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Abstract—The physical act of “making” is central to craft and
design, where artists explore and adapt to the dynamic nature
of materials and embrace emergent properties of materials as
an integral part of form-finding processes. The interactions with
the tools and materials, which comprise the artistic dialogue,
are captured in the art form, revealing not just shape but also
the memory of action and response. This art project proposes a
rule-based human-robot interaction (HRI), where a collaborative
robotic arm not only records the finished form but also the
evolving, moment-to-moment negotiation between human intent,
robotic motion, and material response. A declarative, rule-based
program has been implemented as a software add-on, enabling
dynamic mapping between real-time sensor input and action
selection during robotic fabrication. Using this software add-on,
a collection of artworks—including decorative wall tiles and 3D
objects—has been created through rule-based HRI. Each piece
is characterised by forms and expressions which are inherent
to the materials used and the unique artistic ‘“making” process,
captured, reproduced and modified by the computational power
of the robots. This art project aims to initiate interdisciplinary
conversations on bridging the precision and control of robotics
with the improvisation and material sensitivity of craft among
HRI researchers, artists, designers, and roboticists.

Index Terms—design-through-fabrication, interactive systems,
human-robot interaction, digital craft, material-driven design
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I. INTRODUCTION

An extensive body of research has demonstrated how robotic
technology could transform creative sectors like design and
architecture by enabling the production of digitally modelled,
highly complex design elements. In particular, the integration
of parametric control for industrial robots within widely used
CAD platforms like Grasshopper has further embedded
robotic fabrication into creative and individualised production
workflows [2], [3]. Through the precise mapping of geometry
to robotic operations, new fabrication methods have emerged,
including the robotic winding of filament composites [4]—
(6], the modulated fabrication of timber shell structures [[7]]-
[9], the incremental forming of sheet materials [10], and the
3D printing of composite plastic elements [11]]. A collection

This paper was peer reviewed, accepted, and presented in the Arts in
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of on-site studies has explored robotic technologies for in-
situ construction processes by automating the assembly of
traditional architectural materials such as bricks [12],
and timber elements [14]]. Furthermore, robots have unlocked
new possibilities in large-scale digital fabrication, including
3D printing at the building scale through the deposition of

natural granular materials [15]], [16].

Fig. 1.
art objects with intricate material expressions [I7]], designed and fabricated
through the craft-inspired robotic fabrication and design workflow. The top
row displays coloured artefacts finished with acrylic paint and varnish, while
the bottom row presents uncoloured pieces that emphasise a raw aesthetic.

The decorative ceramic wall tile prototypes and a collection of

All of these applications demonstrate the versatility of
industrial robotic arms, which can be equipped with a variety
of end effectors to manipulate diverse materials and lever-
age computational control to perform complex and precise
movements, following a design-to-fabrication workflow [18].
This workflow describes a process in which digital design
models (CAD models) are used to calculate robotic motion
trajectories. These trajectories are then compiled into robot
programs that directly instruct the industrial robot on how
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Fig. 2. The image on the left shows algebraic symbols used as operators to combine robotic action and sensing parameters into rule notations. The middle
image is a screenshot of the Grasshopper interface, displaying the software add-on and its custom-developed components that convert rule notations into a
sensor-feedback-integrated robot program. The image on the right illustrates a rule-based, declarative human-robot interaction (HRI) system.

to fabricate the predetermined geometry of the CAD model.
The design-to-fabrication workflow typically follows an im-
perative programming approach, where robotic movements are
explicitly defined through sequential commands. This method
ensures precise control over fabrication processes, as robots
require detailed instructions to execute the designed geometry
accurately. However, this approach has notable limitations: it
is rigid, difficult to scale with design complexity, and unable to
adapt to real-time changes without manual reprogramming. As
a result, unexpected material behaviour or changes in material
conditions that cannot be predetermined and digitally modelled
are excluded, often leading to fabrication failures.

On the other hand, artists typically follow an iterative
workflow based on a “dialogue” with materials and changing
conditions in craft processes [19]]. Through this dialogue, they
heuristically adapt their manual actions, continuously respond-
ing to the dynamic material behaviours during the creation
process. By engaging directly with material affordances, artists
and crafters spontaneously discover novel expressions and
forms, allowing new design possibilities to emerge that are
intrinsic to the materials themselves [20], [21]]. Inspired by
the craft processes, we introduced a novel interaction modality
for robotic fabrication where users dynamically control and
improvise fabrication operations by applying force to the end
effector with their hands [22]. Extending this force feedback
mechanism, we have developed a rule-based programming
grammar that encodes the relationships between material
changes and the adaptation of actions [17]. This grammar for-
malism adopts a declarative programming approach, enabling
the robot to detect changes in its surroundings and adapt its
actions accordingly [23].

During the research studies mentioned above, I produced
several artefacts, as seen in Figure |1} by adopting HRI-based
robotic fabrication as an active component of the creative
design process. In doing so, I frame these processes under the
concept of design-through-fabrication. Accordingly, this work
explores a declarative design-through-fabrication approach,
which positions fabrication as an active part of the creative

process. Similar to craft practices, design-through-fabrication
allows form to emerge through a direct, artistic dialogue with
material and motion. In this approach, the evolving design
form is captured by recording the memory of the moment-
to-moment negotiation between human intent, robotic motion,
and material response. As a result, emergent expressions are
integrated into computational fabrication processes, allowing
material nuances and authenticity to be preserved in each
robotically produced artefact.

This art proposal aims to exhibit a collection of artefacts
while questioning how human-robot interaction (HRI) can
sustain a craft-like, iterative design and fabrication workflow.
Through this process, human users are invited to explore
materiality in real time, heuristically incorporating emergent
material properties into the evolving artefacts via HRI. Central
to this investigation is the concept of Strata Sapiens: the idea
that each interaction between human, material, and machine
leaves layered traces of decision, adaptation, and response.
The objective of the proposed exhibition is thus to combine
traditional craft sensibilities with the computational precision
and memory of robotic technologies, proposing a new vision
for creative making as a co-evolutionary dialogue.

II. CRAFT-INSPIRED ROBOTIC FABRICATION AND DESIGN

The craft-inspired robotic fabrication and design depend on
a novel rule-based programming approach [[17]]. This approach
allows users to describe action sequences, sensor thresholds,
and their relationships as rules. The rules thus define how
robotic actions should be updated using real-time sensor
feedback. Consequently, these rules enable users to engage
in an embodied and enactive interaction with both materials
[17] and robotic fabrication tools [22]. This transforms the
fabrication process into a creative design performance that can
be simultaneously recorded and later replayed by the robot on
demand.
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Fig. 3. The top row illustrates a simple human-robot interaction guided by the rule tz : d-tx : 15007z : 300tz : —1 <> fz : —10 in its full sequence. The
two rows at the bottom depict a user intervention before the action is completed. Frame 3 shows the user gently pushing the robotic end effector backward.

This action is detected by force values exceeding 10N, triggering the rule tz :
updates the robotic actions to carve a stroke 2.5 mm below the previous one.

A. Rule-Based Grammar Formalism and Technical Implemen-
tation

A set of algebraic symbols, shown in Figure |Z| (left), serves
as operators for describing spatial, temporal, and conditional
relationships between action and sensing parameters. These
parameters are identified based on the specific robotic fabrica-
tion setups. The studies presented in this work were conducted
using a 6-DoF collaborative robotic arm equipped with an
external force sensor. The robotic arm’s action capabilities
are defined by the parameters tx, ty, and tz, representing
translations along the X, Y, and Z axes, and rz, ry, and
rz, representing rotations around these axes. The sensing
parameters fx, fy, and fz correspond to the forces measured
along the X, Y, and Z directions, respectively.

The technical implementation of the rule-based human-
robot interaction consists of a custom-developed software
add-on and a middleware program that manages a real-time
sensor feedback loop. The software add-on operates within
Grasshopper, a widely used parametric modelling platform
in the creative industries (Figure middle). Its compo-
nents enable users to define how sensor feedback influences
robotic movements through declarative rules [23]]. A custom-
developed middleware program monitors sensor thresholds and
relays data to the add-on components, which update the robot
action planes in real-time as illustrated in Figure 2]on the right.

d-ty:25-tz: —d-tr:1500rz : 300tz : —1 <> fy : —10, which

At each interaction, the updated action planes, detected sensor
thresholds, and triggered rules are recorded in a database,
segmented by discrete interaction moments.

By using the algebraic notations, a simple incising rule (i.e.,
action rule) was defined as tx : 150 orz : 300tz : —1.
This rule moves the end effector 150 mm along the X-axis
while simultaneously rotating 30 degrees about the Z-axis
and penetrating 1 mm more into the clay, thus creating a
widening groove on the clay surface. For example, combining
a gentle pull, represented as fz : —10, with the incising rule,
tz :d-tx : 15007z : 300tz : —1 < fz : —10 applies
incising on the spot after moving down the end effector. The
user’s pulling the end effector caused the force measurements
to exceed —10N. This sensor state first triggered a linear
translation from point A to B (tz : d), where d is calculated
based on the distance between the real-time TCP position and
the clay surface. Subsequently (-), a combined action of linear
translation and axial rotation (tx : 150 o rz : 30) began from
point B, aiming to reach point C (Figure [3| top row). If there
is no further user intervention, the triggered robotic action
is completed. Otherwise, it is interrupted, and a new action
sequence is initiated. For example, before the end effector
reaches point C, the user pushes it backward, causing the force
state to exceed 10N at point D (fy : 10). In response to
this intervention, the robot momentarily pauses and updates



its actions to reproduce the incision slightly lower (ty : —2.5
mm) than the previous one. The resulting outcome consists
of two carved strokes differing in both length and position
(Figure EI, bottom two rows).

A

Fig. 4. (a, b, ¢) By physically interacting with the robot’s end-effector, such
as pushing or pulling it, users can improvise (d) intricate material expressions
on the fly. The robotic actions are recorded and can be replayed to (e) quasi-
reproduce the improvised textures or (f) isolate a small part.

B. Exploration of Material Forms and Expressions

During the craft-inspired robotic fabrication workflow,
users continuously observe how materials afford intricate
and organic-looking expressions and forms due to their in-
herent properties, such as the malleable qualities of clay.
Figure [] (top) shows how the human user manually guided
the fabrication operations while exploring emergent layered
and undulated textures. These textures were not foreseen
or pre-designed; rather, they appeared serendipitously and
were composed throughout the dynamic fabrication process.
The completed outcome (Figure @}d) is a tile design with a
textured surface, characterised by dynamic, layered patterns
and grooves that reflect the plasticity of clay.

C. Reproduction of Material Forms and Expressions

The rule-based formalism facilitates recording and structur-
ing data regarding the dynamically created toolpath through
human-robot interaction. Accordingly, improved textures can
be (quasi)reproduced or segmented into small parts. For exam-
ple, Figure d}e shows the quasi-reproduction of the improvised
tile design with a layered and undulated texture. Although
the overall design was preserved, each undulation, layer and
groove in the texture looked slightly different. This makes
each robotically produced tile unique, as though it were hand-
crafted. Furthermore, the recorded and structured data from
HRI allows for the segmentation of dynamically generated
toolpaths. Subsequently, specific parts of a design can be
isolated. For instance, Figure E}f showcases how a fine-layered
expression was isolated from the overall design.

D. Modification of Material Forms and Expressions

Since the data from HRI process, e.g. dynamically gener-
ated toolpaths and sensor states, are recorded and structured
based on activated rules by user interaction, the fabrication
operation parameters of each expression and how they are
updated throughout HRI can be traced. Accordingly, impro-
vised material expressions can be purposefully modified by
changing specific parameters in their underlying fabrication
operation. For example, Figure [5] shows how the increased
axial rotation of the robotic end effector resulted in more
convulated textures.

IIT. STRATA SAPIENS: DIALOGUES IN STONE

Strata Sapiens explores the intersection of deep geologi-
cal time and artificial intelligence. Drawing inspiration from
the fossilisation process, the project imagines how human-
robot collaboration can ‘“carve time” into clay— preserving
not only physical form, but also traces of memory, erosion,
compression, and transformation. The created artefacts reflect
an aesthetic reminiscent of geological formations, evoking
sediment layers, fossil imprints, and mineral crystallisations,
similar to the ones that are seen in Figure [f] Using robotic
carving techniques, the process embraces the dynamic nature
of clay, allowing emergent material behaviours to shape the
final outcome. Each piece becomes a layered record of inter-
action, where robotic precision meets the improvisational spirit
of craft. The title, Strata Sapiens, combines the Latin words
for “layers” (strata) and “wisdom” (sapiens), suggesting that
knowledge, time, and memory are embedded within material
processes. In this work, rather than uncovering ancient fossils,
robots inscribe the present—capturing the evolving dialogue
between human intent, material response, and computational
interpretation.

A composition of wall tiles (33 cm x 63 cm) will be
submitted to the conference as seen in Figure [7} This tile
composition embodies the Strata Sapiens concept by mate-
rialising a layered dialogue between human, machine, and
material. Created through a rule-based, declarative human-
robot interaction workflow, each tile records a moment-by-
moment negotiation where human intent, robotic precision,
and the dynamic behaviour of clay. Rather than executing
a fixed design, the robotic system responded to evolving
conditions, adapting toolpaths in real time based on declar-
ative rules. These rules governed relationships between sens-
ing inputs and action parameters, allowing form to emerge
naturally through interaction, rather than strict predefinition.
The resulting tile designs evoke the textures of geological
formations—radiating folds, fractured ridges, and sediment-
like accumulations. Every surface captures the memory of
pressure, resistance, and adaptation, mirroring the way fossils
preserve traces of ancient motion. Assembled together, the
tiles form a stratified landscape where robotic technology
and materiality intertwine, inscribing a contemporary memory
record of creative human-robot interaction.



Fig. 5. The layered and undulated expression becomes more intricate with increased axial rotation (top right, from left to right). Clay tiles fabricated by the
robot show progressively articulated textures as the axial rotation increases (bottom right, from left to right). The decorative wall composition (21 cm x 42

cm) on the left combines the variation of these textures.

Fig. 6. Fossilized rock formations: trilobite fossils (Acadoparadoxides bri-
areus, left) and a bivalve shell impression (right). These natural records of
layered formation processes inspire the Strata Sapiens concept of capturing
memory through material and robotic interaction. Photographs taken by the
author at the Natural Sciences Museum in Brussels.

IV. DISCUSSION AND CONCLUSION

This art proposal aims to provoke conversations among
researchers, roboticists, and artists about how robots, digital
fabrication, and human-robot interaction (HRI) can enable
innovative design processes. Moving beyond the purely geo-
metrical parametric form-finding of established robotic fabri-
cation procedures [6], [9], [13], [T4]], the craft-inspired robotic
fabrication opens new opportunities for material-driven design
. The fabrication process of the artefacts, to be exhibited,
closely resembles crafting in terms of developing a unique de-
sign language specific to each material [25]], [26]]. Accordingly,
the proposal extends the recent advancements of HCI research
in craft and material exploration with 3D-printers [27]-[29]] or
looms to robotic fabrication.

In Human-Robot Interaction (HRI) research, most studies
have focused on developing Augmented Reality (AR) inter-
faces to provide communication within human-robot teams

by overlaying computer graphics on the real-world view [31]],
[32]]. The AR interfaces mostly superimpose user input and
CAD models, for example, to guide fabrication operations [33]]
or to visualise trajectories [34]. Although these AR-enabled
interfaces successfully provide a common reference frame and
spatial referencing between the real and the virtual worlds via
CAD, they are limited to CAD capabilities that do not cover
all the events that may occur in unstructured environments
[35].

In this art proposal, a traditional craft method, clay carving,
has been implemented into robotic fabrication based on HRI.
Clay provides a flexible medium that can be shaped and
moulded to easily create unique and bespoke forms, which
are difficult to find and represent via CAD models. The
presented rule-based approach enabled capturing unstructured
conditions as an integral part of the design form, instead of
relying on CAD models. This proposal thus extends HRI to
digital fabrication and craft, integrating material affordances
into design ideation without the need for synchronization with
a CAD model. As a result, fabrication and design merge into a
single creative making process where human users refine their
ideas by adapting their physical actions to changing material
and machine conditions.

Recent studies in HRI have shown that embodied interaction
modalities, without graphical feedback or overlays, encourage
users to engage with autonomous agents in intuitive and
heuristic ways . Such modalities, when implemented in
interactive systems, support human-autonomy collaboration
in unstructured environments by collecting and interpreting
real-time data about environmental changes [38], and
subsequently selecting appropriate next steps [39]. By digitally
recording the making process, human artists can gather data
on contextual and material nuances, as well as machine con-
straints. This open data collection offers insights into otherwise
tacit craft knowledge, typically conveyed through hands-on
demonstration [21]. Ultimately, such insights could inform
the development of intelligent systems capable of co-creating
alongside humans.



Fig. 7. (Exhibition representative image) A decorative wall composition (33 cm x 63 cm) depicts intricate textures that reflect the plasticity of clay. The
ceramic tile prototypes (10,5 cm x 10,5 cm) were designed and fabricated via human-robot interaction.

Within the scope of interactive robotic fabrication [40],
custom interfaces have been developed to facilitate human
input in robotic fabrication technologies [41]], [42]]. Building
on these advancements, this proposal emphasizes the dynamic
and open-ended fabrication process. However, broadening this
line of HRI studies, craft-inspired robotic fabrication focuses
on the design space that is generated by material emergence.
Its three phases, 1) improvising fabrication outcomes, 2)
identifying and isolating promising expressions within those
outcomes, and 3) composing those expressions into more
complex designs, support the continuous convergence and
divergence of design ideas during robotic fabrication.

In conclusion, the art proposal will showcase how HRI can
enrich creative opportunities and empower human users to
leverage material affordances. Ultimately, this proposal aims
to spark innovative ways to combine robotic technology with
craft sensibilities, involving dexterity, improvisation and skill.
By speculating about alternative futures with different kinds
of creative processes, the proposed exhibition will underline a
conceptual shift in perspectives of the authenticity of crafts-
manship, opening new reproduction possibilities.
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