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ABSTRACT

This research investigates optimization of process parameters in robot-assisted three-
dimensional (3D) printing of clay and sintered clay, focusing on nozzle diameter, print speed,
layer height, and clay printability to improve mechanical strength, structural stability, and
surface quality for sustainable architectural applications. Three nozzle sizes (3.0, 4.0, and
5.0 mm) were tested with print speeds from 100-500 mm/s and layer heights of LH60-160,
while clay composites with controlled water-to-clay ratios were prepared to evaluate their
effects on extrusion and structural performance. Results show that a smaller nozzle diame-
ter of 3.0 mm combined with slower print speeds of 150-250 mm/s produced the strongest
specimens, achieving compressive strengths up to 8.5 MPa and flexural strengths of 4.2 MPa
while also generating smoother surfaces and more uniform layer deposition. Larger nozzles
and higher speeds increased defects such as voids and cracks, reducing mechanical reliabil-
ity. Lower layer heights (LH60) improved interlayer bonding and reduced porosity, whereas
higher layers weakened adhesion. Optimal material performance occurred at 23.2% mois-
ture content, balancing workability and structural stability. Excess moisture caused sagging
while insufficient moisture increased extrusion resistance and cracking.

Keywords: Clay; Layer height; Mechanical properties; Nozzle diameter; Print speed;
Robot-assisted 3D-printing
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1. Introduction

The optimization of parameters re-
lated to clay-based 3D-printing, which uti-
lizes robot-assisted extrusion techniques,
necessitates the integration of cutting-edge
technologies and sophisticated methodolo-
gies aimed at significantly enhancing the
precision, overall efficiency, and adaptabil-
ity of the entire printing process. This
meticulous optimization is critically im-
portant for attaining outputs of exception-
ally high quality and for broadening the
scope of applicability of clay 3D-printing
technologies [1], especially within vital in-
dustries such as construction and archi-
tecture, where innovative fabrication so-
lutions are increasingly demanded [2, 3].
Through the careful refinement of these pa-
rameters, the manufacturing processes can
effectively address and fulfill the rapidly
growing demand for sustainable, customiz-
able, and large-scale fabrication solutions
that are becoming essential in today’s
environmentally-conscious market [4-7].

The integration of vision-based adap-
tive workflows in clay 3D-printing signifi-
cantly enhances precision by utilizing com-
puter vision and advanced algorithms to
scan and reconstruct the robot’s workspace
in real-time. This approach accommodates
complex surfaces and material behaviors,
as demonstrated in the fabrication of in-
terlocking components on re-configurable
sand formworks [8]. Machine vision mod-
els analyze captured images and videos to
detect defects, allowing automatic adjust-
ments to improve print quality and reduce
manual intervention [9]. Using reusable
formworks, such as moldable sand, fur-
ther promotes sustainability by offering a
customizable, eco-friendly fabrication so-
lution [10-13]. Parametric design integra-
tion enhances flexibility through tailored al-
gorithms for adaptable toolpath planning,
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optimizing robotic movements while main-
taining design expression [14, 15]. In
combination with industrial extruders, this
workflow ensures precise clay deposition,
supported by real-time feedback systems to
adjust print parameters and enhance accu-
racy [16]. Despite challenges in computer
vision systems due to factors like light-
ing and occlusions, advanced simulations
and predictive models help optimize fabri-
cation, demonstrating the potential of this
technology for sustainable architectural de-
sign [17].

Multi-axis clay 3D-printing repre-
sents a significant advancement in fabricat-
ing complex ceramic structures, providing
enhanced design flexibility and precision.
This technology utilizes customized extrud-
ers and multiple end-effectors to accommo-
date varying material viscosities, optimiz-
ing key parameters like extrusion velocity,
nozzle diameter, and printing speed [18,
19]. These adjustments reduce extrusion re-
sistance and ensure uniform layer deposi-
tion, improving surface quality and struc-
tural integrity [20-24]. Advanced algo-
rithms, such as BP neural networks and hy-
brid neural networks, are employed to fine-
tune these parameters, further reducing sur-
face roughness and enhancing dimensional
accuracy [25, 26]. Additionally, sustain-
able techniques like robotic milling and lig-
uid clay deposition enhance environmental
and cost efficiency, positioning clay-based
3D-printing as a viable solution for eco-
friendly construction [27, 28].

The integration of multi-axis sys-
tems, like five-axis FDM, addresses chal-
lenges such as the staircase effect and ma-
terial overuse, improving surface quality
and reducing material consumption [18].
Coextrusion techniques also allow for gra-
dient porosity in ceramic structures, im-
proving insulation and acoustics in archi-
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tectural applications [29]. However, chal-
lenges like achieving defect-free, dense ce-
ramic components and the need for post-
processing continue to hinder widespread
adoption [30-34]. Despite these obsta-
cles, the use of advanced optimization al-
gorithms and sustainable fabrication tech-
niques suggests that multi-axis clay 3D-
printing holds significant promise for pro-
ducing complex, eco-friendly structures in
architecture and construction. While the
optimization of clay-based 3D-printing pa-
rameters through robot-assisted extrusion
offers numerous advantages, challenges re-
main in terms of scalability and integration
into existing construction practices [35].
The complexity of multi-axis printing and
the need for precise control over material
properties require continued research and
development. Additionally, the adoption of
these advanced techniques within the indus-
try may be hindered by high initial costs
and the requirement for specialized equip-
ment and expertise [36-38]. However, the
potential for sustainable, customizable con-
struction solutions makes this an exciting
area for future innovation and exploration
[39, 40]. This research examines the en-
hancement of process parameters in robot-
assisted three-dimensional (3D) printing of
clay and sintered clay, focusing on nozzle
diameters, print speed, layer heights, and
clay printability. The objective is to im-
prove the mechanical characteristics, struc-
tural stability, and surface finish of pro-
duced clay artifacts for utilization in sus-
tainable architecture. Three nozzle diame-
ters were evaluated in conjunction with dif-
fering print speed and layer heights. Clay
composites with a water-to-clay ratio were
formulated to assess their effect on print-
ability and performance.
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2. Materials and Methods
2.1 Materials

The primary material used in this
study is a clay-based mixture (Fig. 1). Clay
preparation was performed by condition-
ing Terracotta clay (Extrusion Clay Body,
ECB) received from Singburi province of
Thailand, with a moisture content of about
23.2% (wet basis). The clay mixture was
sealed in an airtight container and allowed
to rest for 24 hours. After conditioning, the
material was hand-kneaded for a minute to
achieve a homogenous appearance. Then,
the printability of the clay was assessed by
filament extrusion for shape retention and
deposition stability. Moisture content was
assessed using a wet method in accordance
with ASTM C324 [41]. The oxide com-
position of clay profoundly influences its
properties, making it suitable for diverse ap-
plications like ceramics, construction, and
3D-printing. Silicon dioxide (SiO2) con-
stitutes 64.40% of the clay, acting as the
primary structural component that enhances
the material’s hardness, durability, and re-
sistance to high temperatures, as shown in
Table 1. This high silica content provides
stability to clay-based structures, especially
valuable in applications involving sinter-
ing, as it contributes to forming a rigid ma-
trix upon drying and firing. Aluminum ox-
ide (Al2O3), present at 23.40%, adds to the
clay’s mechanical strength and thermal re-
sistance. Its plasticity, when mixed with
water, aids in shaping and molding, a crit-
ical attribute in forming processes and ap-
plications requiring flexibility, such as 3D-
printing. Al»Os3 also strengthens the clay’s
resistance to chemical degradation, making
it ideal for use in chemically harsh environ-
ments. [ron oxide (Fe2O3) at 5.50% imparts
a reddish color upon firing and increases
the density and toughness for applications
needing precise geometry.
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Test Printer

Parameter Setup

Clay Flow Test

Fig. 1. Natural clay used as the raw material for robot-assisted 3D-printing experiments.

Potassium oxide (K20) at 2.70%
serves as a fluxing agent, diminishing the
clay’s melting temperature and facilitating
energy-efficient sintering by promoting vit-
rification, which culminates in a dense,
glassy and impermeable surface optimal for
non-porous ceramic applications. Titanium
dioxide (TiO2) at 0.81% augments opac-
ity, yielding a whiter, UV-resistant finish
appropriate for aesthetic considerations in
ceramics and constructions exposed to so-
lar radiation. Magnesium oxide (MgO) at
0.80% enhances thermal stability, function-
ing as a refractory to regulate shrinkage
during firing, thereby preserving dimen-
sional integrity. Sodium oxide (NagO) at
0.72% operates analogously to K»O, assist-
ing in sintering and augmenting structural
density and environmental resilience. Cal-
cium oxide (CaO) at 0.71% contributes to
fluxing and fortifies the matrix, diminishing
the risk of cracking during drying and fir-
ing, which is critical for structural reliabil-
ity. Phosphorus pentoxide (P2O5) at 0.66%
enhances binding uniformity, while Man-
ganese oxide (MnO) at 0.07% affects col-
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oration without significantly altering struc-
ture. Rubidium oxide (Rb20), at trace
concentrations (0.04%), exerts minimal in-
fluence on thermal and structural proper-
ties. This oxide configuration equilibrates
strength, durability, and aesthetics, aug-
menting stability and precision. The ele-
vated SiO; and Al;Og content ensures ro-
bust structural integrity, rendering the clay
suitable for energy-efficient sintering, 3D-
printing, and advanced industrial and archi-
tectural applications necessitating consis-
tent performance under diverse conditions.

2.2 Robotic extruder setup: Design and
optimization of clay printing system
This design and construction of a
clay 3D-printing system utilizes a 6-axis
robotic arm. The printing system design is
partitioned into two components: extruder
and controller (Fig. 3(a)). A clay ex-
truder serves as a framework and mecha-
nism for extruding and combining clay so
that it can emanate from the injection aper-
ture consistently and homogeneously. The
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Table 1. Chemical composition of clay.

Oxide Si0s  AlbO3 FeaO3 KoO

TiOo

MgO NayO CaO P05 MnO RbyO

Mass% 6440 2340  5.50 2.70

0.81

0.80 0.72 0.71  0.66 0.07  0.04

Analysis date : 2024/09/30 13:27:11
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Fig. 2. XRD patterns of natural clay.

extrusion system comprises the extrusion
and the mixing systems. The clay extrusion
system’s operational principle commences
with the clay’s introduction into the clay
cylinder with the suitable clay/water amal-
gamation ratio. Subsequently, the clay ex-
trusion system depends on the operation of
the screw to extrude the clay within the
cylinder. The screw possesses a diameter
of 14.0 mm. The screw is affixed to a gear
block with a gear ratio of 10:1. To reg-
ulate the flow of clay during this process,
an automated control system is employed.
Utilizing a control program to govern the
control system enables it to function con-
tinuously. The apparatus employed to man-
age the system comprises: 1. Stepper mo-
tor, model Nema 23, connected to a gear
block assembly and possessing an internal
thread that modifies the direction of angular
movement (Angle Rotation) to linear dis-
placement (Linear motion) so that the sys-
tem can extrude the clay appropriately. The
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motion control of the clay extrusion sys-
tem utilizes a control program (Mach3 CNC
Controller) through a computational device.
By overseeing the operation of the clay ex-
trusion system, when the control system re-
ceives a command/code, the code or pro-
gram will utilize the format GO1 A1000000
F500. Once the program is inscribed, the
control program will transmit a signal to the
microcontroller board (RnR Motion Con-
trol) connected via a USB interface to com-
mand the micro-step driver, model DM542,
to activate the motor connected to the screw
assembly. Upon receiving a signal to ac-
tivate the motor, the extrusion system will
extrude through the screw, resulting in the
clay flowing from the injection aperture.
The injection aperture at the terminus
of the soil filling cylinder has a diameter of
16.0 mm. The amalgamation of the soil ex-
trusion apparatus with the soil mixing ap-
paratus at this juncture will employ a wa-
ter conduit. It has a length of 800.0 mm,
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(b) Robotic extruder setup

Fig. 3. Robotic clay extrusion system for a 6-axis robot arm: (a) detailed design of the extrusion
mechanism and (b) assembled robotic extruder and printing setup used in the experiments.

an external diameter of 20.0 mm, and an in-
ternal aperture of 16.0 mm. It is affixed to
the soil mixing cylinder, which has an en-
gineered external diameter of 30.0 mm, a
length of 200.0 mm, and an internal aper-
ture of 16.0 mm. The operational principle
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of the soil mixing apparatus is that when
the clay traverses through the conduit into
the soil mixing cylinder assembly, it facili-
tates the disintegration of the soil. A screw
assembly is employed for the mixing pro-
cess, wherein the screw thread utilized has
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a diameter of 14.0 mm and a pitch of 10.0
mm. The regulation of the mixing pro-
cess for the screw thread assembly employs
a motor speed modulation device (Speed
Control) linked to a Nema 23 stepper mo-
tor and a micro-stepping driver (Micro-step
Driver), model DM542. As the extrusion
assembly propels the clay through the soil
mixing assembly, the mixing assembly will
blend the soil to facilitate its disintegration
and allow it to escape from the nozzle as-
sembly (Nozzle). At the terminus of the
soil filling apparatus, the nozzle can be al-
tered to accommodate the desired dimen-
sions. In the design of this extruder assem-
bly, a computer-aided design (CAD) pro-
gram will be utilized to configure the extru-
sion assembly components. Subsequently,
the principal and ancillary components will
be integrated into the computer (Assembly).
The requisite equipment will be procured
upon attaining a comprehensive extrusion
assembly model, and a clay printing sys-
tem for the 6-axis robotic arm will be de-
veloped. Once the equipment assembly is
constructed in accordance with the model,
the extrusion unit will be installed on the
Yaskawa AR1440 6-axis robotic arm (Fig
3(b)).

The Yaskawa AR1440 [42] is a high-
speed, six-axis welding robot optimized for
productivity and precision in industrial ap-
plications. With a payload capacity of 12.0
kg, a horizontal reach of 1,440.0 mm, and a
vertical reach 0of2,511.0 mm [43,44], it pro-
vides ample flexibility for complex weld-
ing tasks. Its streamlined arm design mini-
mizes interference, while an expanded wrist
range enhances accessibility in tight spaces,
making it suitable for high-density work
cells. The AR1440 achieves a repeatabil-
ity of 0.02 mm, ensuring high accuracy,
and features a 50.0 mm thru-hole for ef-
fective cable management, reducing wear
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and extending cable life. Powered by the
YRC1000 controller [45], the robot sup-
ports intuitive programming and the control
of up to eight robots and multiple position-
ers, facilitating synchronized motion across
systems. Advanced programming functions
enhance weld quality and speed, while op-
tional add-ons like vision systems and seam
tracking offer customization. This com-
bination of robust specifications, innova-
tive design, and flexible control capabilities
makes the AR1440 ideal for efficient, high-
quality automated welding operations [46].

The architecture of the extruder in
multi-axis clay additive manufacturing is
paramount for guaranteeing precise mate-
rial deposition, accommodating diverse ma-
terial viscosities, and attaining the requisite
structural integrity of the fabricated objects.
An optimally engineered extruder gener-
ally comprises several fundamental compo-
nents: the nozzle, the feeding mechanism,
and the thermal system, all of which func-
tion synergistically to regulate the flow and
uniformity of the clay throughout the addi-
tive manufacturing process.

* Nozzle: The dimensions and con-
figuration of the nozzle directly in-
fluence the extrusion of the clay.
In multi-axis additive manufacturing,
nozzle dimensions are meticulously
chosen to enhance material flow and
ensure consistent layer deposition.
Nozzle diameters may vary from 3.0
mm to 5.0 mm, whereby smaller noz-
zles provide superior layer resolu-
tion and augmented precision, while
larger nozzles facilitate accelerated
printing but may jeopardize detail.
The nozzle’s design is also tailored to
mitigate clogging, improve flow reg-
ulation, and assure consistent extru-
sion under fluctuating pressures.
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* Feed Mechanism: The extruder is
outfitted with a robust feeding sys-
tem, frequently employing either a
screw-driven or piston-driven mech-
anism, to propel the clay through
the nozzle. This mechanism must
possess the capacity to accommodate
varying material viscosities and en-
sure a smooth, uninterrupted flow.
In high-precision configurations, the
print speed can be dynamically mod-
ulated to optimize printing speed and
resolution.

» Material handling and viscosity con-
trol: For clay-based additive manu-
facturing, the extruder must be engi-
neered to manage the specific rheo-
logical characteristics of clay. This
encompasses regulating the moisture
content, additives, and overall con-
sistency of the material. The ex-
truder design may incorporate sen-
sors or feedback systems to monitor
viscosity and adjust extrusion pres-
sure in real-time to compensate for
any fluctuations in the material dur-
ing the printing operation.

» Adaptability and multi-end effectors:
In sophisticated extruder designs,
multiple end-effectors can be inte-
grated to transition between diverse
materials or nozzle dimensions dur-
ing a singular print task. This capa-
bility facilitates enhanced flexibility
in material application and is partic-
ularly advantageous in architectural
contexts where varying structural and
aesthetic requisites may necessitate
the utilization of distinct clay formu-
lations or layer thicknesses.

The extruder was mounted on a
robotic arm, allowing precise control over
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the material deposition process. The sys-
tem’s configuration and the printing process
were optimized by adjusting the nozzle di-
ameter, print speed and layer height. The
extruder was equipped with interchange-
able nozzles to evaluate how nozzle diam-
eter affects the final product’s mechanical
properties and printing efficiency.

* Nozzle diameters: 3.0, 4.0, and 5.0
mm

* Print speed: Varying from 100 to 500
mm/s with a constant extrusion ve-
locity of 500 mm/s.

* Layer Height: Parameters for the
layer height were set between LH60
and LH160 depending on the nozzle
diameter.

As shown Fig. 4, the optimization
of the 3D-printing process was conducted
through systematic variations of key param-
eters:

» Extrusion Velocity: Adjusted be-
tween 150 to 500 mm/s.

» Layer Height and Step Over: Each
nozzle diameter was tested with dif-
ferent layer heights (LH60 to LH160)
and step-over values between 80%
and 160% of the nozzle diameter.

* Print speed parameters: The nozzle
print speed was adjusted based on
nozzle diameter to ensure uniform
material deposition and minimize ex-
trusion resistance.

The preparation of the CAD/CAM
(Computer-Aided Design/Computer-Aided
Manufacturing) program is a crucial step in
multi-axis clay 3D-printing, as it involves
the conversion of design models into exe-
cutable commands for the robotic printer.
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Fig. 4. Parametric adjustments.

This process ensures that the design intent
is accurately translated into physical struc-
tures, optimizing toolpath planning, mate-
rial deposition, and overall print quality.
The CAD/CAM workflow integrates both
design flexibility and manufacturing preci-
sion, allowing for the complex geometries
typical in clay 3D-printing projects [26, 47].

(1) Designing in CAD: The first step in-
volves creating a digital model using
CAD software This model serves as
the blueprint for the final printed ob-
ject, encompassing its geometric di-
mensions, surface details, and struc-
tural features. In architectural appli-
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(i)

cations or custom ceramics, these de-
signs often feature intricate curves,
overhangs, or complex patterns that
require careful planning to print accu-
rately. Designers can also use para-
metric design tools in the CAD en-
vironment to automate adjustments
based on input variables, enabling the
creation of multiple design iterations
with varying dimensions or structural
properties.

Toolpath Planning in CAM: Once the
CAD model is finalized, the CAM
software takes over, converting the
design into a series of toolpaths that
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(iii)

(iv)

the robot or printer will follow. This
step includes determining the opti-
mal nozzle paths, layer heights, and
material deposition rates based on
the object’s geometry and material
properties. CAM software allows
users to define key parameters such
as extrusion speed, nozzle diameter,
and layer orientation, which are vi-
tal for achieving high-quality prints
with minimal defects. For multi-axis
printing, this planning becomes more
complex, as the system must account
for various angles and orientations to
minimize support structures and im-
prove surface finish.

Simulation and Validation: Before
sending the toolpath to the printer,
simulations are run to visualize the
printing process in a virtual environ-
ment. This allows for the detec-
tion of potential issues such as col-
lisions, over-extrusion, or layer mis-
alignment. The simulation ensures
that the path is optimized for effi-
ciency and precision, reducing the
likelihood of errors during the actual
printing. Additionally, CAM soft-
ware can simulate material behavior
to predict how the clay will behave
under different environmental condi-
tions (e.g., drying, shrinkage), help-
ing to process.

Generating Robot-code: After vali-
dating the toolpath, the CAM pro-
gram converts the instructions into
Robot-code, the language used by
3D-printers and CNC machines. This
code includes all the necessary com-
mands for the robotic printer, such
as movement coordinates, extrusion
rates, and speed adjustments, ensur-
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ing precise control over the entire
printing process.

(v) Integration with Robotic Control:
In multi-axis clay 3D-printing, the
CAD/CAM program must also be
compatible with the robotic arm’s
control system. This involves syn-
chronizing the robotic movements
with the toolpath generated by the
CAM software, ensuring smooth
transitions between different print-
ing angles and complex geometries.
The program also needs to manage
real-time adjustments to compensate
for any unexpected material behav-
ior or environmental factors, such as
clay viscosity changes or temperature
variations.

2.3 Design of experiments (DOE)

The independent variables were de-
scribed by the experimental design from
two level factorial design (2X), with three
major factors: nozzle diameter, print speed,
and layer height, summarized in Table 2.
Nozzle diameters of 3.0, 4.0 and 5.0 mm;
print speed 250, 350 and 450 mm/min; layer
height ratios 60, 100 or 120% as a function
of nozzle diameter with each factor tested
in three levels. Using a six-axis robotic
arm, a specimen was printed for each ex-
perimental condition and parameter combi-
nation listed in Table 2. Apart from the in-
vestigated factors, the controlled variables
remained constant: the screw turning speed
within the nozzle (extrusion velocity, fixed
at 500 mm/s) and the water-to-clay ratio, set
to a moisture content of 23.2% (wet-basis).
It was to compare and determine relation-
ships among the printing parameters on the
one hand, and the response variables (print-
ing quality and structural integrity) as con-
trols on the other. Every examination was
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performed twice. The printed specimen ge-
ometry was a square prism with dimensions
(width X length X height) of 100 mm x 100
mm X 100 mm.

Table 2. Experimental factors and levels.

Factors Level
Low Medium High
Nozzle Diameter (mm) 3 4 5
Print speed (mm/s) 250 350 450
Layer height (%) 60 100 120

2.4 Parametric adjustments

The 3D-printed specimens were sub-
jected to thermal treatment at 1150 °C
within an oxidizing atmosphere utilizing a
Nabertherm electric furnace, as shown in
Fig. 5, which functions within a thermal
spectrum of 30-1300 °C, ensuring metic-
ulous regulation over the heating profile.
The thermal firing procedure was con-
ducted with a regulated heating rate of
3.0 °C per minute, progressively elevat-
ing the temperature to avert thermal shock
and to guarantee homogeneous heat dis-
tribution throughout the specimens. Fur-
thermore, the extensively utilized chamber
kilns are purposefully engineered for rig-
orous industrial functions like annealing,
hardening, and forging, with tri-faceted ra-
diation heating that guarantees thermal uni-
formity (« 10 °C). They exhibit robust con-
struction, SiC-guarded basal heating, multi-
layer insulation for energy optimization,
and a stainless-steel portal for thermal re-
sistance. They ensure safety and precision
by furnishing gas-damped portals, a thermal
limiter, and a B500 touch controller with
data archiving. The kilns adhere to safety
standards, excluding perilous refractory ce-
ramic fibers, and may be tailored for partic-
ular applications.

The gradual heating methodology
also facilitated appropriate densification
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and phase transformation phenomena,
which are imperative for attaining the
requisite microstructural and mechanical
characteristics. The aggregate duration of
the firing cycle, encompassing the heating,
soaking, and cooling phases, was approxi-
mately 6.0 hours. The retention period at
the peak temperature of 1150 °C permitted
adequate time for the comprehensive
oxidation reactions and stabilization of the
material’s crystalline phases.

2.5 Testing methods

After sintering, specimens were sub-
jected to mechanical testing to evaluate
their structural properties. These tests
allowed for a thorough analysis of the
printed structures, helping to establish the
relationship between material composition,
extruder settings, and mechanical perfor-
mance.

* Flexural strength test: A three-point
flexural test was performed to eval-
uate the mechanical resistance of the
3D-printed structures in compliance
with ASTM C1161 [48]. Rectangular
bar specimens with dimensions of 25
mm X 100 mm X 25 mm (Configura-
tion B) were used and tested at a con-
stant crosshead speed of 0.5 mm/min.
The test was conducted using a sup-
port span of 60 mm, as shown in Fig.

6(a)

» Compressive strength test: Speci-
mens were tested under axial com-
pressive load to determine the max-
imum load-bearing capacity prior to
structural failure, in accordance with
ASTM C1424 [49]. Cubic specimens
measuring 50 mm X 50 mm X 50 mm
were used and subjected to a constant
loading rate of 0.5 mm/min. The
testing configuration was designed
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Fig. 5. 3D-printed clay specimens subjected to the sintering process.

to ensure uniform stress distribution
across the printed layers, as shown in
Fig. 6(b).

» Water Absorption Test: Each speci-
men was tested for water absorption
to evaluate its porosity and poten-
tial for water retention in compliance
with ASTM C373 [50].

The mechanical test results were an-
alyzed using statistical methods to identify
correlations between nozzle diameter, print
speed, and the resulting mechanical proper-
ties. This data-driven approach ensured that
optimal printing parameters could be iden-
tified to achieve high-quality, structurally
sound clay-based 3D-printed specimens.

3. Results and Analysis
3.1 Influences of nozzle diameters, print
speed, layer heights on clay printability

3.1.1 Relationship between nozzle
diameter and print speed (W/H)

Fig. 7 shows the printed patterns be-
tween nozzle/print speed (W/H) The rela-
tionship between nozzle diameter and print
speed (W/H) is fundamental in optimiz-
ing the quality and precision of clay 3D-
printing. Nozzle diameter dictates the width
of the material being extruded, while the
print speed controls how quickly this ma-
terial is deposited. Smaller nozzles, such

222

as 3.0 mm, require slower print speed (150-
250 mm/s) to maintain fine resolution and
prevent under-extrusion, which ensures bet-
ter surface finish and stronger interlayer
bonding. Larger nozzles, like 4.0 or 5.0
mm, allow for faster material deposition but
require higher print speed to avoid over-
extrusion and maintain consistency. Bal-
ancing these parameters is essential for pro-
ducing defect-free prints, as mismatches
can result in poor layer adhesion, uneven
heights, or surface defects. This balance
must also account for material properties
like viscosity to ensure uniform deposition
and strong, durable structures [51, 52].

The parameter correlation between
nozzle dimensions and print speed (W/H)
in clay three-dimensional printing is
paramount for regulating the flow and
deposition of substances. This correlation
directly impacts the caliber, resolution,
and structural coherence of the fabricated
object. The nozzle dimensions dictate the
breadth (W) of the extruded substance,
while the print speed, frequently articulated
in terms of speed (H), governs the pace
at which the material is deposited. Ade-
quate synchronization between these two
parameters guarantee uniform layer depo-
sition, minimizes extrusion resistance, and
augments interlayer adhesion, all of which
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Fig. 6. (a) Flexural strength test and (b) Compressive strength test.

contribute to the mechanical robustness
and precision of the printed configuration.

For miniscule nozzles (e.g., 3.0 mm),
reduced print speed (approximately 150-
250 mm/s) is conventionally favored to sus-
tain fine resolution and consistent material
flow. This culminates in enhanced surface
finish and more precise layer stacking, par-
ticularly in intricate or elaborate designs.
In contrast, larger nozzles (e.g., 4.0 or 5.0
mm) necessitate elevated print speed to pre-
vent over-extrusion and ensure that mate-
rial is deposited at an adequate rate to cor-
respond with the augmented material flow.
Nonetheless, excessive print speed can in-
duce defects such as inadequate bonding be-
tween layers or non-uniform layer height,
thereby compromising print quality. The
equilibrium between nozzle dimensions and
robotic feed velocity must be meticulously
calibrated depending on the material char-
acteristics, such as viscosity and workabil-
ity, to optimize the printing process for di-
verse clay mixtures and design specifica-
tions [53].

3.1.2 Layer height (LH)

The layer height in clay 3D-printing
plays a crucial role in determining the
surface quality, structural integrity, and
overall efficiency of the printing process.
As shown in Fig. 8, the smaller layer
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heights (e.g., 60-100 microns (u)) result
in finer resolution, creating smoother sur-
faces with more accurate detail reproduc-
tion [54]. This increased precision im-
proves interlayer bonding, as each layer is
closer together, allowing for better adhe-
sion and reduced chances of defects such as
voids or gaps. Stronger interlayer adhesion
enhances the mechanical properties of the
printed object, particularly in terms of com-
pressive and flexural strength. However,
using smaller layer heights also increases
printing time, as more layers are required to
build the object, making it less efficient for
larger-scale projects [55,56]. On the other
hand, larger layer heights (e.g., 150-200 mi-
crons (u)) reduce the overall print time by
depositing more material with each pass,
making the process faster and more suit-
able for bulkier objects or when fine detail
is less critical. However, larger layers can
lead to poorer surface quality, with more
pronounced layer lines and potential issues
in bonding between layers. This weak-
ens the interlayer cohesion and can result
in reduced mechanical performance, partic-
ularly in terms of strength and durability.
Additionally, larger layer heights increase
the likelihood of geometric inaccuracies, as
the thicker layers may sag or deform under
their own weight, especially with more fluid
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Fig. 7. 3D-printing specimen patterns between nozzle/ print speed (W/H): (a) Nozzle diameter of 3.0
mm, V = 100-500 mm/s, (b) Nozzle diameter of 4.0 mm, V = 100-500 mm/s, and (c) Nozzle diameter

of 5.0 mm, V = 150-500 mm/s.

or viscous clay mixtures [57,58]. Thus,
while larger layer heights improve printing
speed, they often compromise the precision
and structural integrity of the printed object,
making the choice of layer height a critical
factor that must be carefully balanced de-
pending on the design requirements and ma-
terial properties.
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3.1.3 STEP over

As shown in Fig. 9, the STEP over, a
pivotal parameter in clay three-dimensional
printing, pertains to the percentage over-
lap between contiguous passes of the noz-
zle, and it directly influences surface fin-
ish, print quality, and material efficiency. A
reduced STEP Over (typically 10-50%) re-
sults in augmented overlap between passes,
yielding a more refined surface finish and
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Fig. 8. Layer height printing patterns under different nozzle configurations: (a) Layer height (LH),
(b) Nozzle diameter of 3.0 mm, V= 100-500 mm/s, LH60-LH160, (c) Nozzle diameter of 4.0 mm, V=
100-500 mm/s, LH60-LH160, and (d) Nozzle diameter of 5.0 mm, V= 100-500 mm/s, LH60-LH200.

enhanced uniformity in layer deposition.
This elevated overlap guarantees that any
interstices between passes are minimized,
diminishing the probability of voids and
discontinuities in the final print. The in-
creased overlap also fosters interlayer ad-
hesion, particularly when addressing intri-
cate geometries or elaborate designs that ne-
cessitate precise material deposition. Nev-
ertheless, a diminished STEP Over value
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also decelerates the printing process, as
the nozzle must undertake additional passes
to cover the same area, thereby extending
production time and potentially escalating
material costs [59]. On the other hand,
an expanded STEP Over (exceeding 50%)
permits the nozzle to encompass a greater
area with each pass, markedly accelerating
the printing process and rendering it more
efficient for large-scale projects. How-
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ever, this heightened velocity is accompa-
nied by trade-offs in print quality. An in-
creased STEP Over can result in conspic-
uous gaps between passes, culminating in a
rougher surface finish and diminished cohe-
sive layer formation. These interstices not
only compromise aesthetics but also engen-
der potential vulnerabilities in the printed
structure, particularly concerning mechan-
ical properties such as tensile and compres-
sive strength [60]. In extreme scenarios, in-
adequate overlap can precipitate delamina-
tion or even structural failure under load.
For this rationale, larger STEP over values
are frequently only appropriate for objects
where surface quality and fine details are of
lesser significance, or where speed is prior-
itized over precision.

The selection of STEP Over also in-
teracts with other process parameters, such
as nozzle dimension, print speed, and layer
height, rendering it essential to equilibrate
these factors in accordance with the spe-
cific project requirements. For instance,
employing a larger nozzle or thicker layer
height in conjunction with a high STEP
Over can exacerbate surface defects and
compromise the structure, while a smaller
nozzle or thinner layer height combined
with a reduced STEP Over enhances sur-
face quality but retards the process [61].
Material characteristics, such as the viscos-
ity of the clay, also exert influence: more
fluid mixtures may adequately fill gaps with
a larger STEP Over, whereas thicker ma-
terials may not flow as readily, augment-
ing the risk of suboptimal layer adhesion.
Therefore, optimizing the STEP Over is a
critical determinant in achieving the desired
equilibrium between speed, surface qual-
ity, and structural integrity in clay three-
dimensional printing.
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3.1.4 Statistical analysis of vari-
ance (ANOVA) for the width and height of
3D-printed clay specimens using a robotic
system

A statistical analysis of variance
(ANOVA) was conducted to evaluate the ef-
fects of the investigated printing parameters
on the dimensional accuracy and overall
quality of the 3D-printed clay specimens-
the analysis aimed to determine which fac-
tors significantly influenced the measured
responses, specifically specimen width and
height. A confidence level of 95% (a =
0.05) was adopted to assess statistical sig-
nificance.

The ANOVA results were further ap-
plied to the regression model for specimen
width (W) (Table 3) and height (H) (Table
4) to examine the suitability and predictive
capability of the developed model. The sta-
tistical significance of the model terms, in-
cluding main effects and potential interac-
tions, was evaluated based on the F-value
and corresponding p-value. Factors with p-
values less than 0.05 were considered sta-
tistically significant contributors to dimen-
sional variation.

3.2 Physical and mechanical properties

The second phase of the comprehen-
sive study undertook an extensive investi-
gation into the intricate relationships among
nozzle diameter, print speed, and layer
height, specifically focusing on how these
parameters collectively influenced the me-
chanical properties inherent to the printed
clay structures. In this rigorous analysis,
nozzle diameters measuring 3.0, 4.0, and
5.0 mm were systematically tested, while
the print speeds were varied within a range
extending from 100 mm/s to 500 mm/s,
thereby providing a broad spectrum for ex-
amination.



N. Bukwan et al. | Science & Technology Asia | Vol.31 No.1 January - March 2026

(b) Printed specimens

Fig. 9. Process parameters used in robot-assisted 3D-printing: Nozzle diameters of 3.0, 4.0, and 5.0
mm; print speed ranging from 100 to 500 mm/s; and step-over ranging from as 80-140% of the nozzle
diameter.

Table 3. Statistical analysis of variance (ANOVA) of the regression model (W).

Source DF AdjSS AdjMS F-Value P-Value
Model 26 32.7685 1.2603 330.7 0
Linear 6 314897 52483 1377.1 0
Nozzle 2 5.143 2.5715  674.74 0
Print Speed 2 235085 11.7542  3084.2 0
Layer Height 2 2.8382 1.4191 37236 0
2-Way Interactions 12 0.528 0.044 11.54 0
NozzlexPrint Speed 4 0.2938  0.0735 19.28 0
NozzlexLayer Height 4 0.13 0.0325 8.53 0
Print Speed=Layer Height 4 0.1041 0.026 6.83 0.001
3-Way Interactions 8 0.7508  0.0939 24.63 0
NozzlexPrint Speed+Layer Height 8 0.7508  0.0939 24.63 0
Error 27 0.1029  0.0038
Total 53  32.8714
R? 99.69%
Mean 4.09
StDev 0.79

Remark: p-value less than 0.05 indicates statistical significance.
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3.2.1 Water absorption

were meticulously conducted to as-
sess the printed structures’ porosity charac-
teristics. The findings derived from these
tests unequivocally indicated that imple-
menting larger nozzle diameters in conjunc-
tion with higher layer heights significantly
contributed to increased printed specimens’
porosity, consequently resulting in elevated
water absorption rates [6, 62, 63]. At a
3.0 mm nozzle diameter, water absorption
equals 18.0%, reflecting relatively moder-
ate porosity levels. At a 4.0 mm nozzle di-
ameter, water absorption is 22.0%, indicat-
ing a noticeable increase in porosity com-
pared to the 3.0 mm nozzle diameter. At
a 5.0 mm nozzle diameter, water absorp-
tion is 25.0%, representing the highest level
of water absorption among the tested noz-
zle diameters. In a manner analogous to
the influence of nozzle diameter, the em-
ployment of higher layer heights resulted
in an augmented water absorption capac-
ity, with LH160 specimens absorbing as
much as 28.0% of their weight in water, a
stark contrast to LH60 specimens, which
demonstrated a lower absorption rate of
only 16.0%.

3.2.2 Compressive strength

As shown in Fig. 10, the utiliza-
tion of the 3.0 mm nozzle diameter re-
sulted in the production of structures ex-
hibiting the highest compressive strength,
a phenomenon attributed to the finer layer
deposition, which subsequently facilitated
a higher density within the printed con-
structs. Conversely, applying the 5.0 mm
nozzle diameter yielded structures of com-
paratively weaker integrity, as the more ex-
tensive layers demonstrated a notable defi-
ciency in cohesion amongst themselves, ul-
timately compromising structural integrity.
For a 3.0 mm nozzle, the maximum com-
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pressive strength is 8.5 MPa, which repre-
sents the pinnacle of strength attainment in
this experimental framework. At a 4.0 mm
nozzle diameter, the maximum compres-
sive strength is 6.8 MPa, indicating a signif-
icant decrement when juxtaposed with the
3.0 mm nozzle diameter results. While for
a 5.0 mm nozzle diameter, the maximum
compressive strength is 5.2 MPa, reflect-
ing the least robust performance among the
tested nozzles.

The imposition of slower print
speeds, particularly those within the range
of 100 to 250 mm/s, yielded structures
of enhanced strength, a result attributable
to the extended temporal allowance af-
forded for optimal material deposition
and enhanced bonding between layers.
In stark contrast, elevated print speed
precipitated a marked decline in compres-
sive strength, with the resultant layers
exhibiting insufficient adhesion, thereby
undermining structural integrity.  Print
speeds of 150-250 mm/s, represented the
most favorable conditions for achieving
superior mechanical properties [64-66].

3.2.3 Flexural strength

As shown in Fig. 10, the flexural
strength exhibited a trend remarkably anal-
ogous to that of compressive strength, with
smaller nozzle diameters conferring a su-
perior ability to resist flexural loads, an
outcome stemming from the production of
smaller layers that resulted in more com-
pact and cohesive structures. For a 3.0
mm nozzle diameter, the flexural strength
of 42 MPa is indicative of the exem-
plary performance observed within this cat-
egory. For a 4.0 mm nozzle diameter,
the flexural strength is 3.4 MPa, which,
while lower, still demonstrates consider-
able resistance compared to larger sizes.
For a 5.0 mm nozzle diameter, the flexu-
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Fig. 10. Flexural strength, compressive strength, and water absorption of clay specimens 3D-printed

using different nozzle diameters.

ral strength of 2.9 MPa shows the least re-
silience to flexural forces among the tested
nozzles. The printed structures utilizing
smaller layer heights, identified explicitly
as LH60, exhibited a marked increase in
flexural strength attributable to the more
compact stacking of layers and a reduction
in void formation. In contrast, applying
more considerable layer heights, such as
LH160, led to an observable weakening of
bonding between layers, culminating in re-
duced flexural strength.

3.3 Visual analysis of printed clay speci-
mens

The visual analysis of 3D-printed
clay specimens provides critical insights
into the relationship between printing pa-
rameters and the resulting structural qual-
ity of the objects. This analysis focuses
on surface finish, layer consistency, and
the presence of defects such as voids,
cracks, and sagging, which can signif-
icantly influence the mechanical proper-
ties and overall integrity of the printed
structures. Through a comprehensive ex-
amination of the specimens produced un-
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der varying process conditions—such as
nozzle diameter, print speed, and layer
height—distinct patterns emerge regarding
how these parameters affect the visual and
structural characteristics of the printed clay
objects. This section outlines the key obser-
vations from the visual analysis, correlat-
ing them with the mechanical performance
and providing a foundation for understand-
ing the optimization of clay 3D-printing in
a robotic extrusion context as shown in Fig.
11.

One of the most immediately appar-
ent outcomes of the visual analysis is the ef-
fect of nozzle diameter on the surface finish
and consistency of the printed layers. Spec-
imens produced using smaller nozzles (3.0
mm) exhibited smoother, more uniform sur-
faces, with well-defined layer boundaries
and minimal visible defects as shown in
Fig. 11(a). This improved surface qual-
ity can be attributed to the finer extrusion
resolution provided by the smaller nozzle,
which allows for more precise material de-
position. As the nozzle diameter increased
(4.0 mm (Fig. 11(b)) and 5.0 mm (Fig.
11(c)), the surface finish became progres-
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Fig. 11. Layer height characteristics of robot-assisted 3D-printed clay specimens under different
nozzle diameters: (a) Nozzle diameter of 3.0 mm with layer heights ranging from LH60 to LH140;
(b) Nozzle diameter of 4.0 mm with layer heights ranging from LH60 to LH160; and (c) Nozzle
diameter of 5.0 mm with layer heights ranging from LH60 to LH200.

sively rougher, with more visible layer lines
and increased surface irregularities [67].
These irregularities were particularly pro-
nounced in specimens printed with the 5.0
mm nozzle diameter, where the thicker lay-
ers resulted in noticeable step lines between
successive layers, detracting from the over-
all aesthetic and structural uniformity of the
specimen.

Print speed also played a signifi-
cant role in determining layer consistency.
Lower print speed (150-250 mm/s) allowed
the material to be deposited more slowly
and uniformly, resulting in smoother, more
consistent layers with fewer gaps or over-
laps. These defects were especially com-

230

mon in specimens printed with the larger
5.0 mm nozzle diameter, where the com-
bination of high print speed and thick lay-
ers led to excessive material flow and layer
separation, contributing to the formation of
voids within the structure. Such visual de-
fects not only compromise the surface finish
but also weaken the interlayer bonds, ulti-
mately reducing the mechanical strength of
the printed object [68,69]. Therefore, from
a visual standpoint, the optimal balance
between nozzle diameter and print speed
is critical for achieving high-quality prints
with consistent, defect-free layers. In addi-
tion to surface finish, the visual analysis re-
vealed several key defects—such as voids,
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cracks, and sagging—that directly impacted
the structural integrity of the printed speci-
mens. Voids, which are air pockets trapped
within the material, were particularly preva-
lent in specimens printed with higher layer
heights (LH160) and larger nozzle diame-
ters (5.0 mm). These voids occurred due
to incomplete material deposition and in-
sufficient bonding between the thick lay-
ers, leading to weak points within the struc-
ture [70, 71]. In contrast, specimens printed
with smaller layer heights (LH60) exhibited
fewer voids, as the finer layers allowed for
better compaction and interlayer adhesion,
resulting in more structurally sound objects.

The defects identified through vi-
sual analysis—such as voids, cracks, and
sagging—had a direct correlation with the
mechanical performance of the printed
specimens, particularly their compressive
strength and flexural resistance. Specimens
with smoother surfaces and more consis-
tent layer deposition, typically those printed
with smaller nozzles and lower print speed,
exhibited higher mechanical strength. The
lack of visible voids and cracks in these
specimens suggested that the material had
been evenly deposited and adequately com-
pacted, leading to stronger interlayer bonds
and greater resistance to compressive and
flexural forces. In contrast, specimens
with rougher surfaces, more pronounced
layer lines, and visible voids—such as those
printed with larger nozzles and higher print
speed—showed significantly reduced me-
chanical strength. The presence of these
visual defects weakened the interlayer co-
hesion, making the structure more suscep-
tible to failure under mechanical stress.
Additionally, the degree of sagging ob-
served in the specimens was found to have
a strong influence on their dimensional
accuracy and overall structural stability.
Specimens with minimal sagging, typically
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those printed with moderate moisture con-
tent and smaller layer heights, maintained
their intended geometric shape and exhib-
ited greater resistance to deformation. In
contrast, specimens with excessive sagging,
often those with higher water content or
larger layer heights, experienced signifi-
cant dimensional deviations and reduced
mechanical performance. These findings
highlight the importance of visual analy-
sis as a diagnostic tool for identifying po-
tential weaknesses in the printed structure
before mechanical testing, allowing for a
more comprehensive evaluation of the 3D-
printing process.

The visual analysis of printed spec-
imens provides valuable insights into how
process parameters such as nozzle diameter,
print speed, layer height, and material com-
position influence the surface quality and
structural integrity of 3D-printed clay. By
correlating visual defects with mechanical
performance, this study highlights the crit-
ical importance of optimizing these param-
eters to minimize defects and enhance the
overall quality of the printed structures. The
findings from this analysis will guide fu-
ture research in refining the robot-assisted
clay 3D-printing process, with a particular
focus on improving layer consistency, re-
ducing voids and cracks, and maintaining
dimensional accuracy across a wide range
of applications.

3.4 Optimization of process parameters

The optimization of process parame-
ters in robot-assisted clay 3D-printing plays
a pivotal role in enhancing the overall qual-
ity, efficiency, and mechanical properties
of printed structures. The interaction be-
tween key variables—such as nozzle di-
ameter, print speed, layer height, and ma-
terial composition—has a significant im-
pact on the performance of the final prod-
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uct. To achieve optimal results, a delicate
balance must be maintained among these
parameters to ensure high-quality outputs,
structural integrity, and adaptability to var-
ious applications, particularly in construc-
tion and architecture. This study systemat-
ically explores how adjusting these process
parameters affects the mechanical proper-
ties of printed clay, providing insights that
are crucial for fine-tuning the 3D-printing
process and expanding its applicability [72,
73].

The size of the nozzle used in 3D-
printing is one of the most critical factors
influencing the resolution and structural co-
hesion of printed objects. In this study,
three nozzle diameters (3.0 mm, 4.0 mm,
and 5.0 mm) were tested to evaluate their ef-
fect on compressive strength, flexural resis-
tance, and water absorption. Smaller nozzle
diameters were found to produce finer lay-
ers, leading to increased layer cohesion and
higher mechanical strength. Specifically,
the 3.0 mm nozzle produced printed ob-
jects with the highest compressive and flex-
ural strengths, achieving maximum values
of 8.5 MPa and 4.2 MPa as shown Fig. 12,
respectively. This can be attributed to the
reduced layer thickness and improved inter-
layer bonding, which collectively enhance
the overall structural integrity. Conversely,
larger nozzles (e.g., 5.0 mm) produced
thicker layers, which resulted in weaker
bonding between successive layers, lead-
ing to decreased mechanical performance.
Interlayer defects negatively impacted the
structural performance of the printed ob-
jects. The data show that the optimal layer
height for achieving high mechanical per-
formance in robot-assisted clay 3D-printing
is in the lower range (LH60-LH100), es-
pecially when using smaller nozzles and
slower print speed. These findings suggest
that optimizing material composition is as
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critical as fine-tuning the mechanical pa-
rameters of the 3D-printing process. The
combination of a moderate water-to-clay ra-
tio, smaller nozzle diameters, lower print
speed, and smaller layer heights emerged as
the most effective configuration for max-
imizing the mechanical properties of the
printed clay structures [6].

Print speed, the speed at which ma-
terial is extruded, also significantly affects
print quality. Lower print speed (150-
250 mm/s) allowed for more precise mate-
rial deposition, ensuring better bonding be-
tween layers and reducing the likelihood of
void formation [74-76]. The study identi-
fies an optimal print speed range of 150-
250 mm/s for balancing print speed with
structural quality, particularly when using
smaller nozzles similar to 3.0 mm. Layer
height, the vertical distance between suc-
cessive printed layers, plays a crucial role
in determining the overall surface finish and
strength of the printed object. Smaller layer
heights (LH60) resulted in smoother sur-
face finishes and stronger interlayer bonds,
which significantly improved the compres-
sive and flexural strength of the printed
specimens.

As shown in Fig. 12(a), optimizing
the 3D-printing of clay in a robot-assisted
process involves carefully balancing noz-
zle diameter, layer height, and print speed
to achieve structural integrity, material ef-
ficiency, and print quality. The linear rela-
tionship between nozzle diameter (x (mm))
and layer height (y (mm)) is expressed by
the equation y = 0.5x with an R? = 1.000,
indicating a perfect correlation. This sug-
gests that increasing nozzle diameter allows
for proportionally thicker layers, which can
speed up printing but may reduce detail.
For clay, this means that larger nozzle di-
ameters can improve efficiency by allowing
higher layer heights without compromising
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the material’s unique structural properties.
However, this optimization requires find-
ing a balance, as thicker layers can reduce
surface resolution, while finer layers, al-
though offering better detail, may weaken
inter-layer adhesion [77, 78]. Additionally,
controlling the print speed is crucial for con-
sistent material flow, ensuring stable layer
deposition without deformities, and achiev-
ing a cohesive print, especially important
for materials like clay with specific flow
and drying characteristics. In addition, Fig.
12(b) demonstrates a linear relationship be-
tween nozzle diameter (x) and print speed
(V, (mm/s)), represented by the equation
V = 100x + 750 with R? = 1.000, in-
dicating that as nozzle diameter increases,
the print speed decreases at a constant rate.
This inverse relationship is crucial for con-
trolling material flow and avoiding over-
extrusion, which can cause print deformi-
ties, and under-extrusion, which weakens
layer adhesion. For clay, this balance en-
sures consistent layer deposition, enhancing
the structural integrity and dimensional ac-
curacy of the printed object. Larger noz-
zle diameters allow higher layer heights
but require a reduced print speed to pre-
vent excess material deposition. Therefore,
fine-tuning these parameters enables opti-
mal printing speed without compromising
surface detail or structural stability, which
is essential for the unique properties of clay
in 3D-printing applications [28, 79].

4. Discussion

The optimization of process param-
eters involved in robot-assisted clay 3D-
printing poses a highly complex and mul-
tifaceted challenge that requires a metic-
ulous, thorough examination of numerous
variables, including but not limited to noz-
zle diameter, print speed, layer height, and
the specific composition of the material
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Fig. 12. Optimization of process parameters:

(a) Layer height in mm and (b) Print speed
(mm/s).

used. These intricate parameters not only
exert a significant influence on the mechan-
ical properties exhibited by the printed ob-
jects, but they also play an essential and
critical role in determining key factors such
as surface quality, dimensional accuracy,
and the overall structural integrity of the
printed specimens, all of which are vital
for the success of the additive manufactur-
ing process [80]. The comprehensive find-
ings derived from this study provide sev-
eral important and profound insights into
the intricate interactions among these var-
ious factors and how they collectively im-
pact the performance and durability of 3D-
printed clay structures, thereby establish-
ing a robust foundation for future advance-
ments and innovations in the field of clay-
based additive manufacturing.

This study investigated the crucial
and pivotal role that nozzle diameter plays
in influencing both the mechanical strength
and the visual quality of the printed objects
produced through this advanced manufac-
turing process. Smaller nozzles, specifi-
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cally those measuring 3.0 mm in diameter,
which facilitate a finer deposition of layers,
consistently yielded specimens that exhib-
ited markedly higher compressive and flex-
ural strengths, in addition to smoother sur-
face finishes and a noticeable reduction in
the presence of visible defects. This par-
ticular outcome can be fundamentally at-
tributed to the enhanced interlayer bonding
that is facilitated by the utilization of the
smaller nozzle diameter, which ultimately
results in the creation of denser, more co-
hesive, and structurally sound printed ob-
jects [81, 82]. Conversely, the employment
of larger nozzles, specifically those mea-
suring 4.0 mm and 5.0 mm in diameter,
produced thicker layers characterized by
inferior interlayer adhesion, which conse-
quently led to a deterioration in mechanical
performance and a more pronounced occur-
rence of surface irregularities. These crit-
ical findings illuminate the inherent trade-
off that exists between printing resolution
and operational speed; while larger nozzles
enable a more rapid deposition of material,
they simultaneously compromise the qual-
ity and structural strength of the printed ob-
jects being produced [83]. Thus, it is im-
perative that the selection of nozzle diam-
eter be meticulously calibrated and opti-
mized in accordance with the specific re-
quirements and objectives of the project at
hand, thereby achieving a delicate balance
between the necessity for precision and the
constraints imposed by time and material
efficiency.

Another pivotal and critical finding
that emerged from this research study is
the profound influence exerted by both
print speed and layer height on the me-
chanical as well as visual properties of the
printed structures created through the 3D-
printing process. The study conclusively
demonstrated that the implementation of
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slower print speed, specifically within the
range of 150 to 250 mm/s, resulted in an
enhanced layer cohesion and significantly
smoother surface finishes, whereas the ap-
plication of higher print speed, exceeding
350 mm/s, led to the manifestation of de-
fects such as voids and poor interlayer adhe-
sion, which ultimately weakened the over-
all structural integrity of the printed objects.
Similarly, the utilization of smaller layer
heights, specifically LH60, was associated
with a marked improvement in compres-
sive strength and flexural resistance, a phe-
nomenon attributable to the finer stacking
of layers and the consequent enhancement
of material compaction achieved through
this method. In stark contrast, the employ-
ment of larger layer heights, such as LH160,
increased the propensity for void formation
and resulted in a deterioration of mechani-
cal properties. These compelling results un-
derscore the critical importance of meticu-
lously controlling both the print speed and
layer height parameters to achieve optimal
structural integrity in the context of 3D-
printed clay objects [84, 85]. While it may
be tempting to favor higher print speed and
larger layer heights in order to expedite the
printing process, such decisions introduce
significant risks concerning structural sta-
bility and mechanical performance, thereby
suggesting that these parameters should be
carefully optimized with a focus on priori-
tizing quality over the mere acceleration of
production speed.

4.1 Material composition and process
parameters

In addition to considering critical
factors such as nozzle diameter, print speed,
and layer height, it is imperative to recog-
nize that the composition of the clay mix-
ture itself significantly contributes to the
overall success and efficacy of the 3D-
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printing process, underscoring the multi-
faceted nature of this technology [86-88].
The intricate interaction between material
composition and process parameters be-
comes particularly evident when examin-
ing the formation of various visual defects,
which can include voids, cracks, and sag-
ging, all of which adversely affect the qual-
ity of the printed output. Voids, which
were observed to be more prevalent in spec-
imens that were printed using larger nozzle
diameters in conjunction with higher layer
heights, serve as indicators of inadequate
material deposition as well as insufficient
bonding between successive layers, which
is critical for structural integrity. The pres-
ence of these defects was further exacer-
bated by the implementation of high print
speed alongside large layer heights, thereby
underscoring the necessity for meticulous
coordination between the inherent proper-
ties of the material and the parameters gov-
erning the printing process [3]. In a simi-
lar manner, the occurrence of cracks within
specimens characterized by lower moisture
content strongly suggests that the optimiza-
tion of the material’s composition is vi-
tal in order to alleviate stress concentra-
tions within the printed layers, particularly
when employing smaller nozzle diameters
and slower print speed during the printing
process.

In robot-based clay and sintered clay
3D-printing, anisotropy arises from the
layer-by-layer deposition process, weaken-
ing interlayer bonding and making mechan-
ical properties (compressive, flexural, and
tensile) more directional. These challenges
can be mitigated through specific print-
ing strategies, improved interlayer bond-
ing control, and advanced characterization
techniques, thereby enhancing structural ro-
bustness and surface quality. In addition,
to understand microstructural evolution and
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degradation mechanisms over time, a more
systematic assessment of long-term envi-
ronmental durability-especially under vary-
ing humidity, temperature fluctuations, and
cyclic exposure-needs to be conducted.
Therefore, future studies should focus on
linking anisotropic interfaces to moisture-
transport characteristics and on develop-
ing predictive models to simulate long-term
performance, including, but not limited to,
practical issues of cost, complexity, and
large-scale deployment.

4.2 Implications for large-scale applica-
tions

The ramifications stemming from
this comprehensive research endeavor ex-
tend far beyond the confines of the labo-
ratory environment, revealing an expansive
and noteworthy potential for large-scale ap-
plications specifically within the realms of
the construction and architectural sectors
[89,90]. The innovative capability to fab-
ricate clay structures that are not only ro-
bust and durable but also visually striking,
utilizing the advanced technology of robot-
assisted 3D-printing, unveils a plethora of
exhilarating opportunities for creating sus-
tainable and customizable building solu-
tions that could redefine industry standards.
The findings derived from this study in-
dicate that through the meticulous opti-
mization of critical process parameters—
including but not limited to nozzle diame-
ter, print speed, layer height, and the com-
position of materials—architects and en-
gineers are empowered to generate high-
quality clay structures that not only adhere
to specific design criteria but also signifi-
cantly diminish waste and mitigate the eco-
logical footprint typically associated with
conventional construction methods [51, 91-
93].

Nevertheless, it is crucial to ac-
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knowledge that a multitude of challenges
persists in the endeavor to translate these
significant findings into viable and practi-
cal applications within real-world settings.
Among the most formidable obstacles hin-
dering the widespread acceptance of clay-
based 3D-printing technology is the inher-
ent issue of scalability associated with the
process. Although employing smaller noz-
zle diameters in conjunction with reduced
print speed can yield prints of superior qual-
ity, this approach inadvertently extends the
duration necessary to complete large-scale
construction projects, thereby posing po-
tential limitations to the feasibility of im-
plementing this innovative technology for
the construction of substantial edifices [93].
Consequently, it is imperative that future
research initiatives prioritize the develop-
ment of sophisticated algorithms and auto-
mated systems designed to effectively opti-
mize the delicate equilibrium between print
speed and quality, potentially leveraging
machine learning or artificial intelligence
techniques to dynamically adjust process
parameters in real time, utilizing feedback
derived from an array of sensors or imag-
ing devices. Moreover, an additional av-
enue warranting exploration for future re-
search endeavors lies in the formulation
of novel material compositions that may
significantly enhance both the mechanical
properties and workability of clay specifi-
cally tailored for 3D-printing applications
[94]. The strategic incorporation of vari-
ous additives, such as fibrous materials or
recycled components, has the potential to
not only bolster the strength and durability
of the printed constructs but also contribute
positively to their sustainability profile.
One of the benchmarks for com-
parison and for explicitly addressing
anisotropy, further to situate the study
within scalable, eco-friendly architectural
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contexts. In particular, the mechanical
properties and structural performance
of robot-assisted 3D-printed clay and
sintered clay are now compared with
those of traditional construction materials
to illuminate their structural feasibility,
eco-friendly architectural applications,
and sustainability advantages, including
reduced embodied carbon [78,95,96] and
greater local material availability. Process
efficiency, including material utilization,
construction speed, and waste reduction,
is also emphasized during scaling-up.
Optimizing printing parameters, layer
orientation, and deposition intervals is
introduced to alleviate directional weak-
nesses and improve performance reliability
[97].

5. Conclusion

Based on the developed robot-
assisted extrusion system and extensive
parametric data, the effect of printing
parameters on 3D-printed clay and sintered
clay material mechanical performance,
structural integrity, as well as surface
quality is investigated. ~The main con-
clusions are drawn as follows: (1) The
study demonstrated that nozzle diameter
plays a pivotal role in the overall strength
and durability of printed clay structures.
Smaller nozzle diameters (3.0 mm) pro-
duced more compact and cohesive layers,
leading to higher compressive and flexural
strengths. The finer deposition of material
facilitated stronger interlayer bonding,
which directly contributed to the improved
mechanical properties observed in the
specimens.  Conversely, larger nozzle
diameters (5.0 mm) resulted in weaker
interlayer cohesion and more pronounced
surface defects, such as visible layer lines
and rough finishes. These findings suggest
that smaller nozzle diameters are more
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appropriate for applications requiring high
structural integrity, while larger nozzles
may be suitable for less critical designs
where faster print speeds are prioritized.
(2) The results indicate that slower print
speed (150-250 mm/s) and smaller layer
heights (LH60) consistently yielded the
best outcomes in terms of surface quality
and mechanical performance. Lower print
speed allowed for more controlled material
deposition, reducing the risk of voids and
defects, while smaller layer heights resulted
in finer layer stacking and better material
compaction.  These optimized settings
are crucial for ensuring uniform layer
deposition, which enhances the printed
structure’s resistance to both compressive
and flexural forces. Higher print speed
and larger layer heights were associated
with defects such as voids, cracks, and
poor interlayer bonding, which weakened
the overall structure. Therefore, precise
control over these parameters is essential
for achieving high-quality, durable clay
prints. (3) The findings from this study
have practical implications for the use of
robot-assisted 3D-printing in construction,
particularly in creating sustainable and
customizable building components. The
ability to optimize process parameters
based on the specific requirements of each
project allows for greater flexibility in
design and material use. By fine-tuning
nozzle diameter, print speed, layer height,
and material composition, engineers and
architects can produce high-quality, struc-
turally sound clay-based components that
meet the demands of modern construction
while minimizing environmental impact.
One of the most promising applica-
tions of this technology is in the devel-
opment of sustainable construction meth-
ods that reduce material waste and en-
ergy consumption. Clay, as a natural and
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abundant material, offers significant poten-
tial for eco-friendly construction, partic-
ularly when combined with the precision
and efficiency of robotic 3D-printing. This
study shows that by optimizing process pa-
rameters, it is possible to create strong,
durable clay structures with minimal mate-
rial waste, making this technology an attrac-
tive option for future construction projects
focused on sustainability.
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