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Abstract

Design practice confronts a critical tension: while creative capabilities have expanded
dramatically, designers face growing responsibility to avoid unnecessary production

in an oversaturated material world. This challenge requires reconceptualizing Design

and Making beyond production activities, but as methods of inquiry, reflection, and civic
engagement. Drawing from a designerly ways of knowing, this contribution examines how
design knowledge emerges through iterative making processes rather than existing a pri-
ori, where solutions and problem understanding co-evolve. This empirical, tactile knowl-
edge is inherently contextual, developing within specific environments such as artisanal
workshops, factories, and more recently, collaborative spaces like makerspaces and Fab
Labs. These environments function as relational infrastructures that democratize design
capabilities while fostering collective agency, aligning individual creativity with shared
challenges. Given the rapid integration of generative Al across design fields, this paper
investigates how Al might amplify human capacities within makerspace contexts. Current
Al applications in product design range from performance-driven geometry generation to
Al-assisted ideation through image, video, and 3D generation tools. These developments
have foreshadowed the emergence of completely new materialities enabled by digital
fabrication. However, these applications reveal significant limitations: current probabilistic
Al models lack a robust understanding of physical reality, often producing superficial or
misleading results that require critical human interpretation. Through analysis of current Al
capabilities and makerspace practices, we examine technical, cultural, and ethical chal-
lenges of Al integration, with particular attention to preserving and valorising the knowl-
edge and the processes that define maker communities.



1. Introduction

The contemporary design landscape presents practitioners
with an unprecedented paradox. Digital tools and fabrication
technologies have dramatically expanded creative possibilities,
enabling designers to conceive and produce artifacts with com-
plexity previously unimaginable.

Simultaneously, environmental imperatives and ethical consid-
erations demand that designers exercise restraint, questioning
not merely how to make, but whether to make at all.

This tension fundamentally challenges established design
paradigms and necessitates new frameworks for understanding
the relationship between designing, making, and knowing.

Central to this reconfiguration is the concept of designerly
ways of knowing (Cross, 2007) as the distinctive cognitive and
practical approaches through which designers engage with
problems. While the scientific knowledge production pro-
cess seeks universal principles, and humanistic knowledge
interprets human experience through critical and historical
inquiry, design knowledge emerges through the act of making
itself—a synthesis of thinking and doing that generates under-
standing through practical engagement.

This epistemological framework becomes particularly rele-
vant when examining how Artificial Intelligence (AI) might
transform design practice within collaborative making envi-
ronments.

The rise of makerspaces and Fab Labs represents a significant
shift in how design knowledge is produced and shared (D’Elia
et al., 2020). These spaces embody the democratization of



fabrication, where access to sophisticated tools enables indi-
viduals and communities to engage directly with the means of
production (Gershenfeld, 2012).

Within these environments, tacit knowledge — the embodied,
experiential understanding that cannot be fully articulated
(Polanyi, 1966) — becomes the primary currency of learning
and innovation. Makers develop expertise through hands-on
experimentation, peer observation, and iterative refinement
within physical spaces that function as communities of prac-
tice — environments where knowledge is socially constructed,
collectively maintained, and transmitted through legitimate
peripheral participation (Lave & Wenger, 1991).

Understanding that the integration of Al into these making
contexts would present both opportunities and challenges
that extend beyond technical considerations, this contribution
develops a critical framework for Al integration in digital
fabrication environments that preserves and amplifies tacit
knowledge transmission while supporting decision-making
without displacing makers’ embodied experience.

Through a hybrid methodological approach combining concep-
tual analysis, the investigation proceeds through a comparative
literature synthesis drawing from design epistemology, science
and technology studies, learning sciences, and critical Al schol-
arship to establish theoretical foundations.

While Al tools offer potential for augmenting human creative
capacities, their implementation raises fundamental ques-
tions about the nature of design knowledge, the role of human



judgment, and the preservation of craft traditions. This con-
tribution investigates how AI might function not as a replace-
ment for human creativity but as a mediating technology that
bridges tacit and explicit knowledge, individual and collective
intelligence, and traditional craft with digital innovation.

2. From Craft Workshops to Digital Fabrication Spaces
Making spaces reflect transformations in production, creativ-
ity, and knowledge conceptualization. Traditional craft work-
shops transmitted tacit knowledge through apprenticeship,
with masters demonstrating techniques that apprentices ab-
sorbed through observation and practice. Fostering material
consciousness (Sennett, 2008), embodied cognition, and un-
derstanding emerging from maker-material dialogue, which
remains fundamental to design practice.

The industrial revolution separated design from production,
with designers creating specifications that others executed.
This division, critiqued by Morris and the Arts and Crafts
movement, diminished tacit knowledge, favouring explicit
instructions. Contemporary digital fabrication spaces reunify
designing and making through technological mediation. An-
derson (2012) characterizes this new industrial revolution where
digital tools enable seamless concept-to-production movement,
collapsing amateur/professional, designer/maker boundaries.

Makerspaces embody constructionist learning environments
(Blikstein, 2013; Menichinelli et al., 2024), drawing on Papert’s
(1980) theory that knowledge is constructed most effectively
when learners create meaningful artifacts. These spaces pro-



vide traditional hand tools to sophisticated digital fabrication
equipment — 3D printers, laser cutters, CNC machines. They
foster problem-solving mindsets valuing experimentation, iter-
ation, and failure-based learning (Sheridan et al., 2014).

Social dimensions prove equally important for knowledge
production. Unlike traditional educational/industrial settings,
makerspaces operate through peer learning and knowledge
sharing. Halverson and Sheridan (2014) document how mak-
ers develop expertise through interest-driven learning, pursu-
ing personal projects while drawing on collective community
knowledge, characterizing commons-based peer production
where knowledge becomes shared rather than proprietary
(Benkler, 20006).

Digital fabrication introduces new materialities and design
possibilities: controlling material transformation at micros-
cales enables the creation of artifacts with geometry-emer-
gent properties rather than base material properties, leading
to a deeper understanding of design practice through material
manipulation.

This computational process, viewed through a materiality
lens, suggests emerging epistemologies of making that inte-
grate algorithmic thinking with craft sensibilities.

This raises questions about how AI and LLMs can support
such computation — not by following market trends, but by
considering the accessibility historically enabled by desktop
3D printers and understanding how new technologies can be
similarly democratizing.



3. Current AI Capabilities and Limitations in Design

The integration of Al into design practice has evolved from
specialized applications to increasingly general-purpose tools
that promise to transform creative workflows. Contemporary
Al systems relevant to design can be categorized into several
distinct paradigms, each with specific capabilities and limita-
tions that shape their potential role in making contexts.

Generative AI models using diffusion and transformer archi-
tectures demonstrate remarkable visual content production
from text descriptions. Systems like DALL-E,' Midjourney,?
and Stable Diffusion? enable rapid visual concept exploration
through natural language. Advanced tools like Tripo,* Hyper-
3D,* Meshy, ° or Polycam” generate detailed 3D models from
prompts or images. These models generate novel visual ele-
ment combinations, potentially expanding designer conceptu-
al space (Ramesh et al., 2022).

However, they operate on statistical correlations rather than
physical principles or functional requirements, producing
outputs that reflect only superficial understanding (Marcus &
Davis, 2019) or superficially plausible but deeply incoherent
outputs.

chat.ai-pro.org/chat/dall-e
midjourney.com
stability.ai/stable-image
studio.tripo3d.ai
hyper3d.ai

meshy.ai

N AW =

poly.cam/tools/3d-model-generator



In 3D design, Al applications span parametric optimization
to generative design. Autodesk’s Dreamcatcher explores vast
design spaces based on constraints and performance criteria,
generating solutions that challenge conventional thinking.
These systems employ evolutionary algorithms and topology
optimization, creating structurally efficient forms that min-
imize material use. Yet Menges (2015) notes such approaches
produce results requiring significant human interpretation
and modification for manufacturability, highlighting the con-
tinued importance of designer judgment.

LLMs introduce design assistance possibilities through nat-
ural language interaction, potentially serving as consultants
offering suggestions, generating specifications, or explaining
concepts, engaging in complex reasoning, suggesting appli-
cations in documentation, requirement analysis, and brain-
storming (Brown et al., 2020). However, these models operate
as stochastic parrots, reproducing training data patterns with-
out genuine understanding, raising reliability concerns for/in
critical design decisions (Bender et al., 2021). Al integration
with digital fabrication presents, therefore, challenges and
opportunities. Many scholars, like Mueller et al. (2014), ex-
plored machine learning optimizing fabrication parameters,
predicting material behaviour, and adjusting tool paths, while
Loh and Pei (2019) demonstrated Al potential in detecting and
correcting 3D printing errors.

These applications position Al as an intelligent assistant,
enhancing precision in making processes and reliability.
Nevertheless, critical limitations persist across Al design



applications. Lacking embodied experience, Al cannot devel-
op tacit knowledge from physical material interaction. They
operate on representations rather than engagement, missing
Pallasmaa’s (2009) thinking hand — sensory feedback, motor
control, and cognition integration characterizing skilled mak-
ing. Current Al struggles with flexible, context-dependent
categories humans naturally employ, lacking Hofstadter and
Sander’s (2013) fluid concept processing.

4. Futurable Scenarios: Envisioning AI-Enhanced Making
Spaces

Al'’s integration into makerspaces reveals tensions between
computational capabilities and the embodied, tacit knowledge
central to Maker culture. Following Weiser’s (1999) ubiquitous
computing vision, future makerspaces might employ ambient
intelligence that recognizes difficulty and suggests solutions
from collective experience, preserving tacit knowledge other-
wise lost when makers depart (Ackerman et al., 2018).

Al enables distributed making across boundaries, identifying
complementary skills and facilitating collaborations combin-
ing craft traditions with contemporary technologies — when
Tokyo joinery solves Milan structural challenges, Shirky’s
(2010) cognitive surplus emerges through intelligent connec-
tion. Material intelligence guides selection by simulating re-
sponses to fabrication and environmental conditions (Oxman
& Oxman, 2010), extending to aesthetic qualities and sustain-
ability, enabling human-material correspondence (Ingold,
2013). Pedagogical applications offer personalized instruction
adapting to learning styles (VanLehn, 2011), scaffolding with-



in zones of proximal development (Vygotsky, 1978) across
multiple skill levels simultaneously.

These dimensions frame the following analysis of AI's poten-
tialities and limitations across:

e Design practice;
e Making practice;
e Learning processes.

4.1. On Design Practice

The integration of Al into design practice within makerspaces
necessitates reconceptualizing fundamental design process-
es. Rather than following linear progressions from problem
to solution, Al-mediated design might enable innovation that
could continuously reframe problems based on emerging
insights (Dorst, 2011). Al systems, in this sense, could main-
tain multiple, parallel explorations of design problems, each
informed by different theoretical frameworks or cultural
perspectives, allowing designers to navigate wicked problems
(Buchanan, 1992) with greater flexibility and depth.

The ideation phase of design might be transformed through
what we might term augmented imagination. Al systems
trained on design history, material culture, and technical doc-
umentation would serve as creative supporters (Gero & Maher,
1999), offering unexpected connections that expand the solu-
tion space. Unlike generative Al producing finished images,
these systems would engage in conceptual dialogue, helping
designers articulate tacit assumptions and explore alterna-



tive framings — reflecting Schon’s (1983) reflection-in-action,
where practitioners engage in continuous dialogue with the
situation at hand.

Co-creative systems position Al as a conversational part-

ner rather than an autonomous generator, with Al proposing
alternatives that humans evaluate and redirect (Moruzzi &
Margarido, 2024). Prototyping processes might benefit from
AT'’s capacity to simulate design performance across scales
and contexts, extending beyond current tools by incorporat-
ing tacit knowledge from maker communities—understanding
not just whether a joint will hold, but how it will age and what
cultural meanings it might carry. The iterative refinement
characteristic of design practice could be accelerated through
Al-mediated feedback loops tracking design evolution across
projects, identifying patterns in how successful solutions
emerge, and helping designers recognize promising directions
or unproductive cycles. As accumulated wisdom allows experi-
enced designers to recognize situations and apply appropriate
strategies (Lawson, 2005), AI might democratize access to this
expertise while preserving individual creative vision.

Documentation and knowledge preservation represent crit-
ical areas where Al could enhance design practice. Current
practice often fails to capture the reasoning behind design
decisions, the alternatives considered and rejected, or the
tacit knowledge embedded in successful solutions. Al systems
could automatically generate comprehensive documentation
that preserves not just what was made, but why and how deci-
sions were reached (Restrepo and Christiaans, 2004).



This creates institutional memory that future makers can
access and build upon, transforming individual projects into
collective learning resources.

4.2. On Making Practice

The transformation of making practices through Al integra-
tion extends beyond design to encompass fabrication activities.
Making provides unique cognitive benefits through direct en-
gagement with physical reality — benefits that must be preserved
even as Al augments human capabilities (Crawford, 2009).

Tool mediation represents a fundamental aspect that AI could
revolutionize while maintaining the craft practice’s essential
character. Intelligent tools might adjust behaviour based on
user skill level —a CNC router offering automated assistance
to novices while providing fine-grained control to experts.
Computational tools thus become extensions of human skill
rather than replacements (McCullough, 1996). Material dia-
logue systems could transform material interaction, translat-
ing subtle responses — grain patterns in wood, stress patterns
in metal, flow characteristics in polymers — into information
enhancing understanding without replacing tactile engage-
ment. This builds on Malafouris’s (2013) theory of material
engagement, recognizing cognition as emerging from dynam-
ic interaction between mind, body, and material world.

Quality assessment could benefit from AI’s pattern recognition
while preserving maker autonomy. Rather than simply iden-
tifying defects, Al could help makers understand why errors
occurred, fostering Sennett’s (2008) intelligent hand.



Collaborative making could be enhanced through Al coordi-
nating group projects while preserving individual contribu-
tions, helping communities develop shared vocabularies and
resolve conflicts (Fischer, 2004) — functioning as boundary ob-
jects plastic enough to adapt to diverse needs yet robust enough
to maintain common identity (Star & Griesemer, 1989).

However, critical limitations persist. A force sensor detects
a resistance increase during CNC routing, but cannot distin-
guish tool wear from material density variation from hid-
den knots. Experienced makers integrate multiple sensory
streams with material knowledge; AI documenting from
external observation misses these embodied dimensions.
Yet digital fabrication introduces computationally-designed
materials — multi-material 3D printing, programmable tex-
tiles, shape-memory alloys — where Al genuinely expands
capabilities, suggesting Al's greatest contributions may lie in
expanding material possibilities rather than mediating exist-
ing relationships.

4.3. On Learning Processes

Al integration into makerspace learning environments trans-
forms knowledge construction, sharing, and validation within
practice communities. Transformations must respect mak-
ing’s embodied learning character while leveraging Al capa-
bilities, enhancing skill development. Personalized learning
trajectories emerge from Al recognizing individual patterns
and adapting instruction. Building on Gardner’s (1983) mul-
tiple intelligences theory, Al identifies whether learners re-
spond better to visual demonstration, verbal explanation,



or hands-on experimentation. AI might recognize learners
struggling with spatial reasoning but excelling at systematic
experimentation, suggesting projects leveraging strengths
while building weaknesses.

Distributed apprenticeship revolutionizes master-apprentice
relationships. Al captures master maker expertise, creating
Collins et al.’s (1989) cognitive apprenticeship, making think-
ing visible. Unlike traditional apprenticeships, which depend
on human master availability, Al-mediated apprenticeships
provide continuous expert knowledge access while preserving
iterative, embodied craft learning.

Peer learning networks enhanced through Al identify com-
plementary skills facilitating knowledge exchange. Al cre-
ates learning ecosystems where projects contribute collective
knowledge addressing individual challenges (Halbinger,
2018). Systems connect struggling makers with peers who
have mastered similar challenges, fostering Brown and Du-
guid’s (1991) learning-in-working.

Assessment in Al-enhanced makerspaces moves beyond tradi-
tional metrics, embracing Eisner’s (2002) educational connois-
seurship®. Al recognizes technical proficiency, creative prob-
lem-solving, aesthetic development, and collaborative skills.
This formative assessment aligns with Black and Wiliam’s

8  The Educational connoisseurship has been defined by Elliot Eisner to address a qualitative
approach to understanding education that uses an artist’s or critic’s eye to enhance the subtleties of
teaching and learning. This method emphasizes the qualitative over the quantitative, drawing from
the arts to provide a richer, more nuanced understanding of what happens in schools.



(1998) assessment for learning, where evaluation supports con-
tinued development. Reflective practice development support-
ed through AI helps makers articulate their thinking process-
es. Schon’s (1987) work on reflective practitioners suggests Al
could prompt decision-making documentation, transforming
tacit knowledge into explicit understanding. This metacog-
nitive dimension — or even learning how to learn — becomes
crucial in rapidly evolving technological contexts.

Yet these pedagogical transformations in design, making, and
learning do not occur in isolation; they intersect with broader
systemic forces that shape how maker communities develop,
who gains access to emerging tools, and what values guide
technological adoption.

5. Future Implications

The integration of Al into makerspaces encompasses social,
cultural, economic, and philosophical dimensions beyond
technical considerations. These implications require careful
examination to ensure Al enhances rather than undermines
the core values of maker communities.

While increased knowledge access appears beneficial, it rais-
es questions about preserving hard-won expertise, as AI's
democratization of expertise could fundamentally alter power
dynamics. Dreyfus and Dreyfus (1986) noted that true expertise
involves intuitive understanding developed through extensive
experience. If Al provides shortcuts to competence, what moti-
vates deep craft engagement? This reflects Carr’s (2014) broad-
er concerns about automation’s impact on human skills.



Al’s promise in makerspaces must be evaluated against doc-
umented learning mechanisms in these environments. The
prevalent narrative frames Al as enabling personalized learn-
ing at scale, but this fundamentally misunderstands how mak-
er communities generate and transmit knowledge, as making
embodies cultural values extending beyond technical proce-
dures: craft practices carry histories of resistance and identity
that risk being lost in digital translation (Adamson, 2013).

Al systems trained on explicit knowledge may therefore fail
to preserve cultural contexts that give practices meaning,
potentially reinforcing biases in what Haraway (1991) terms
situated knowledges.

On the other hand, economic implications could reshape re-
lationships between amateur/professional makers and indi-
vidual/industrial production. While Rifkin (2014) envisions a
zero marginal cost society where distributed making displaces
centralized manufacturing, Al tools lowering entry barriers
might simultaneously raise professional standards, poten-
tially excluding makers lacking advanced technology access.
This could create what Eubanks (2018) identifies as digital
poorhouse effects, reinforcing existing inequalities.

Moreover, environmental implications demand consideration.
While AI could optimize material use and reduce waste, com-
putational resources carry environmental costs. Crawford (2021)
documents AI’s vast material infrastructure dependencies, from
rare earth mining to energy-intensive data centres. Sustainable
making promises must be weighed against these costs, suggest-
ing the need for Fry’s (2009) design futuring approach.



There are also considerations on the ethical side that extend
beyond privacy to encompass agency, creativity, and dignity.
If Al determines what’s made and how, human creative agen-
cy diminishes. Verbeek (2011) argues that tools actively medi-
ate human experience. Al systems that suggest and optimize
might narrow experimentation space and productive failure,
characterizing creative making. We need to consider that
future development requires appropriate governance frame-
works, balancing innovation with community values. Unlike
industrial contexts prioritizing efficiency, makerspaces em-
body commons governance (Ostrom, 1990). Al systems must
support rather than supplant community decision-making,
maintaining contextual integrity (Nissenbaum, 2009), re-
specting maker community norms.

Educational adaptation requires comprehensive data literacy
programs bringing together learning analytics specialists, data
scientists, researchers, and policymakers (Williamson, 2019) —
for instance, training makers to critically evaluate Al-generated
design recommendations by understanding the datasets, pa-
rameters, and optimization criteria underlying algorithmic sug-
gestions. Maker education should emphasize uniquely human
capabilities — judgment, creativity, ethical reasoning — while
teaching effective Al collaboration. Research priorities should
preserve making’s unique cognitive, social, and cultural bene-
fits. This includes investigating how Al supports Pink’s (2009)
sensory ethnography — understanding making through embod-
ied engagement rather than abstract representation. Priority be-
longs to Al applications enhancing rather than replacing tactile
engagement, social learning, and creative exploration.



6. Conclusions

Al integration in makerspaces presents both opportunities
and challenges for design and making practices. This analysis
examines how Al might mediate between knowledge forms

— tacit and explicit, individual and collective, traditional and
innovative. Successful integration requires preserving mak-
ing’s essential characteristics that provide cognitive, social,
and cultural value while leveraging Al capabilities to enhance
human capacities.

A designerly way of knowing remains central to understanding
how Al supports rather than supplants creativity.

Al systems recognizing the iterative, embodied, contextual
nature of design knowledge could amplify human capabili-
ty. This requires moving beyond current paradigms, prior-
itizing efficiency toward systems valuing experimentation,
failure-based learning, and judgment cultivation. Tacit
knowledge from direct material engagement cannot be fully
computationally captured, positioning Al to augment rather
than automate making.

Makerspaces offer unique contexts for exploring human-Al
collaboration. These environments embody peer learning,
experimentation, and knowledge sharing principles that could
inform AI development respecting human agency while pro-
viding intelligent support. The social dimensions — relation-
ships, conversations, collaborative projects characterizing
vibrant makerspaces — must be preserved and enhanced, not
displaced by AI mediation.



Integration implications encompass broader questions about
work, education, and creativity futures. As making practices
incorporate Al tools, democratizing potential must be real-
ized while avoiding new forms of exclusion or dependencies.
This requires ongoing dialogue between technologists, mak-
ers, educators, and policymakers, developing frameworks
that protect community values while enabling innovation.

Future research should prioritize understanding how Al
supports making’s unique benefits: material consciousness
development, functional object creation satisfaction, and
collaborative project social bonds. Rather than viewing Al
as an implementable solution, approach it as a tool whose
value emerges through thoughtful practice integration. The
goal isn’t making humans more machine-like but developing
machines that better support human creativity, learning, and
community.

The future of Al in makerspaces depends not on technolog-
ical capabilities alone but on integration choices into human
practices. Maintaining focus on making’s human dimensions
— curiosity, creativity, community, driving maker culture —
enables developing Al applications that truly enhance rather
than diminish rich traditions and future possibilities. Tacit
futures must preserve making’s essential humanity while em-
bracing AI’s potential, expanding what individuals and com-
munities create, learn, and share.
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