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Abstract

This research investigates adaptive on-site robotic construction using dynamic, locally
sourced materials. It examines how robotic fabrication can respond to material behaviour,
environmental variation, and construction constraints through feedback between sensing,
modelling, and making. Rather than treating earth as a uniform material, the work explores
how its variability can inform both design methods and fabrication processes. Through the
development of an integrated platform, iterative prototypes, and a full-scale demonstrator,
the project studies the knowledge, tools, and workflows required for adaptive construc-
tion in practice. The research contributes to emerging approaches in digital fabrication by
proposing a design methodology for building with responsive systems and heterogeneous
natural materials.



1 Introduction

In times where the sustainability challenges are pressing, influencing all parts of society, the
need for new construction of housing and workplaces clash with environmental concerns.
Transformation and reuse, process digitalisation and construction automation could provide
answers, while at the same time also challenges current paradigms of industrial construction.
The architecture, engineering, and construction (AEC) industry plays a crucial role in address-
ing the sustainability challenges brought forth by climate change due to its large impact on
global emissions. This responsibility involves a critical rethinking of material utilisation, and
manufacturing processes. The industry must innovate and adapt to more sustainable practices,
reshaping how we approach building design and construction.

This project is an exploration of on-site digital fabrication, with a focus on computational design
with dynamic alternative materials fabrication feedback loops. The research involves topics
from architecture, robotics, material research, and computation, and addresses environmental
sustainability through rethinking material choice and sourcing, where construction elements are
built using resources available on-site.

The project’s goal is to explore novel ways to design and construct building elements with local
and low-processed materials through large scale 3D printing of earthen materials. It encom-
passes on-site digital fabrication of earth, clay and aggregates, typically excavated and trans-
ported away from the construction site. Taking inspiration from vernacular construction, where
necessity dictates material sourcing and (lack of) processing, creating a system that incorpor-
ates material behaviour in a digital fabrication process, using industrial robotics and machine
perception to manage non-linear materials and dynamic environments.

This text is a kappa written for my midway seminar in March 2026. It details my work within
the research project "Interactive Construction robotics: 3D-printing, adaptation and sensor feed-
back", fundedby Svenska byggbranschens utvecklingsfond (SBUF), project number 14187. The
kappa details the research context, its theoretical framework, method, experiments undertaken
and planned, and a discussion based on the experiments and their findings. It includes one
paper, Shaping design and fabrication processes for sustainable materials through adaptivity,
submitted to the conference RobArch 2026but not accepted, and one abstract, Adaptive Volu-
metric Modeling for On-Site Robotic Fabrication of Hybrid Stone-Clay Structures, submitted
to Design Modelling Symposium (DMS) 2026but not accepted. Both will be further developed
based on reviewer feedback with plans and submitted to other venues.

The research is exploratory, following a research-by-designmethod [36], where design is part
of the experimental work. I have prepared a prototype outdoor construction robotics setup,
with a mobile robotic platform [24] outfitted with a clay/earth 3D printing system and extruder
and sensors. This setup is and will be the basis for the experimental work. The topic will be
studied through the design and construction of foundations from earth and stone, stacked and
extruded on raw, uneven surfaces. This involves adjusting to on site geometries, heterogeneous
material assemblies (earth and larger stones), and sets the scale of exploration to that of building
components.



1.1 Background

The AEC industry faces a dual challenge: reducing its environmental impact while increasing
production. The construction industry accounted for 32 % of global energy demand, and were
the source of 34% of carbon emissions in 2023 [44, pp. 26-30], while the global building floor
area is expected to grow by 45% by 2050 [21, pp. 43-48]. We need to both build more and
build more sustainably, and any approach to construction that addresses one at the expense of
the other is insufficient.

Innovations and changes to address this must be able to scale to make an impact, the shortage is
too large and the crisis too urgent for solutions that only work on individual projects [11]. The
industrial approach achieves scale through standardisation and uniformity. Material producers
guarantee known properties, provide product sheets and building information modelling (BIM)
objects, and decouple material sourcing from construction through defined interfaces and con-
tracts. This enables optimisations through economies of scale, simplifies code compliance, and
makes structural design predictable. However, this model depends on supply chains involving
heavy transport, materials with high extraction and processing costs, and extensive site prepar-
ation including excavation. New construction projects typically take a tabula rasa approach,
excavating a site to create a concrete foundations on top of gravel transported for this purpose.

The alternative — local, low-processed materials, such as earth, stone, and reused components
— has deep historical precedents. Today, there is a renewed interest in local and sustainable
materials as well as transformational approaches, in order to lessen the environmental impact.
Earth, mud, and stone is already on site and available to be used, instead of getting removed from
site [8]. Sustainable earth construction is in use today and new methods are being developed,
and there are ample examples of historical practices that might be useful today [32]. The main
hindrance usually stems from lack of standards and material suppliers [39].

For any alternative to gain traction, it must provide scalability and efficiency at least approach-
ing that of current practices [11]. This is where the difficulty lies. When local materials or
reused building elements are used, the complexity of a construction project increases dramatic-
ally. There is no construction material producer guaranteeing properties, no product sheet, and
applicable regulations (if available) are open-ended. Yet there is a theoretical point where the
benefits of accepting this complexity outweighs its costs, and given the urgency of the planetary
crisis we might be approaching it, especially as computation design tools reduce the cost of
managing that complexity.

Digital fabrication offers a way through this, not as a technological optimisation within the
existing paradigm, but as a fundamentally different approach to construction. Through data-
driven design and fabrication processes, building elements can be customised to local conditions
and materials rather than requiring standardised inputs. Digital fabrication includes fabrication
methods such as additive and subtractive manufacturing, as well as robotic construction. Design
goals are encoded into machine instructions and carried out more or less without human inter-
vention. Yet, realising this potential is not straightforward. Non-industrial materials behave
unpredictably — they deform, settle, and interact with their environment in ways that industrial
materials are engineered to avoid. Using them in an automated fabrication process requires
ways to perceive and respond to this behaviour in real time, and ways to express design intent
that leave room for that response.



I use the term fabrication behaviour to describe these designed rules and responses — the coun-
terpart to material behaviour, which is what the material does on its own. This means shifting
from defining a wall segment by its geometry (height, thickness, length) to defining regions in
space where material must or must not be placed, and gradients between where placement is
more or less acceptable. This has applications in recycling and reuse of materials as well, where
adaptivity is required to handle indeterminate geometries. This behaviour needs to be driven by
feedback, some mechanism of sensing. The study of feedback-driven systems is the core of the
research field cybernetics [45]. The cybernetics research field is not only the progenitor of the
artificial intelligence field, it has also been adapted into psychology, sociology as well as design
[12] and architecture [40]. This concept’s relevance to digital fabrication is less explored.

1.2 Hypothesis

On-site digital fabrication with non-industrial materials such as earth can be made compatible
with scalable construction if the design space is formulated as constraints on fabrication process
and outcomes rather than as predefined geometry. The fabrication process process adapts to
material behaviour by operating within spatial and process-based boundaries and drawing on
real-time sensing of material and site. This could bridge earth construction, digital fabrication
and industrial construction, and would shift architectural authorship from specifying form to
specifying the rules governing how form emerges.

1.3 Research questions
The following research questions guide the research:

1. How does material behaviour during and after fabrication (deformation, settling, material
interaction) constrain and inform an adaptive earth 3D printing process?

2. What sensing and computational methods can provide the information needed to inform
an adaptive earth 3D printing process in real-time?

3. How does an architectural designer engage with an adaptive, feedback-driven robotic
fabrication process, what is required and what opportunities does it offer for design?

4. How can a research environment be constructed to enable the systematic investigation of
adaptive, feedback-driven on-site digital fabrication with non-industrial materials?

The first question relates to what material behaviour to study, while the second tries to answer
how to study those behaviours. The third research question seeks the answer to how a designer
can engage with the material behaviour as captured by sensing and computational methods, and
what possibilities this brings to a construction robotics workflow. The fourth and last question
is broader but foundational since the prior questions span multiple disciplines. Its aim is to find
which real world constraints need to be present, which constraints can remain unaddressed, and
the technological readiness level required, to investigate the prior question.

This is why research question 4 is addressed first, and is a part of the research contribution.



2 Theoretical framework

If the goal is to use local earth and soil there will be large regional variations, and this is were
new (quick) ways to get materials tested and accepted for use would help. It could also be
circumvented by data capture during (digital) fabrication, since it is possible to record every
move of the machine and capture data about the material being worked with. This could be used
in material simulations and tests, where more data should make for better and more accurate
results. What needs to be tracked carefully is material behaviour, especially for materials that
perform non-linearly and unpredictably. Material behaviour is how the material changes when
it is exposed to environment or action.

That is true for most materials which have not gone through extensive product testing, such as
Portland cementor graded timber. Material behaviour includes physiological processes such as
drying, setting and erosion. By observation material behaviour and features in it is possible
to adapt the design and process to suit the material. An example of this could be to work
with the knots and branches found inside a piece of wood while whittling, instead of forcing
your way through hard wood. This is of course the basis of craft, and it’s something that is
usually described as embodied knowledge. Taking that into the realm of the digital fabrication
space would instead require ways to observe and translate those observations into machine
instructions.

Material behaviour needs to be adapted to in order to harness the potential of earth as a con-
struction material, it both constrains and drives the design. Theoretical frameworks such as
Malafouris’ concept of material agency [30] describes matter as an active participant when
manipulated by a human, in this project, material agency is relevant as behaviour could be
understood through computational modelling. This can turn material behaviour into a design
driver for digital fabrication. This thinking is referenced in [34] which connects the dots back
as early as 2008 to Gramazio & Kohler [18].

Some materials behaves non-linearly, where the relationship between material manipulation
and resulting form is hard to predict. This is especially relevant when scaling up material
experiments, where larger material accumulations behaves differently. The complexity expands
further with an-isotropic materials (like wood) or heterogeneous material mixes (binder mixed
with aggregates), which is typically overcome using embodied knowledge. This knowledge
needs to be teased out from the tacit knowledge and adapted to digital fabrication processes.

2.1 Design driven by material and process

The modernist movement in architecture saw the material as something to be tamed, and con-
trolled. This was a radical shift caused by the new materials and processes that became available
in design and construction. Digital, parameter driven, architectural design has similarly often
been an exploration in what new forms scriptable 3D modelling can produce. Carpo saw a
second digital turn in the new millennium, where complexity was embraced through computa-
tion, algorithms and data [4]. In some ways this could be seen as resolving the tension between
designer and material, a return to a material informed workflow where findings about the ma-
terial and its behaviour drives the design outcomes.

Small adjustments in process parameters or material properties can change tectonic expression



and structure. The path used in 3D print might not be the only driver in the expression of the
resulting artefact, with some processes and materials the delays and stops, accelerations and
vibrations might impact the impression just as much [9]. Is this a part of the design, or is it
just traces of the production method? Cohen shows through his work with delay introduced
and exaggerated in concrete dripping how machine delay impacts the end result, and links
it to experimental music and art [9]. In his work with Machine Delay he carefully isolated
a parameter and studied it closely. In the physical world controlling medium and tools are
difficult, an outside laboratory settings’ design outcomes become dependent on more variables
than just a few input parameters. This is evident in 3D printing, where the same design produces
different outcomes due to variations in the material extruded [20].

2.2 Representing design space

Design is communicated through sketches, drawings as well as physical and virtual 3D-models,
both during the development of the design as well as in the fabrication stage. This changes if
the fabrication stage is completely or partially executed by machines. Then the communica-
tion medium needs to changes to something that can be translated into motion commands and
input/output (I/O) signals.

A hierarchy of abstraction levels exists in robotics, ranging from electrical signals that move a
robot’s servo motors via embedded code to code intended to be written by robot programmers
(often in a proprietary language like ABB Rapidor URScript) that enables more flexible control
logic. There are further abstractions on top of that to facilitate integration with computer-Aided
design (CAD) systems such as Kuka | PRC [1] and compas_rrc [13], both offer interactive
and non-interactive program execution. There are also integrations specifically developed for
3D printing clay to integrate parametric design workflows [26].

Recent developments in generative Al extends this hierarchy to possibly include natural lan-
guage instructions. Complementing this structure, at least on a theoretical level is domain spe-
cific languages, that provide specific syntax for specific tasks. In generative design and digital
fabrication this would include making grammar [25] and fabrication grammar [43, 41] (both
taking inspiration from shape grammar). These are ways to discretise individual actions and
changes that impact the material that is worked with.

Outside of prefabrication of houses and house parts, construction takes place outside controlled
environments and robot integration needs to be repeated for each project. Automation of on-site
construction tasks is desirable, especially for unergonomic, unsafe tasks, or tasks that require
precision not possible without machinery. Digital fabrication enables mass customisation, with
the potential to reduce or remove the cost of adapting fabrication processes to different designs

[5].

Industrial robotics automates labour, and has been very successfully coupled with progressive
assembly (assembly lines), where a single operation is repeated for each part. Integration of ro-
botics in factories relies on economies of scale, where the more identical widgets you can build
the cheaper the integration becomes. This is paradigm is challenged by cheaper robots, and
cheaper programming. Robotic programming, previously done iteratively with through virtual
and physical simulation or lead-through programming where the manipulator is driven through
the tasks, typically by manually moving it into place, and positions and joint configurations are



recorded. More recently other methods have emerged, such as machine learning coupled with
computer vision, where a model could be trained on a video feed of tasks and environments.
This is generally well suited for repetitive tasks such as a pick-and-place operations or discrete
additive or subtractive actions. 3D printing, however, consists of long continuous print paths
that are hard to lead-through program, and unique paths that might be hard to use as training
data.

One alternative is to design algorithmic responses to certain local conditions in the 3D scanned
environment. Agent-based design, not the same as agentic Al, instead modeled swarm beha-
viour, could be a helpful here. This builds on modelling of animal behaviour, where agents have
a few possible actions a small set of rules available to them to create emergent designs. The
simplest one would be moving on top of the scanned surface without colliding.

An example of swarming behaviour could be the bird-like objects (BOIDs), which is a set of
rules describing the behaviour of birds in flight, where they keep a distance between each other,
they follow the general direction of the swarm, and they have different patterns for avoiding
predators, as described by Reynolds [37]. Quite simple rules on its own, but in the end leads to
emergent synchronized movement.

3 State of the art of additive manufacturing with a
focus on earthen materials

3D printing in construction with materials such as thermoplastics and concrete enables mass-
customisation and can be more material efficient through elimination of formwork, as replace-
ment to other materials or through material reduction. 3D printing with both thermoplastics and
concrete has been used for building components such as facade elements [27], and for concrete
formwork[2] but has not gained widespread adoption [46].

The use of clay and earth in 3D printing, a type ofliquid deposit modelling (LDM), has been
explored in research and in industry. Work done in this field shows the variation that can be
achieved by tweaking material mixes, and tool-paths. Tiles and bricks can be 3D printed and
used in construction [15, 38, 35, 10, 19], but the size and scope is limited by the firing process.
Clay and earth 3D printing is part of the digital fabrication sub-field/digital manufacturing of
earth construction (DMEC)/ or digitally manufactured earth construction, a name I’ve taken
from a review paper with the same name [17]. This sub-field also includes digital techniques
such as automation of rammed earth construction ([see 16]).

Large scale earth 3D printing has been pioneered in projects such as Digital Adobe, Tecla,
and TOVA [6], as well Mud Frontiers [14]. These projects were printed using polar 3D printers
except Tecla where a delta printer were used. These printers were built up on site and dismantled
after printing, a strategy typical also for concrete 3D printing, which limits the total size of
connected construction components to the reach of the printer. Integration of aggregates is
limited by what the nozzle can extrude, and compensation for potential changes in the 3D
printed material are difficult.

The typical digital fabrication workflow, sometimes called "file-to-fabrication", presupposes a
linear flow from design to artefact. There are clear limitations to that model when it comes to
materials with more complex behaviours. Adapting digital fabrication workflows to material be-



haviour is explored in projects such as Craft-Inspired Digital Fabrication [42], where a process
specific human-machine interface were developed that allowed clay carving to be controlled
through pushing, pulling and positioning a robot arm over a bed of clay. Another example is
the work of Ma et. al. where robotic clay sculpting has been investigated and developed [28],
where materiality, tool shape and path planning impact the outcome. (Clay) 3D printing adapted
to scanned surfaces, has also been explored through 3D scanning techniques and other sensing
mods [3].

4 Methodology

To investigate the potential of material driven and feedback based digital fabrication the re-
search framework research-by-design is employed. Research-by-design involves iterative pro-
totyping and material driven experiments [36]. The workflow prescribed by research-by-design
is explained in figure 1 where we can see initial probes informing subsequent prototypes and
demonstrators. The probe is exploratory, while the prototype further investigates feasibility and
possibilities. The demonstrator’s role is as a validation of the fabrication method to show that
it works in full-scale. It shows a research method that develops processes iteratively and design
of process as well as the outputs are evaluated at each step.

.: design probe ‘; > l:malerial pro(ot)rpe\,‘, > r: design probe : > rmal:erlal pmmqrpe >

o . & e '\ _____
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performance queries application
! demonstrator | demonstrator !
-._.‘___b'_‘— .._‘\_ et
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dscusses design criteria nds 10 industral requirements

Figure 1: Diagram from Ramsgaard Thomsen & Tamke [36]

The research subject, adaptive construction robotics using 3D printing of earth, will be pursued
through the development of a foundation. This is a building component where earth has a clear
historical precedent, and requires on site construction since it interfaces with site topography.
It also requires an interface with the other building components it supports, which puts it into a
larger context of construction practices.

5 Experimental platform

The experiments include the setup and validation of the experiment platform as well as the
3D printed artifacts. Some experiments are set out to validate the setup, i.e. check that things
work. The validation experiments also lead to deeper knowledge of process parameters and
material behaviour, which further inform experiments. The experiments are assess in terms of
robustness, predictability, and spatial tolerances.

Through the collaboration between departments within LTH through the Centre for Construc-
tion Robotics I have access to an outdoor mobile robotic setup that consists of a 20 ft container


https://www.robotics.lth.se/research/center-construction-robotics
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and the robot Elizabeth — a robot arm (ABB IRB4600/2.55) mounted on the base of a repurposed
spider crane [24].

Through the project the setup has been deployed in an industrial warehouse in Arlov, on a
temporary square in the developing Brunnshdg-region in Lund as well as in the School of Ar-
chitecture’s parking lot.

Initial design T Data collection
World model
Physical artefact
Evaluate geometries Fabrication

\

Derived geometry Print paths including

process parameters

Generate print paths

Figure 2: The proposed design and fabrication loops.

Figure2 describes the envisioned fabrication workflow. The starting point is a world model
containing just the environment, since no fabrication has begun, and an initial design. These
feed into a closed loop that starts by constructing the difference between the world model, the
current state, and the initial design.

The world model is constructed from 3D scanning data, where the raw data is a pointcloud. This
data is converted into mesh or voxel geometry for processing. The initial design is a volume
to fill, but in future experiments this will evolve to a multifaceted design space with constraints
and thresholds guiding fabrication and adaptation to material behaviour.

The difference between initial design and environment is calculated in the previous experiments
by placing the volume to printed intersecting with the print substrate, and subtracting the en-
vironment from the initial design. In this way the design is adapted to its environment. This
derived geometry is used to generate prints paths and process parameters.

In the execution phase of the fabrication loop the generated instructions are used to print parts
of, or the whole design. The result is then scanned again and the world model is once again
compared to the design intent.

As previously stated, part of the work undertaken as part of this research project has been the
development and evolution of the experiment platform, most crucially the pump and extruder
system and the sensor setup. An industrial robot is a general tool, and Elizabeth has been
outfitted for 3D printing of earth and clay. Initially, Mai Pictor3D, a pump system designed for
pumping cement for 3D printing applications, was used but was later replaced by Erratic DM80,
a pump system specifically made for earth and clay materials. The extruder setup has underwent
three iteration: First an in-house adaptation of the VormVrij’s Lutum v10 clay extruder, then
Erratic T25 extruder, first evaluation of a prototype then the final product. This extruder uses
two augers with a motor driver that can be controlled using a CAN-bus interface.
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Adaptations necessary to integrate pump systems and sensors have included adapter plates —
3D printed and computer numerical control (CNC) milled — and electronics for controlling
the extruder, including synchronisation with the robot controller. Robot motion needs to be
coordinated with the extrusion which is controlled by motor and motor controller on the extruder
tool, which in this case means that the robot program needs to send a value, using a group output
on its I/O board to the motor controller on the extruder, just before the first printing move and
adjust it on the fly based on the speed at the robot tool centre point (TCP).

The speed adjustments are possible using a always on controller task (an asynchronous, ded-
icated thread) that multiplies the TCP speed reading with a speed factor. This value is during
program execution multiplied again by a point specific extrusion factor and finally communic-
ated to the motor controller as a signed integer.

The environment reconstruction is done using photogrammetryand experimentally using depth
cameras. Depth cameras, in contrast to conventional cameras, which store colour values per
pixel (RGB), calculates depth information from two camera sensors and streams both a RGB
image as well as a depth map, grey-scale image where the pixel values represent distance.
Pointclouds and meshes are constructed using either RGB images or depth maps, and need to
be localised in the robots coordinate system.

The ideal approach is to construct the environment geometry from image frames with position
information calculated based on the robot arms position. This has worked intermittently in prior
experiments, and a stable workflow would improve the setup. The backup solution has been to
use photogrammetry, with scale and relative position given by physical markers in the scene.
These are then measured in the robot coordinate system using a calibration needle attached to
the robot end-effector.

The experiments have been conducted with a material mix based on a local, fatty glaciomarine
clay, mixed with sand (2 mm) and water in a 1:1:1/2 ratio. The sand is added to reduce shrink-
age. There is potential to improve the mix both in terms of ratios as well as with additives such
as fibers.

The actual experiments can be found documented in the visual journal, and the attached paper.

6 Results and Discussion

At this point in the research project research question 4 (regarding experimental setup) can be
fully addressed, and research question 1 (material behaviour) and 2 (sensing and computational
methods) partially. The research questions are intended to be fully investigated at the conclusion
of the research project.

6.1 Prerequisites for on-site adaptive earth fabrication

On-site adaptive digital fabrication with earth requires resolving prerequisites across several
categories (equipment, synchronisation, site infrastructure, interdisciplinary skills) that are not
addressed in existing literature. This is part of the answer to research question 4, where the need
for a research environment is highlighted.
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6.1.1 Equipment

Earth 3D printing cannot rely on equipment developed for cementitious or other LDM pro-
cesses, the rheological demands of earth mixes are fundamentally different. Cementitious mixes
are liquid enough to flow into a pump and require less pressure; earth mixes at workable vis-
cosity require both greater pump pressure and a mechanism to actively feed material into the
pump. After evaluating two concrete pump systems we worked with a specialist supplier to de-
velop a suitable setup. The same gap exists for extruders — off-the-shelf clay printer extruders
lack the throughput needed for construction scale, and larger market offerings are designed for
cementitious mixes.

6.1.2 Synchronisation

Precise synchronisation between extruder velocity and robot motion is essential, without this
coupling, the main lever for responding to material variability is lost. There are certain work-
arounds, like adapting the trajectory speed to indirectly control the volume of extrusion per
distance. In the first print experiment uneven surface this would have proven inadequate since
they extrusion volume was adapted to the layer heights which varied between each point. This
was done by adding an extrusion speed factor to each sub-path and having the controller change
the extrusion speed after each waypoint reached.

Additionally, output from mounted cameras needs to be transformed according to the current
position of the robot joints. The system is tied together with a ROS2 system [29], the source
code specific to the setup can be found on GitHub: biodigitalmatter/ros.

6.1.3 Site infrastructure

On-site construction robotics requires a setup that can be deployed and equipment that work
outdoors. The container setup has been developed during the project in multiple ways. Among
the requirements are electricity, water, and site access, which all need to be coordinated between
multiple stakeholders in an environment undergoing rapid change. This is a significant but often
overlooked constraint.

Further requirements on-site are local area network (LAN) to connect controller, computers
and sensors. Software development, experiments, and collaboration on site required access to
internet, in order to download software dependencies and design files. That is why the container
is outfitted with a 5G router and networking cabling between the multiple nodes, see Figure 3.

6.1.4 Skills and knowledge integration

On-site adaptive digital fabrication with earth sits at an intersection of disciplines where no
single field provides the full skill set. This is highlighted by the challenges encountered during
the setup of the experimental platform.

It is not only necessary to understand the robotic hardware and software, as well as the different
design tools used, it is equally important to be able to integrate and navigate the technical and
design aspects of the work. The subject involves interacting variables that need to be studied
holistically in order to arrive at a new type of fabrication workflow. Developing this workflow
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Figure 3: The robot cell network setup.

requires taking on the role of researcher, designer, and technician, and engaging with the fields
of architecture, construction and robotics. The resulting setup must be legible to researchers as
well as practitioners.

The fabrication outcome depends on both process behaviour and material behaviour, and these
cannot be studied independently when the goal is to develop a workflow applicable to robotic
construction. The on-site deployment, development and integration of the extrusion system,
robot and sensors all contributed to addressing research question 4. The resulting setup is now
at a stage where it is possible to execute more complex experiments. However, doing so still
requires a broad set of technical and design skills. This combination is relatively uncommon in
either engineering or architecture, but in the current team configuration it enables us to explore
the other research questions. In order to reach a situation where a larger cohort can engage with
the experimental setup, especially independently, further refinement of the technical systems is
necessary.

6.2 Timescales of material and fabrication behaviour

There are different timescales involved with fabrication and material behaviour apparent in earth
construction. There is the timescale given by the drying time for a specific material mix, which
can be measured in days. The other extreme is material behaviour of the clay directly after
extrusion. These findings help address research question 1 and 2.

6.2.1 Immediate (during extrusion)

Structural collapse can occur mid print or shortly thereafter, and unexpected air bubbles in the
hose feeding the extruder cause immediate changes to the printed structure.

An example of interactions between material and fabrication behaviour with immediate con-
sequences is the extruder nozzle clearance (or lack thereof), where variation within certain
tolerances is unproblematic and gives rise to different surface qualities. Outside of those tol-
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erances it leads to extrusions that don’t adhere to surface or layer below or material build-up.
This variation changes where material accumulates, which also has an impact of subsequent
extrusions and layers.

6.2.2 Intra-layer/intra-session

Between layers within a print session, the key question is whether successive extrusions bond
sufficiently, and what accumulated deviations can be compensated for before the next layer.

The experiments have shown that, given the setup and material mix, there is very little delamin-
ation between layers and paths, suggesting that the clay extruded forms a soft-bond as described
by Ming et. al. [31]. This mirrors my own experience as a student and research assistant part
of the team led by Coralie Ming that designed and built the Clay Rotunda in Bern, Switzer-
land [22]. In Clay Rotunda, the projects leading up to its development, and in the subsequent
Impact Printed Structures [7] project, the bond is achieved by shooting discrete clay cylinders
where the impact bond guarantees the "soft-bond". That the 3D printing workflow achieves the
same type of bond is likely dependent on the wetter clay mix used, and the short time between
subsequent layers.

In the current workflow, intermittent feedback can compensate for accumulated deviations
where a surface reconstruction can inform the height and position of the next layer. Further
possibilities include adjusting the flow rate during extrusion, based on measurements taken
close to the extruder and continuously during extrusion. Point distance measurements could be
used to compare the actual height of the print compared to the expected; force measurements
could be used to ensure that the nozzle connects to the print through the extruded clay.

Future work will include a prototype splitting print sessions with longer drying periods as tested
[23] and validated with the Clay Rotunda [22].

6.2.3 Post-session (days)

Drying over days introduces behaviours that cannot be addressed within a single print session,
and that constrain how multi-session fabrication can be planned. These behaviours include
shrinkage and cracking, as well as frost damage, but the latter is rather an environmental con-
straint on scheduling.

There is a threshold between small surface level cosmetic cracks and larger cracks causing frac-
tures in the print. Clay construction literature stresses the importance of filling cracks to avoid
cavities that could hold water [32]. The planned multi-day print prototype will test how session
intervals affect this threshold, as would a potential exploration into material mix adjustments
through added fibres or changes to sand ratio.

6.3 Representation of environment and fabricated geometry

The experiments have highlighted the importance of a virtual model that can be updated incre-
mentally, where the fabrication space and artefact can be tracked and used as an input in the
generation of 3D print paths. These results are part of addressing research question 2, which
asks what is required of a virtual model to inform adaptive robotic construction.
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3D reconstruction using cameras can only be done intermittently in a photogrammetry based
workflow, during printing breaks, since the procedure relies on a static environment. Moving
parts create noise in the pointcloud and complicates surface reconstruction. The output from
surface reconstruction procedures is typically polygonal meshes, whose global topology makes
updates to regions unfeasible — surfaces need to be completely reconstructed for each scan.

Surface reconstruction is still useful, especially for adaptation to global changes and behaviours,
such as changes to the print surface (the layers already printed). But it is limited by the resol-
ution of the 3D reconstruction, where local changes can go undetected. The 3D reconstruction
resolution has implications for all geometrical operations, necessitating a compromise between
computation time and detail.

Representing feedback captured during different points in time, potentially from different
sources, is possible by storing different surface representations annotated with timestamps.
Combining or refining these is more difficult, and might require a volumetric (voxel) model
instead of a surface representation. This is explored further in the submitted abstract on adapt-
ive volumetric modelling for the Design Modelling Symposium.

7 Future work

So far, the project has established the conditions for experimentation by developing an initial
platform for robotic extrusion, sensing, and digital modelling. Moving forward, the central
questions of the thesis are not only whether such a system can be assembled, but what kinds of
material, procedural, and design knowledge are required for it to function adaptively in practice.
The remaining doctoral work therefore builds on the current platform in order to investigate
these questions through iterative probes, prototypes and a full-scale demonstrator. Probes and
prototypes will be developed to evaluate and refine the research questions, culminating in a
full-scale demonstrator of a building foundation, where the workflow is tested in a realistic
construction scenario.

The work is organised through three interconnected parts: Platform and system integration, Iter-
ative prototype development and experimental evaluation, and Design methodology and demon-
strator (research by design). Experiments through probe and prototypes follow a progression
from controlled probes to integrated prototypes in preparation for the full-scale demonstrator.

7.1 Platform and system integration

The first part addresses the technical foundation for further work for which a stable and flexible
experimental platform is needed. Stability is required for repeatable experiments and a clear
iterative workflow. Flexibility is required to support different experimental conditions, pro-
gressive scaling and varied geometries. Through the work already undertaken the 3D printing
setup is sufficiently integrated at the extrusion stage, while the broader closed-loop workflow is
not yet mature. The workflow from scan to virtual representation as well as the virtual repres-
entation to print instructions need further work. This includes eliminating manual work in scan
alignment and scaling, incremental updates of the digital twin, automatic generation of updated
print instructions, and a feedback loop between scanning and printing. This work enables the
planned experiments and supports the integrated demonstrator.
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Figure 4: Visualization of foundation build from earth and recovered stones.

Robot repositioning is required for larger prints given the working range limitations of the robot
arm. The robot can be driven to a new position mid-print but this puts it out of alignment with
the printed artefact. Re-registration of the robot coordinate system in relation to the printed
artefact is required to ensure fabrication continuity. This re-registration can be done either
by measuring in geometrical features in the environment using the robot, or by analysing the
required transformation to re-align registered point clouds. The latter option should be pursued
and integrated into the workflow as an automatic process.

The virtual representation of the fabrication environment needs to accommodate incremental
updates to the printed artefact while also filtering out noise and temporary changes in the
scanned scene. The current workflow discards previous scans, which reduces precision and
causes duplicate work. It also uses mesh surface representations which are not well suited to
incremental scan integration, and integrating new shapes to represent newly printed material
often requires completely rebuilding the data structure. To be able to overlay scans we believe
we need to develop a workflow that stores the scanned data as volumetric models in a data
representation such as OpenVDB [33] where values are stored in a sparse 3D grid.

The end goal is to have a setup that is generalisable and documented, that can be used by other
researchers, students, or practitioners, given they have access to a similar setup.

7.2 Iterative prototype development and experimental evalu-
ation

This part constitutes the experimental core of the project and is concerned with iterative pro-
totype development and systematic experimental evaluation. The experiments are designed to
investigate the research questions through probes and prototypes. They are organised into three
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interconnected strands: Material and joining, Sensing and control, and Representation and goal
definition. Across these strands, the work progresses from controlled probes to increasingly in-
tegrated prototypes, where results from one line of experimentation inform the others.

These experiments are not only in preparation for the demonstrator, but also contribute distinct
forms of knowledge. The material studies investigate how stone and earth interact over time
through filling, locking, drying and shrinkage. The sensing studies examine how fabrication
can be adjusted through calibration, scan registration and feedback. The representational studies
address how the state and goals of fabrication can be described and updated in a design-oriented
adaptive workflow.

7.2.1 Material and joining

The focus in this strand is on the interaction between earth-based material and stone. The
experiments examine filling, locking, support, drying, shrinkage, and water sensitivity — and
how these affect structural stability over time.

The first cluster of experiments includes dry stacking of a wall segment, manual clay reinforce-
ment using the clay pump, monitoring of deformation and drying over days, and finally printing
on top of the assembly after drying out. The second cluster takes the same principles but en-
codes motion and extrusion into machine instructions for the robot to execute. It entails printing
around placed stones to secure their placement and fill with clay beneath and in-between stones.
This is to further test how clay extrusion can support, lock together and fill cavities between
stones and to scale these principles toward multi-layer assemblies.

By incorporating clay as a filler, stabiliser and joining medium in stone assemblies, this strand
is designed to develop knowledge about how the materials interact over time. The initial manual
experiments help identify relevant behaviours. The transition to robotic experiments explores
how these behaviours map onto a digital fabrication workflow.

7.2.2 Sensing and adaptive control

The focus in this strand is on how scan data and calibration methods can be used to maintain
fabrication continuity and update robotic actions during production. This includes developing
knowledge of how feedback can be registered and acted upon in order to control extrusion
volume and path planning around and between stones.

The first cluster investigates how scan data can inform deposition during filling operations
between stones. These experiments address how much material is needed to fill a cavity, when
deposition should stop, and how print paths can be updated in response to the scanned state of
the assembly. This develops knowledge of how sensed geometry can be translated into local
fabrication decisions during adaptive construction.

The second cluster focuses on mobile robotics and re-registration after repositioning. These
experiments investigate how the robot can be moved during fabrication while maintaining
alignment with the built artefact. This develops knowledge of which sensing and calibration
strategies are sufficiently robust for larger prints that require relocation of the robot. A planned
prototype scales this into an interrupted print sequence in which the robot is repositioned one
or more times during fabrication.
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The resulting knowledge concerns both localisation and action: where the robot is, what has
changed in the build, and how fabrication should respond.

7.2.3 Representation and goal definition

The final strand investigates how the state and goals of fabrication can be represented in an
adaptive workflow. The current state, as registered through depth cameras and other sensing
methods, needs to be stored and updated in a way that supports both fabrication control and
design evaluation. At the same time, the target of fabrication cannot always be understood as
a fixed geometry, but may instead need to be expressed as spatial rules, support conditions, or
desired relations between materials.

The experiments in this strand are aimed at developing a virtual model of the fabrication process
by storing and displaying a series of snapshots containing multiple data points from different
stages of production. This work investigates how scan data can be accumulated into a repres-
entation of the evolving build state, and how such a representation can support both process
analysis and the updating of fabrication goals.

7.3 Demonstrator

This final part addresses the design-method implications of adaptive robotic construction and
integrates the preceding work in a full-scale demonstrator. The demonstrator is not only a tech-
nical integration exercise, but a design study through which the architectural consequences of
adaptive fabrication can be examined. A central question is how design changes when architec-
tural intent is formulated through rules, responses, and evolving material conditions rather than
fixed geometry.
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Abstract. This paper investigates adaptive robotic fabrication for heterogene-
ous, low-processed materials, focusing on clay-based mortar deposition on ir-
regular substrates in combination with stone aggregates. While digital fabrica-
tion has expanded the geometric and procedural possibilities of additive con-
struction, most workflows remain constrained by deterministic toolpaths and
fixed representations that presuppose predictable material behaviour. Our ap-
proach identifies three fundamental constraints: sensing fidelity, geometric rep-
resentation capable of real-time updates, and material behaviour characterisa-
tion across multiple timescales.

Two experiments were conducted with a mobile industrial robotic arm
equipped with a clay extrusion system. A depth camera mounted on the tool en-
abled intermittent digital twin updates informing adaptive toolpath generation.
The first experiment explored non-planar deposition on an uneven cast sub-
strate, while the second built one the first but introduced further heterogeneous
interaction through inclusion of manually embedded stone.

The work identifies limitations in mesh-based reconstruction and discrete
feedback cycles. We find that representations must tolerate sensor noise, sup-
port local updates, and accommodate multiple material timescales and suggest
volumetric models as a path forward. Behaviour-driven toolpath strategies, such
as differential growth, proved more resilient to irregularity than deterministic
offsets. These results indicate that adaptive fabrication requires both continuous
sensing integration and toolpath strategies capable of local responsiveness to
material and substrate variation.

Keywords: nonlinear fabrication, digital earth construction, material-
responsive toolpath generation, volumetric digital twin, construction robotics

1 Introduction

To reduce the environmental impact of construction, the Architecture, Engineering,
and Construction (AEC) industry is presently investigating transformations of existing
buildings, reuse of building components, and alternative materials [1]. However, es-
tablished industrial workflows — optimised for uniform materials and controlled con-



ditions — struggle to accommodate the heterogeneity and irregularity of built envi-
ronments and many sustainable materials. Robotics, when combined with computa-
tional design, offers a means to reconcile scalable fabrication with these emerging
material practices [2].

Conventional robotic manufacturing typically operates in highly controlled envi-
ronments, relying on processes that prioritise precision and repeatability. Construc-
tion, by contrast, is characterised by variation, uncertainty, and site-specific con-
straints. Digital fabrication (DFAB) has helped bridge this gap by introducing algo-
rithmic control, parametrisation, and feedback, enabling more complex geometries
and improved material efficiency. Yet DFAB largely remains tied to deterministic,
geometry-driven workflows. Robotic fabrication, by contrast, enables multi-
directional motion, adaptive behaviour, and the possibility of process-responsive con-
trol — capabilities essential when working with materials whose properties cannot be
fully stabilised [2].

Our work builds on this distinction by focusing on materials whose behaviours
cannot be reliably predicted or constrained, specifically low-processed and naturally
variable materials such as raw earth and recovered stone. In these contexts, DFAB
methods struggle because they presuppose consistent material properties. Robotic
fabrication allows fabrication logic to respond to material deviation as it occurs, shift-
ing from predefined geometry toward co-design processes in which designer, robot,
and material jointly negotiate form in real time. This perspective embraces material
agency and highlights the need for adaptive workflows that can operate effectively
within heterogeneous and in-situ construction contexts.

In response to these limitations, this paper presents ongoing experiments that in-
vestigate clay-based mortar deposition combined with stone aggregates and uneven
substrates. These experiments explore how design and fabrication systems can adapt
to non-standard geometries and nonlinear material behaviour. To support this adaptiv-
ity, we develop an intermittent digital-twin framework that integrates depth sensing
into the design-to-fabrication process and informs real-time adjustments to both pro-
cess and toolpath parameters.

1.1  Hypothesis

The core contribution of this paper is a workflow for adaptive robotic clay printing
that integrates continuous scanning, a volumetric digital twin, and multi-modal path
generation to accommodate heterogeneous, unpredictable materials in situ. This con-
tribution advances DFAB by demonstrating how material behaviour can inform real-
time toolpath and process decisions. We hypothesise that continuous feedback be-
tween robotic system, design intent, and as-built conditions can strongly facilitate
successful integration of non-industrial, irregular materials. Such a loop would enable
autonomous adaptation of fabrication parameters and toolpaths to accommodate mate-
rial behaviour and geometric irregularities.

Specifically, we propose that by continuously sensing and interpreting deviations
between the digital model and the physical environment, it is possible to adjust print-
ing trajectories and process parameters dynamically to maintain outcomes within



aesthetic, structural, and functional tolerances. Central to our approach is a volumetric
model that functions as a mediator between sensor data, design intent, and toolpath
generation. We suggest that such a model can inform decisions in a dynamic decision
space, based on information from multiple origins.

To evaluate this hypothesis, the research addresses the following questions:

e How can design intent be represented in a form that remains meaningful and oper-
able within an automated, adaptive fabrication process involving unpredictable ma-
terials and site conditions?

e How can 3D scan data and other spatial modalities be integrated with the design
model to enable dynamic adjustment of the fabrication process?

e How can the adaptive responses to material behaviour such as deformation or in-
teraction between materials be systematically encoded into the fabrication process?

1.2 Background

Many DFAB techniques have been developed for controlled environments and rely on
standardised materials that are often unsuitable for construction-scale applications.
Large-scale 3D printing systems for construction exist, however their integration into
real-world building processes remains limited. In contrast, interventions in existing
structures or complex environments rely primarily on skilled manual labour, where
adaptability and material awareness are essential. These human qualities of improvi-
sation and resourcefulness may prove crucial in emerging paradigms of sustainable
construction that prioritise reuse and local material sourcing. The challenge lies in
translating these adaptive capabilities into robotic systems capable of operating within
unpredictable environments.

The work presented in this paper is situated within Digital Earthen Construction
(DEC), an emerging field encompassing clay-based additive manufacturing. Along-
side a renewed interest in earth as a building material, through methods such as pre-
fabricated rammed earth blocks [3], its applicability in DFAB is studied by research-
ers [4]. However, earth construction challenges conventional notions of industrial
precision [5]. In contrast, 3D concrete printing for construction has reached a level of
industrial maturity, with commercial systems enabling both on-site and prefabrication
production. Many of these employ advanced extrusions systems with accelerant injec-
tion and material refinement developed through sustained research [6].

Our research investigates how adaptability can be embedded into automated fabri-
cation processes, while acknowledging that human resourcefulness based on contex-
tual reasoning and tacit knowledge are hard or impossible to capture into a digital
context [7]. Central to this are feedback loops that calibrate and tune both process and
material, an analogue to how a potter continuously adjusts grip and handling of clay
on the wheel, where data from sensors directly informs the fabrication process.

Feedback loops are fundamental in robotics, most crucially for low level motion
control, but in a wider context for precision, stability, and process control. Current
research into motion planning and error correction is in large part driven by industrial
automation and autonomous vehicles. However, in DFAB, feedback is often limited



to calibration or error detection rather than design-level adaptation. Incorporating
feedback as a design driver, rather than just a control mechanism, requires rethinking
how robotic systems interpret material and environmental data. Such systems must
not only correct errors in precision but also adapt fabrication logic to material irregu-
larity, surface geometry, and process parameters.

Machine perception implemented through computer vision, and 3D scanning and
surface reconstruction are well established in fields such as construction inspection,
heritage preservation, and digital archaeology, where they are used to investigate and
preserve [8], or to evaluate as-built conditions [9]. Yet, integrating such datasets into
automated construction workflows remains a significant challenge. The discrepancy
between idealised CAD/BIM geometries and the noisy, irregular nature of real-world
data requires intensive post processing in the form of pointcloud segmentation [10].

In adaptive robotic fabrication, 3D scanning could become more than a tool for
documentation, it could serve as a real-time input for process control. A digital twin
could be constructed through continuous capture of spatial data during fabrication.
The central challenge, then, becomes how to integrate design methodology with the
digital twin.

1.3 State of the art

This project is situated within a transdisciplinary field spanning architecture, robotics,
and material research, with a particular focus on clay-based additive fabrication and
adaptive sensing.

Early explorations of sensing-integrated clay fabrication include Remote Material
Deposition [11], which included a lidar-constructed pointcloud to verify the impact of
launched clay cylinders guided by a robotic arm. This ballistic deposition method
represents a departure from deterministic control since each element's location cannot
be precisely predetermined. The use of a dynamic reconstruction of the developing
structure during fabrication establishes a precedent for integrating real-time environ-
mental sensing into clay-based workflows, enabling verification of actual rather than
assumed conditions.

Capunaman et al. have developed a sensing-informed fabrication workflow
through two complementary studies. Their 2022 paper introduces a vision-based
framework for adaptive robotic tooling on indefinite surfaces, using a stereo camera
mounted on the robot end-effector with interchangeable implements, and detailing
multi-scan surface reconstruction methods [12]. Their 2023 follow-up extends this
system into a practical material-in-the-loop clay 3D printing workflow using moulda-
ble sand formwork [13]. Similarly, Breseghello et al. have advanced adaptive 3D
concrete printing through particle-based simulation tuned via empirical calibration,
enabling visualisation and prediction of material behaviour as part of the design pro-
cess [14], as well as robot-assisted concrete printing on 3D-scanned complex terrain
[15]. Together, these works demonstrate how 3D reconstruction and material behav-
iour can inform adaptive fabrication processes.

Beyond sensing and reconstruction, a parallel body of work explores algorithmical-
ly generated toolpaths that embed material behaviour, structural requirements, or



environmental constraints directly into the deposition logic. Breseghello et al.’s tool-
path-based design for concrete printing, for example, uses performance-informed path
generation to reconcile structural optimisation with printing constraints [14]. In com-
posite printing, Chen et al. develop a field-guided toolpath framework where stress-
derived vector fields inform adaptive fibre orientation [16]. Such approaches shift
from geometry-first workflows toward behaviour- or field-driven fabrication strate-
gies, an orientation that aligns with the generative methods explored in this paper.

Goidea et al. contribute to this trajectory through a voxel-based methodology in
which particle-spring systems and volumetric fields encode multiple functional re-
quirements — such as airflow conduits, locally graded densities, or structural openings
— within 3D-printed building envelopes [17]. Their work demonstrates how volumet-
ric representations can mediate between algorithmic design decisions and heterogene-
ous material behaviour at multiple scales. This resonates with our aim to develop an
adaptive, interactive fabrication system in which design intent is expressed through
process logics and volumetric representations rather than fixed geometry.

2 Methodology

This study adopted an exploratory research-by-design methodology [18], using itera-
tive prototyping to examine how sensing, computation, and material behaviour can
support adaptive robotic fabrication. Working at the intersection of digital design,
robotics, and clay-based material performance, each experiment served to test hy-
potheses about how feedback can accommodate nonlinear and heterogeneous material
conditions.

Initial design T Data collection
World model
Physical artefact
Evaluate geometries Fabrication

Print paths including
process parameters

Derived geometry

Generate print paths

Fig. 1. The proposed design and fabrication loop.

Fig. 1 illustrates the overarching closed-loop workflow guiding the research. A target
design and contextual model generate a derived geometry, from which toolpaths and
process parameters are produced. Fabrication is followed by sensing, reconstruction,
and an update of the digital twin, enabling reassessment of the discrepancy between



intended and actual states. This loop may be executed once or repeatedly, and the
present work explores how its iteration frequency can progressively increase.

The design scenario used to ground the experiments is a small building foundation
inspired by contemporary interpretations of vernacular rubble-and-mortar construc-
tion. Building foundations, otherwise typically realised with concrete, carry signifi-
cant ecological impacts due to embodied carbon and their disruption of site ecologies.
By combining locally available stone rubble with clay-based mortar, opportunities
arise for reduced material impact, improved circularity, and integration with hetero-
geneous site conditions. Robotic fabrication and computational design offer ways to
scale such craft-based techniques through improved efficiency and performance as-
surance.

2.1  Experimental setup

Fig. 2. A: Construction Robotics Lab. B: Clay extruder connected via hose to pump.

All experiments were performed in an outdoor mobile fabrication cell, Fig. 2A, re-
flecting the ambition to study robotic construction in realistic site conditions. A 6-axis
industrial robot was mounted on a construction-grade mobile base [19] and fitted with
a clay extruder supplied by a pump designed for viscous materials (Erratic DM80 and
T25, Fig. 2B). A stereo depth camera (Luxonis OAK-D-S2) was co-mounted on the
tool to capture depth data during and between fabrication steps. Point clouds were
captured from multiple viewpoints and registered to the robot base frame via the ro-
bot’s kinematics, ensuring consistent localisation without requiring repeated manual
calibration.

2.2 Fabrication feedback loops

Adaptive fabrication was structured around a feedback loop in which the as-built state
was intermittently scanned, reconstructed, and compared with the target geometry,
Fig. 1. Each iteration consisted of: (1) scanning the printed geometry, (2) updating the
digital representation, (3) generating new toolpaths informed by the discrepancy be-
tween intended and actual conditions, and (4) continuing deposition.



Experiment 1 used a single iteration of this loop, while Experiment 2 added a sec-
ond update following the insertion of a manually placed stone. The workflow is in-
tended to scale toward higher-frequency or continuous feedback as sensing and repre-
sentation methods mature.

2.3 Print path and robot program generation

Toolpaths were generated in Rhinoceros® using Grasshopper and COMPAS [20, 21].
Sequences of tool-centre-point frames with associated velocity and extrusion parame-
ters were streamed directly to the robot controller via COMPAS RRC [22].

In Experiment 1, non-planar layers were created by interpolating between the
scanned substrate and a flat target surface, followed by offsetting each layer boundary
to produce a continuous contour path. A smoothed NURBS surface was reconstructed
from the scan to enable reliable offsetting.

In Experiment 2, planar contouring was used. The scanned substrate and manually
inserted stone geometry were subtracted from a base volume prior to infill. Continu-
ous, non-repeating infill paths were generated using a differential-growth algorithm
[29]. After half of the layers were printed, the stone was inserted, the geometry
rescanned, and new toolpaths generated to integrate the stone within the printed mass.

Extrusion flow was modulated according to tool speed and, in Experiment 1, local-
ly adjusted based on layer height to compensate for substrate irregularities. The clay
mix viscosity was determined through empirical testing.

3 Results




Fig. 3. A: Experiment 1. B: Over-extrusion in first layer. C: Tapering visible in extruded line.

Two prototypes were fabricated corresponding to the two experiments, prototype 1
and 2. Both were printed on the same pre-made irregular concrete substrate, and the
results are shown in Fig. 4 and Fig. 5.

In practice, the digital twin was updated intermittently rather than continuously. A
major obstacle was point-cloud noise, which made it difficult to reconstruct accurate
geometry from individual scans. Merging multiple point clouds reduced noise and
improved fidelity, but this strategy is only feasible when scanning occurs in discrete
steps. Continuous updating, by contrast, would require each captured cloud to be im-
mediately converted into reliable geometric representations, a process that is both
computationally demanding and sensitive to noise.

A further challenge involved localisation of successive scans. Any repositioning of
the robot requires recalibration of the scan data relative to the robot base frame, which
is time-consuming and undermines rapid iteration. Mounting the camera directly on
the robot tool mitigated this issue, enabling consistent localisation of point clouds
through the robot’s own kinematics.

All reconstructed geometry was represented as polygonal meshes, allowing stand-
ard CAD tools to be used for subsequent processing. While this approach is adequate
for intermittent updates, it depends on high-quality scans and requires each update to
be integrated holistically into a new global mesh. Local, incremental updates based on
partial scan data were not practically achievable. This limitation suggests that mesh-
based representations may become prohibitive as feedback cycles increase in frequen-
cy or as the system moves towards continuous, real-time adaptation.

Experiment 1. The initial layer of the first prototype (Fig. 4B) was slightly over-
extruded, however, the adhesion to the surface area was good, with both alignment
and layer height remaining within adequate parameters. As subsequent layers were
printed, the variable extrusion rate (which was also manually scaled at times during
the print), achieved the desired layer heights, gradually reducing the unevenness (Fig.
4C) and resulting in a horizontal and planar surface (Fig. 4A).

The sub-optimal material buildup (both due to the intended variability and the vari-
ability resulting from bad tuning and uneven material flow) led to a result that was
visually messy but functionally adequate.

Finding an appropriate extrusion rate accounting for clay viscosity was challenging
in the first experiment, as evidenced by over-extrusion in regions with closely spaced
layers. A compromise between over-extrusion at one extreme and under-extrusion at
the other lead to material build-up since under-extrusion compromises layer adhesion
and creates discontinuities in the printed structure. Alternating the path directions
between layers, while efficient since it eliminated travel moves, meant that the fol-
lowing layer was printed on top of the just extruded, wettest, clay.

Experiment 2. The layers were “stepped” along the sloping surface, resulting in over-
and under-extrusion. However, this did not lead to any complications, as the earth’s
fluidity was sufficient to accommodate for the discrepancies. The differential growth
algorithm used in the second experiment filled out the desired layers in a stochastic



fashion that eliminated stacked paths. The delamination that occurred due to drying
resulted in cracks that often followed the joint between extrusion paths, indicating that
this strategy achieves higher overall cohesion and strength.

Fig. 4. A: Experiment 2, visible receptable for stone. B: Clay meeting sloped substrate.
C: Infill around embedded stone.

The placement of the stone in the resulting cavity was easily achieved, with intend-
ed orientation of the stone being readily evident. However, air gaps or cavities result-
ed on many sides of the stone, indicating that the cavity was too large, or that the clay
fluidity was too low. To compensate for this, an additional step was introduced where
the intersection between stone and top layer was used to generate an extra print path,
pushing additional material into the cavity, fig (Fig. 5C). This step posed additional
path planning challenges to avoid robot self-collision but resulted in an adequate solu-
tion to the issue.

In the final print path, a new factor of unpredictability was (unintentionally) intro-
duced in the form of a boundary curve being insufficiently offset. This led to colli-
sions with the inset stone, and deformation of the extrusion nozzle. The resulting cha-
otic extrusion is seen in Fig. 6. However, the outcome could be partially mitigated by
manually increasing the extrusion rate, and subsequent layers adapted better to the
intended outcome.
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Fig. 5. A: Close-up of differential growth extrusion B: Extrusion at the wrong height, partially
compensated for by increased flow.

4 Discussion.

4.1 Sensing and model updating

The experiments demonstrate that adaptive fabrication is strongly constrained by
sensing quality and geometric representation. The digital twin could only be updated
intermittently, as individual scans contained substantial noise and required merging
into a global model to produce reliable geometry. This workflow enabled coarse ad-
justments between printing stages but prevented meaningful local or continuous up-
dates. The need for frequent recalibration further limited iteration speed, even with
the camera mounted directly on the robot tool.

A strategy for future work could be to incorporate local sensing in terms of point
distance sensors mounted before and after the nozzle, which could measure the im-
mediate extrusion. Similarly, a load cell mounted between nozzle and flange could
give insights into actual material flow. Analysing the video streams from the already
mounted camera could enable detection of problematic material behaviour such as
cracking or displacement.

Representing the as-built state as polygonal meshes proved adequate for low-
frequency feedback cycles but unsuitable for higher-resolution adaptation. Mesh up-
dates required complete reconstruction rather than incremental refinement, making it
impractical to capture small, localised deviations such as sagging, material accumula-
tion, or deformation around embedded stones. These limitations indicate that mesh-
based world models may become prohibitive as adaptive processes demand shorter
feedback loops.

The results suggest that volumetric or voxel-based models would be better suited
for adaptive fabrication involving heterogeneous, deforming materials. Unlike mesh-
es, volumetric models can integrate uncertain scan data, store partial information, and
be updated locally. Such representations may form the basis for higher-frequency
feedback, enabling deviations in material behaviour to be interpreted in ways that
inform process parameters and toolpath adjustments. Addressing these representation-
al and sensing bottlenecks is therefore essential for advancing from intermittent cor-
rections to continuous, real-time adaptation.

4.2 Process-Driven Form and Material Behaviour

Although these sensing and representational constraints currently limit the frequency
and resolution of adaptive feedback, they also illuminate how fabrication logic can
emerge from the interaction between material behaviour and algorithmic strategies.
With this context, the prototypes can be understood not only as geometric outcomes
but as evidence of how different path-generation approaches negotiate variability,
robustness, and design intent.
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The prototypes reveal how process tolerances and material variability can generate
aesthetically valuable features rather than defects. The tapering effect visible in Proto-
type 1 (Fig. 3C), the organic flow of the differential growth paths in Prototype 2 (Fig.
4A), and material-driven surface texture across both prototypes collectively contribut-
ed to formal complexity. The self-organising algorithm in Experiment 2 leverages this
variability more effectively than the top-down organisation Experiment 1, producing
visual outcomes that demonstrate aesthetic characteristics reminiscent of process-
driven systems in nature, such as trees, geological formations and coral.

4.3 Encoding Design Intent as Behaviour

This aesthetic tolerance aligns with craft-based fabrication approaches, where the
maker responds to material feedback during production, though our robotic process
operates at different scales and speeds. To exploit this, design intent should be encod-
ed not as explicit form but as process parameters and algorithmic behaviours: extru-
sion rates, path generation algorithms, and adaptive responses. From these parame-
ters, form emerges from the interaction between instructions, the robot's capabilities,
and material behaviour.

Experiment 2's differential growth algorithm exemplifies this approach. Instead of
specifying exact toolpaths, the algorithm defined growth behaviours that generated
continuous, weaving paths responsive to the local boundaries (Fig. 4B). This main-
tains fibre continuity throughout the structure, eliminating the systematic weak planes
created by offset contour strategies where parallel extrusion lines create seams propa-
gating through all layers (compare Fig. 3C to Fig. 4A). The translation from algorith-
mic to fabrication involves multiple parameters: point spacing, blend radii for robot
motion, and extrusion rates. Each parameter represents a design decision concerning
process control versus adaptation latitude. These layered encodings provide multiple
scales at which design intent can accommodate or constrain variability.

Notwithstanding over-extrusion in the Experiment 1 and collisions in Experiment
2, the process resulted in acceptable outcomes, showing the interplay between the
precision of the robotic instructions and execution and the adaptivity of the material.

4.4  Representation and Feedback Across Timescales

Building on the sensing and reconstruction limitations outlined earlier, a further chal-
lenge concerns how geometric representations support feedback at different fabrica-
tion timescales. While polygonal meshes allow compatibility with conventional CAD
workflows, their reliance on complete surface reconstruction makes them ill-suited for
situations where only local, incremental updates are needed. This mismatch becomes
evident when attempting to capture small-scale deviations such as local sagging, ac-
cumulation of material, or deformation around embedded stones: phenomena that
occur rapidly and unpredictably during deposition.

At the same time, clay-based construction processes unfold across multiple tem-
poral layers: immediate effects during extrusion, mid-range effects as the material
settles, and slower transformations associated with drying and cracking. Each of these
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timescales demands distinct forms of feedback, yet mesh-based representations re-
quire full updates that are too slow and fragile to support such differentiation.

A more flexible approach is therefore needed, which can absorb heterogeneous,
noisy, and partial data without requiring global reconstruction at every step. Volumet-
ric or voxel-based models offer this potential, as they allow localised updates, ac-
commodate uncertainty, and can integrate multi-modal information such as depth
data, local force cues, or material-thickness estimates. Such representations would
enable feedback cycles calibrated to the temporal dynamics of the material, linking
rapid sensing during deposition with slower assessments of structural or drying-
related behaviour.

Taken together, these insights suggest that advancing adaptive fabrication requires
not only improved sensing but also representational models that can operate effective-
ly across multiple timescales [23], translating material behaviour into meaningful,
time-appropriate adjustments to the fabrication process.

5 Conclusion

The experiments demonstrate that adaptive robotic fabrication of heterogeneous, low-
processed materials is both feasible and constrained by the interplay between sensing
fidelity, geometric representation, and material behaviour. By integrating depth scan-
ning, a digital twin, and behaviour-driven path generation, the prototypes successfully
adapted extrusion paths to irregular substrates and embedded objects. These outcomes
validate the potential of adaptive workflows for construction contexts where geomet-
ric variability is the norm rather than an exception.

At the same time, the work reveals the limitations of mesh-based representations as
world models for real-time adaptation. The need for complete geometric reconstruc-
tion at each update inhibits high-frequency feedback, makes incremental corrections
impractical, and exposes a fundamental mismatch between conventional CAD work-
flows and the realities of noisy, heterogeneous data. This suggests that future adaptive
fabrication will require digital twins capable of accommodating uncertainty, integrat-
ing diverse data sources, and updating locally rather than globally.

The comparison between the two path-generation strategies further highlights the
importance of encoding design intent as behaviour rather than fixed geometry. The
differential growth algorithm absorbed geometric irregularities more effectively than
deterministic offset paths, producing more coherent layering and better structural
continuity. This indicates that adaptive fabrication benefits from process logics that
negotiate material deviation rather than attempting to constrain it.

Finally, the experiments underscore that clay-based construction unfolds across
multiple timescales — from immediate deformation during extrusion to slower effects
such as drying deformation or adaptation to other building components. Effective
adaptive systems must therefore operate through nested feedback loops calibrated to
these temporal dynamics, linking rapid sensing during deposition with slower re-
sponses to material change.
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Together, these findings outline a path towards robotic fabrication systems that

couple sensing, representation, and behavioural design intent to work productively
with the inherent variability of sustainable, locally sourced materials. Such systems
have the potential to expand DFAB beyond deterministic file-to-factory workflows
and toward genuinely adaptive construction processes suited to ecological and materi-
al realities.
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Adaptive Volumetric Modeling for On-Site Robotic Fabrication
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Material-driven design with local, low-impact materials requires designers to articulate intent
while navigating uncertainties in material behaviour, construction sequencing, and site condi-
tions. In conventional practice, such intent is communicated through drawings, models, proto-
types, and verbal instruction, where priorities and tolerances remain largely implicit and open
to interpretation. In digital fabrication (DFAB) workflows, however, the translation of design
into machine instructions requires explicit specification, leaving little room for on-site impro-
visation. This raises a central modelling question: how can architectural intent be represented
computationally in a way that remains adaptable, negotiable, and responsive to on-site condi-
tions rather than fully predetermined?

We investigate this question through an on-site robotic fabrication setup based on an adaptive,
earth-bonded rubble masonry system combining natural stone and clay. In the experiments,
irregular stones are manually stacked, while infill, support, and levelling are provided through
robotic clay extrusion. This hybrid process reimagines traditional stone foundations, historically
used to negotiate uneven bedrock and establish a level interface for timber structures.

This system requires a digital representation of the physical construction environment, com-
monly referred to as a digital twin, but here understood as a partial and evolving model rather
than a complete mirror of the site. We employ sensors to map the environment and its changes,
including the fabrication taking place. This forms the basis for a virtual environment where
we have designed a responsive planning framework that evaluates state and design intent to
formulate print paths for the 3D printing process.

The possible operations for the machine, in this context, are clay extrusion for filling voids and
shaping the structure. The latter could be described as the gradient between the current state
and an interpretation of the design intent. While the former — extrusions in known locations but
with uncertain volume — are discrete depositions where the semi-viscous clay assumes its shape
from the surrounding geometry. The extrusion volume would need to be calculated beforehand
or determined based on detected material accumulation.

Design intent and environmental state are represented through a set of coupled volumetric mod-
els that act as a shared substrate for sensing, evaluation, and path generation. Within this rep-
resentation, regions of space are annotated with data relevant to the fabrication process. One
volumetric layer expresses spatial suitability for material deposition as a graded field, ranging
from 0, where deposition is discouraged, to 1, where extrusion is preferred. Other aspects of
design intent (e.g. preferred growth directions, local continuity, patterning, and constructive
logic) are not encoded explicitly as geometry but are instead embedded in the behavioural rules
and evaluation criteria of the path-finding framework that operates on this volumetric substrate.

Obstacle information for the tool and robot arm is represented in a separate volumetric layer —
optionally at a different resolution — where binary values distinguish free space from collision
objects. This data is derived from 3D scanning, with recent and frequently detected points
weighted more strongly. The weighting strategy allows limited contact with freshly extruded
clay while strictly avoiding dried material and fixed obstacles.

Additional sensor data is used to give location-based information. Together, the data stored in
the model enables print path generation through a multi-agent framework. Agents either tra-
verse registered geometry to record their paths, or interconnect to simulate differential growth,
directly generating toolpaths. Their programmed behaviours include rules such as step length,
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and a set of preferences in terms of direction, as well as constraints based on gravity and geo-
metry (collision avoidance). In this context, the agents function as local interpreters of dis-
tributed design intent, translating graded spatial preferences and behavioural rules into situated
fabrication actions under continuously changing material and environmental conditions.

The model is updated during fabrication and paths are recalculated based on new data. The
design is developed through changes to parameters and behaviours, and potentially through
manual changes to the design intent, i.e. changing voxel values.

The presented work explores a modelling approach in which design intent and environmental
state are combined within an updating volumetric representation that informs robotic fabrica-
tion on site. By encoding intent as scalar fields rather than fixed geometry, and by generating
toolpaths through adaptive, agent-based processes, the model supports continuous recalibra-
tion of fabrication decisions as construction unfolds. This shifts the role of design modelling
from defining precise outcomes to framing conditions for action, allowing digital fabrication to
accommodate uncertainty while remaining grounded in architectural intent and material logic.
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