent temporal qual-
ities more comprehensively. 

This taxonomy finds tractability in conventional computing, 
where it can be used to describe fundamental algorithmic opera-
tions, as well as contemporary machine learning algorithms. No-
tably, it also maps to diverse hardware architectures, such as Von 
Neumann (digital), analogue, neuromorphic, and cellular automata 

Table 1: Functional layers of our computational design tax-
onomy for bio-digital systems 

Layer Function(s) 

Input Provide electrical, chemical, physical, optical, or other 
signals to the system 

Transduction Convert information between different representations 
and forms 

Evaluation Determine relationships, classify information, perform 
comparisons 

Routing Direct information flow, select paths, coordinate system 
components 

Memory Store and enable retrieval of information and machine 
state 

Adaptation Modify system behaviour based on experience and feed-
back 

Output Manifest system state as electrical, chemical, physical, 
optical, or other signals 

Power Sustain the energy requirements of computational activ-
ities 

computers, implying a toolbox of concrete implementation path-
ways for each functional role. Appendix A details how the taxonomy 
describes these operations and hardware architectures. Multiple 
functions may be performed by the same physical component, or 
multiple components may also coordinate to perform a single func-
tion; this is a notable feature that becomes especially relevant when 
applying the taxonomy to living organisms. 

While we concede that this taxonomy may not describe every 
possible computational system, we aim to demonstrate that it is 
still a practical starting point for analysing computational roles 
across hybrid architectures. We discuss in subsequent sections of 
this paper how this taxonomy was applied, and complicated, during 
our analysis of existing bio-digital systems. 

4 Analysing Existing Bio-Digital Systems 
4.1 Methodology Overview 
To investigate if and how our computational taxonomy reveals ac-
tionable insights about bio-digital systems, we applied it to analyse 
a scoped subset of bio-digital systems that are of particular interest 
to HCI researchers and practitioners. We focused on self-contained 
systems in which digital components physically interface with mi-
croorganisms (e.g., bacteria, protozoa, fungi, slime moulds) and 
DNA-based components. These biological components have practi-
cal advantages for HCI: they can be cultured rapidly (on the order 
of days, or faster), maintained without specialized equipment or 
care facilities, and integrated into diverse form factors of various 
scales. While plant and animal-based systems are also of interest 
in HCI and offer rich interaction possibilities, their development 
timescales and scalability place different constraints on design. Still, 
we believe that our taxonomy remains applicable to these systems, 
as we discuss in Section 6.5. 

Our analysis was guided by the question: What computational 
roles do biological organisms currently play in bio-digital systems, 
and what patterns emerge from this distribution? To address this, 
we undertook a four-phase process: 

• Phase 1: System Collection. We gathered a list of bio-
digital systems from academic databases, review papers, 
printed media, and artistic portfolios. 

• Phase 2: Screening. We narrowed down the collection us-
ing predefined inclusion and exclusion criteria. We supple-
mented the collection with a secondary screening of aca-
demic and non-academic sources. 

• Phase 3: Coding. We coded the remaining systems using our 
computational design taxonomy, identifying computational 
roles for biological and digital components, as well as the 
interactions between them. 

• Phase 4: Analysis. We visualized the complex data with an 
interactive visualization platform that we created, enabling 
us to identify underlying patterns more readily and analyse 
them within our team. 

Subsequent sub-sections detail these phases. Resulting patterns 
are presented subsequently in Sections 5. 
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4.2 Phase 1: System Collection 
We identified relevant bio-digital systems3 across HCI, biodesign, 
and bio-art through a multi-source approach. We searched the ACM 
Digital Library and IEEE Xplore as primary databases for work in 
HCI, engineering, and biology, supplementing these with thorough 
reviews of included citations in key review papers in biodesign 
and HCI [64, 83, 94, 99, 147, 213]. Additionally, we included bio-
digital systems from the first author’s personal collection, art and 
science books, online collections of bio-art exhibitions, portfolios 
of prominent bio-artists, and relevant review papers. This multi-
source approach was essential, as many bio-digital systems emerge 
from artistic practice in addition to traditional academic venues. A 
complete list of the books and portfolios reviewed can be found in 
Appendix B (Table 3). 

Our search strategy balanced comprehensiveness with feasi-
bility. We limited our searches to 2005–2025 to capture 20 years 
of bio-digital system development while maintaining tractabil-
ity with modern computational paradigms and biodesign tools. 
Only English-language, non-retracted publications were consid-
ered. Search terms were made intentionally broad to capture the 
diverse vocabulary used across disciplines. Table 2 lists the complete 
set of search strings used for academic databases. 

This collection phase took place over a 14-week period (May – 
August 2025). In addition to 6 review papers, 6 hardcopy books, 
and 6 artist portfolios, we gathered 1,500 records (ACM: 1000; IEEE: 
500), of which 3 duplicates were removed. 

4.3 Phase 2: Screening 
We applied exclusion criteria to the titles, abstracts, and metadata 
of all collected literature, removing works that: 

• did not include a living organism or DNA (i.e. were purely 
bio-mimetic, bio-inspired, or bio-derived systems) 

• did not include digital/electronic components 
• used living organisms or DNA solely for making materials 
that are physically extracted before integration with a digital 
component (e.g., as physical non-living scaffolding of digital 
components) 

• used digital components solely for climate control 
• used whole, multi-cellular animals (rodents, fish, etc.), plants, 
or organs 

• operated solely in a clinical (therapeutic/pathology-oriented) 
or in vivo context 

• were purely theoretical or speculative pieces without func-
tional prototypes 

• lacked proper descriptions of the actual organisms involved 
and their functions or activities 

This screening excluded 1,370 records, leaving 127 articles for 
full-text examination (83 from ACM, 44 from IEEE). A full-text 
examination yielded 34 articles that met all criteria. Our screen-
ing of systems cited in review papers yielded 5 additional articles. 
Appendix C provides detailed examples of excluded cases. 
3While we primarily use “systems” in the rest of this paper for consistency, most 
systems we analysed refer to themselves as “artefacts,” the more common terminology 
in biodesign and art. 

We applied the same inclusion/exclusion criteria to the collected 
bio-digital systems from the personal collection, books, and port-
folio sites, supporting the process with additional documentation 
about the projects that was available online. From this, we identified 
27 systems meeting our criteria (personal collection: 9, books: 6, 
artist portfolios: 12). 

During preliminary coding, a second round of targeted searches 
were conducted to fill in underrepresented computational areas; for 
example, noticing that there were almost no bio-digital systems in 
our initial collection utilizing the biological component for memory, 
we opened a targeted search, looking particularly closely for DNA-
based projects. We did not, in fact, uncover DNA-based bio-digital 
systems meeting our criteria, but we did uncover an additional 
biological memory example (Archean Memory Farm [85]). 

This supplementation from secondary searches added 4 systems. 
In total, our screening of academic databases, review papers, hard-
copy books, artist portfolios, and secondary searches yielded a final 
dataset of 70 bio-digital systems for coding and analysis (Figure 2 
and Appendix D). 

4.4 Phase 3: Coding 
The final 70 systems were systematically coded, capturing: 

• Organism characteristics, such as species, observable re-
sponse, triggering mechanism (i.e., external stimuli needed 
to elicit response(s)) 

• Temporal characteristics of the organism’s activities of in-
terest, such as response speed and other emergent properties 
(e.g., if the activity is transient or cumulative) 

• Spatial needs, organizational level required for detectable 
response (subcellular, cellular, organism, population, ecosys-
tem) 

• Computational role(s) of the organism for the digital 
components 

• Computational role(s) of the digital component(s) for 
the organism 

Deductive coding was applied for spatial dimensions and the 
computational role(s) of the organism, using the predetermined 
categories described in Section 3. Inductive coding was used for 
organism-specific and temporal dimensions, where codes emerged 
during analysis. 

Determining computational roles of the digital components re-
vealed a challenge: defining roles inherently implies directionality 
– that is, that the role is performed for some agent. While “organ-
ism” roles are more straightforwardly interpreted to be for a digital 
system (and/or for a human user), “digital” roles required reconcep-
tualizing what computational support means in a bio-digital system. 
This led to a hybrid coding approach where our predetermined tax-
onomy categories were supplemented with emergent codes. For 
example, we used “output (connect to humans)” in cases where 
digital components play the role of obviating biological activity for 
humans to appreciate (drawing on Zhou et al.’s taxonomy of digital 
tools for living organisms [213]) rather than directly supporting an 
organism’s needs or assumed computational “goals.” 

The bio-digital systems were coded independently by two team 
members – one with expertise in biodesign and one in computer 
science – using publications, supplementary videos, and project 
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Table 2: Search strings used in each database 

Database Search String # Results 
ACM DL [[All: "microbe"] OR [All: "microbial"] OR [All: "microorganism"] OR [All: 

"micro-organism"] OR [All: "bacteri*"] OR [All: "cyanobacteri*"] OR [All: 
"slime"] OR [All: "yeast"] OR [All: "algae"] OR [All: "fungi"] OR [All: "fun-
gal"] OR [All: "biodesign"] OR [All: "bioart"]] AND [[All: "technology"] OR [All: 
"electronic*"] OR [All: "biohybrid"] OR [All: "bio-hybrid"] OR [All: "interface*"] 
OR [All: "biodigital"] OR [All: "bio-digital"]] 

3159 (1000 taken) 

IEEE ("Abstract":"microbe" OR "Abstract":"microbial" OR "Abstract":"microorganism" 
OR "Abstract":"micro-organism" OR "Abstract":"bacteri*" OR "Ab-
stract":"cyanobacteri*" OR "Abstract":"slime" OR "Abstract":"yeast" OR 
"Abstract":"algae" OR "Abstract":"fungi" OR "Abstract":"fungal" OR "Ab-
stract":"biodesign" OR "Abstract":"bioart") AND ("Abstract":"technology" OR 
"Abstract":"electronic*" OR "Abstract":"biohybrid" OR "Abstract":"bio-hybrid" 
OR "Abstract":"interface*" OR "Abstract":"biodigital" OR "Abstract":"bio-digital") 

1423 (500 taken) 

Figure 2: Images of the microorganism-based bio-digital systems selected for analysis (listed in Appendix D) 1 [182], 2 [109], 3 
[50], 4 [31], 5 [202], 6 [215], 7 [116], 8 [210], 9 [112], 10 [194], 11 [158], 12 [63], 13 [21], 14 [85], 15 [105], 16 [86], 17 [183], 18 [8], 
19 [157], 20 [10], 21 [17], 22 [111], 23 [128], 24 [130], 25 [184], 26 [129], 27 [74], 28 [80], 29 [41], 30 [167], 31 [177], 32 [115], 33 
[149], 34 [178], 35 [44], 36 [70], 37 [4], 38 [13], 39 [24], 40 [42], 41 [39], 42 [40], 43 [169], 44 [27], 45 [22], 46 [68], 47 [7], 48 [163], 
49 [25], 50 [100], 51 [157], 52 [110], 53 [89], 54 [160], 55 [153], 56 [56], 57 [140], 58 [88], 59 [164], 60 [32], 61 [73], 62 [168], 63 [6], 
64 [75], 65 [150], 66 [81], 67 [113], 68 [82], 69 [205], 70 [49] 
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documentation. Several nuances emerged during the coding that re-
quired resolution. For example, trigger mechanisms often remained 
implicit (e.g., a paper might describe growth without explicitly not-
ing the addition of nutrients, the underlying “triggers”). While some 
papers specified stimuli, others described and utilized organisms’ 
dynamics that did not appear to have external triggers. Tempo-
ral characteristics also often required contextual interpretation, 
requiring inference from measurement protocols (e.g., measure-
ment intervals), experimental timelines, or video documentation. 
Scale also presented challenges, as some systems utilized organisms’ 
cellular-level activities but were implemented on a population scale; 
this was most notable for the biotic games. Notably, computational 
role boundaries were often blurred, with “transduction” in partic-
ular being an implicit role even when an organism appeared on 
first reading to be solely an input or output. We established shared 
criteria for handling such ambiguities. For example, organisms ex-
hibiting autonomous behaviours, such as growth or movement, 
without documented external stimuli were coded with a trigger of 
“none.” 

When considering temporal characteristics, we distinguished 
between intrinsic and expressive timescales. While intrinsic activi-
ties, such as biochemical and metabolic activities are often rapid, 
the perceptible, “expressive” outcomes of those processes, such as 
changes in size or colour, often transpire more slowly. We coded or-
ganismal responses according to their expressive timescales to align 
with their function and expression in the context of the bio-digital 
system. For instance, microbial fuel cells (MFCs) generating electric-
ity through metabolism were coded at minute-to-hour timescales 
to align with usable power accumulation rates and documented 
measurement intervals, not actual electron transfer speeds within 
the bacteria (which are near-instant). 

For temporal/spatial characteristics and computational roles, we 
applied an additive principle: for example, organisms explicitly 
described as “sensors” but performing signal transduction received 
both “input” and “transduction” codes, capturing a more complete 
computational contribution. In cases where the documentation 
was incomplete, particularly common among artistic works, or 
where the coding was ambiguous, both coders jointly searched 
for and reviewed available materials, discussing interpretations 
before reaching consensus on the final coding (example discussion 
in Appendix E). 

Here we describe Lam et. al’s Pac-Euglena [109] to illustrate how 
roles were coded (Figure 3): a human provides input through a 
digital interface (keyboard), which in turn stimulates the microor-
ganism by activating LEDs (digital → organism role: input (activate)). 
The organism responds, transforming the light stimulus to move-
ment (organism → digital role: transduction). The movement of the 
organism is tracked and assessed by the computer (digital → or-
ganism role: evaluation/comparison). This activity is displayed to 
the humans through a projected live microscope feed (digital → 
organism role: output (connect to humans)). 

Figure 3: Interactions in the Pac-Euglena system [109]. From 
left to right: A user presses a key; LED light is turned ON (dig-
ital → organism role: input (activate)); the Euglena cell moves 
away from the light (organism → digital role: transduction); 
the movement is captured through computer vision (digital 
→ organism role: evaluation/comparison) and displayed back 
on a computer (digital → organism role: output (connect to 
humans)). 

4.5 Phase 4: Analysis through Interactive 
Visualization 

To analyse our dataset, we developed a publicly available, inter-
active online visualization platform to facilitate our identification 
of patterns in existing bio-digital systems and identification of de-
sign opportunities4 . The platform is implemented as a web-based 
application using React for interface management and D3.js for 
data visualization and interaction handling (Figure 4). The web 
app visualizes analysed bio-digital systems as a modified Sankey 
diagram, with columns of nodes corresponding to the dimensions 
of our coding, as described in Section 4.4. 

Links connect nodes across different categories, with link thick-
ness and node sizes reflecting the number of systems sharing that 
characteristic. This encoding makes visible the distribution of ex-
isting systems and the strength of associations between different 
computational roles and organism characteristics. 

4.5.1 Exploration of Bio-Digital Systems. To identify dominant 
patterns in current bio-digital systems, we identified visibly thick 
flows and nodes in our visualization and subsequently explored 
their interconnections and relationships (or lack thereof) with other 
nodes. We designed the platform to support multiple interactions for 
open-ended exploration. Hovering over nodes and links highlights 
complete flows through the visualization, tracing how characteris-
tics are connected. Clicking on any node or link freezes the current 
highlighting, after which hovering over additional elements reveals 
intersections using a second colour (Figure 5). We used this compar-
ative highlighting to discover co-occurrences of organisms, their 
characteristics, and their computational roles. 

4Link: https://biodigitalviz.github.io/ 

https://biodigitalviz.github.io
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Figure 4: Our online interactive visualization platform. 

Double-clicking a node or link opens a detailed modal displaying 
the systems that share that node or link (Figure 6). Each entry details 
codes assigned to that system, along with a thumbnail image and an 
external link to its paper or webpage. When viewing intersections 
between frozen and hovered selections, the detail view shows only 
systems matching both criteria. 

We also inspected the visualization for sparse connections and 
small nodes that indicated underutilized pathways or gaps in the 
dataset. We searched for gaps in both the default view and within 
subsets, using the previously described frozen highlighting function. 
Our visualization platform supports this exploration by allowing 
columns in to be filtered or rearranged (by dragging and dropping). 

4.5.2 Community-Driven Curation. We have populated this visual-
ization with the 70 microorganism-based bio-digital systems that 
our team collected and coded. However, this is merely the start 
of an organic, community-driven repository of bio-digital systems 
to which other researchers can also contribute. The platform in-
cludes a form through which anyone can contribute and classify 
new bio-digital systems. Submissions are instantly added to an 
Airtable database. Upon submission of the form, new systems are 
also immediately integrated into the visualization. In the short term, 
we plan to manually monitor submissions for consistency. 

5 Results: Patterns in Current Bio-Digital 
Systems 

We now describe the results of our computational taxonomy-guided 
analysis of existing bio-digital systems. Our identification and sub-
sequent explorations of dense and sparse areas of our visualized 
data reveal significant clustering patterns in how current systems 
leverage organisms, biological and digital computation, temporal 
qualities, and spatial qualities. 

5.1 Organism Features 
Biological outputs used in current microorganism-based bio-digital 
systems cluster around three modalities: electrical signals (36%, 25 
systems), movement (27%, 19 systems), and growth (27%, 19 sys-
tems). In contrast, chemical outputs (3 systems, e.g, Biodegradable 
Implant [17]), temperature (1 system, Nukabot [31]), and non-light-
generating optical effects (2 systems, e.g., Living Mirror [25]) oc-
cur only sparingly. This clustering reflects the type of organisms 
commonly used in designs: nearly all movement-based systems 
utilize Euglena (e.g., EuglPollock [110]) or paramecia (e.g., Where 
Species Meet [89]) for their predictable phototaxis, and electrical-
based systems predominantly employ electrogenic bacteria as MFCs 
(e.g., ALICE [8]). Systems consistently use organisms for single, 
well-characterized behaviours, with limited consideration of their 
broader, multi-modal capabilities. 

Trigger mechanisms exhibit similar clustering. Light (33%, 23 sys-
tems) and nutrients (26%, 18 systems) are the most common stimuli, 
with systems leveraging well-understood biological responses like 
phototaxis and chemotaxis and simple digital control (e.g., LEDs 
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Figure 5: An example exploration using our visualization platform of the intersection between “electrical” observable outputs 
and ≤1 second reaction speeds. The red dashed line around the ≤1 second “Speed” node indicates that we had previously clicked 
on that node, highlighting connections in blue. Subsequent hovering over nodes and links, such as the “electrical” observable 
output here, highlights intersections in green. 

Figure 6: System Detail View for bio-digital systems in which 
the biological organism plays a “power” role for the system. 

for light stimulation (e.g., Pac-Euglena [109]) and a syringe for nu-
trient delivery (e.g., Tardigotchi [43])). Despite offering comparable 
precision, alternative triggers such as magnetic fields (5 systems, 
e.g., Living Mirror [25]), chemical signals (6 systems, e.g., Reactive 
Fungal Wearable [4]), and pH changes (1 system, Biodegradable 
Implant [17]) remain underutilized. Notably, 11 bio-digital systems 
(16%) employ no specific external trigger, relying instead on or-
ganisms’ ambient responses or intrinsic metabolic variations (e.g., 
Microscopic Opera [130]). 

5.2 Computational Role Asymmetries 
Our analysis reveals fundamental asymmetries in biological and 
digital computational partnerships. Organisms mostly serve a trans-
duction role (49%, 34 systems), converting stimuli through metabolic 
or behavioural processes (Figure 7). This transduction role almost 
invariably co-occurs with the roles of output (36%, 25 systems) – 
with organisms producing observable movement, growth, or biolu-
minescence – or input (29%, 20 systems) – with organisms serving 
as sensors that produce digitally detectable responses. Meanwhile, 
13 systems (19%) use organisms for power generation as MFCs. 
As we expected, advanced computational roles for organisms are 
nearly absent: evaluation/comparison appears in 3 systems (e.g., 
Mining Logic Circuits in Fungi [160]), selection/routing in 4 (e.g., 
Algae Relay [83]), memory/state in 2 (Archaean Memory Farm [85] 
and Cryptographic Beings [169]), and adaptation in only 1 (Beauty 
[40]). 

Digital components show inverse patterns in terms of the com-
putational roles that they play for the organism. They serve as 
input providers (“activators”) to the biological system in 35 systems 
(50%), providing controlled stimuli such as light, sound, or electrical 
signals. In 9 systems (13%), digital components merely play a power 
role for the organism (e.g., Living Things [42]); 2 of these serve as 
simple life support systems, with power being the only role they 
play for the organism. They serve as output in 27 systems (39%), 
translating biological output to perceivable forms for human inter-
pretation and interaction (e.g., as a display to obviate organismal 
movement (e.g., Trap it! [112], BioGraphr [56]). Transduction occurs 
in 27 cases (39%) and usually co-occurs with other roles. Notably, 
despite capacity to perform any and all of the computational func-
tions we define in our taxonomy, digital components also play fairly 
primitive computational roles to support biological computation in 
bio-digital systems, with only 4 systems providing adaptation roles 
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Figure 7: In 49% of the analysed bio-digital systems, the organism serves a transduction role (encircled in red). In 50% of the 
systems, the digital components serve as the input to activate the organism’s response. 

(e.g., Composing with Biomemristors [128], CMD [167]) and only 1 
system providing memory/state support (Cyano-Chromic Interface 
[215]). 

This distribution reveals that beyond simple input or output, cur-
rent bio-digital systems position organisms as merely transducers, 
converting digital inputs to biological outputs or vice versa. In sys-
tems where the organisms generate power, the digital components 
rarely leverage the organisms’ other capabilities, treating them as 
single-function components rather than multi-faceted computa-
tional agents (Figure 8). The near-absence of biological memory (2 
systems) and adaptation (1 system) is particularly striking given 
the fact that cellular memory and evolution are fundamental biolog-
ical processes. In general, our results reveal that current bio-digital 
systems neither fully exploit the inherent strengths of each compo-
nent nor provide a platform for genuinely reciprocal interactions 
between them. 

5.3 Temporal Qualities of Bio-digital Systems 
5.3.1 Response Time/Speed. The speed of utilized biological re-
sponses inversely correlates with computational sophistication. 
“Fast” organisms with expressive responses occurring in less than 1 
second (e.g., GFP Screen [86], Living Mirror [25]) (36%, 25 systems) 
are often simply used as outputs to the system (36% of fast sys-
tems), alongside a transduction role (72% of fast systems) (Figure 
9). These systems are mostly biotic games (e.g., Pac-Euglena [109]) 
that utilize organisms’ transient movement (dinoflagellate-based 
systems, which output light, are exceptions) arising in response 
to light or electrical triggers. Minute-to-hour timescales feature 
bacterial MFCs with progressive (i.e., without return to a baseline 
state) charge accumulation. Still, organisms at this timescale are 
limited primarily to transduction and power roles. 

At longer timescales >1 hour, growth becomes the dominant 
mode of output, and more sophisticated computational roles begin 
to emerge. Nukabot [31] leverages three bacterial species’ fermen-
tation processes on an ecosystem scale, while Beauty [40] bestows 
more complex computational roles onto organisms, such as adapta-
tion. Still, advanced computational capacities such as memory, state 
management, and adaptation remain rare across all timescales. 

5.3.2 Response Patterns. 49% of systems analysed (34 systems) uti-
lize transient effects – ones returning to baseline in the absence 
of a stimulus. 44% (31 systems), utilize progressive effects – ones 
accumulating over time. Systems exhibiting non-transient or non-
progressive patterns – such as persistent (i.e., an effect that is sus-
tained even after the removal of a stimulus) and random patterns 
(e.g., noise) – are rare, collectively representing only 7% (5 systems) 
of the dataset. 

Some patterns always co-occur. For example, transient patterns 
correlate with fast reaction times (64% of transient patterns) and 
particular organism output modalities: movement (e.g., Pac-Euglena 
[109]), followed by electrical (e.g., Micro-Rhythms [88]) and light 
(e.g., Algae Alight [22]). Progressive patterns correlate with long 
reaction times (with the exception of Archaean Memory Farm [85]) 
and growth (e.g., The Crucible [105]) or electrical outputs (e.g., 
ALICE [8]). Additionally, spike train patterns are inherently also 
transient and electrical (e.g., BioSoNot [49]). 

5.4 Spatial Qualities of Bio-Digital Systems 
Most bio-digital systems operate at single-species scales (83%, 58 
systems), utilizing the activities of single organisms or of a popu-
lation of a single species. The biological component is often also 
contained in a small physical size, for instance as a bacterial colony 
in a Petri dish (e.g., Beauty [40]) or within a microfluidic device (e.g., 
Pac-Euglena [109]). This physical constraint was so universal in our 
dataset that we excluded physical size from our coding scheme – 
virtually all systems operated at bench-top scale or smaller, with 
rare exceptions using projections to visually amplify microscopic 
organisms (e.g., MicroAquarium [111]) or artistic installations. 

The 12 systems that do operate at the ecosystem level mostly 
rely on naturally occurring microbial ecosystems, such as those 
found in water or in the human body. However, they do not explic-
itly leverage connections or interactions between these organisms. 
Even within these ecosystem-scale systems, organisms are typi-
cally confined within small spatial footprints (e.g., BioSoNot [49]), 
functioning in closed ecosystems. POND [140] is one system that 
operates in an open ecosystem, utilizing the activities of organisms 
in the surrounding environment, but its digital (and mechanical) 
components are still physically confined. 
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Figure 8: In systems where the organism plays a power-generating role (encircled in red), it rarely plays other computational 
roles (in only 1 system [215], it plays a second role, which is input). 

Figure 9: 36% of systems analysed use organisms’ “fast” (≤1 second) responses. These are almost exclusively transient responses 
(the intersection between ≤1 second and transient responses is encircled in red) that co-occur most frequently with movement 
as the modality of response. 

6 Discussion 
Our taxonomy-guided analysis revealed computational blind spots 
that guide us towards targeted explorations for future bio-digital 
systems. We subsequently highlight a few of these gaps and describe 
design pathways for more sophisticated and synergistic bio-digital 
systems. We further discuss the contributions such systems could 
make to HCI and to the broader discourse on regeneration. 

6.1 Untapped Potentials of Bio-Digital Systems 
6.1.1 Multi-Modal Organism Capabilities. Our results show that 
microorganisms in bio-digital systems are often reduced to a simple 
function, with a single trigger producing a single output, despite 
their inherently complex, multi-modal processes. Triggering mecha-
nism cluster around nutrients and light, while alternative modalities 
– such as temperature or pH – remain underexplored. Using a menu 
of diverse triggers in concert could enable systems that can activate 
both large-area, population-wide responses and small-scale, precise 
responses. 

Dinoflagellates, a micro-algae commonly used in biolumines-
cent systems, exemplify this untapped potential. While current 

dinoflagellate-based bio-digital systems rely on mechanical agita-
tion to trigger light emission (e.g., Algae Alight [22], Living Light 
Interface [10]), dinoflagellates also produce bioluminescence in re-
sponse to pH modulation, pressure variations, electrical stimula-
tion, and exposure to specific ions [71]. These capabilities could be 
harnessed for sensing in conditions where electronic pH meters 
and visual indicators interfere with processes of interest or are 
cumbersome to protect against the environment. A pH-triggered 
dinoflagellate system could, for instance, be coupled with various 
electronic or biological activities (e.g., pH manipulation, metabolic 
activity of other organisms, or sensor-controlled acid/base release) 
to enable multi-modal systems with localized responses that more 
fully harness the organisms’ potentials (Figure 10). Organisms could 
be triggered to convey fine-grained responses or spatio-temporal 
context, such as growth patterns that reveal the evolution of lo-
cal thermal dynamics over time or biochemical outputs that map 
chemical compositions (e.g., pollutant concentrations). 

We similarly observe that current bio-digital systems utilize only 
one single output modality of the organisms they incorporate. They 
particularly overlook the rich design space offered by biochemical 



Entangled Life and Code: A Computational Design Taxonomy for Synergistic Bio-Digital Systems CHI ’26, April 13–17, 2026, Barcelona, Spain 

Figure 10: Illustration of how the Algae Alight system [22] might be transformed by incorporating multi-modal triggers. On the 
left, the original system is shown, visualizing an array of petri dishes holding dinoflagellates excited by mechanical shakers. On 
the right, an extended concept incorporates pH-based stimulation of dinoflagellates. Different pH solutions can be delivered 
to precise points in the dinoflagellate tank. A display visualizes the organisms’ responses to these inputs, indicating that 
fine-grained control can be achieved through targeted pH modulation. 

signalling – with only three systems making use of chemical out-
puts (Nukabot [31], Biological Optical-to-Chemical Signal Conversion 
Interface [63], Biodegradable Implant [17]). 

To unravel new possibilities for combining and broadening modal-
ities, we took a closer look at one of the commonly used organisms 
in our collection: Physarum polycephalum (slime mould). Exist-
ing Physarum-based systems utilize its motility and electrical os-
cillations, which are linked to cytoplasmic streaming. However, 
Physarum also exhibits chromatic shifts in response to pH changes. 
While normally yellow, it is deep red-orange in acidic conditions 
(pH≈1) and bright yellow-green in alkaline environments (pH>8) 
[2, 171]. Considering these capacities together, we began to imagine 
how a system might take a dual-parameter approach, for example, 
by harnessing the organism’s electrical oscillations as indicators 
of internal computational states, while using its pH-responsive 
colour shift as an immediately perceptible environmental feedback 
channel. Such a system could function as a chemical sensor that 
embodies both detection and communication functions within a 
single bio-digital system. More broadly, utilizing multiple stim-
uli can enable a broader range of spatial and temporal control; 
for instance, mechanical stimulation typically tends to operate at 
centimetre-scale resolution, while pH-based cues can be tuned to 
millimetre-scale precision. 

6.1.2 Biological Memory x Digital Routing. We did not identify 
any systems combining biological memory/state with digital selec-
tion/routing. Pursuing this combination could enable distributed 
biological memory, where information is stored or encoded in liv-
ing systems and selectively accessed or directed through digital 
controls. Archaean Memory Farm, which proposes using the ac-
cumulation of dead magnetotactic bacteria as memory [85], and 
Cryptographic Beings, which uses the floating and sinking of Ae-
gagropila linnaei (algae balls) as bi-stable “bits” of memory [169], 

could be advanced by integrating digital systems to coordinate and 
enhance information access. Additionally, DNA-based storage has 
already been demonstrated at scale, with entire books, images, and 
even operating systems successfully encoded into DNA strands [28]. 
While somewhat unstable at high temperatures, DNA offers unique 
advantages: it is shape-independent, self-replicating, and orders of 
magnitude more physically dense than conventional storage devices 
[103]. We did not find any DNA-based bio-digital systems meet-
ing our selection criteria (i.e., ones that that physically interface 
DNA with electronics), but researchers [103], and even companies 
[18], have developed read-out techniques and digital sequencing 
machines that future work could integrate into self-contained bio-
digital systems. Pursuing integrated digital routing could enable 
more synergistic bio-digital systems that not only take advantage 
of but also forefront the vast capabilities of DNA storage for HCI 
applications (Figure 11). 

For interaction design, biological memory offers many poten-
tial advantages. For example, DNA can be embedded within flexi-
ble, miniaturized, or unconventional form factors in environments 
where conventional rigid memory systems are impractical or unde-
sirable [103]. 

6.1.3 Biological Evaluation x Digital Adaptation. The systems that 
we identified that utilize organisms for evaluation/comparison (e.g., 
slime mould in [160, 202]) do not leverage digital components’ full 
range of computational abilities to support the integrated organism. 
In pursuit of this gap, we identified one opportunity: physical reser-
voir computing, an emerging computational approach that lever-
ages substrates with complex, non-linear dynamics and temporal 
memory – traits common in many biological systems [133]. Physi-
cal reservoir computing could harness bacterial collective decision-
making or slime mould path optimization as evaluation/comparison, 
for example by processing spatio-temporal inputs, such as gestures. 
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Figure 11: Illustrative concept of a bio-digital system com-
bining DNA memory with digital routing. A composite ma-
terial interfaces digital interconnects with embedded DNA-
containing particles. The molecular DNA strand densely en-
codes information. The digital interconnects enable access 
(reading and writing) to the information stored in the DNA. 

Digital components could provide adaptation, learning optimal 
stimulation protocols based on real-time biological responses. Re-
cent works within this context demonstrate potential. Scientists 
have achieved impressive accuracy and significant resource sav-
ings on benchmark classification tasks by modelling reservoir net-
works after mycelium growth [187], solving regression tasks with 
E. coli reservoirs [5], and even physically integrating conductive 
mycelium networks directly onto hardware as functional reservoir 
computers [185]. This combination could potentially simplify com-
plex machine-learning models, and the hardware to operate them, 
in interactive systems. This would be particularly compelling for 
wearables and portable devices, which can be constrained by size 
and power. 

6.1.4 Biological Adaptation x Digital Memory. Yet another identi-
fied gap is biological adaptation in combination with digital memory 
or state management. While some systems, such as Beauty [40], 
utilize organisms’ adaptive features, they lack digital memory sup-
port, missing the opportunity to create learning systems capable of 
accumulating knowledge over time, whether about the organisms 
themselves, their environments, or their interactions. Exploring 
this pathway could give rise to bio-digital systems that do more 
than react – they could learn and co-evolve. Such future systems 
could serve as both a computational tool – using bacterial adap-
tation as a component of problem-solving or machine learning – 
and research platforms for understanding biological evolutionary 
processes. Digital state management would enable the system to 
“remember” successful adaptations, potentially guiding the recre-
ation of beneficial bacterial configurations or inform applications 
in species preservation and environmental remediation. 

6.1.5 Temporal Diversification. Our analysis also identifies oppor-
tunities to harness biological computation across broader tem-
poral scales and patterns in bio-digital systems, taking into ac-
count both intrinsic and expressive temporal qualities. For example, 
fungal networks and slime moulds exhibit electrical spike trains 
[4, 27, 128, 129, 160, 168, 202]. These mirror the spiking patterns 
that neuromorphic hardware architectures, which promise low-
power, low-latency solutions for edge intelligent computing, were 
specifically developed to emulate [134, 190]. Instead of using sili-
con circuits to emulate biological spiking, neuromorphic processors 

could directly interface with biological spiking as input, poten-
tially achieving even lower power consumption than conventional 
processors while operating within the organism’s natural timing. 

The computational potential of biological processes across their 
layered temporal scales remains similarly unexplored. While their 
intrinsic metabolic processes occur at very high speeds, organisms’ 
expressive activities – ones that designers and users usually en-
counter and engage with in existing living artefacts (e.g., Bio-Digital 
Calendar [13], Algae Relay [82]) – unfold much more slowly. Here, 
digital components can support the navigation of different temporal 
layers in both designing with and interacting with living materials. 
Take bacterial cellulose (BC), commonly used living materials in 
design and bio-HCI (e.g., [13, 65, 104]), as an example. BC exhibits 
complex adaptations that are expressed over weeks to months. As a 
BC biofilm grows, it develops layers and structural variations that 
reflect its history, thickening in response to nutrient concentra-
tions, changing textures with temperature fluctuations, etc. These 
slow changes could serve as biological memory, where the biofilm’s 
physical structure encodes information (potentially spatially local-
ized) about past environmental conditions and adaptation. Such 
layered computation enables new forms of cross-temporal inter-
action, in which users engage simultaneously with fast biological 
signals and slow material change. This resonates with prior HCI 
interest in temporal design [144], rhythm-based interaction [37], 
and interfaces that integrate fast and slow feedback loops [141]. 

6.1.6 Spatial Diversification and Multiplicity. With only 12% of the 
systems we analysed operating at the ecosystem scale, bio-digital 
systems involving multiple organisms across different spatial scales 
represent yet more underexplored territory. Multiplicity – the diver-
sity of species in a living artefact [64] – offers unique opportunities 
for bio-digital systems. Digital capabilities can orchestrate inter-
organism triggering mechanisms (or simply embrace naturally-
occurring ones), creating cascading computational processes across 
biological networks that elevate the organisms involved, poten-
tially benefitting the surrounding ecosystem and/or accomplishing 
tasks difficult to implement in silicon. For instance, one organ-
ism may secrete specific chemicals in response to environmental 
stimuli, activating a second organism to produce a more favourable 
growth environment for a third organism. Biologists have identified 
many suitable natural synergies, such as the collective relationships 
within lichens, or among Trichoderma fungi, Bacillus bacteria, and 
Pseudomonas bacteria in agricultural biocontrol [152]. By designing 
computational systems centred around these established biological 
partnerships, we could create interfaces that harness and highlight 
millions of years of co-evolutionary optimization between species, 
where cultures function together. 

Foregrounding multiplicity and inter-species connections when 
designing bio-digital systems is especially critical for regenerative 
outcomes. High multiplicity systems, whether cultivated or wild, 
blur the boundary between the system and its surroundings. In such 
configurations, pollutants become power for the system, species 
within the system sustain one another, and the system generates 
resources that enrich ecosystems instead of depleting them. These 
inversions could transform extractive bio-digital relationships into 
mutualistic ones. 
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Relatedly, as Section 5 notes, the diversity in physical scale of 
our dataset was also quite limited, with most organisms confined 
to small containers in bio-digital systems. Expanding physical foot-
prints, alongside multiplicity, would leverage microorganisms’ scal-
ability and open the door for bio-digital systems on architectural 
or landscape scales. Thus, we propose that future research should 
explore bio-digital systems at larger ecological and physical scales, 
where biological and digital components collaborate in ecosystem 
restoration, remediation, and regeneration. Such an agenda for HCI 
would extend current work from small, singular applications to-
wards infrastructure-scale, ecological interventions that address 
urgent climate challenges. 

6.2 Implications for Regenerative Ecologies 
Achieving living artefacts for regenerative ecologies remains a 
challenging endeavour [139]. Still, as we have discussed, exploring 
the diverse computational potentials of biological and digital com-
ponents can already lead to richer regenerative possibilities. Our 
computational taxonomy reveals a misalignment between regener-
ative design philosophy – which demands grounding in care and 
respect for the living systems they engage with [95] – and current 
bio-digital implementations. While regenerative frameworks advo-
cate for systems that serve a broader ecological context, we have 
demonstrated that most existing microorganism-based bio-digital 
systems constrain organisms to unidirectional signal transduction 
or input/output roles, seemingly “in service” of their digital coun-
terparts. At the same time, we also found that digital components, 
despite their vast potential computational functionalities, are cur-
rently also utilized merely as inputs to activate an organism, or as 
outputs to translate an organism’s activity into something more 
perceivable to humans. 

We propose that instead of defaulting to asking what computa-
tion advantages organisms might provide “for” digital systems, we 
must invert this perspective and systematically ask how digital com-
ponents can computationally support organisms. This is a question 
that our taxonomy and subsequent analysis help to address. For 
instance, digital memory could preserve successful biological adap-
tations across generations; digital routing could optimize resource 
distribution in multi-species communities; digital evaluation could 
identify and amplify beneficial mutations. As previously discussed 
(Section 6.1.6), uplifting multiplicity is a pathway that is especially 
fruitful for enriching ecological vitality. 

On a more fundamental level, analysing bio-digital systems with 
our taxonomy also raises profound questions about what it means 
to use digital systems – fundamentally non-living entities – to pro-
vide computational support for living organisms and regenerative 
outcomes in the first place. For instance, does providing digital mem-
ory for bacterial adaptation, or activating an organism’s response, 
actually constitute regeneration, or is this merely domestication? 
By designing multi-species interactions, who (or what) actually 
benefits: organisms, the ecosystem, the digital system, or human 
observers? While our taxonomy and analysis do not answer such 
questions, they surface them and provide scaffolding to begin to 
structurally address them. 

6.3 Implications for Human-Centred 
Computation 

Even for computational systems designers for whom regenerative 
outcomes are admittedly an afterthought, fuller bio-digital inte-
gration offers compelling advantages for human-centred systems. 
As mentioned in the introduction, achieving ubiquitous comput-
ing’s vision of technology seamlessly blending into the environ-
ment requires moving from camouflaged silicon chips towards 
computation literally occurring through the living matter around 
us [201]. In addition, organisms offer unique computational func-
tions – self-repair, growth, adaptation, and battery-free metabolic 
processes, to name a few – that are impossible or prohibitively com-
plex to implement digitally. For example, as previously discussed, 
DNA is an extremely information-dense, self-replicating storage 
medium that could help overcome bottlenecks in storage miniatur-
ization. Moreover, implementing edge AI requires miniaturizing 
energy-hungry neural networks onto resource-constrained devices. 
If bacteria could perform evaluation, routing, and/or adaptation 
locally, perhaps digital components need only to handle simple 
input/output and communication tasks, making edge computing 
feasible with basic microcontrollers instead of specialized AI chips. 
MFCs harnessing bacteria’s abilities to not only provide power but 
also sense and process information could enable drastic increases in 
operation time, without batteries or complex power management. 

Additionally, our taxonomy-guided analysis reveals translatable 
theoretical insights and opportunities for computation-centric com-
munities within HCI. The questions that surfaced during our anal-
ysis about what it means for computation to be “for” organisms 
mirror ongoing discussions in the human-AI interaction community 
around intention and explainability [198], entanglement [53, 107], 
and uncertainty [207]. The emergence of codes such as “output 
(connect to humans)” reflects similar complications in crowd com-
puting, where the role of digital platforms as mediators between 
requesters and workers raises questions about whose interests 
the computational system ultimately serves [101]. Our temporal 
coding challenges, such as distinguishing expressive and innate 
mechanistic timescales, also parallel tensions in human-AI collabo-
ration, where humans and AI operate on different timescales. Just 
as Computer-Supported Cooperative Work (CSCW) frameworks 
account for asynchronous and synchronous communication [161], 
computational taxonomies for bio-digital and human-AI systems 
alike must account for simultaneous temporalities and their entan-
glements with agency. 

Beyond these parallels, extending our computational understand-
ing of living organisms opens possibilities for entirely new forms 
of programming and interaction. Mimicking attempts to create 
programming languages for human computation, such as Crowd-
Lang [126] and TurKit [114], we could develop high-level abstrac-
tions capturing uniquely biological forms of computation, enabling 
entirely new programming languages that unlock new modes of 
interaction and control for bio-digital systems. This links to on-
going work on theoretical models for stochastic hybrid automata 
in formal methods and systems engineering, which similarly deal 
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with complex systems exhibiting both deterministic and stochas-
tic behaviours [26, 69]. There are many opportunities for cross-
pollination here, with systematic bio-digital design practice inform-
ing conceptual models for broader HCI challenges and emerging 
forms of computational science. 

6.4 Shared Design Language as a First Step for 
Synergistic Bio-Digital Systems 

With our taxonomy we aimed to provide a vocabulary that is mean-
ingful to both biology and computation. This bridge already proved 
fruitful during our own team’s discussions. Computational oppor-
tunities identified through the taxonomy helped biodesigners rec-
ognize previously overlooked computational capabilities in organ-
isms. Likewise, the taxonomy provided the vocabulary for computer 
scientists to understand the affordances of living organisms and 
subsequently propose concrete integration architectures. 

Admittedly, the creation of this shared language and generation 
of opportunities are still very early steps towards synergistic bio-
digital systems. While our taxonomy is designed to be tractable 
in existing hardware implementations, such as digital, analogue, 
neuromorphic, and cellular automata computing, the next step 
of implementing the previously discussed opportunities (and oth-
ers) in practice faces its own technical hurdles. For instance, for 
DNA-based storage devices, maintaining DNA stability across tem-
perature ranges, handling error correction, and designing reliable 
electronic interconnects with fluidic media are implementation 
challenges that need to be confronted. From the biological perspec-
tive, living media are inherently unpredictable. Even with years of 
experience working with the same organism, their rapid evolution 
and adaptation makes it challenging to design reliable systems. 
These difficulties become even more pronounced when attempting 
to scale up such systems. Overcoming these demands continued col-
laboration across multi-disciplinary teams like ours that integrate 
diverse perspectives, techniques, and methods. 

Here, we would be remiss not to acknowledge the increasingly 
prominent role of generative AI (GenAI) in research. To that end, 
we believe that GenAI can offer additional support for tackling the 
upcoming implementation hurdles, and we envision our taxonomy 
continuing to be valuable there as well. While GenAI (via Large 
Language Models) has aided the discovery of new analogue circuit 
topologies [55], materials [54], pharmaceuticals [212], and more, 
users struggle to formulate effective prompts that yield useful, ac-
tionable responses, frequently defaulting to opportunistic rather 
than systematic approaches [211]. 

This challenge is currently acute in bio-digital system design. 
GenAI-supported tools like BioSpark, which aims to bridge biologi-
cal mechanisms (e.g., “adaptive shape-shifting mechanism in inter-
tidal microalgae”) and seemingly unrelated design goals (e.g., “bike 
racks for sedans”), generate inspiring ideas but often suggest imple-
mentations with missing or incorrect details [93]. Without a shared 
vocabulary between biodesigners and systems designers, we risk at 
least two types of problematic prompts: overly broad requests (“de-
sign a microbial computer”) or overly narrow component-focused 
instructions (“design a microbial system to act as a logic gate”). 

Our taxonomy and generated opportunities enable more action-
able, implementable prompting. For example, prompting Claude 

Sonnet 4 with “design a system that uses biological material (or-
ganisms or DNA) for memory and digital components for rout-
ing/selection” leads to a concrete implementation suggestion of 
using DNA within microfluidic chips with addressable channels, 
optical sensors for reading fluorescent markers, precision pumps, 
and other specific components. In contrast, the more naive prompt 
of “design a storage system using biological material (organisms or 
DNA)” leads to vague suggestions such as “convert digital data to 
DNA sequences” and “retrieve by sequencing bacterial DNA.” In 
this way, researchers can use our taxonomy as a guide for eliciting 
more useful suggestions from GenAI agents as they work towards 
implementing synergistic bio-digital systems in practice. 

6.5 Limitations and Future Work 
The taxonomy we present in this paper opens pathways towards 
synergistic bio-digital design, providing vocabulary for conversa-
tions previously impossible. As more existing systems are analysed 
and new systems are designed, we anticipate the taxonomy will 
evolve as well, continuing to provide scaffolding for increasingly 
sophisticated computational partnerships between biological and 
digital agents. Importantly, we envision this refinement as a col-
lective effort. We see our database as an organic resource that 
will expand through additional contributions from the wider com-
munity. Through future user studies, we will evaluate and iterate 
upon our database’s structure and visualization platform in order to 
maximize their utility for biodesigners and computational systems 
designers alike. 

We acknowledge that the taxonomy’s implicit reliance on com-
putational analogies may still constrain exploration of uniquely 
biological information processing mechanisms that have no digital 
equivalent. Future work could consider how emergent computa-
tional phenomena, such as morphological computation, swarm 
intelligence, or ecosystem-level information processing fit into, ex-
tend, or complicate our taxonomy. These might require embedding 
our functional descriptions into a multi-layered structure. Already, 
our coding process surfaced a distinction between living organ-
isms’ intrinsic and expressive timescales that would certainly be 
candidates for secondary layers in the temporal dimension. Addi-
tionally, our analysis focused on microorganisms and DNA, but 
the taxonomy’s applicability to other systems, notably plant-based 
ones, remains a fruitful direction for future exploration. Plants 
introduce considerations, such as seasonal variations and larger 
physical scales, that will certainly inform additional taxonomic 
extensions. Furthermore, the taxonomy currently lacks dimensions 
for encoding organismal agency or consent, among other ethical 
considerations. Future iterations should incorporate frameworks 
for assessing power dynamics, reciprocity, and the distribution 
of (computational) benefits among digital, human, biological, and 
broadly other-than-human agents. 

In this paper, for pragmatic reasons, we have analysed the bio-
logical and the digital separately. Conceptually, however, their indi-
vidual interweaving calls for another orientation: one that moves 
beyond the biological-versus-digital dichotomy and instead em-
braces their underlying entanglement [9, 72]. As the landscape of 
bio-digital systems grows, we envision perception, memory, com-
munication, and even growth unfolding across both living and 
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computational substrates in ways that render separation impossi-
ble. As biological and digital elements evolve from complementing 
to co-constituting one another, future frameworks must similarly 
evolve to pave the way for yet richer, more synergistic bio-digital 
systems. 

7 Conclusion 
This paper contributes a computational design taxonomy and vo-
cabulary to facilitate the design of bio-digital hybrid systems for 
synergetic outcomes. We applied this taxonomy to analyse 70 bio-
digital systems spanning HCI, engineering, and art. We released 
the results as an open-source interactive database that presents 
our data within a rich design space – one that can organically 
evolve and expand over time. Our analysis highlights opportunities 
for bio-digital systems that more fully engage the affordances of 
organisms across species, timescales, and ecosystems, while also 
fostering richer, reciprocal relationships between biological and 
digital functions. These directions outline interfaces that embrace 
the pillars of regenerative design, inviting more ecologically at-
tuned and mutually beneficial futures for humans, organisms, and 
technology. 
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A Applicability of Taxonomy to Conventional 
Computing 

A.1 Computing Operations 
A computational design taxonomy for bio-digital systems should 
also have tractability in conventional computing. In this Appendix 
section we demonstrate how our functional taxonomy can be used 
to describe fundamental operations for arithmetic, sorting, and 
searching, as described in introductory computer science texts 
[102], as well as a machine learning algorithm. 

Basic Arithmetic (Addition): Addition receives numerical 
operands (Input) and converts them into binary representation 
for processing (Transduction). The algorithm performs bit-level 
comparisons and carry detection (Evaluation), maintaining partial 
sums and carry bits in processor registers (Memory). The final sum 
is returned in the appropriate format (Transduction and Output). 

Sort: Sorting algorithms receive an unsorted data sequence (In-
put), sometimes requiring elements to be converted into compara-
ble representations (Transduction). Elements are then repeatedly 
compared to determine their relative ordering (Evaluation). The 
algorithm maintains the current array state and intermediate order-
ings (Memory), directing elements to appropriate positions based 
on comparison results (Routing). Some sorting algorithms adapt 
their strategy based on data characteristics, for example by select-
ing optimal pivot points in quicksort (Adaptation). The process 
concludes with the fully sorted sequence (Output). 

Search: Search operations begin with a target value and data 
structure (Input), often requiring the target to be converted to a 
searchable format (Transduction). The algorithm repeatedly com-
pares the target with elements in the search space (Evaluation) 
while tracking current position and search boundaries (Memory). 
Adaptive search algorithms adjust their strategy based on interme-
diate results, for example by reducing the search space in binary 
search (Adaptation). The search returns the target’s location, if it 
exists (Output). 

Supervised Learning (Gradient Descent): Learning begins 
with labeled training data (Input) that undergoes pre-processing 

and normalization (Transduction). The algorithm computes loss 
functions to quantify prediction accuracy (Evaluation) and deter-
mines gradients for updating parameters (Routing). Model weights 
and optimizer states are maintained throughout the process (Mem-
ory), with continuous adjustments to parameters and learning rates 
(Adaptation). The trained model generates predictions (Transduction 
and Output). 

A.2 Hardware Architectures 
The taxonomy can also be used to describe diverse hardware archi-
tectures. 

Von Neumann (Digital) Computer: Von Neumann machines, 
the dominant architecture of modern computers [59], process inputs 
through peripheral devices (Input). Analogue-to-Digital Converters 
transduce continuous signals into discrete digital representations 
(Transduction). The control unit decodes instructions and translates 
memory addresses, coordinating data movement between compo-
nents (Routing). Arithmetic, logical, and comparison operations are 
performed within the Arithmetic and Logic Unit (ALU) (Evalua-
tion). A unified memory system stores both program instructions 
and data (Memory). Processed results are delivered through output 
devices, and often Digital-to-Analog Converters that convert digital 
signals back to analogue forms (Transduction), for actuators and 
displays (Output). Programmable instruction sequences can modify 
their own execution patterns based on data, enabling machine learn-
ing algorithms to update weights, adjust parameters, and optimize 
performance through iterative computation (Adaptation). 

Analogue Computer: Analogue computers receive continu-
ous signals through input terminals and sensor interfaces (Input). 
Impedance matching circuits and operational amplifiers condition 
these signals into appropriate voltages and currents (Transduction). 
The system performs continuous mathematical operations through 
analogue computing elements (Evaluation). Switch matrices and 
multiplexers direct analogue signals through configurable process-
ing paths and feedback loops (Routing), while capacitive storage 
elements, delay lines, and analog shift registers maintain tempo-
rary system state (Memory). Results are delivered through output 
amplifiers and signal conditioning circuits that drive external loads 
and display devices (Output). Variable gain amplifiers and adaptive 
filtering circuits allow the system to tune transfer functions based 
on real-time data (Adaptation). 

Neuromorphic Computer: Neuromorphic systems [134] re-
ceive analog signals through sensors (Input). Address-Event Repre-
sentation (AER) circuits encode continuous signals into temporal 
spike trains (Transduction). Arrays of artificial neurons perform 
distributed threshold comparisons and temporal integration in par-
allel (Evaluation). Spike-based communication protocols route in-
formation via axonal pathways and synaptic connections (Rout-
ing), with synaptic weights and membrane potentials stored in 
specialized analog memory circuits and memristive devices (Mem-
ory). Processed spike patterns are converted back to analog signals 
through integrate-and-fire output neurons and digital interfaces 
(Output). The system learns through spike-timing-dependent plas-
ticity (STDP) and homeostatic mechanisms that modify synaptic 
strengths and neural thresholds based on activities (Adaptation). 
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Cellular Automata: Cellular automata (CA) computers, first 
proposed by von Neumann in 1966 [135] and since implemented in 
a small number of hardware systems [124, 186], receive as input a 
specification of initial states across a grid (Input). State encoding 
circuits convert this data into discrete representations for each “cell” 
(Transduction). Each cell evaluates its current state with respect to 
its neighbours’ according to predefined transition rules (Evaluation). 
Boundary condition handlers manage information flow between 
adjacent cells and across grid edges (Routing). Distributed memory 
elements store current cell states and intermediate computational 
results (Memory). Pattern detectors and circuits for state extractions 
(Transduction) output the final grid configuration (Output). With 
no memory beyond current cell states (Memory), the CA architec-
ture is not adaptive, though future variants may incorporate rule 
modification mechanisms (Adaptation). 

B Sources 
In addition to the ACM Digital Library and IEEE Xplore, we searched 
review papers, hardcopy books, and art portfolios for microorganism-
based bio-digital systems to analyse. These additional sources are 
listed in Table 3. 

Table 3: Source types, sources and references for analysed 
systems 

Source Type Source Reference 

Review Papers Grouters et al., 2024 [64] 
Ikeya et al., 2025 [83] 
Karana et al., 2020 [94] 
Kim et al., 2023 [99] 
Pataranutaporn et al., 2020 [147] 
Zhou et al., 2022 [213] 

Books Art and Electronic Media, Edward A. Shanken, 2009 [45] 
Art + Science Now, Stephen Wilson, 2010 [206] 
Bio Art Altered Realities, William Myers, 2015 [131] 
Biodesign, William Myers, 2014 [132] 
BioMedia, Peter Weibel, 2023 [200] 
Kunst en Wetenschap, Peter de Jaeger, 2020 [92] 

Art Portfolios http://allisonx.com [106] 
http://ivanhenriques.com [76] 
http://interspecifics.cc [87] 
http://michaelsedbon.com [170] 
http://novainnova.com [192] 
http://teresavandongen.com [191] 

C Excluded Systens 
Examples of systems involving microorganisms (or DNA) that were 
screened out during Phase 2 of our analysis include the following: 

• Equipment used for biological studies or observations 
• Optimizations (e.g., higher efficiency) of previously-reported 
microbial fuel cells or plant–microbial fuel cells 

• Optimizations (e.g., higher efficiency) of previously-reported 
biosensors 

• Systems developed solely for species identification or detec-
tion without further interaction (e.g., detection of pesticides 
or algae) 

• Systems developed as by-products of studies to optimize 
cultivation methods 

• Technologies aimed solely at removing organisms (e.g., algae 
removal) 

• Organism-based sensors where digital components are ab-
sent or physically detached and only used for later result 
read-out 

Articles that only take inspiration from microorganism but do 
not integrate actual organisms, e.g.: 

• Insect-inspired robots 
• Augmented/virtual reality (AR/VR) systems for interacting 
with or observing organisms 

• Organism-inspired algorithms 
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D Included Bio-Digital Systems 

Table 4: Included Bio-Digital Systems (2005–2022) 

Year Author/Artist System Name/Title (Abbreviated) Ref. 

2005 Ioannis Ieropoulos et al. Ecobot-II [80] 
2006 Iosif Pinelis et al. A Micro “Flea Circus” [149] 
2007 Walder André & Sylvain Martel Autonomous Microrobot Propelled by Magnetotactic Bacteria [7] 
2007 Jeffrey J. Tabor Programming Living Cells as Massively Parallel Computers [183] 
2008 Adrian David Cheok et al. Empathetic Living Media [32] 
2008 Allison Kudla The Crucible [105] 
2010 Douglas Easterly et al. Tardigotchi [43] 
2010 Ingmar H. Riedel-Kruse et al. Biotic Games [157] 
2011 C-Lab Stress-o-stat [24] 
2011 Mathijs Munnik Microscopic Opera [130] 
2011 Philips Design Probe Group Microbial Home [39] 
2013 C-Lab Living Mirror [25] 
2014 Foad Hamidi & Melanie Baljko Rafigh [70] 
2014 Ivan Henriques Symbiotic Machine [73] 
2014 James G. H. Whiting et al. Slime Mould Logic Gates [202] 
2015 ecoLogicStudio Urban Algae Canopy [44] 
2015 Interspecifics GFP Screen [86] 
2015 Seung Ah Lee et al. Tangible Interactive Microbiology [113] 
2015 Seung Ah Lee et al. Trap it! [112] 
2016 Edward Braund et al. Physarum-Based Memristors for Computer Music [21] 
2016 EMW Street Bio Biota Beats [47] 
2016 Lukas C. Gerber et al. BioGraphr [56] 
2016 Ivan Henriques Caravel [74] 
2016 Interspecifics Micro-Rhythms [88] 
2016 Gènes-Hélène Isitan Where Species Meet [89] 
2016 Honesty Kim et al. LudusScope [96] 
2017 Carlos Castellanos Microbial Sonorities [27] 
2017 Gilberto Esparza BioSoNot [49] 
2017 Marin Sawa et al. Electricity Generation from Digitally Printed Cyanobacteria [166] 
2017 Helene Steiner Bixels DNA Tetris [178] 
2017 Catalina Puello et al. Living Screens [153] 
2017 Maurizio Rossi et al. Let the Microbes Power Your Sensing Display [163] 
2017 Maurizio Rossi et al. Wireless Sensing Powered by Plant-Microbial Fuel Cell [164] 
2017 Tom J. Zajdel et al. Biohybrid Sensing Platform Built on Bacterial Flagellar Motor [210] 
2018 Laura Grebenstein et al. Biological Optical-to-Chemical Signal Conversion Interface [63] 
2018 Raphael Kim et al. Mould Rush [100] 
2018 Eduardo Reck Miranda et al. Composing with Biomemristors [128] 
2019 Tim Dobbs BioArtBot [41] 
2019 Ivan Henriques Bacterbrain [75] 
2019 Micheal Sedbon CMD [167] 
2020 Rachel Armstrong and Julie Freeman et al. ALICE [8] 
2020 Jacob Douenias et al. Living Things [42] 
2020 Amy T. Lam et al. Pac-Euglena [109] 
2020 Kyungwon Lee et al. MicroAquarium [111] 
2020 Nova Innova Living Water – POND [140] 
2021 Andrew Adamatzky et al. Reactive Fungal Wearable [4] 
2021 Bahareh Barati et al. Living Light Interface [10] 
2021 Dominique Chen et al. Nukabot [31] 
2022 Gilberto Esparza Bio-Electrólisis [50] 
2022 Kyungwon Lee et al. EuglPollock [110] 
2022 Xiaomeng Liu et al. Microbial Biofilms for Electricity Generation [115] 
2022 Jasmine Lu & Pedro Lopes Living Organisms in Devices for Care-based Interactions [116] 
2022 iGEM Paris Bettencourt Bacterial Networked Electronic Interface [81] 

Continued on next page 
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Table 4: Included Bio-Digital Systems (2022–2025, continued) 

Year Author/Artist System Name/Title (Abbreviated) Ref. 

2022 Nic Roberts & Andrew Adamatzky Mining Logical Circuits in Fungi [160] 
2022 Micheal Sedbon Ctrl [168] 
2022 Micheal Sedbon Cryptographic Beings [169] 
2022 Where Dogs Run Archaean Memory Farm [85] 
2023 Johnny DiBlasi et al. Beauty [40] 
2023 Yuta Ikeya & Bahar Barati Algal Relay Computer [82] 
2023 Su-Jin Song et al. Navigated Biobot Swarms of Bacteria Magnetospirillum [177] 
2023 Jiwei Zhou et al. Cyano-Chromic Interface [215] 
2024 Fiona Bell et al. Bio-Digital Calendar [13] 
2024 Ahmet Bilir & Sema Dumanli Biodegradable Implant Antenna with Genetically Modified Bacteria [17] 
2024 Zoë Breed et al. Algae Alight [22] 
2024 Anand Kumar Mishra et al. Robots Mediated by Electrophysiological Measurements of Mycelia [129] 
2024 Valentin Postl et al. Mold Printer [150] 
2024 Ðan Vy Vu et al. Biofabrication with Mycelium [194] 
2024 Philip Wijesinghe Light-Deformable Microrobots [205] 
2025 Mukrime Birgul Akolpoglu et al. Navigating Microalgal Magnetic Biohybrids [6] 
2025 Mengyao Guo & Jinda Han Slimo City [68] 
2025 Alexandra Teixeira Riggs et al. Mold Sounds [158] 

E Resolving Ambiguities 
Example coding discussion between the two team members who coded the systems to resolve ambiguities in the project Mould Rush [100]. 

Coder 1: I was unsure how to classify the Mould Rush temporal patterns. I thought progressive might apply, but perhaps also 
transient? progressive, because the mould keeps growing over time. But in the game, you can also kill the mould by dropping 
bleach on it. Does that make it transient? 
Coder 2: Let me open the article and read through the project details again. 
Coder 2: I agree with progressive. I wouldn’t call it transient, because even when killed, the mould is still physically present. 
You would have to clean it off. It’s just dead, not growing. So only progressive. 
Coder 1: Should we also include death than as an observable output? 
Coder 2: Hm, yes I would say both death and growth are observable outputs that the player can perceive. 
Coder 1: Okay I will put that down. One last question about this project, this one was really difficult to code. For the trigger 
mechanism I would say chemical, since they use bleach to kill the organism. But what about for the growth of the mould? The 
human player inserts the mould on the Petri dish does this count as a trigger? 
Coder 2: For killing, definitely chemical. For growth, I would say none, because there no external stimuli to let them grow. This 
is just the autonomous behaviours. So code both chemical and none. 


