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Abstract: The study presents an integration of cob with robotic processes. By challenging conven-
tional monolithic earth-building methods, the study proposes the use of spatial nonplanar formations
that are robotically fabricated, presenting an alternative geometric language for earth construction.
The research methodology is derived from existing factors within the robotic lab, encompassing both
constant and variable parameters. Through an experimental approach, the variables are systemati-
cally manipulated while observing the outcomes to identify patterns and relationships. Incremental
refinements to the research conditions result in an optimal equilibrium state within the defined
lab parameters. An empirical investigation approach serves as the foundation for controlling the
printing process; wherein an iterative adjustment of the robot extrusion parameters is based on
the behaviour of the deposited material. The outcome is several robotically printed cob nonplanar
prototypes. Depending on their geometric formations and complexity, the printing process combined
three variations: continuous, intervals, and modular. The latter enabled the production of a cob
arch, serving as proof of feasibility for the creation of modular cob structures through a segmented
assembly process. The study contributes to expanding the possibilities of cob construction by lever-
aging robotic technologies and paving the way for innovative applications of cob in contemporary
architecture practices.

Keywords: robotic additive manufacturing; spatial robotic printing; digital fabrication; nonplanar
geometry; earth-based architecture

1. Introduction

Cob, an ancient earth-building technique, has been utilised across various regions of
the world for thousands of years [1-4]. However, compared to other earth construction
methods, cob is the least documented [5]. In recent years, there has been a renewed
interest in cob construction as a form of vernacular earth architecture [6-8], primarily due
to its low environmental impact and adaptability to different climatic conditions. The
versatility and application techniques of cob have contributed to its widespread use in
various geographical locations, including England and Wales [9-11], several European
countries such as Italy [12], France [13], Belgium [14], and Germany [15], various regions in
Africa [16], India [17] and some areas in Yemen [18] and Saudi Arabia [19].

Traditionally, cob construction involves sourcing, preparing, mixing, applying, and
rectifying the raw materials as they dry [2]. The subsoil was typically obtained locally
or in proximity to the construction site [20], as evident from the correlation between the
examined cob next to heritage building sites [20,21]. The mixed, wet cob was manually
compacted without the need for shuttering or formwork. It was applied in successive layers,
allowing each layer to dry before applying the next, resulting in the formation of solid walls
measuring 600-1000 mm. During the drying process, the layers were trimmed to attain
the desired final shape [2]. Despite the seemingly simple cob recipe consisting of subsoil,
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fibres (typically straw), and water, the intricacies of the cob-making process have gradually
been lost over time. This decline can be attributed to the rise of modern materials, the
depreciation of cob construction practices in today’s building industry worldwide, and the
exclusion of cob from modern building codes, permits, and regulations [22-24]. Working
and building with cob relies heavily on the accumulated experience of the builders [25]
and employs nonphysical qualities that rely on senses such as touch, sight, smell, taste,
and hearing [2]. Unfortunately, this knowledge has been primarily transmitted orally and
remains largely undocumented.

In recent years, there has been a growing interest in 3D printing and robotic fabrication
processes for cob extrusion systems [26-29] utilising the latest trends in architectural robotic
fabrication. This interest has also been driven by the search for more sustainable practices
and alternative solutions to mitigate the environmental impact of current building industry
practices, including the widespread use of concrete [30].

A recent comparative study by Alhumayani et al. investigated the environmental
impacts of conventional and large-scale 3D printing construction processes using concrete
and cob materials, employing a life cycle assessment methodology focused on load-bearing
walls in small to medium-sized houses. The study found that conventional cob construc-
tion exhibited the lowest overall environmental impact and global warming potential,
followed by 3D-printed cob. In contrast, conventional concrete construction showed the
highest environmental impact, with significant contributions from reinforcing steel and
cement. The study highlighted that 3D-printed concrete offers more than a 50% reduction
in environmental impact compared to conventional concrete, largely due to the absence of
reinforcing steel. However, 3D-printed cob outperformed 3D-printed concrete in reducing
global warming potential, stratospheric ozone depletion, and particulate matter formation.
A significant factor in the environmental impact of 3D-printed cob was the electricity con-
sumption required for robotic operations, which accounted for 83% of its total impact. This
research underscores the potential of 3D printing technologies in sustainable construction,
particularly when renewable energy sources are used to mitigate the environmental impacts
associated with electricity consumption for robotic operations [31].

This paper eliminates all other forms of earth architecture and focuses exclusively
on the cob, merging it with methodologies of nonplanar printing and robotic extrusion
systems. It proposes a language that emerges from the combination of earth materials and
digital robotic fabrication technology. Currently, there are limited examples of nonplanar
geometries that are associated with robotic spatial additive manufacturing and material
extrusion processes [32-37], none of which involve earth-building materials. The presented
case study adopts the concept of human-robot collaboration [38-43] as a method to address
and gain control over the variability in the system. It challenges planar printing and
the notion of digital contour crafting [44,45] by introducing nonparallel spatial toolpath
trajectories that direct robot movement and are thus associated with material disposition
and accumulation.

This research builds upon the previous work conducted by Gomaa [27,46] and Gin [47]
in the same robotic lab at the Welsh School of Architecture, Cardiff University. It explores
the constants and variable parameters associated with materiality, technology, digital and
physical settings, spatial configurations, geometrical inquiries, and design intents. The
presented case study serves as a preliminary investigation into the feasibility of nonplanar
robotic printing of cob-like mixtures. The paper begins with an overview of current
examples focusing specifically on cob construction and materiality. It then discusses the
specificities of the research conducted within the lab settings, followed by an exploration
of the cob material behaviour in the three extrusion phases. The resulting prototypes are
presented and analysed, reflecting on the three categories of the printing process. The
research negates the notion of a continuous printing process and instead adopts a modular
construction and assembly approach. It showcases several nonplanar modules and presents
a successful assembly of an arch. Finally, the paper concludes with recommendations to
improve the system and outlines provisions for future phases of work.
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2. Examination of Current Cob Case Studies

The concept of contour crafting originated from a study conducted by Khoshnevis
in 2004 [48]. It refers to the computer-controlled layered deposition of building material
on a design-predetermined path. Since then, contour crafting has become the foundation
technology of all 3D construction printing techniques [49], including cob and other earth-
based materials. Contour crafting has been recognised as a suitable method for large-scale
fabrication [50,51] and has been integrated with digital fabrication in the architecture and
building industry [52]. While concrete 3D printing has gained wide popularity in the past
five years [53-56], construction with earth-based materials remains highly experimental
and is still in its early stages. The following is a brief overview that combines both applied
projects and material design research carried out in recent years.

The Institute for Advanced Architecture of Catalonia (IAAC) has conducted several
designs and built experiments in recent years. These include a robotically 3D-printed
two-meter clay column in 2015 [57], a modular block wall from 3D-printed clay in 2017 [58],
and a 5-m-high digital adobe wall from interlocking module blocks in 2018 [59].

Likewise, the World’s Advanced Saving Project (WASP) has been working on de-
veloping systems suitable for full-scale earth construction. In 2016, they developed the
WASP crane system for large-scale earth 3D printing, which led to the realization of the
Eremo 3D printed house in 2017 [29]. In 2018, they printed the walls for the first complete
house (Gaia) in Italy using onsite mixtures of subsoil, water, rice straw, rice husk, and
lime [60]. Other examples include the TECLA house in Italy in 2021 [61], a concept DIOR
store in the UAE in 2021 [62], a house of dust in Germany in 2021 [63], and the ongoing
ITACA project in Italy [64]. In 2019, IAAC and WASP collaborated on a wall prototype
for embedded interlocking timber stairs. The aim was to test the load-bearing capabilities
of 3D-printed cob [65]. In 2021, they also worked on a modular system installation that
combined 3D-printed earth with timber elements to support bridging an arch [66]. In
the United States, 3D Potter and Emerging Objects built several 3D printed prototypes,
including a wall as part of the Mud Frontiers project in 2019 [67] and living space huts in
2020 [68].

Several early studies have investigated cob 3D printing technology. Perrot examined
the hardening properties of cob and explored different material mixes, relating them to
the constraints created during the process [69]. Amnah researched different cob mixtures
and their implications for printability and buildability and conducted several lab tests to
evaluate selected properties between cast and 3D-printed cob [26].

Within Cardiff University Robotic Lab, robotic 3D printing of cob has been extensively
researched and investigated. The work began in 2018 with a feasibility study conducted by
a team from Cardiff University (UK), the University of Plymouth (UK), and the University
of Adelaide (Australia). This exploration led to the development of a unique bespoke dual
extrusion system and included research on material mix properties, as well as investigations
into robotic 3D printed geometry through three printed tests. The first test assessed the
printed layer ‘lift" height, the second examined horizontal corbelling using 3-axis 3D
printing, and the last one looked at radial corbelling using 6-axis 3D printing [46]. In April
2022, another collaboration with Cambridge University resulted in a vertical assembly of
eight building blocks [47].

Reflecting on the above, only one of the tests conducted at Cardiff robotic lab utilised
the robot 6-axis capability following a radial trajectory, while the remaining test prints in
the lab used the robot 3-axis and deposited the material on a horizontal surface in the XY
cartesian plane. Likewise, in the studies conducted by Perrot and Amnah, while they tested
the variation in material compression when inclining the tool head, they also deposited the
material on a horizontal surface in the XY cartesian plane. All remaining case studies used
standard gantry 3D printing style.

The presented research challenges the approaches mentioned above by generating
three-dimensional spatial geometries using nonparallel toolpaths that change direction in
their trajectory, thus proposing novice geometrical formations that were not achievable
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before. The movement of the robot and, consequently, the disposition of the material exhibit
a perpendicular relation to the toolpath. The research aims to find an equilibrium state
between the various physical and digital parameters and the existing systems in the lab. It
takes into consideration constraints such as the reach of the robot and the pumping force
of the extruder and utilises them as design parameters. The working process within the
lab defines the constants and, over time, through a trial-and-error methodology, gains
control over the variables, including cob mix rheology and geometry design. By contesting
automation, the system and the designer become an extension of a unified entity that works
synergistically, reacting and learning over time.

3. Methods, Materials, and Working Process
3.1. Lab Setting and Used Equipment

The working area extended beyond Cardiff Robotic Lab to include an outdoor dedi-
cated storage slot for the subsoil and a shared casting room used to prepare the wet cob
mixes. The robotic lab, in addition to housing the robot and the robot controller, also
included the dual-extruder system, an area for storing the wet cob, and an area for sub-soil
crushing and sieving (refer to Figure 1). The set system within the lab is based on a bespoke
extrusion model with a unique dual-cartridge design that employs a sequential extrusion
process. This system was specifically designed and engineered in 2018 to extrude and
work with wet-like cob [46]. In 2020, the cob extruder was integrated with the industrial
robot Kuka KR 60 HA using variable-frequency drive (VFD) control motors, allowing
simultaneous operation through the Kuka pendant using the same code file. While the dual
extruder system was dry-tested and proven to work as a continuous printing process [46],
the dual system was never verified with an actual physical printed output. Given the
experimental nature of the methodology, the procedural workflow necessitated ongoing
refinement of both the extruder design and comprehensive system settings. This iterative
process ran concurrently as an integral aspect, actively informing the design nuances and
resulting in nonplanar printed geometry. The implemented modifications are summarised
in four main points:

e  The location of the printing surface was moved 180° around the centre of the robot
location to comply with the updated health and safety regulations within the university.
This change in printing location affected the hose length, increasing it from 2 to 3 m to
allow for a certain freedom in robot movement. The increased hose length resulted
in a greater amount of material being pushed by the extruder, thus, in turn, affecting
the required force in relation to material resistance. Due to the variable frequency of
the extruder’s control motors, the speed and, therefore, the force of the pushing plate
varied in relation to the material’s resistance. Increasing the length of the hose resulted
in an increased volume of the pushed material, which led to a substantial increase
in material resistance that the dual extruder was unable to cope with, resulting in
a complete stop. Therefore, it was important to identify the optimal hose length in
relation to the extruder’s pushing force, the rheology of the wet cob, and the build-up
of the outputted prototype;

e Two 3 m hoses were directly connected to the two tubes held by the extruder through
two funnels, replacing the originally designed two-way aluminium channel. The two
hoses converged through a two-way channel attached to the end of the robot arm. This
configuration ensured that the material was consistently pushed forward, eliminating
any issues with retraction. The pressure and weight of the material in the hoses and
tubes, combined with the force of gravity, prevented the material from moving in the
reverse direction;

e  Arubber seal was added to the push plates of extruder 1 and extruder 2 to prevent the
cob material from retracting and ensure its continuous forward movement. The design
of the rubber seal underwent several iterations during the experiment to optimise its
effectiveness. (Refer to Figure 2);
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e A 3D-printed 20 mm nozzle was attached to the two-way channel at the end of the
robot arm and used for all the printed prototypes. The smaller nozzle size allowed
for more precise control over the printed geometry and helped reduce air gaps as the
material was compacted at points where the diameter decreased, transitioning from
100 mm tubes to 50 mm hoses to 20 mm nozzles. (Refer to Figure 3);

As a result of the modifications, previous recipes used in the lab could not be adopted
as they no longer worked with the changed parameters. The system consists of four main
parts integrated into one lab setting (refer to Figure 4): a. The computer and both controller
cabinets for the robot and the extruder, b. The Kuka robot is positioned on a 130 mm height
plinth, c. The two hoses that connect the extruder to the robot, and d. The extruder is
connected to the controller cabinet floor trunking.

Sub-soil
crushing and
sieving area

p y 2 ;;j ,ﬂ;
il s "4

Figure 1. Robotic lab working areas. The length of the two hoses connected to the two-way aluminium
channel held by the robot influences the distance the wet cob travels and, consequently, the required
extruding force.

Figure 2. The rubber seal was added to the extruder’s push plate to force the material forward
movement.
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Figure 3. Diameter reduction along the wet cob dual extrusion path.

TR

Figure 4. Extruder and robot integrated into one lab setting at the Welsh School of Architecture,
Cardiff University.

3.2. Working Methodology

Understanding the different modes of interactions within the existing system and
gaining control over the parameters was a gradual process of learning and investigation.
This study involved active experimentation using a trial-and-error methodology to explore
and determine the limitations of the extruder, robot, geometry, and material within the
working laboratory setting. This problem-solving approach enabled the exploration of
various attempts and iterations to find solutions, answers, or directions. It involved
systematically trying out different possibilities, observing the outcomes, and learning from
the results to refine the approach.

Throughout the process, different options were explored, adjustments were made, and
the process was iterated until a desired outcome was achieved or a deeper understanding of
the problem being investigated was obtained. This methodology proved to be particularly
useful due to the complexity of the researched subject and the presence of uncertain prob-
lems with no clear path to a solution. It facilitated the exploration of different avenues, the
identification of what worked and what did not, and the incremental implementation based
on observed results. The process involved continuous testing, analysis, and adjustment of
variables or parameters until a satisfactory outcome was achieved.

A systematic approach was followed to understand and monitor the variables and
constants, with tweaks and modifications gradually incorporated into the system or process.
Control was exercised by keeping track of the changes made, documenting the results, and
using observations to inform subsequent iterations. This was done through photographing
and video recording from different angles, as well as recording changes and observations
in a document.

The outcomes were assessed and fed back into the process to determine and outline
the next steps. The iterative research process allowed for progress and refinement of
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Area for subsoil storage

Subsoil raw material received from a

Step 1

nearby Cardiff farm

methods and approaches to find solutions to encountered problems and advance the
research by gaining control and understanding of the system. Towards the end of the
research period, an equilibrium stage was reached. The equilibrium phase was defined as
gaining an understanding and control over the work, enabling the geometry design and its
successful printing.

To facilitate the research, spatial articulation within the lab was carefully allocated
in relation to the working process. This was dictated by the nature of the material and
the requirements of the tasks performed (refer to Figure 5). The working process can be
summarised into seven steps:

Preparing the cob’s dry ingredients;

Preparing the wet cob mixture and storing it;

Testing the viscosity of the mixture and adjusting it to achieve the desired fluidity;
Filling the tubes with the cob mixture;

Loading the tubes into the extruder;

Preparing the digital file for the desired geometry and dry testing for clashes that
were not digitally simulated;

7. Printing the desired geometry.

SN

Preparing the subsoil

Drying / Crushing / Seiving

Preparing the dry mixture Filling the tubes Loading the tubes into the dual
Measuring and weighing the sieved subsoil The wet cob mixture is manually . .
e i ! extruder and starting the robotic
and the cut straw compacted into the tubes in preparation
One batch of dry mix = 12kg subsoil + 35g straw| for printing printing operation

Preparing the wet mixture
Wel mixture = dry mixture + water
Amount of added water is controlled by the ball

drop test to achieved the desired viscosity

Wet Cob preparation process

Step 2 Step 3 4 Step 4

(1) Preparing the cob dry (3) Testing the mixture vis- (5) Loading the tubes into the
ingredients. cosity and amending it to extruder.

(2) Preparing the wet cob mixture achieve the desired fluidity. ~ (6) Preparing the digital file
and storing it. (4) Filling the tubes. for the desired geometry

and dry testing for clashes
that were not digitally
simulated.

(7) Printing the desired
geometry.

Figure 5. A methodological diagram shows the relationship between the printing process and
material preparation.

3.3. Cob Material and Robotic Extrusion System

The material in the lab was classified into three main states for printable cob mixture
design: pre-extrusion, during-extrusion, and post-extrusion. The behaviour across these
three states was interrelated and influenced the process of material preparation. A recipe
was developed through a process of trial and error, observation, and troubleshooting
spanning the three states. The knowledge of “know-how” was derived, verified, and
then systematised to ensure consistent and repetitive application in subsequent working
stages. This approach aligned with historical practices, where the mixture preparation
and working with cob were skills mastered by local communities and passed down orally
through generations [69,70]. Throughout the research, the cob mixture was assessed using
standard field tests [2,71]. These included the shake test, the brick test, the sausage test, and
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the ball drop test. These tests were slightly modified to suit the digital extrusion process.
Observations, recordings, and analysis were conducted in a systematic feedback loop across
the three phases to inform further adjustments and improvements:

1.

The pre-extrusion phase began by breaking the subsoil into smaller portions and
transporting it from the storage area outside to the robotic lab, where it was spread
out to dry. Once dried, it was crushed into smaller pieces using rubber mallets and
then filtered through a 10 mm sieve. The subsoil used for the project was obtained in
two batches from the same farmland near Cardiff. Several jar tests were conducted
to determine the clay content. Despite being sourced from the same farm, the soil
had variable clay content: the first subsoil batch had a clay content of 1.5 parts to
5 parts of sand/silt, while the second batch had a clay content of 3 parts to 5 parts of
sand/silt. The dry material was arranged in batches consisting of 12 kg of subsoil
and 35 g of manually cut straw measuring an average of 1.5 to 2.5 cm in length. Due
to water usage restrictions in the lab, the wet mixture was prepared in the adjacent
wet-casting room and stored in covered buckets in the lab. Refer to Figures 6 and 7
for the dry and wet cob-like mixture preparation process. Over time and through
repeated experiments, an intuition was developed to achieve the correct texture that
balances a mixture of fluidity and viscosity, ensuring a smooth material extrusion
and facilitating buildability and shape definition during the printing process. Drop
tests were performed throughout the process. In the later stages, a standardised
measuring cup of 250 mL ensured the use of consistent amounts of soil. The soil
sample was shaped into a ball and dropped from a height of 40 cm onto a 50 mm
grid. Experimentation revealed that a diameter of 115 to 120 mm indicated a suitable
consistency for the cob mixture in the system. The amount of sieved subsoil and straw
remained constant, while the quantity of water varied based on the drop test results
(refer to Figure 8). Before filling the tubes, the material was checked using the drop test
and adjusted accordingly. This process ensured a mixture with consistent rheological
properties, allowing for better control of workability and resolving issues related to
material overflow, underflow, and fragmented outputs encountered at the start of the
research process. It also helped troubleshoot the limitations of the extruder and define
a workable mixture recipe. This quantitative measurement approach mitigated the
variability in subsoil composition and properties across the two different acquired
batches, controlling the rheology of the wet-like cob material at the pre-extrusion
stage and thereby ensuring consistent material extrusion and geometry build-up. The
material was then manually compacted into 10 cm diameter, 90 cm length tubes to
eliminate air gaps. Filled tubes were covered and stored horizontally to minimise
settling. If the material remained in the tubes for more than two days, it was removed,
readjusted, and then refilled back into the tubes;

The extrusion phase involved the extrusion and printing process of the wet material.
It focused on material behaviour during system operation. The process began by
loading the tubes into the dual extruder, with each hose containing 1.8 times the
amount of the soil mixture held in the tube. This posed a challenge as the loaded
material was not the same as the extruded one. As such, it was important to seal
both ends of the system to minimise moisture evaporation. Material behaviour was
evaluated based on two parts: a. Flow and movement speed in the tube and hose in
relation to the push force by the plate attached to the moving rod, and b. Consistency,
extrusion, and buildability at the nozzle end held by the robotic arm. The sausage or
roll test mentioned in the literature [2] was substituted with observing the material
behaviour flow from the nozzle positioned at a distance of approximately 20 cm from
the printing plate (refer to Figure 9). Overly fluid mixtures, though easily extruded,
were found to have poor buildable geometry. On the other hand, using a more solid
mix caused the three-phase 0.75 kW to come to a complete stop. Increasing the
amount of fibres used altered the resistance and also reduced the flow movement of
the mixture. Additionally, the height at which the material was deposited influenced
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the path and direction of the hose, thus affecting the material-extrusion speed. To
calibrate the above, the rheology of the cob mix was controlled to achieve the identified
suitable level of fluidity to work with the dual extruder. The inputted extruder speed
was 280 mm/s. However, the actual working speed highly varied depending on
the consistency of the extruded material. Through observation, data collection, and
analysis, the optimum robot speed was identified at 150 mm/s. The researcher then
interactively reduced the speed in response to the material behaviour, starting with
quarter intervals and refining it further with 5% reduction steps. The latter gave
the researcher the needed control over the operation, enabling a digital sculpting
process reminiscent of the craftsmanship associated with traditional cob work. It
was observed that the optimum behaviour was achieved when the robot operated
between 75% and 25% of its inputted speed (210 mm/s—70 mm/s). The variation
accounted for differences in the mixture due to human factors or unavoidable drying
processes in the tube or hose when the system was not operated for two days. It
also accommodated for the slight variation in material behaviour when deposited at
different angles and heights;

3. Post-extrusion refers to the behaviour of the material once it is extruded from the
nozzle and deposited on the tool path according to the geometry design. When
planning the toolpath, it was ensured that the perpendicular distance between any
two points on two consecutive toolpaths ranged between 5 and 15 mm. The variation
in layer height, combined with controlled material overlap, allowed for the explo-
ration and, subsequently, the formation of nonplanar geometries. The material was
deposited perpendicular to the toolpath and thus compressed in the same perpen-
dicular direction, which contributed to the overall geometric stability and structural
integrity (refer to Figure 10). The relatively small size of the nozzle facilitated digitally
sculpted geometrical paths. Due to the varied heights of the geometry, a natural
level of material overlap occurred between consecutive layers. However, the overlap
was avoided within the same toolpath on any single layer to prevent excess material
deposition. Additionally, the layers were alternately reversed to ensure a continuous,
non-overlapping printing path. While some case studies recommended against re-
versing the toolpath to allow the cob material to harden and settle before the next
layer [40], the experiments conducted in the lab did not show any noticeable disad-
vantage in material settling when reversing the nozzle direction in the subsequent
layers. This observation informed the design of nonplanar geometry for the pieces.

Figure 6. The dry cob-like mixture preparation process involves a series of steps depicted from left to
right: (a) Spreading the wet subsoil for drying. (b) Sorting and pulverising the dried subsoil using
rubber mallets. (c) Sieving the crushed subsoil through a 10 mm sieve. (d) Combining the sieved
subsoil with cut straw to produce the cob-like dry mixture. Water is subsequently introduced to yield
the cob-like wet mixture.
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Figure 7. The wet cob-like preparation process encompasses four sequential steps: (a) Once water
is added, the wet cob-like mixture is stored in sealed buckets. (b) The water quantity is readjusted
using a controlled grid-measured drop ball test. (c) The wet cob-like mixture is loaded into the tubes
and manually compressed and compacted. (d) The tubes are then loaded into the bespoke extruder,
which is part of the continuous cob robotic printing process.

Constant Variable
Subsoil Batch 1 Subsoil Batch 2
) : Straw ‘Water
L.5 parts of clay to 5 parts of sand/silt 3 parts of clay to 5 parts of sand/silt
Crushed and Sieved Manually cut into an average of Drop ball test
1.5 to 2,5cm Suitable mixture @ @115 to 120mm
Arranged in batches of 12kg Arranged in batches of 35g

Figure 8. Wet-like cob recipe, ingredients, and ratios, distinguishing the constant and variable

ingredients.

Figure 9. The substitution of a traditional sausage soil test with a robotic sausage-like extrusion to

check wet-cob material consistency and buildability.
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Figure 10. Extruded material is deposited perpendicularly to the toolpath of the printed geometry.

3.4. Prototyping and Outputted Geometry

Presented are the outputted geometry as printed cob prototypes during the research
period. (Refer to Figure 11) The research investigation produced several modules and
tested one assembly structure in the form of an arch. The arch modules were manually
assembled before they were completely dry, using wet cob as mortar. No other materials or
adhesives were used. The approach ensured material consistency and uniform geometrical
properties. As the modules dried in their assembled arch formation, they bonded together
as a single entity, held in place by the forces dictated by the geometry itself. This is seen as
a conceptual proof of possible structural and non-structural cob geometrical formations.
Other future examples could possibly include interior and/or exterior cladding systems,
non-load-bearing walls, and other various interior elements.

Figure 11. Nonplanar spatial prototypes are presented in the chronological order of printing over a
four-month period. Selected parts were assembled into an arch.
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A very close association was observed between the used cob mix rheology, the robot
linear speed, and the dual-extruder movement. (Refer to Figure 12) Material that was too
wet or too dry failed to extrude. An in-between state presented the right level of workability
and was referred to as an equilibrium state by the research team. The study was conducted
through a close analysis and observation of the system, the material behaviour, and the
output geometry formation while changing one variable at a time. For example, for the
same cob mix and dual-extruder movement, several linear robotic speeds were tested
and evaluated based on the success or failure of the outputted geometry. Depending on
the result, a more complex geometry was tested, or a different consistency of cob mix
rheology was tried out. The material path length was dictated by the tube; the hose length
and the 25 mm nozzle diameter remained constant throughout. Through a trial-and-error
observational method of working, an equilibrium state was devised within the system and
lab parameters.

Equilibrium state

mixture is too dry / mixture is too wet /
Geometry buildability failed extrusion just right failed extrusion
material accumulation is Successful extrusion geometry collapses
too slow
3 slower movement faster movement
Robot linear speed pummmms .
harder to extrude easier to extrude
Dual extruder movement s T
. less viscous mix more viscous mix
Cob mix rheology s ' .
i ] e~
. Added water i

Figure 12. A qualitative observational reactive working methodology establishes associations among
four parameters inherent to the spatial robotic printing process, aiming to attain an equilibrium state
and thereby ensuring the successful printing of nonplanar cob geometry.

The toolpath for the nonplanar geometry was designed as continuous to accommodate
the continuous material flow within the system. The trajectory guiding the robot and,
consequently, the nozzle movement was digitally crafted as non-parallel in response to
the geometrical design and intended shape. (Refer to Figure 13) It was ensured that the
minimum and maximum distance between any consecutive lines in the vertical direction
ranged between 6 and 15 mm. This allowed for variation in the geometry design while
retaining the compactness of the material through the nozzle. At 6 mm, the layers were
wider than those at 15 mm. Additionally, the robot movement was designed perpendicular
to its toolpath while maintaining the appropriate direction of the nozzle to maintain the
material flow. The robot movement during the process embodied a complex involvement of
all its 6-axises, yet also responded to a complex limitation and restrictions imposed by the
direction and the length of the two held hoses. Lengthening the hoses was not an option, as
it increased the length of the wet material needed to travel, thus significantly increasing the
required force from the extruder. As the research progressed, the prototypes increased in
their complexity and achieved various combinations of inclinations, concave, and convex
curvatures. The printing process was categorised into three processes, all printed using
the same dual extruder system. Depending on the geometrical complexity, one or several
printing processes were used:
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Continuous printing using several tubes. Even though, from the operational perspective,
continuous, uninterrupted prints could be achieved by sequentially changing the
cartridges in the extruder, this approach proved to be unviable as the geometry sagged
under its own weight. This was due to the material viscosity and the extruder’s
limitations in handling harder mixes, which restrained the reachable height of the
printed geometry;

Interval-continuous printing was adopted as an alternate approach to achieve continuity.
The printing process was paused to allow the deposited material to settle and harden,
with the settling time ranging from 12 to 24 h. After the settling period, the model
was placed in the same position, and the printing process was resumed from the exact
point where it was stopped. It was observed that the intermittent printing process
facilitated better control and enabled the outputting of more complex nonplanar
geometries. However, one drawback of this approach is the extended overall duration
of the printing process and having to plan the process over several days;

Modular printing is a sequential process that involves printing pre-planned segments
separately and then joining them to form a more complex geometry. It was observed
that the drying process, accompanied by geometry shrinkage, is a complex three-
dimensional phenomenon that depends on the volumetric positioning of the geometry
in relation to the gravitational force and its own weight. The digitally modelled
geometries, which had the same dimensions in the wet state, diverged in shape
as they transitioned into the dry state. The same shapes and surfaces underwent
changes in formation and were altered depending on their positioning during drying.
Assembly of the printed segments was carried out when the geometry had passed
the wet stage and thus could be moved around. Figure 14 illustrates three examples
of two-geometrical assemblies. The prototype on the left consists of two printed
pieces assembled after they had completely dried out. The variation in geometry
resulted from the material settling during the drying process. The prototypes in
the middle and on the right were assembled at different durations after the wet
stage but before complete dryness, resulting in smoother geometrical transitions.
In the latter case, the drying process continued after assembly, leading to a more
homogeneous final outcome. Therefore, it is important to plan the printing times and
drying durations of all segments and strategise the assembly order. For the geometric
assemblies, a wet cob was used as mortar to hold the pieces together, eliminating
the need for any additional substances and ensuring material homogeneity. When
designing the geometries and assemblies, the properties of cob as a material were
taken into consideration, focusing on geometries that work well in compression. In
the assembled arch prototype, the inner compression forces contributed to its overall
stability. For more complex geometrical formations, it will be necessary to codify the
three-dimensional shrinkage to accurately assess structural forces, thus ensuring a
between geometric fidelity and structural integrity.

Figure 13. The non-parallel toolpath directs the perpendicular robot, and consequently, the nozzle
movement and the wet-cob deposition are guided by the nonplanar geometry design.
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Figure 14. The volumetric variation of the same printed geometry is due to the drying position and
duration, as well as the material state during the assembly process.

4. Discussion and Conclusions

The paper examines nonplanar cob robotic printing and tests its implementation
through prototyping. It establishes an equilibrium state with the parameters in the lab
and utilises present constraints to generate controlled spatial geometrical exploration.
Variation and inconsistencies are overcome through a choreographed collaboration between
the system and the researcher, as the robot’s movement is adjusted in response to the
deposited material behaviour. By combining the traditional material cob with modern
robotic fabrication technology, this research lays the foundation for a novel cob language
that is robotically sculpted, thus opening up new possibilities for entirely new tectonics,
geometries, and building formations.

The results demonstrate that the successful integration of cob with robotic processes
can produce complex nonplanar geometries, proving the feasibility of this approach. The
experimental findings show that controlling the rheology of the cob mix, adjusting the
robotic extrusion parameters, and using interval-continuous printing methods allow for
more stable and intricate designs. This process enabled the creation of a prototype arch,
serving as proof of concept for the structural potential of robotically printed cob elements.

The research also highlights the importance of optimising the extruder’s stability and
the robot’s movement to enhance the printing process’s efficiency and reliability. The ability
to manipulate cob rheology and robotic parameters suggests significant potential for future
applications, including more complex architectural structures.

However, the study is limited by the fact that the extruder used is a prototype, which
presents challenges in terms of stability and consistency. The prototype’s instability can
affect the precision and reliability of the extrusion process, leading to variations in material
deposition and print quality. Additionally, the extruder’s current design may not fully
accommodate the range of material viscosities and resistances encountered during real-world
applications. These limitations underscore the need for further development and refinement
of the extruder to ensure consistent performance and scalability for larger-scale projects.

The following three recommendations reflect on some of the challenges faced in the
current research setting and provide insights for the next phase:

e  Transforming the subsoil into a wet cob mix is an arduous and repetitive process that
could be automated,;

e  The instability of the dual-extruder and its variable running speed, based on the
material resistance, are important aspects to resolve. The research would benefit from
having a controlled, stable pushing force that can be applied to the material, allowing
for consistent movement at the same speed, regardless of its wet mix rheology;



Buildings 2024, 14, 2589 15 0of 18

e  There is a need to optimise the robot’s movement by increasing its range while main-
taining the fluidity and stability of the material flow.

It is imperative for the next research steps to focus on resolving the aforementioned
limitations. Doing so would enable a higher level of control over the process. Further work
should include examining the devised work methodology using different wet cob-like
mixes from various geographic locations, as well as experimenting with different fibre types.
Additionally, the research should aim to incorporate a more intelligent feedback system
that surpasses the mere observation of the researcher to include capabilities that encompass
design intent and material behaviour. Another possible direction is to advance the method
of preparing the printable material mixture, ensuring consistent material properties. Both
approaches are foreseen to facilitate more complex spatial movements and contribute to a
more intelligent and responsive system.
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