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Abstract

Clay 3D printing is a unique process involving material extrusion of soft wet clay through
a print head, via slicer defined paths to create a layer-wise part. Unlike fused deposition mod-
eling (FDM) printer, where the molten filament solidifies upon extrusion, in ceramic additive
manufacturing, a slurry of clay when extruded begins losing moisture due to an exothermic
reaction. The diffusion of moisture within the clay, and evaporation causes drying of the
entire part. The drying process is heavily influenced by part geometry, print parameters and
constituent materials. Non-uniform drying can lead to defects such as delamination, voids
and cracks. This paper presents a numerical model for predicting time dependent moisture
in a ceramic 3D printed part. Physical experiments are used to measure moisture content at
different instances of time for geometries with varying complexities. Results of physical ex-
periments are incorporated in the numerical models to predict spatial and temporal moisture
content.

Introduction

Ceramics are inorganic, non-metallic materials that have been in use for centuries. They
have been traditionally used as construction materials and cookwares. However, with ad-
vancements in material and manufacturing technologies, ceramics are found today in elec-
tronic components [1], automobiles [2], aerospace [3], and medical and surgical tools [4, 5].
Ceramics exhibit very high hardness, temperature resistance, high compressive strength,
chemical non-toxicity, wear resistance and low friction, making them ideal for the above
applications.

Parts made out of clay are either sculpted, mold casted, injection molded or hand-built [6].
These freshly shaped ‘green parts’ are finished manually to remove any surface imperfections,
and then fired in the kiln at over 1200°C to convert them into dense hard ceramics. These
hardened parts are then glaze fired for better surface texture, color and aesthetics. The ac-
curacy, repeatability and reliability of these parts have been well researched, and the above
processes have been perfected over some centuries now. However, conventional manufac-
turing processes require significant costs to fabricate complex shapes. They also require
specialized tools, jigs and fixtures, expensive molds, causing significant material wastage
and higher lead times for low-volume production parts.
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Clay 3D Printing

Additive manufacturing, or 3D printing, has been at the forefront of advanced manu-
facturing with its ability to manufacture complex geometries with high precision, accuracy
and minimal lead times. Multiple technologies developed for polymer or metal additive
manufacturing have been modified and adapted for ceramic additive manufacturing. Based
on feed-stock material and deposition techniques they can be categorized into slurry-based,
powder-based and bulk solid-based [7]. There are commercial technologies for clay additive
manufacturing that overcome most of the limitations of conventional ceramic manufacturing
processes. These printers provide design freedom, high degree of customization, rapid proto-
typing and reduced material wastage, making them ideal choice for hobbyist and designers.

A schematic of a typical setup for slurry based clay 3d printing - the focus of this work -
is shown in Figure 1a. It is a type of material extrusion additive manufacturing process [8]
that is similar to standard Fused Deposition Modelling (FDM) / Fused Filament Fabrication
(FFF) in terms of material deposition. However, unlike FFF, where a heated element melts
a wire filament and extrudes it out of the nozzle, in clay additive manufacturing, a slurry of
clay is extruded out which solidifies due to an exothermic reaction. The feed-stock delivery
system consists of a tank that stores wet clay mixed with additives to enhance different
properties of the clay. The print head and mechanical-ram work in sync, controlled by a
computer. The mechanical-ram squeezes out the slurry through the tubes to the print head,
and the print head deposits the clay as directed by the path defined in the g-code. The slurry
is pushed out of the extruder and the clay starts solidifying as it starts loosing moisture to
the surrounding. A conical vase printed using clay 3D printer is shown in Figure 1b.

(a) Schematic of clay 3D printer (b) Clay 3D printed part

Figure 1: Details of a Clay 3D printer.

Failures in Clay 3D Printing

Unfortunately, there is a very high failure rate on parts printed with clay 3d printers.
Part printing is a complex function of the combination of material parameters (clay density,
viscosity, moisture content), process parameters (print speed, layer thickness) and geomet-
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ric parameters (minimum feature size, overhang angle). As the process is adapted from
polymers technology, and the material properties change significantly with time, repeatabil-
ity and consistency of results in clay 3d printing is a challenging task. Indeed, successful
printing required multiple attempts. Some of the common failures observed during clay ad-
ditive manufacturing are shown in Figure 2. Numerous experiments and significant manual
intervention is required to minimize these failures modes, and produce finished parts.

(a) Delamination
between layers.

(b) Bulging of
edges.

(c) Separation of
walls/voids.

(d) Sagging/Collapse of
thin walls.

Figure 2: Typical failures in clay 3D printed parts.

These failures are primarily a result of non-uniform drying of clay. The focus of this
work is on investigating the clay drying process. Drying occurs when moisture at or near
the surface of clay diffuse to the surrounding through evaporation or capillary actions [9].
As the slurry of clay is exposed to air, during deposition over a build platform, it instantly
initiates an exothermic reaction. It leads to loss of heat and moisture content from the
slurry. This moisture causes surface tension forces to tightly pack the clay particles, causing
shrinkage of layers. As additional material is added, gaps are created between adjacent
surfaces. Furthermore, these tightly packed clay particles prevent the diffusion of entrapped
moisture to the outer surface, leading to most of the failure modes as shown in Figure 2.
Thus, a better understanding of moisture diffusion in the part can help process development
and optimization of material parameters, to minimize part failures.

Most of the prior works on clay additive manufacturing involves process parameter opti-
mization [10, 11] for enhanced functionality [12] and material strength [13, 14]. Numerous
trial-and-error based physical experiments are carried out to improve process and material
performance. These experiments incur significant costs and wastage of material.

There have been several investigations on concrete printing, a process similar to ceramic
printing. Vantyghem et.al [15] and Ooms et.al [16] used finite element method to simulate
3D concrete printing, using multiple implicit static analyses. Every segment of tool-path was
generated by adding finite elements along the path. Part failures were investigated based
on maximum layer deformation obtained through numerous build analyses carried out over
these finite elements added along the tool-path. Comparison between two extended FEM-
based simulations were presented; however, comparison against physical experimentation
was not carried out. Khan et.al [17] investigated the impact of process parameters (nozzle
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diameter and printing speed) on the printability of concrete structures using similar concepts
as Vantyghem [15]. Numerical simulations were carried out to identify number of layers
printed until failure, defined by the deformation of layers.

Wolfs and Suiker [18] used FEM simulation and printing experiments to understand elas-
tic buckling and plastic collapse under the dead weight of added layers of 3D printed walls
made of Weber 3D 145-2 concrete mixture. Recently An et.al [19] used element tracing
approach to identify layer at which part would fail due to elastic buckling or plastic collapse
of walls made out of elastoplastic concrete material. Time dependent material properties
were assigned to simulate thixotropic behaviour. Numerical simulations using different con-
stitutive models provided close approximations to the analytical solutions. These numerical
simulations carried out on extrusion-based additive manufacturing only examine part fail-
ures under the dead weight of the part, and neglect the effect of drying, which significantly
varies these loads over time.

There are multiple software solutions available today such as Clayon [20], Wasp Clay [21],
Ceramaker Printer Software [22] as well as plugins for Grasshopper [23], that slice the part
to generate tool-paths for printing. Some of these tools only use the layer dead weight as
structural loads and carry out static structural analysis to predict failures.

This paper proposes a simulation-driven approach to predict moisture diffusion in clay
additive manufacturing, a prime reason for part failures. A customized physics-based finite
element simulation tool is developed that captures the loss of moisture in a part during
printing and passive-drying process. The model is validated with experimental observations
for parts with varying geometric features. The overall strategy is illustrated in Figure 3.

Figure 3: Simulation and experimental validation of the drying process.

Predictive Modeling for Moisture Diffusion

Simulating the printing process by incorporating the moisture diffusion will help qual-
itatively predict failures in ceramic additive manufacturing. A moisture diffusion model
considers the rate of diffusion within the printed clay as well as to the atmosphere. Rate
of diffusion is measured as the change in moisture content over a time period and can be

935



modeled using the diffusion equation (also called Fick’s Law [24]):

∂m

∂t
= D(

∂2m

∂x2
+

∂2m

∂y2
+

∂2m

∂z2
) (1)

where m is the moisture content (kg/kg) and D is the diffusion coefficient (m2/s). The
material properties of clay are dependent on moisture and rate of diffusion from the parts.
These values can be obtained from physical experimentation and will require model calibra-
tion for better prediction accuracy. Data for material properties, rate of diffusion, and print
conditions are required to obtain qualitative prediction of time dependent moisture contents
in a part. Material properties such as density and diffusivity are considered to be constant
throughout the process, whereas modulus of elasticity is defined as a function of the moisture
content that decreases over time, given by,

E = E0e
−βm (2)

where, E0 is the initial modulus of elasticity, β is the proportionality constant and m is the
moisture content.

Application Interface

A GUI-based Clay Printing Simulator (CPS) was developed incorporating the diffusion
model. The Windows-based software uses 3D finite element models to simulate the moisture
diffusion in clay additive manufacturing process. The software reads two files, a .STL model
for the part and a g-code file for the printing process, generated using a slicing software
such as Cura®. After the g-code is read, the user can first visually simulate the printing
process. For finite element analysis, a part is voxelized to create discrete finite elements.
Voxels are gradually included in the model to simulate the newly added line segment as per
the g-code. The simulator requires clay properties such as density, initial moisture content,
diffusion coefficient, simulation time and number of simulation steps. Assembly-free finite
element solver [25] is used for faster computation to predict moisture content in the part
during printing as well as passive drying.

The general schematic of the simulation process is shown in Figure 4. The g-code for the
part printing is generated in standard slicing software incorporating the print orientation,
layer height, wall thickness, infill density and print speed. Based on the user defined simula-
tion time and print steps, moisture within the part as a function time (during printing and
post-printing) can be simulated in the CPS. The accuracy is mesh-dependent. The moisture
at the predefined locations, at user defined locations, are displayed.

Experiments

Two relatively simple, hollow cylinder, models were chosen to validate the proposed
simulator. The hollow cylinders were 100mm tall, 100mm outer diameter, and varying
thickness. One of the cylinders had two walls, while the other had four walls of thickness
4mm each as seen in Figure 5. Three equally spaced locations namely, A, B, and C are
marked along the height of cylinders on both of these models for data collection. The g-code
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Figure 4: Overview of Clay Printing Simulator (CPS).

(a) 2-walled cylinder model (b) 4-walled cylinder model

Figure 5: Hollow cylindrical specimens for experiments.

for the models is generated using Cura®, with a layer height of 4mm and no infills. The
simulator displays number of lines to print, and the amount of time it takes to print as shown
in Figure 6.

The cylinders were meshed with 50000 voxel elements. Mesh convergence studies with
different size meshes were carried out to ensure the reliability of results. For the boundary
conditions, very high moisture absorption rates were imposed at the build plate interface.

Representative values of material and print parameters used for the experiments are
provided in Table 1. Results for printing simulation at the start and end of print for a
4-walled hollow cylinder, are shown in Figure 7. The color bar shows moisture distribution
on the part. The simulator also provides moisture values at every location within a part
while printing, which is impossible to measure through physical experimentation. Change in
moisture values at these locations until 2 hours of passive drying post printing are plotted
in Figure 8.
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(a) 3D model loaded in CPS
(b) g-code simulation for wall printing

Figure 6: Inputs loaded into CPS for a 4-walled cylinder print simulation.

Parameters Value Units

Dry Clay Modulus of Elasticity 0.6 MPa

Dry Clay Density 5 kg/m3

Clay Diffusivity 0.9e-7 m2/s

Initial Clay Moisture 22.5 %

Relative Humidity 65 %

Print Speed 5 mm/s

Proportionality Constant (β) 0.25 -

Number of print steps 50 -

Table 1: Material and Print Parameters.

(a) Start of print (b) End of print

Figure 7: Moisture simulation at different stages of clay 3D printing

Validation

Two sets of the cylinders, for each wall thickness, were printed using a clay 3D printer.
Average values of moisture across the specimens were recorded at the predefined locations
A, B and C, at different intervals of time using standard moisture measurement procedure.
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(a) Moisture variation in 2-walled cylinder

(b) Moisture variation in 4-walled cylinder

Figure 8: Moisture variation predicted using CPS.

Printed samples and experimental setups are shown in Figure 9. Samples were cut at the
defined locations of the printed cylinders and weighted before and after drying to measure
the moisture content. Results for moisture variation at different locations for the two sets

(a) (b)

Figure 9: Experimental setup for moisture measurement

of specimens are plotted against time and presented in Figure 10.

The measurements were taken after the part was fully printed so the plots show variation
of moisture in the part during passive drying. Percentage values for obtained from physical
experimental measurements are plotted as dotted lines for the three different locations in
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(a) Moisture variation in 2-walled cylinder

(b) Moisture variation in 4-walled cylinder

Figure 10: Moisture variation comparison between CPS and experimental measurement.

Figure 10, for both 2-walled and 4-walled cylinder specimens.

The plots indicate similar trends for change in moisture at different locations in the
cylinders for data measured through physical experiments and numerical simulation in CPS.
Small variation between experimental and numerical simulation results could be due to
inherent errors such as change in room temperature, accuracy of tools etc, during physical
measurements. Also linearity assumption for material properties in the simulation could
be a source of error. Some noticeable deviation in moisture variation from experimental
measurement for 2-walled cylinders can be seen in the plots. This could possibly be due
to small feature sizes on the specimens. It took a lot of iterations to print these 2-walled
cylinders as they have very thin walls that easily collapse during printing. The following
assumptions have been made in the numerical model and in simulation, which could be the
sources of error in these results.

� Material properties are considered to be constant and the part is assumed to be
isotropic throughout the process.
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� Material flow through the extruder is assumed to be consistent throughout the print
process.

� No variation in the ambient temperature, relative humidity and air-flow has been
assumed.

Some examples demonstrating the capability of CPS are shown in Figure 11. These parts

(a) Wash bowl (b) Half-filled cylinder

(c) Wedge (d) Bridge design

Figure 11: Examples of moisture simulation on parts with different geometric features.

with varying geometric features such as overhangs, infills, curved surfaces, sharp edges etc
can be simulated to determine the moisture contents during printing as well as post printing.

Conclusion

A simulation tool was build to predict moisture in clay additive manufacturing. To
the best of the author’s knowledge, it is one of the first one of its kind. The simulator
uses a CAD model, g-code and material properties for clay, to simulate the amount of
moisture at any location in a part being printed. This tool allows for simulating the moisture
distribution during printing as well as during passive drying post-printing for parts with
varied geometric features and complexities. The simulator was validated using experimental
results for moisture content on carefully choosen specimens at different locations and times
within a part.

Future work will attempt to minimize these sources of error in between numerical and
experimental results, for better accuracy and reliability of the tool. In addition, some of the
possible extensions are listed below,

� More controlled physical experiments to validate parts with different geometric features
will be carried out.
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� A co-relation between drying and different modes of failures needs to be established
to qualitatively predict chances of failures in clay 3D printing. This will require a
large number of physical experiments with varied geometric, printing and material
parameters.

� Effect of gravity and forced drying needs to be incorporated to better approximate
actual printing process.
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