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Abstract

Stereolithography-based ceramic additive manufacturing enables the fabrica-
tion of intricate monolithic components; however, geometric design freedom
remains limited by green-body fragility and sintering-induced deformation in
overhanging geometries. To overcome these limitations, this study introduces
a dual-mode green-state strategy where printed ceramic parts serve two roles: (1)
bonding elements, printed separately and joined with UV-curable ceramic resin
for co-sintered monolithic assemblies and (2) non-bonding support structures,
positioned in dry contact beneath overhanging features to temporarily support
them during sintering, preventing deformation.

Mechanical performance of bonded joints are evaluated through four-point
bending, Weibull analysis across three joint configurations, varying in mechan-
ical interlock and stress distribution characteristics, and benchmarked against
monolithic baselines. Monolithic samples exhibited the highest strength (o, =
226.8 MPa, 8 = 11.98). Among bonded geometries, face-edge joints (normal and
aligned to build direction)—where a flat surface is bonded perpendicularly to
the edge of another segment retained the highest strength at 60.6% of monolithic
baselines (o, = 137.5 MPa, 3 = 6.57).

Nonbonding support structures, placed in dry contact beneath overhanging fea-
tures, exhibited synchronous shrinkage during sintering reducing distortion
from 1 mm to below measurement resolution, addressing critical barriers in
ceramic AM.
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ceramic additive manufacturing, green-state bonding, modular ceramic assembly, sintering
support structures
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1 | INTRODUCTION

Ceramic additive manufacturing (AM) enables the fabri-
cation of geometrically complex, high-performance com-
ponents that offer exceptional thermal stability, chemi-
cal inertness, and biocompatibility.'> Among AM tech-
nologies, stereolithography (SLA)-based ceramic printing
offers the potential to achieve micrometer resolution—a
feature that is particularly advantageous for applications
requiring intricate geometries (such as optical assemblies,
MEMS, and internal channels for thermal management
in harsh environments) where design requirements often
exceed the capabilities of conventional manufacturing
methods.®!! In such systems, the fabrication of homoge-
neous monolithic ceramic structures is crucial to maintain
mechanical integrity and dimensional fidelity, both essen-
tial for precision engineering applications.”'>!* Recent
efforts have demonstrated the feasibility of printing sim-
ple monolithic flexure mechanisms using ceramic AM
for alignment and motion control.>* To support these
early demonstrations, a feasibility map has been devel-
oped to guide flexure fabrication by outlining the geo-
metric and dimensional limits inherent to ceramic SLA
processes.?

Despite recent advances in forming ceramic flexure
mechanisms via SLA, the fabrication of complex, multi-
degree-of-freedom designs remains fundamentally con-
strained by green-body fragility and sintering-induced
deformation inherent to the process. These limitations
restrict the reliable creation of slender, overhanging,
or unsupported features.*'® Ceramic SLA parts are
susceptible to warping, cracking, and collapse during
debinding and sintering—particularly in high-aspect-ratio
geometries or unsupported regions.>*?%-?! Unless process-
specific geometric constraints are addressed and strategies
to mitigate sintering-induced distortion are implemented,
these limitations will continue to hinder the direct imple-
mentation of established flexure designs in ceramic SLA
AM 2224

To circumvent printability constraints, modular assem-
bly approaches such as the Additive Manufacturing and
Joining Double Process (AMJDP) have been introduced.
AMIDP leverages green-body bonding followed by co-
sintering to form integrated structures.'*?> However, these
methods are limited by weak bond interfaces, with post-
sintered joints retaining only 44.5% of monolithic strength
due to poor grain bridging and interfacial defects.'*
Notably, AMJDP studies have focused exclusively on edge-
to-edge bonding, leaving alternative configurations such
as face-to-edge or tongue & groove largely unexplored
(see Section 2.2.1). The mechanical integrity and reliability
of alternate joint configurations remain uncharacterized,

limiting the versatility and robustness of current green-
bonding strategies for ceramic AM.

Parts formed via ceramic bonding techniques such
as those used in slip casting and hot pressing, have
enabled the creation of monolithic assemblies. Green-
to-green bonding with composition-matched ceramic
slurries demonstrate improved strength retention after
sintering.”?” However, the manual application of slurry
can introduce interfacial inhomogeneities and dimen-
sional inaccuracies. Other joining methods, including
pre-ceramic adhesives and active metal brazes, often suf-
fer from poor compatibility, contamination, or residual
stress at the bond line, making them unsuitable for
high-precision or high-purity ceramic applications.?**

Despite these advances, green-body bonding remains
underexplored in the context of stereolithography-based
ceramic additive manufacturing. Most existing studies
focus on resin chemistry or debinding optimization,®'*
with limited attention to mono-material bonding as a
pathway for expanding the geometric design space.

Our preliminary efforts using green-state bonding con-
firmed that complex ceramic structures could be suc-
cessfully assembled from multiple printed parts prior to
sintering. These early tests demonstrated feasibility, but
also revealed a critical limitation; while bonding enabled
modular construction, it did not mitigate distortion dur-
ing sintering. In particular, thin or overhanging features
remained vulnerable to creep, sagging, and warping, com-
promising dimensional accuracy and structural integrity.
SLA-based systems are especially prone to this, due to
the fragility of the green body and its susceptibility to
thermally induced deformation.??! Although external
support strategies such as powder setters, machined fix-
tures, or co-printed supports can offer partial stabilization,
they also introduce drawbacks like shrinkage mismatch,
surface damage, or increased post-processing burden.?’-3?
These limitations underscore the need for an integrated
approach that enables bonding and mitigates sintering-
induced deformation, to expand the design freedom in
ceramic SLA AM.

To address these limitations, this study introduces a
dual-mode green-state strategy in which printed ceramic
parts serve two roles, as illustrated in Figure 1 and
described below;

1. As bonding elements (resin-assisted joining — mono-
lithic assemblies): Discretely printed green parts are
joined using a thin layer of UV-curable ceramic resin,
enabling green-green bonding that provides tempo-
rary adhesion during handling and promotes interfacial
densification during co-sintering. This process yields
fully integrated, monolithic ceramic assemblies.
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FIGURE 1 Schematic showing workflow for dual use of green parts in stereolithography (SLA)-based ceramic additive manufacturing
(AM) for flexure mechanisms that typically require slender, intricate and over-hanging features. Green-state printed components are intended
either as bonding elements to enable monolithic ceramic assemblies, or as non-bonding spacers to temporarily support overhanging

geometries during sintering.

2. As nonbonding sacrificial spacers (temporary mechan-
ical support — preserved geometry): Green parts are
custom printed and deployed as dry-contact spacers,
positioned without any bonding agent or external pres-
sure to provide geometric support. Through synchro-
nization of shrinkage behavior, these spacers counteract
deformation in overhanging geometries due to self-
weight. Because no bonding occurs at the interface, the
spacers can be removed postsintering without surface
damage or further post-processing, making them suit-
able for fabricating over-hanging geometries which are
challenging to preserve.?%-3334

This dual-function green-state strategy addresses two
critical bottlenecks in SLA-based ceramic AM: the assem-
bly of modular geometries and the stabilization of
deformation-prone features during sintering. By enabling
both green-bonding and non-bonding geometric support,
the approach expands the accessible geometric design
space, particularly for structures involving slender beams,
constrained intersections and overhangs.

The experimental focus of this study is on evaluating
the flexural strength and reliability of three identified
green-bonded configurations—using four-point bending
and scanning electron microscopy (SEM)-based fracture
analysis. In Section 4, these two green-state strategies
are demonstrated through their application to representa-
tive use cases; geometry retention in slender overhanging
structures, and modular flexure mechanisms to illustrate
real-world integration potential.

The dual-function green-state strategy capabilities are
especially relevant for flexure-based mechanisms, where
geometric fidelity and segment integration are essential

yet often incompatible with conventional fabrication con-
straints.

2 | METHODS

The following section details the design methodology,
bonding and sintering protocols, and mechanical testing
procedures used to evaluate bonded joint performance out-
comes.

2.1 | Materials and processing

The ceramic AM process in this study involves five key
stages: slurry mixing, printing, cleaning, debinding, and
sintering. Alumina flexure specimens are fabricated using
a SLA system (C100, 3D Ceram Co., Ltd.) equipped with a
100 mm X 100 mm X 150 mm build platform. Fabrication
utilizes proprietary 3DMix alumina slurries. The purpose
of the mixing step is to homogenize the as-purchased alu-
mina slurry to facilitate a uniform dispersion of particles
throughout the suspension. This is done by placing the
slurry bottles on a roller and rotating them at 50 rpm
for at least 24 h prior to use. Printing is conducted at a
layer height of 50 pm following manufacturer recommen-
dations.

Postprocessing includes thermal debinding and sinter-
ing using a Sentro Tech ST-1800C-445 furnace. Debinding
follows a controlled ramp rate of 1°C - min~" from room
temperature to 615°C. Sintering proceeds to 1650°C at
5°C- min_l, with a 2-h dwell at peak temperature. The
entire heat treatment cycle, including cooling, is con-
ducted in ambient air condition and follows the guidance
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(A) Edge - Edge

FIGURE 2

(B) Face - Edge

(C) Tongue & Groove 50 pum layer height

Schematic representation of green-body bonded ceramic specimens used for flexural strength testing. (A) Edge-edge joint

formed by bonding the end faces of two bars, representing linear extension. (B) Face—-edge configuration bonding the wide surface of one bar

to the end of another, simulating an orthogonal connection. (C) Tongue & groove joint incorporating mechanical interlocks to promote

self-alignment and resist tensile and shear separation. The top row shows prebonding exploded views; the bottom row shows assembled
specimens with red highlighting the bonded interface. Blue indicates the secondary printed segment in each pair. Cross-section (all samples):

2 mm wide X 1.5 mm thick, 50 um layer height

and recommendations of 3D Ceram Co. for the respec-
tive slurry.

Shrinkage coefficients are applied when uploading the
component files into the printer software to compensate
for shrinkage during heat treatment. Alumina exhibits
shrinkage of 16% (X), 18% (Y) and 17% (Z). For further
details regarding process parameters and methodology,
refer to previous work.?

2.2 | Green-state bonding using
UV-curable ceramic resin: Joint geometry
and mechanical evaluation

To fabricate bonded ceramic assemblies, green parts are
joined using a thin layer of UV-curable ceramic resin
prior to debinding and sintering. This process enables
handling stability in the green state and promotes interfa-
cial cohesion and densification during thermal processing,
resulting in a monolithic structure postsintering. Three
bonding configurations (edge-edge, face-edge, and tongue
& groove) were designed to investigate the influence
of joint geometry on bonded strength, refer to Figure
2. Following bonding and sintering, four-point bending
tests were conducted in accordance with ASTM C1161 to
evaluate the flexural strength and fracture behavior of
each configuration.

221 | Joint design and bond configuration
for green-state ceramic assemblies

All samples are printed with the layer plane oriented paral-
lel to the 15 mm X 2 mm face (width-wise orientation); this
face corresponds to the primary surface where the external
loads are applied during testing. The individual segments
are printed with nominal green-state dimensions of 15 mm
X 2 mm X 1.5 mm and subsequently bonded to form test
bars 30 mm in length. These dimensions were selected
based on Configuration A of ASTM C1161, which specifies
a 25 mm minimum length for flexural strength testing of

advanced ceramics. The slight increase in length provides
additional support clearance on either side of the inner
span during four-point bending. A monolithic configura-
tion conforming to the same geometry (30 mm X 2 mm X
1.5 mm) is also fabricated and tested to serve as a baseline
reference for strength and reliability comparisons.

It is noted that the layer planes stack upwards from
lower surface to create thickness during printing. As a
consequence of this, the plane corresponding to thickness
direction is formed by stacking of the edges of each layer
and is referred to as the edge-plane. In bending, the applied
flexural loads result in tensile and compressive stresses
perpendicular to this edge-plane. When the layers are con-
sidered as a planar stack, the surface formed by the faces
of these layers is referred to as the face-plane. A schematic
of each joint-configuration is shown in Figure 2 and joint
definitions are given below:

* In the edge-edge joint configuration, two bars are
bonded along their 2 mm X 1.5 mm faces, creating a
continuous rectangular beam with the bond interface
perpendicular to the layer orientation.

* The face-to-edge configuration involves bonding the flat
15 mm X 2 mm surface of one bar to the narrow end
(2 mm x 1.5 mm) of another, forming a perpendicular
connection.

* The tongue & groove joint configuration features inter-
locking geometry to promote self-alignment and provide
a predominantly shear force in the bonded regions.

Ten bonded specimens, for each of the three bonding
types, and ten monolithic control samples (of nominally
similar dimensions) were prepared. The number of test
specimens meet the ASTM C1161 recommendation of a
minimum of 10 samples for average strength evaluation.
All specimens are fabricated using the same print ori-
entation to isolate the effect of joint configuration from
printing-induced anisotropy.

To contextualize the mechanics and design ratio-
nale behind the selected bonding strategies, Table 1
presents the three representative configurations. Each
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TABLE 1 Design-space characterization of green-bonded ceramic configurations.
Category Edge-edge Face-edge Tongue & groove
Joint configuration — — —) ¢ ——= 7 { == )
{ i =) — ¢ T
Use-case Linear extension of slender Orthogonal or bracket-style Interlocking bonding;
components joins; mimics real-world applicable to load-bearing

Stress modes Pure tension and bending

across a narrow interface®>*°

Simulates worst-case
interface stress; high
sensitivity to misalignment
and roughness®¢

What can we
understand about
bonding?

Interfacial failure under axial
load®®

Failure modes

configuration is motivated by practical assembly require-
ments and has distinct stress profiles observed in ceramic
structures. The inline edge-to-edge joint (A) simulates
the case of extending slender beam-like structures, where
tensile and compression loads dominate along the bonded
axis. This geometry is particularly sensitive to surface
flatness and interfacial bonding strength, making it a
stringent testbed for mono-material joining efficacy.'*?°
The orthogonal face-to-edge joint (B) is representative
of bracket-style or cantilevered attachments common in
support structures or multiaxial linkages. It introduces
a mixed stress state-tensile normal stresses perpendic-
ular to the bond and in-plane shear-highlighting joint
performance under asymmetric loading.>?® Finally, the
tongue & groove design configuration (C) introduces
interlocking features that not only ensure self-alignment
during green-state assembly but also mechanically resist
both pull-out and shear displacement. This approach
is similar to the strategies used in wood joinery and
modular ceramic architectures for enhanced load trans-
mission and geometric registration.”® Together, these
geometries span critical modes of loading—axial ten-
sion, shear, and combinations of both—serving as the
foundation of a mechanical framework to evaluate joint
performance.

2.2.2 | Bond-line controlled joining and
ASTM C1161 flexural testing of ceramic
assemblies

Two experimental studies are implemented in this project.
The first experiment aims to evaluate the flexural strength

assembly configuration modular ceramic assemblies

Shear resistance and

constraint; potential bulk
fracture from notch stress

Combined tension and shear
(mixed-mode)*’

35,38
Realistic bonding behavior
under asymmetric load;
broader load sharing®

Reveals if geometry shifts
failure away from the
bond-line and into bulk

Bulk failure or crack
initiation at stress risers
(interlock corners)*>3#

Mixed-mode fracture at or
near bonded face®

of different joint types following ASTM C1161. The sec-
ond set of experiments evaluates the use of green-spacers
for reducing distorting when assembling complex struc-
tures during sintering. These two studies are detailed in the
following subsection.

Debinding and defect mitigation strategy

To fabricate bonded ceramic assemblies, green parts are
joined using a thin layer of UV-curable ceramic resin
prior to debinding and sintering. Bonding surfaces were
first cleaned with isopropyl alcohol (IPA) and visually
inspected to remove any particulates that could act as flaw
initiators. A thin and uniform bond line of approximately
0.15 mm was maintained using a digital caliper fixture,
minimizing the amount of binder to be removed during
burnout. The bonding slurry was applied to both mating
surfaces to ensure full wetting and eliminate unbonded
“dry spots.” Excess material was gently blotted from the
perimeter to prevent resin pooling. A two-stage UV curing
process involving an initial surface cure with a handheld
lamp followed postcuring in a UV chamber was employed
to maximize polymer conversion and reduce residual
volatiles. During debinding, discoloration of the resin was
visually monitored as a practical verification of burnout
completion. These steps collectively minimized the risk of
porosity and microcrack formation at the bonded interface.

2.2.3 | Green bonding method

The illustration of bonding process is shown in Figure 3.
The bonding surfaces of each green ceramic body are
cleaned with isopropyl alcohol and visually inspected to
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FIGURE 3 Schematic illustration of the bonding process for ceramic green parts using UV-curable slurry and controlled bond line

thickness. (A) The bonding interface is manually coated with a thin layer of ceramic slurry using a fine applicator tool. A digital caliper (not
shown) is used to align the parts and maintain a controlled bond line thickness of 0.15 mm during assembly. (B) The aligned assembly is
exposed to a UV curing lamp for an initial surface cure to initiate polymerization of the bonding agent. (C) The bonded part is subsequently
transferred to a UV curing box for postcuring to ensure complete polymerization and mechanical stability of the joint. This method enables
precise control over the bond interface and supports consistent assembly of green parts prior to thermal processing.

ensure absence of dust or particulate residue. A thin, uni-
form layer of alumina-filled photo-curable resin bonding
agent is then manually applied to both mating surfaces
using a fine pick applicator. Application to both surfaces
ensures complete wetting and minimizes the risk of non-
uniform bond line thickness. Following bonding agent
application, the two parts are carefully brought into con-
tact and aligned. A digital caliper is used to gradually
close the interface and maintain a bond line thickness of
0.15 mm—an optimal gap previously reported to maximize
joint performance in AMJDP-based studies.'* The caliper
functions as both a clamping tool and alignment fixture,
keeping the bonded assembly parallel and stable during
the initial hold period (5-10 s) to allow the slurry to spread
evenly across the interface.

Any excess slurry at the joint perimeter is gently blot-
ted using a dry, non-wicking swab to prevent material
loss from the bond line and avoid introducing surface
imperfections. With the caliper still maintaining the fixed
gap of 0.15 mm, a UV curing lamp is positioned directly
above the bonded region. The interface is exposed to
UV light for 2 minutes to initiate surface polymeriza-
tion of the bonding agent. As a conservative measure,'*
this is followed by postring in a UV chamber for 10-15
minutes to ensure full polymerization and develop ade-
quate green-state mechanical strength before proceeding
to heat treatment.

During the subsequent debinding stage, bonded assem-
blies were subjected to the same controlled burnout sched-
ule used for monolithic specimens. The combination of a
minimal bond-line volume, complete interfacial wetting,
and two-stage UV curing were adopted to suppress volatile
evolution and thermal-stress gradients across the interface
and mitigate porosity and microcrack formation during
binder removal.®?’

2.2.4 | Bonding strength measurement

To evaluate the flexural strength of bonded ceramic spec-
imens, four-point bending tests are performed in accor-
dance with ASTM C1161 using Configuration A. Four-point
configuration is selected over the three-point alternative
because it distributes stress uniformly across the cen-
tral span, promoting failure at the largest surface flaw
rather than concentrating stress at the bond interface. This
approach provides a more representative assessment of
structural performance in bonded assemblies, particularly
for geometries relevant to flexure mechanisms.

The testing setup utilized a 20 mm outer support span
and a 10 mm inner loading span, enabling localized stress
concentration within the bonded region. Testing is con-
ducted on an Instron 5582 Universal Testing Machine
equipped with a custom-designed fixture. While the stan-
dard recommends 2-2.5 mm diameter rollers, the fixture
used for these experiments has 6 mm diameter dowel-pin
rollers seated in precision-machined grooves.

A1kN load cell with +0.5% accuracy recorded force data
and the position was used to track displacement. The data
were collected and analyzed using Instron Bluehill Univer-
sal software. All tests are conducted under displacement
control rate of 0.5mm - min”~ " atroom temperature (24°C).

Each sample is positioned with the bonded interface
centered within the inner loading span—corresponding to
the constant moment region. Only specimens that frac-
tured within this region are included in the dataset for
further analysis.

Flexural strength is calculated using the standard for-
mula:

_ 3F Louter

= 2 outer 1
MARTYE W
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FIGURE 4 Weibull plot of fracture strength for monolithic and bonded ceramic samples (n = 10 per configuration) with different joint
geometries: edge-edge, tongue & groove, and face-edge. Each data series represents the probability of failure as a function of applied fracture
stress. Characteristic strength (c,) and Weibull modulus (§8) are extracted from linear fits to the log-linearized failure distributions.

where F is the fracture load, L, is the outer support
span (20 mm), b is the specimen width (2 mm), and ¢ is
the specimen thickness (1 mm).

3 | BENDING STRENGTH RESULTS

This section presents the mechanical performance of
monolithic and bonded ceramic assemblies, focusing on
strength retention, fracture reliability, and failure behav-
ior across three green-state joint geometries (see Figure 2).
Weibull statistics are used to characterize variability in
fracture strength, revealing distinct reliability profiles for
each configuration. Results from flexural testing are sup-
ported by SEM-based fracture surface observations, that
provide insight into failure origins, bond quality, and the
role of joint geometry in influencing performance.

3.1 | Flexural strength and reliability of
bonded configurations

The average flexural strength and Weibull reliability
obtained from four-point bending tests are bench-marked
against monolithic alumina specimens that exhibited the
highest strength (226.8 MPa) and lowest scatter (§ =

11.98). The Weibull plot showing results for all joint-
configurations is displayed in Figure 4.

Edge-edge bonding

In the edge-to-edge configuration, specimens consistently
exhibited premature failure at the bonded interface. The
small contact area and high surface roughness of the
end-to-end bonding likely led to stress concentrations.
Additionally, the slenderness of beam specimens created
challenges during the alignment process of green-state
assembly. During bend tests, fractures typically propagated
through the bonded-interface and propagated cleanly
through the bond line. This edge-edge group showed an
average strength (104.9 MPa), with the highest variability
corresponding to a Weibull modulus of § = 3.44, indicating
limited reliability.

Face-edge bonding

By contrast, the face-to-edge (orthogonal) configuration
demonstrated the best strength retention (137.5 MPa). The
increased bonded surface area and orthogonal alignment
likely helped distribute loading more evenly and reduced
alignment issues. Fractures typically initiated near the
interface but did not consistently propagate through it, sug-
gesting partial load sharing between the bonded region and
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surrounding material. All samples exceeded 100 MPa of
fracture stress, and the Weibull modulus (8 = 6.57) shows
considerably higher reliability compared with edge-edge
joint configuration.

Interestingly, the load—-displacement curves of face-edge
bonded samples closely resembled those of monolithic
alumina flexure specimens in the initial loading phase,
exhibiting a comparable slope and stiffness. This observa-
tion suggests that the bonded structure retained a bulk-like
elastic modulus during early bending. Despite this sim-
ilarity, face-edge samples fractured at a markedly lower
maximum load (average ~ 41 N vs. =~ 73 N for monolithic),
indicating that critical stress concentrations remained at
or near the bonded interface. SEM observations confirmed
that fractures propagated along the bonded monolithic
interface line (see Section 3.2).

To better interpret the load-sharing behavior, the bonded
and unbonded regions were analyzed using the flexural
strength (Equation 1). Partitioning the 1.5 mm-thick spec-
imen into a bonded region (0.75 mm) and an unbonded
region (0.75 mm), the unbonded region is predicted to
withstand about = 41% of the experimentally measured
fracture load. The remaining ~ 59 % can be attributed
to the bonded monolithic portion. This analysis indicates
that while the monolithic region bears the majority of
the load, the bonded interface contributed substantially
to overall load-bearing capacity, confirming its role as an
active structural component.

Tongue & groove bonding

The tongue & groove configuration exhibited a distinc-
tive failure response, with cracks initiating in the ceramic
bulk rather than at the bonded interface. This shift in
fracture location reflects the role of the interlocking geom-
etry, which constrains both shear and tensile separation
through geometric reinforcement. The self-aligning nature
of the joint further enhances assembly repeatability, as it
demonstrated the highest reliability among bonded con-
figurations, with a Weibull modulus of § = 7.14. However,
this configuration yielded the lowest average strength (80.5
MPa).

A comparison of bonded joint geometries, fabrication
considerations, and mechanical performance is presented
in Table 2, thereby providing a practical reference for
selecting bonding strategies.

3.2 | Fracture behavior and
microstructural analysis

While the four-point bending for different bonding config-
urations are evaluated to assess strength and consistency.

SEM imaging provided insights into failure origins and
bond quality.

In edge-edge samples (Figure 5A), SEM images high-
light multiple spherical voids aligned along the bond line.
The presence of such porosity and a clean interfacial
fracture path suggest poor surface wetting, possibly exac-
erbated by lack of alignment during green bonding. The
alignment sensitivity and strength inconsistencies are due
to rough end-face texture caused by the variation of each
subsequent layer during printing.

Face—-edge joints (Figure 5B) retained ~60.6% of mono-
lithic strength. The SEM image shows fracture surfaces
exhibiting mixed-mode failure, with crack paths prop-
agating near the bond interface and propagating along
corners that served as stress concentrators. The frac-
ture surface exhibits continuity, likely indicating cohesive
failure.

Tongue & groove joints (Figure 5C), exhibited the low-
est absolute strength but high reliability, SEM reveals
cracks at sharp interlock corners, with fractures propa-
gating inward from these geometric notches. The fracture
paths lie outside the bonded interface, suggesting that
failure was driven more by stress concentration at the
mechanical interlock than by bond quality. Despite con-
sistent fracture behavior due to self-alignment, the sharp
corners introduced localized stress peaks.

4 | DISCUSSION: VARYING DEGREES
OF DUAL-USE GREEN-STATE PARTS
APPLICATIONS

To validate the practical relevance of the dual-mode green-
state strategy, two case studies are presented demonstrat-
ing its integration in real ceramic AM assemblies. Each
case highlights a different use of printed green parts; first
as sacrificial spacers to mitigate sintering deformation,
and second as modular bonding elements for assembling
complex flexure mechanisms. These examples show how
design challenges during sintering and assembly can be
mitigated, and illustrate broader design freedom enabled
by the approach.

4.1 | Sintering deformation control using
nonbonding green spacers

Due to a combination of gravitational loading and high-
temperature creep, SLA-printed alumina parts with
extended horizontal overhangs and unsupported upper
platforms are vulnerable to sagging during debinding and
sintering.*’ This deformation compromises the dimen-
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TABLE 2
Aspect Edge-edge
Flexural strength (MPa) 104.9
% of monolithic strength 46.2%

Weibull modulus () 3.44
Failure mode Interfacial fracture
Alignment sensitivity High

Load transfer mode Pure tension
Bond area Minimal (end face)

Overall use case Slender joints, low stress

Note: Monolithic baseline strength = 226.8 MPa.
Note: Each group tested with n = 10 specimens.

Face-edge

137.5

60.6%

6.57

Mixed-mode (shear + tension)
Moderate

Tension + shear

Large (flat face)

Brackets, modular assemblies

Source: All data derived from experimental four-point bending of SLA-printed alumina joints per ASTM C1161.

multiple spherical voids

crack propagation along
bonded-monolithic interface at notch

Ceramic

Design guidance for green-bonded ceramic configurations based on strength retention, reliability, and joint performance.

Tongue & groove

80.5

35.4%

7.14

Bulk crack at stress risers
Low
Interlock-constrained
Moderate + interlock

Self-aligning joints

cracks propagate inward from

the interlock notch

along bonded regions

%58 S66mm

Configuration: Edge-Edge
Failure Mode: Interfacial fracture Failure Mode:

Fracture path: Along bond-line

FIGURE 5

Configuration: Face-Edge

Mixed-mode failure
shear & tension

Fracture path: Near interface

(A) (B)

Fracture surface scanning electron microscopy (SEM) images with corresponding schematic failure configurations for three

cracks near the interface

Configuration: Dovetail
Failure Mode: Geometry-driven

bulk fracture

Fracture path: Inward from notch

(9)

bonding geometries. (A) Edge-edge specimens failed along the bond-line, with interfacial fracture traced to spherical voids indicating poor
green-bond surface contact. (B) Face-edge samples exhibited mixed-mode failure (shear + tension), with cracks initiating near the
bonded-monolithic interface at the notch. (C) Tongue & groove samples showed geometry-driven bulk fracture propagating inward from the

interlock notch. M and B denote the monolithic and bonded regions, respectively.

sional fidelity of monolithic prints—motivating the need
for a passive support strategy during thermal processing.
To address this challenge, a non-bonding green-state
spacer approach provides an effective solution. Spacers are
fabricated separately using the same SLA-based alumina
resin as the printed parts to ensure matching shrinkage
behavior. Prior to debinding and sintering, these spacers
are manually positioned beneath the overhanging fea-

tures without the use of adhesive or bonding agents.
Because the only contact pressure comes from the part’s
own weight, no interface-bonding is promoted, and the
spacers remained non-fused throughout sintering.?-3334
Post-sintering inspection confirms that the spacers could
be removed cleanly, without mechanical force or sur-
face disruption, validating their temporary, nonbonding
structural function.
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A) (B)
Pre-Sintering setup - Two Configurations Post-Sintering Results - Observed Deformation
Test Scenario: 1 Test Scenario: 2
Test Scenario: 1 Test Scenario: 2
= foem \ Test Scenario: 1 Test Scenario: 2
58mm [ [ 692 mm|
'v ' . ¢ [}
2.0 mm
FIGURE 6 Spacer-assisted sintering of overhanging ceramic structures. (A) Experimental setup showing Test Scenario 1 (unsupported)

and Test Scenario 2 (with green-state spacer support). (B) Post-sintering results showing visible downward deflection in the unsupported case
and effective geometry preservation in the spacer-supported configuration.

Two configurations were evaluated to demonstrate this
effect as shown in Figure 6A. In Test Scenario 1, beam
geometries with horizontal overhangs are sintered unsup-
ported. In Test Scenario 2, identical beams were paired
with green-state spacers placed in dry contact beneath the
overhangs. Both groups followed the same sintering pro-
file, and vertical deflections were measured post sintering
via optical microscopy. Each configuration was tested in
triplicate to ensure repeatability.

As shown in Figure 6B, unsupported beams exhib-
ited noticeable downward warping, with the final height
reduced from 7.00 to 5.88 mm. In contrast, the use of green-
state spacers preserved the target geometry, maintaining
a final height of 7.03 mm. This improvement shows that
the green spacers effectively constrained deformation dur-
ing sintering and were able to substantially obtain the
over-hanging geometry.

Synchronization of shrinkage kinetics between the
printed part and the non-bonding spacer was ensured
through material, geometric, and thermal alignment. Both
components were fabricated from the same SLA alu-
mina feedstock, printed in identical orientations, and
subjected to the same debinding and sintering schedule,
resulting in comparable densification and binder burnout
behavior. Manufacturer-provided shrinkage compensation
factors (16% in X, 18% in Y, c) were applied equally in
CAD to both parts to maintain proportional contraction
along all axes. To experimentally assess tolerance, spacer
height was varied by 0.25%, 0.5%, and 1.0% relative to the
snug-fit dimension.

A 0.5% shorter spacer consistently preserved the target
geometry while allowing tool-free removal postsintering,
whereas greater clearances produced minor sagging and
tighter fits risked interference or microcracking. These
results indicate that a tolerance window within 0.5% main-

tains synchronous shrinkage and prevents differential-
stress accumulation at the interface. It should be noted that
the tolerance value of spacer is geometry-dependent and
must be validated for each part topology and overhang con-
figuration.

While the present study demonstrates effective dis-
tortion control using dry-contact spacers for moderate
overhang spans, the approach is inherently sensitive to
geometric and contact variations. Larger or asymmetric
overhangs can increase bending moments and may require
multiple customized spacers to maintain uniform support.
These factors suggest that spacer geometry and placement
must be tailored to specific part topologies.

4.2 | Realization of overhanging ceramic
flexure mechanism via joint-optimized
green bonding

In high-precision optics and interferometric metrology
systems, bonding is a foundational technique used to
create dimensionally stable assemblies from discrete com-
ponents. Methods such as hydroxide-catalysis bonding
and adhesive optical bonding are widely employed to
join glass and ceramic parts with sub-micrometer toler-
ances, enabling stable interferometers, optical benches,
and space-based instruments (e.g., LISA*!). These bonded
assemblies frequently incorporate flexure mechanisms
to precisely constrain motion, isolate optical compo-
nents from mechanical vibrations, and decouple thermal
expansion mismatches.****> Such isolation is critical to
attenuate mechanical disturbances or thermal gradients
that can lead to stress-induced birefringence or opti-
cal misalignment—resulting in degraded fringe stability
or phase noise. Flexures offer a compliant, monolithic
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FIGURE 7

Design-driven implementation of green-bonded ceramic assembly for flexure-based geometries. (1) CAD model of a

spherical flexure mechanism decomposed into stereolithography (SLA)-printable segments with edge-edge and face-edge joint interfaces,
alongside printed green-body parts. (2) Stress-informed modular bonding: finite element analysis (FEA) identifies high- and low-stress
regions to guide placement of bonding joints in mechanically benign zones. Bonding was performed using UV-curable alumina resin. (3) Use

of a nonbonded green-state ceramic spacer to support overhanging features during sintering.

means of achieving frictionless constraint while preserv-
ing long-term alignment. Accordingly, the design and
bonding quality of flexure-constrained assemblies are of
central importance in maintaining optical and structural
performance in precision systems.

This work demonstrates how green-state bonding and
passive spacer strategies can be applied in ceramic AM
to fabricate complex flexure-based geometries that mimic
the modularity, stability, and functionality for applications
such as precision optical systems. In particular, a spher-
ical flexure mechanism has been fabricated, where the
upper platform is designed to perform as an optical payload
mount in real-world systems.*® This mechanism acts as a
joint that incorporates multiple flexure elements to allow
compliant motion and controlled degrees of freedom—
mirroring the role of flexures in optical isolators, tip-tilt
mirrors, and nano-positioning stages.

The green-bonding motivation for this case-study arose
due to failed initial attempts at single-print fabrication due
to unsupported geometry and orientation-specific print-
ability limits.? To overcome this, the flexure is decomposed
into discrete printable segments and reassembled using
green-state bonding with UV-curable alumina-based resin
as a bonding agent (Figure 7, Panel 1). To evaluate dif-
ferent configurations, edge-edge and face-edge joints were
implemented to connect vertical and horizontal members
(Figure 7, Panel 2). Dowel pins and gage blocks ensured
concentricity and angular alignment during the room-
temperature bonding process, highlighting the method’s

suitability for alignment tasks used typically in optical
bench assembly.

To guide strategic segmentation and joining, regions of
high stress were identified through finite element anal-
ysis (FEA) of a monolithic spherical flexure mechanism
under representative loading conditions (Figure 7, Panel
2). The FEA was implemented as a linear elastic, small-
strain model in SolidWorks simulation. The material was
modeled as sintered alumina (E = 370 GPa, v = 0.22).
The base-plate was fully constrained, and a distributed
1 N vertical load was applied on the top plate to repre-
sent quasi-static operational loading. A curvature-based
solid mesh comprising 9470 elements and 17,678 nodes
was employed, with 95.8% of elements exhibiting aspect
ratios below 3 ensuring mesh quality. The resulting von
Mises stress fields were used to guide segmentation and
served as a screening tool to identify mechanically low-
stress regions for bonding (interfacial and thermal effects
were not included but can be considered in the future).

The FEA results revealed that peak stress concentra-
tions occurred at the flexure arms that bridge the top and
bottom platforms and not at the selected bonded joint
interfaces. This stress-informed segmentation strategy
allowed the flexure elements and plates to be printed as
discrete segments which (when assembled) have bonding
interfaces in mechanically benign regions, minimizing
the likelihood of interfacial failure. By strategically decou-
pling the bonding interfaces from load-bearing flexural
regions, this approach facilitates green-state bonding
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FIGURE 8

(A) Postsintering image of a successfully bonded spherical flexure assembly composed of a top-plate, base-plate, and three

flexure arms. (B) Comparison of top-plate vertical displacement on opposite sides of the assembly, with and without spacer support during

sintering. The side without spacer support exhibited downward distortion, measuring 17 mm in height, while the side supported by a

dry-contact spacer preserved the intended geometry at 19.5 mm.

without requiring the joints to match monolithic strength,
thus expanding design flexibility for complex ceramic
assemblies (as discussed in Section 3.1).

In this spherical flexure assembly, overhanging features
are susceptible to gravitational sagging during sintering.
To address this a non-bonding green-state spacer was
placed beneath one side of the overhang during sinter-
ing (Figure 7, Panel 3). The spacer is made from the same
green ceramic material as flexure, and thereby matched for
shrinkage, ensuring synchronous densification without
fusing. For comparison, the opposite side is intentionally
left unsupported.

Post-sintering results confirmed the green-state bonding
strategy to be effective for constructing a complex flex-
ure architecture that could not be printed monolithically
as shown in Figure 8A. After sintering, it was found that
the spacer-supported region preserved its intended geom-
etry, while the unsupported region experienced noticeable
downward deflection as expected, see Figure 8B. This
validates the use of spacer as a passive, removable sup-
port strategy during sintering, analogous to temporary jigs
or masks used in optical metrology setups to preserve
alignment under thermal processing.

5 | CONSIDERATIONS AND FUTURE
WORK

This study demonstrates a dual-mode green-state strat-
egy to overcome key fabrication limitations in SLA-based
ceramic AM. By employing printed green parts in two
distinct roles—(1) UV-curable resin-bonded joints for
monolithic assembly and (2) dry-contact sacrificial spac-
ers for sintering support—this work provides a scalable
approach to achieve both geometric complexity and struc-
tural fidelity.

Mechanical testing of three green-bonded joint
configurations—edge—edge, tongue & groove, and
face-edge, revealed trade-offs between manufactura-
bility, joint-alignment, strength, and repeatability. The
edge-edge configuration proved particularly vulnerable
to process-induced artifacts such as pores and stress
concentrations, exhibiting the highest strength scatter,
that is, lowest Weibull modulus. In contrast, the face-edge
joint offered a practical compromise between mechanical
performance and manufacturing ease, achieving a char-
acteristic strength of 137.5 MPa and a Weibull modulus
of 6.57. Favorable load distribution and shrinkage com-
patibility likely contributed to its consistent performance.
Tongue & groove joints benefited from mechanical inter-
locking, which improved failure tolerance at the bonding
interface; however, stress risers at sharp corners often led
to premature fracture in the bulk region. These findings
suggest that—while interlocking features can enhance
alignment and repeatability—geometric refinement such
as use of fillets at sharp transitions may mitigate localized
stress concentrations.*”*® FEA simulations of a reassem-
bled spherical flexure further guided segmentation by
placing bonded joints in low-stress regions, allowing
stress to remain concentrated in monolithic flexure arms.
This stress-informed strategy enables bonding without
requiring joint strength to match monolithic performance,
thus expanding design flexibility for complex assemblies.

In parallel, dry-contact sacrificial spacers effectively
stabilized overhanging features during sintering, reduc-
ing vertical distortion by over 1 mm in the case study.
Because the spacers are not bonded, they can be cleanly
removed after sintering without damaging the functional
surfaces, thereby eliminating the need for post-processing.
FEA analysis can further enhance this approach by guid-
ing segmentation such that bonded joints are placed in
low-stress regions. This allows the use of mechanically
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TABLE 3

Design goal/constraint

Recommended use

‘Why this works

Design cautions

Best applied when

Edge-edge bond
Simple linear extensions
or low-stress joints

Simplest to fabricate; no
complex geometry or
fixturing required

High alignment
sensitivity; prone to
interfacial flaws and low
reliability (8 3.4)

Ease and speed of
fabrication outweigh
strength requirements

Face-edge bond

Orthogonal or
bracket-type joins
requiring moderate load
transfer

Balanced
manufacturability and
strength (~60% of
monolithic); good
wetting and load sharing

Avoid notch-like
transitions; maintain
uniform bond-line
thickness

Balanced structural
integrity and
repeatability are needed

Tongue & groove bond

Self-aligning modular
assemblies needing
repeatable registration

Built-in geometric
alignment and
constraint; high
repeatability (8 7.1)

Add fillets or tapers at
interlock corners to
reduce stress
concentrations
Alignment precision and
modular assembly are
key priorities

TEC GY

Practical design matrix summarizing selection guidance for bonding and spacer strategies in SLA-based ceramic assemblies.

Dry-contact spacer

Temporary support for
overhanging or delicate
geometries during
sintering

Synchronous shrinkage
with main part preserves
geometry without
bonding

Maintain ~0.5%
clearance; too tight
causes fusing, too loose
induces sag

Geometric fidelity during
sintering is more critical
than strength

Note: This table provides prescriptive design guidance consolidating manufacturability, reliability, and geometric stability trade-offs across bonding and

spacer strategies.

weaker green-state bonds without compromising overall
structural performance, thereby enabling more complex
ceramic assemblies without requiring monolithic strength
at every interface.

Together, these two green-state strategies address critical
bottlenecks in ceramic AM: printing geometry limita-
tions and sintering-induced deformation. The demon-
strated improvements in bonding reliability and geometry
preservation expand the design space for ceramic SLA,
particularly for slender, modular flexure mechanisms.

The key trade-offs identified in this study are consol-
idated in Table 3, providing a concise decision aid for
selecting suitable bonding or spacer strategies accord-
ing to geometric complexity, reliability requirements, and
fabrication constraints.

The strategies demonstrated in this study, green bond-
ing and sacrificial spacers, were validated on small-scale
assemblies representative of flexure components. While
the process showed consistent and repeatable results at
this scale, scaling to larger monolithic ceramic parts
remains difficult due to thermal-gradient induced stresses
and sintering distortion. The proposed methods, how-
ever, are inherently modular and can be extended to
larger assemblies by combining multiple defect-free sub-
components. Therefore, the present results demonstrate
reproducibility within a limited geometric window, with
scalability best achieved through modular integration
rather than direct large-volume fabrication.

Scalability in ceramic AM remains constrained by
sintering distortion, thermal gradients, and residual
stress accumulation that increase with part size, reducing
yield and reproducibility. The strategies demonstrated

in this study of green bonding and sacrificial spacers
address these scale-dependent challenges by enabling
modular assembly and minimizing sintering-induced
deformation. Within the tested scale, both methods
produced repeatable, defect-free results for small assem-
blies, establishing a reliable foundation for modular
scalability. Rather than pursuing monolithic large-volume
fabrication, this approach supports practical up-scaling
through the integration of multiple defect-free sub
components.

While the present work emphasizes flexural strength
and reliability, other mechanical characteristics such as
stiffness uniformity, damping, and fatigue endurance are
equally critical for evaluating the functional performance
of ceramic flexure mechanisms. These aspects are being
examined in a companion study on the dynamic response
of monolithic SLA-fabricated ceramic flexures (in prepa-
ration), where resonance-based characterization and finite
element modeling are used to quantify stiffness and damp-
ing behavior. The findings from that study will provide the
necessary dynamic framework to extend the present work
toward bonded and spacer-integrated assemblies, enabling
future evaluation.
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