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The use of digital fabrication tools can extend beyond the seamless
materialization of the digital model and can continuously inform design ideation
through emerging material qualities. Exploring the implications of an approach
to digital fabrication that is not based on imposed and rigorous formalisms but on
unique and contextual ones constitutes the research agenda. Within this
framework, the focus of this paper is on 3D printing with clay. Considering
matter not as the static and passive outcome of digitally predetermined form, but
as a design generator, a case study on both the materials and tools employed in
3D printing with clay is presented.
Keywords: Digital fabrication, additive manufacturing, 3D printing with clay,
material computing, uncertainty

INTRODUCTION
Today, making is seemingly integrated to design education and practice through the use of digital fabrication technologies. Digital fabrication protocols
have compulsory predetermined instructions before
materialization, and so require precise control over
the process. The control and accuracy provided by
these technologies ease the transition from the digital to the physical: intricate and complex digital models can be materialized without the necessity of developed hands-on skills. Despite these advantages
however, the use of digital fabrication technologies
does not necessarily promote creative discoveries in
design and a design process informed by making.
Attention is mostly directed to how closely the materialized work resembles its digital master rather
than how the ideation process is shaped through the
materialization of the digital. There is therefore an
emerging paradox in the use of digital fabrication
tools. As Gourdoukis (2015: pp.50-51) similarly puts
forth, while digital fabrication tools oﬀer the design-

ers “the chance to reconnect with materiality and
craftsmanship,” through standardization and simulation, they are “taking away the properties of unpredictability and emergence that are inherent in processes that are harnessing materiality”. In tending to
“include everyone and everything”, fabrication protocols rely on standardization and “become almost
fascistic”.
On the other hand, as Pérez-Gomez (2012: p.13)
states, “tools are never neutral” as “they underlie the
conceptual elaboration” and “the whole process of
the generation of form”. There are indeterminacies
in digital fabrication processes that can be explored
as potential design drives. The transition from the
digital model to its materialized outcome is in fact
never seamless. However perfect the digital master
is, its materialized outcome always bears imperfections and traces of the fabrication tool. There is still
neither a 3D printer that prints surfaces on which the
layers from additive fabrication are not visible, nor a
CNC milling machine that does not leave the traces
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of its drill. By way of treating these imperfections as
emerging design features, the digital fabrication process can break from what Ingold (2000: p.289) calls
the “tantamount withdrawal of the producer, in person, from the center to the periphery of the productive process” when referring to the transition, in the
history of human technicity, from the hand-tool to
the machine.
In this paper, the aim is to explore how the use
of digital fabrication tools can extend beyond the
seamless materialization of the digital model and can
continuously inform design ideation through emerging tectonic qualities. Exploring the implications of
an approach to digital fabrication that is not based
on imposed and rigorous formalisms but on unique
and contextual ones constitutes the research agenda.
Within this framework, the focus of the study is on 3D
printing with clay.

“MAKING FOR” IN 3D PRINTING WITH
CLAY
The concept of design as we use today originates
in the Renaissance and is derivative of the hylomorphic doctrine, which implies a separation between ideation and materialization. Ingold (2010:
p.92), frequently criticizing the dominant hylomorphic approach to creation, claims that hylomorphism
became “ever more deeply embedded in Western
thought” inﬂuencing how making is conceived. Form
is considered as the particular design in mind, matter
as the static and passive outcome of predetermined
form, and making as the imposition of form on matter “from without, rather than unveiled from within”
(Ingold, 2000: p. 339). In what he calls “the standard
view” of making to refer to the hylomorphic model
of creation, “the form pre-exists in the maker’s mind,
and is simply impressed upon the material” (p.342).
Thus, thinking and judgment precedes making.
These views are still dominant today, even more
so with the rise of 3D printing technologies. In many
practices, 3D printing mostly endorses the primacy of
the immaterial, without exhibiting any “recalcitrance
at all” (Buchli, 2010: p.281). In this paper, I aim to ex-

emplify an alternative approach to 3D printing where
form and matter, process and product are not only
causally linked, but also strictly interdependent, replacing the hylomorphic ontology with “an ontology
that assigns primacy to the processes of formation
as against their ﬁnal products, and to the ﬂows and
transformations of materials as against states of matter” (Ingold 2010, p.92). We call such processes making for: uncertainty in the processing of the matter is
valued over the control and accuracy in the processing of information (Gürsoy and Özkar, 2015). Conceptualization does not necessarily precede materialization, but instead evolves through the interactions
with the materials.
Clay is particularly well suited for the making for
explorations in 3D printing as it allows for signiﬁcant
alteration before, during and after 3D printing. Material properties of clay (i.e. viscosity, color, texture),
tools (i.e. 3D printer, extrusion nozzle), 3D printing
settings, tool paths are among the variables that have
major eﬀects in shaping the outcome. Layer-by-layer
extrusion of clay in material extrusion type of additive manufacturing leaves visible traces on the 3D
printed surfaces. Still wet while printing, printed layers of clay can sag under the eﬀect of gravity. Tectonic qualities that emerge as a result of the layerby-layer extrusion are not necessarily present in the
digital model: these features are not designed beforehand and imposed on the material. The layerby-layer growth dictated by 3D printing process thus
becomes a potential design drive when using clay.
This way, 3D printing with clay does not take away
the properties of unpredictability and emergence.
With unexpected features to be discovered on the ﬂy,
the process becomes as important as the outcome.
Within this shifted context, the precision, eﬃciency,
and consistency of 3D printing may no longer be the
most compelling attributes. Moreover, extruded clay
requires time to dry. Therefore the printed objects
are exposed to environmental conditions and are still
open to manipulation after printing. This opens up
new possibilities for a designing and making process
that unites digital and analog means.
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Open Design and Maker Culture in 3D Printing with Clay
The open design and maker culture instigated by the
technological and social developments enable free
ﬂow of knowledge, know-how and sources in many
ﬁelds, including the area of 3D clay printing. Open
source projects to build low-cost 3D printers led to
the development of various types of 3D printers for
clay, and to the expansion of the scope of the relative design knowledge to a broader and interdisciplinary community. This community includes ceramic artists, but also designers, architects, makers,
artists who do not have any previous experience in
working with clay. 3D printing, by eliminating the
need for developed hands-on skills in shaping clay
yet still incorporating material indeterminacies, continuously opens up new material exploration trajectories for many.
Another aspect of this open design and maker
culture is the rising collaborations between independent practitioners, academics, and industry in the
development of and the experimentation with various tools and technologies to 3D print clay. Within
the group of people who built their own tools to 3D
print with clay are Unfold, Jonathan Keep, and Tom
Lauerman, just to name a few. Unfold, a Belgiumbased design ﬁrm, developed one of the ﬁrst 3D
printers for clay as an open-source Cartesian-type
3D printer project by modifying the existing RepRap
system that is initially designed for plastic extrusion
(Unfold, 2009). Their exploration was inspirational
for Jonathan Keep, an independent ceramic artist
from UK, who was looking for ways to combine his
generative design explorations with his material expertise on clay. After experimenting with Unfold’s
printing system, Keep further went on developing
a delta-style 3D printer for clay as an open-source
project (Keep, 2013). His clay printer has been widely
built and used by others, including the author of this
study. Keep also initiated an online Google group
around 3D printing with clay as part of his opensource printer project: “Make Your Own Ceramic 3D
printer”. The group brings together people from

around the world who are working on developing
their own tools to 3D print clay. Tom Lauerman, an
educator and artist from US, is among the most active
members of this online Google group. He himself has
initially built Keep’s open-source printer. He then developed and experimented with a range of diﬀerent
types of 3D clay printers (Lauerman, 2014). Following these independent but connected eﬀorts to develop systems for clay printing, diﬀerent 3D printers
and extruder systems have also entered the market
and are now commercially available, including the 3D
PotterBot, the LUTUM, and DeltaWASP. In this paper,
I mainly focus on material extrusion method. For a
detailed overview of other types of additive manufacturing systems for clay (i.e. material jetting, binder
jetting, lamination, VAP polymerization, powder bed
sintering), please see Costa et al. (2017).

Previous Works Exploring 3D Printing with
Clay as “Making For”
As these tools are increasingly enmeshed in craft
and design studio settings, various designers, architects, and artists started to explore 3D printing with
clay as a means to materialize their digital designs.
Among these, the explorations by Olivier van Herpt
(2013) where he aims to “reintroduce error, a human touch, stochasticity” by introducing “elements
of randomness” to the 3D printing process are in line
with the study presented in this paper. Van Herpt incorporates “serendipity, joy through intentional failure” in the controlled, repeatable and precise process
of 3D printing. Likewise, Ronald Rael and Virginia
San Fratello from Emerging Objects focus on the linear growth of 3D printing process and take the tool
path followed by the 3D printer as a design drive. In
GCODE.clay project, they explore “the creative potential of designing with g-code” by “creating a series of
controlled errors that create new expressions in clay
deﬁned by the plasticity of the material, gravity and
machine behavior”. Unpredictability is again a fundamental aspiration as “patterns emerge and disappear
in the variations of the experiments explored” (Rael
and San Fratello: p.146).
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Figure 1
The framework for
systematic
explorations in 3D
printing with clay

Various architects from practice and academia
also explore the possibilities of 3D printing architectural elements with clay. Among these are Building
Bytes, El Studio, Sofoklis Giannakopoulos from Pylos
project, B.A.T, and Matsys Design, just to name a few.
Together, these precedents show variations in geometry, scale, surface treatment, and material properties, and exemplify possible applications of 3D printing with clay. As Chittenden (2018: p.16) denotes, at
the intersection of various explorations of 3D printing
with clay lies “a curiosity to craft a process as much
as an object and to explore the creation of diﬀerent
materials and machines that perform in concert with
a data-driven approach to durational performance in
the act of making”.

CASE STUDY: MATERIAL AND PHYSICAL
PARAMETERS IN 3D PRINTING WITH CLAY
In this paper, building on the critical stance on digital fabrication outlined and considering matter not
as the static and passive outcome of digitally prede-

termined form, but as a design generator, I present
a study on both the materials and tools employed in
3D clay printing. The focus in these explorations is on
the material and physical parameters of 3D printing
with clay, rather than the formal aspects of the digital
model to 3D print.

Deﬁning a Framework for Explorations
To guide the explorations in 3D clay printing, I have
deﬁned a framework by identifying the material
and physical parameters that have an eﬀect on the
printed outcome. Systematic variations of the parameters in this framework enable to discover unexpected outcomes and to perceive each outcome as
an integral part of the exploration. Figure 1 shows the
parameters identiﬁed for before (digital input), during (printing) and after (post-processing) 3D printing
process.
The digital input parameters include the geometry of the digital model: whether the digital model is
a solid object, open surface, or a set or curves.
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Figure 2
Various precedents
exploring material
and physical
parameters in 3D
printing with clay a)
GCODE.clay by
Emerging Objects
b) Curve Series by
Jonathan Keep c)
Bad Ombrés by
Emerging Objects
d) Sound Vibrations
by Olivier van Herpt
e) Informed
Ceramic by B.A.T.

The printability of the input geometry depends on
the type of 3D printer used. Stopping the clay extrusion while 3D printing is usually tricky and requires
an additional auger system attached to the nozzle
if precision is expected. While it is possible to print
closed surfaces or continuous paths without an auger
system, printing open surfaces, branching geometries, discrete curves would result with additional clay
trails that emerge when the nozzle travels between
targets. The way the g-code is generated is also a
digital input. There are various software available
to generate g-code. Repetier and Cura are among
the open-source ones. Simplify3D (not open-source)
is another prominent one. These software typically
slice the input 3D digital models in horizontal layers of equal height and create a continuous path for
the 3D printer to follow. There is also an option to
by-pass the g-code generator software and generate g-code directly from the 3D modeling environment. Silkworm and Xylinus plug-ins for Grasshopper serve as aids for this purpose. It is also possible to generate custom g-code by developing speciﬁc algorithms. GCODE.clay project by Emerging Ob-

jects, for instance, explore custom g-code generation
to control the nozzle trajectory in order to print vessels where “the surface quality takes on the appearance of textiles, with clay being woven, threaded,
curled, as it droops away from the surface” (Rael and
San Fratello: p.146). Similarly in Curve Series project,
Keep (n.d.) codes curve functions in Processing to
generate the 3D forms, and exports this information
directly as g-code to 3D print these forms with clay.
He explains “I am thinking like the path the printer
will take, or possibly a terrestrial body”. By creating
custom g-code for printing, it is possible to break
away from the restrictions of g-code software, such
as equal layer height, and introduce variations on the
tool path.
Among the parameters related to the 3D printing
process, the speciﬁcations of the print material (clay)
open up various possibilities for exploration. While
diﬀerent types of clay (i.e. porcelain, stoneware, bmix, air-dry) behave diﬀerently during 3D printing,
it is also possible to change the speciﬁcations of
the same type of clay. Adding water, for instance,
changes the viscosity of the clay, and directly aﬀects
the 3D printed outcome: if clay is too soft, the printed
object might not hold its form and collapse; if it is
too thick, it might be diﬃcult to extrude the clay, and
the printed layers might not stick to each other. It
is also possible to change the types and speciﬁcations of clay (i.e. color) while printing. In Bad Ombrés
project (Figure 2-c), for instance, Emerging Objects
explore printing a single object from diﬀerent types
of clay where it is possible to see a gradual transition
of color and texture that spans the entire object (Rael
and San Fratello: p.148). It is also possible to change
the nozzles used in clay extrusion, which not only
aﬀects the resolution of the 3D printed surface, but
also can result in emergent surface textures. In most
3D printers, it is possible to vary the speeds while
printing. The speeds in question can be the speed
of movement of the printer in various axes, as well
as the extrusion speed. Depending on the extrusion
method used, the extrusion speed can be altered in
diﬀerent ways. If an air compressor is used to extrude
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Figure 3
Explorations on 3D
printing with clay
by students (Fall
2016).

clay, changing the air pressure will aﬀect the extrusion speed. If a mechanical extrusion system (usually in the form of a rod that is attached to a stepper
motor) is used, changing the speed of the motor will
change the extrusion speed, thus the amount of clay
extruded on a given point in time. Printing with different layer heights, changing the distance between
the nozzle tip and the print base (nozzle height) are
also possible explorations that aﬀect the 3D printed

outcome. The base of the 3D printers is usually ﬂat
and the 3D printers are kept stationary for precision
purposes. However these can be altered. Olivier van
Herpt and Ricky van Broekhoven (2015) in Solid Vibrations project (Figure 2-d) have mounted a specially
constructed speaker rig below the build platform.
The low sound ampliﬁes and produces emergent patterns on the surfaces of the 3D printed vessels. In Informed Ceramic project (Figure 2-e), researchers from
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B.A.T. group attached a clay extruder to an industrial
robotic arm to print clay on non-planar surfaces that
are robotically cut. While printing, exposing clay to
external stimuli, such as changes in temperature, interrupting the surface, etc. can aﬀect the 3D printed
outcome as well. Similarly, since clay is still wet after
3D printing, the printed objects are open to handson manipulations too. It is possible to reshape them
by hand. Additionally, as in traditional ceramic practices, ﬁring and glazing open up a whole other material exploration trajectory.

Systematic Variations in Exploring Emergent Features
In this study, the framework presented above is used
to generate a set of 3D printed clay objects. The ﬁrst
part of the study is held as part of an undergraduate
elective course oﬀered by the author in the Department of Architecture at Penn State University. In this
course, students ﬁrst collectively built a delta-style
3D printer for clay following Jonathan Keep’s opensource 3D printer design. Building their own machine
allowed them to have control over its customization
for diﬀerent design explorations. Consequently, the
students worked on individual projects to generate a
set of 3D printed objects while engaging in a collective, analytical study. This way, the individual eﬀorts
led to a collaborative exploration to discover the constraints and aﬀordances of 3D printing with clay. Figure 3 shows some of the various explorations by six
students. Through this initial stage, the students got
acquainted with the material, the process, as well as
the tools.
The second stage of the study is realized by the
author and involved systematically changing certain
parameters while keeping the rest constant to explore their eﬀect on the emerging features. All the
3D prints generated in this stage are the outputs of
the same simple 3D model: a cylinder of 5cm diameter and height. Alterations are made during the 3D
printing process by changing certain print settings,
and the nozzles. Figure 4 shows the outcomes of this
exploration on a matrix.

In this stage, a commercial 3D Potterbot system
is used to print clay. G-codes are generated using the
Simlify3D software. First, the parameters to 3D print
the digital model as accurate and precise as possible
are depicted. The 3D printed object on the far left
column of the matrix is this parent object. Then variations are introduced. Each row in the matrix exempliﬁes variations in a speciﬁc parameter.
- In the ﬁrst row, layer heights increase from left
to right with 0.6mm increments while the overall
height of the objects remains the same. This aﬀects
the resolution of the printed surface: the layers become more visible with increased height.
- In the second row, while increasing the layer
heights from left to right again, the extrusion multiplier parameter is reduced by half compared to the
ﬁrst row. This had an eﬀect on the wall thickness of
the 3D printed objects. But also, as can be seen on
the far right of this row, the printed layers started to
break oﬀ.
- In the third row, the extrusion speed is gradually altered while 3D printing each object. This time
the layer height is kept constant. During the printing
of the object on the far left of this row, the extrusion
speed is gradually decreased by 20% at each 20% of
the print. In the second object, the extrusion speed is
gradually increased by 10% at each 20% of the print,
in the third by 20%, and in the last one by 40%. By
gradually changing the extrusion speed while keeping the layer height constant the wall thickness of the
3D printed objects also gradually changed, which tapered the cylindrical forms. Moreover, increased extrusion speed resulted in small lumps of clay to build
up on the printer nozzle. These lumps formed controlled textures on the printed surfaces that a closeup view can be seen in Figure 5.
- In the forth row, printer speeds are altered while
keeping the extrusion speed constant. Even though
the printer speed is increased until the maximum
point that the machine can tolerate (in the far right
object), this did not have any substantial eﬀect on the
3D printed surfaces.
- In the ﬁfth and sixth rows, the printer nozzle
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Figure 4
These 3D prints are
the outputs of the
same simple 3D
model. Alterations
are made during
the 3D printing
process.

is changed. The nozzle used in the ﬁrst four rows
is circular with a 3mm diameter. The nozzle used
in the last two rows is elliptical and wider, meaning
that it also has directionality. Besides the nozzle, the
layer heights and nozzle heights are also systematically changed in these explorations. Increasing the
distance between the nozzle tip and the base plate
(initially to 1cm, then to 3cm) yielded very interesting results as the clay layers dropped when extruded
and self-organized with every layer, into waves, curls
and sags. Figure 6 shows a close-up view of gradually emerging curls on the surface of three 3D printed

objects. Although not possible to foresee before 3D
printing, this emergent behavior is controllable and
repeatable. Some objects are printed twice to test if
it is possible to repeat and control this emergent behavior. Two of these are shown in Figure 7.

CONCLUSIONS AND DISCUSSION
These explorations take the layer-by-layer growth
dictated by 3D printing as a potential design drive.
The aim is not to exemplify all possible explorations
within the framework outlined, as the possibilities
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are limitless when variations in parameters are combined. Rather, the aim is to show that the design process does not necessarily end at the abstract digital
model. Even with a simple digital model, in this case
a cylinder, by playing with the physical and material
parameters of digital fabrication, it is possible to obtain many diﬀerent outcomes most of which cannot
be foreseen before materialization. This causally links
the process and the product, the form and the matter, and makes this exploration a making for process.
While 3D printing enables the materialization of
forms that otherwise would not be possible to obtain,
the use of 3D printing technologies is usually limited with processes that prioritize form over matter,
product over process, and control over uncertainty.
The eﬀort in this research is to make a compelling
claim that digital fabrication technologies, including
3D printing, can be explored and embraced as a de-

sign generator and not solely as a tool to materialize
the digital.
In design studio settings, by guiding the students to explore the emerging aspects in digital fabrication, to discover the unexpected outcomes and
to perceive the whole process not as a trial-and-error
but as constant exploration, the interaction of the
designer and technology can be established with an
emphasis on the material and process. This way, we
can replace the hylomorphic doctrine in design with
an ontology that values processes of formations, materiality and making.
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