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Abstract

Multi-material vat photopolymerization (MMVPP) is an emerging additive
manufacturing technology with great potential in biomedical engineering, soft
robotics, electronics, and customized manufacturing, particularly where functional
gradients and spatially varying material properties are essential. The capability to
precisely control composition at the voxel level enables the fabrication of bioinspired
structures and multifunctional components with tailored mechanical and functional
performance. This study presents the conceptual design and development of a
compact and commercially viable MMVPP system that addresses key challenges in
current state-of-the-art technologies. A two-vat prototype printer was fabricated
to demonstrate the feasibility of precise multi-material printing. Critical challenges,
including resin compatibility, interfacial adhesion, and mechanical property
optimization, were systematically investigated. Novel strategies such as variable
layer height exposure control, overlapped layer printing, and optimized curing
parameters were introduced to improve interfacial bonding and overall structural
integrity. The proposed methods were validated through mechanical testing,
confirming enhanced interface strength and material cohesion. The study also
details system-level innovations, including efficient vat-switching mechanisms and
process synchronization for rapid material transition. These advances establish
foundational methodologies for reliable multi-material photopolymerization and
expand the design space of photopolymer-based additive manufacturing. The
results demonstrate MMVPP’s transformative potential to enable next-generation
manufacturing of functionally graded and multi-material components with superior
performance and design freedom.

Keywords: Process design; Vat photopolymerization; Photopolymer resins; Digital light
processing; Multi-material interface evaluation; Additive manufacturing

1. Introduction

Additive manufacturing (AM), with its layer-by-layer fabrication approach, offers a
diverse range of possibilities in modern manufacturing by enabling complex geometries,
reducing material waste, and allowing rapid prototyping and customization.! Multi-
material AM extends these capabilities by combining different materials within a single
print. This enables the development of advanced composites such as functionally graded
materials* and supports complex applications including soft robotics, multifunctional

Volume 5 Issue 2 (2026)

1 doi: 10.36922/MSAM025510122


https://dx.doi.org/10.36922/MSAM025510122
https://orcid.org/0009-0008-9862-8029
https://orcid.org/0000-0001-5360-8712
https://orcid.org/0000-0003-0168-8962
https://orcid.org/0000-0002-4708-4833
https://dx.doi.org/10.36922/MSAM025510122
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Materials Science in Additive Manufacturing

Compact multi-material VPP system

sensors, and bioengineered implants,*® significantly
enhancing the overall functionality of manufactured
components. Moreover, multi-material AM facilitates the
fabrication of smart programmable composites through
innovative 4D printing approaches that can change shape
or properties over time in response to external stimuli such
as heat, light, electric, magnetic, or moisture.”®

Among the seven AM processes recognized by the
International Standards Organization/American Society
for Testing and Materials (ISO/ASTM) standard (ISO/
ASTM 52900:2021), not all are equally suited for multi-
material fabrication. Technologies relying on sequential
or spatially controlled deposition of photopolymers
offer distinct advantages, as they allow rapid switching
between materials and enable high-resolution patterning
of dissimilar chemistries within a single build vat
photopolymerization (VPP) uses a light source to
selectively cure photopolymer liquid resin layer by layer
within a vat, creating intricate and high-resolution parts
through technologies such as stereolithography (SLA)
and digital light projection (DLP). Material jet printing
(MJT), on the other hand, involves the precise deposition
of material droplets onto a build platform using print
heads to form objects layer by layer, allowing for detailed
multicolor and complex geometries.! Both technologies
have demonstrated strong potential for multi-material AM
due to their precise voxel-level control, compatibility with
a wide range of functional resins, and ability to fabricate
parts with sharp material interfaces.” For these reasons,
photopolymer-based technologies such as VPP and MJT
provide high-resolution manufacturing capabilities.! MJT
has evolved with multi-material capability and can achieve
layer thicknesses as low as 0.013 mm. Currently, the
resolution of material jetting can reach up to 5000 x 5000
dots per inch (DPI) in the horizontal plane (AMpolar i2,
ALTANA AG, Germany).

VPP technology has evolved into different variants
based on the curing approach. Most prominently, SLA
and DLP are widely used in both commercial and research
applications.”® SLA wuses a laser to selectively cure a
photopolymer resin layer by layer on a build plate, whereas
DLP systems utilize a projected ultraviolet (UV) light
source instead. The resolution of SLA systems can reach up
to 4000 DPI, with a minimum layer thickness of 0.03 mm.
DLP systems, such as masked projection VPP, can achieve
resolutions of 25 wm and layer thicknesses of 25 wm.

Moreover, resin viscosity is a key factor. MJT printing
typically accommodates inks with viscosities around
150 cP or lower, where the resin is heated up to 60°C at the
printhead to reduce viscosity to approximately 20 cP."! In
contrast, the viscosity of resins used in VPP can reach up to

5000 cP. The primary limitation on viscosity in VPP arises
from the need for the resin to self-level in the vat as quickly
as possible to prepare for the next curing layer."

Many researchers have attempted to develop multi-
material VPP (MMVPP) systems using different techniques
and unique setup configurations. MM VPP was pioneered
by Wicker’s group''* in 2004 with the earliest known vat-
switching mechanism. Their system employed a rotary
vat carousel capable of switching vats in the horizontal
plane. The build plate, fixed to the rotary platform, had a
horizontal axis of rotation that enabled manual cleaning.
The printed part was cured using a numerically controlled
laser placed above the vat. Hence, they adopted an overhead
curing method that required a floating target to maintain
precise resin levels, as the platform needed to be positioned
at an exact depth to enable the overhead curing process.
This configuration required a significantly larger amount
of resin compared to the bottom-curing method, which
does not require submerging the entire build platform.

Chen’s group'®” worked on image-based SLA,
where they implemented a rotary-based vat carousel
system for switching between vats and cleaning stations.
Their setup incorporated a cleaning mechanism during
material switching, consisting of an ultrasonic cleaner,
two brushes, and an air-blowing station used to clean the
build platform. They adopted a bottom-curing method.
Similarly, Bhusal et al."® developed a bottom-up printing
method in which curing was performed using a UV source
from below. Masking of the UV light was achieved with a
gel-based commercial orange food dye. Vat switching was
accomplished using a rotary platform, whereas the cleaning
process involved dipping the build plate in a phosphate-
buffered saline solution. The system was customized for
the fabrication of hydrogel-based microfluidic chips.

Jiang et al' advanced MMVPP technology for
developing soft robotic grippers. They adopted a rotary
vat carousel system with three vats and a cleaning
station equipped with air and alcohol spray nozzles. The
uniqueness of this setup lies in combining both cleaning
and drying functions within a single position, thereby
saving space and reducing translation time.

Matte et al.®® proposed a unique vertical vat storage
system in which vats are extracted horizontally from
a tower to a curing station. The design incorporated a
combined cleaning approach, where brush heads were
fixed inside each vat to remove resin droplets adhered
to the build surfaces. The system also featured an active
cleaning mechanism using a sprinkler system that sprayed
solvent onto the build platform while the platform moved
along three axes relative to the nozzles.
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Shaukat et al.*! and Ghaderi et al.® presented similar
MMVPP setups featuring two vats and a cleaning station
arranged in a linear configuration, with the cleaning
station positioned between the vats. Shaukat’s system
used a sponge to clean the build and platform, whereas
Ghaderi’s employed an ultrasonic cleaning system. In
both configurations, all three stations moved horizontally,
whereas the build plate moved vertically. Khatri et al.?
proposed a linear vat-switching approach in which the
build plate moved along the vertical axis, whereas the
vats were exchanged along the horizontal axis. The system
included a UV projector and a resin-handling mechanism
to support multi-material capability.

Hu et al.” developed a similar DLP system featuring
three vats in a linear configuration. The build platform was
lowered during printing while the UV image was projected
from the bottom of the vat. When switching vats, both the
build platform and the projector moved linearly from one
vat to another. Independent drying and cleaning stations
were also incorporated, with the cleaning station equipped
with nozzles that sprayed a surfactant solution.

Chenget al.** also adopted a similar linear-configuration
MMVPP system; however, the uniqueness of their setup
lies in the cleaning system used during resin switching.
When the build platform lifts off the resin bath after curing
a layer, it spins at 10,000 rpm, causing residual resin to
be flung off through centrifugal force. This eliminates the
need for physical wiping or the use of active automated
cleaning methods involving liquid cleaners such as
isopropyl alcohol.

Prior research on MMVPP has employed a range of
strategies to address vat switching, cleaning, drying, and
related process steps. From these studies, the principal
challenges associated with MMVPP implementation can
be identified, leading to the following key observations.

Placing the vats in a vertical tower configuration’
presents challenges, as extraction from the storage tower
involves a significant number of moving parts and occupies
considerable unused space. Moreover, an excessive number
of moving components or mechanisms dedicated solely to
vat switching may cause reliability issues.

In contrast, having vats arranged linearly,'*'! where
the build plate moves along the axis parallel to the vat
placement, allows a cleaning station to be positioned
between them. However, due to cross-contamination
concerns, the number of materials that can be used
simultaneously is typically limited to two. This
configuration also requires separate curing setups for each
vat. Allowing the build plate to drip off excess resin while
idling above the current vat, such as in Hu et al’s setup,”

can reduce cross-contamination and minimize material
wastage, although it significantly increases process time.

The main drawback of rotary carousel systems, such as
those developed by Wicker and Chen, is that the carousel
diameter increases with each additional material. Although
this approach requires only one curing station, it occupies
a larger overall volume, making it difficult to scale down to
a compact, desktop-level system.'*!

An automated cleaning mechanism during material
(vat) switching has become essential to replace manual
cleaning. Cleaning techniques such as sponge wiping®
and centrifugal cleaning?* do not ensure uniform removal
of uncured resin from complex geometries. It has been
demonstrated that ultrasonic cleaning is highly effective in
MMVPP applications, as solvents such as isopropyl alcohol
can clean build surfaces regardless of their geometry.'s
Moreover, Ghaderi et al® investigated resin cross-
contamination in MMVPP systems and achieved 100%
cleaning efficiency when ultrasonic cleaning was employed.

Many of the above researchers have conducted
experiments to demonstrate the printing capabilities and
specific techniques developed to overcome challenges
during the process. Ghaderi et al.’ performed multi-
material printing tests using various geometries, where
clear boundaries were observed between materials,
whereas Zhou et al'® produced samples with mixed
matrices, resulting in isotropic material properties.

Several studies®*** have also conducted mechanical
testing of MMVPP-printed specimens to evaluate the
mechanical performance of multi-material interfaces.
Shaukat’s experiments revealed that two-material samples
exhibited significantly lower tensile strength compared to
single-material samples.* Ghaderi et al’s work included
compression testing on cubic samples with different
interfacial angles to study the effect of interface geometry
on mechanical performance.’ Based on the above literature,
the key elements to consider when developing a multi-
material system are curing geometry, vat configuration,
and cleaning technique.

This study, therefore, aims to investigate the critical
design considerations and practical hardware requirements
for developing a compact and commercially viable
MMVPP system. It further seeks to identify key challenges
and inherent limitations of MMVPP technology and to
explore effective strategies for overcoming these issues to
optimize print quality. In addition, the research examines
the mechanical performance of multi-material specimens,
with particular emphasis on assessing how the interface
quality between different materials compares to that of
single-material specimens.

Volume 5 Issue 2 (2026)

doi: 10.36922/MSAM025510122


https://dx.doi.org/10.36922/MSAM025510122

Materials Science in Additive Manufacturing

Compact multi-material VPP system

2. Methods

Based on the findings from the state-of-the-art MMVPP
systems, the aim of this study is to conceptualize a
design that accommodates multiple material vats while
allowing the number of vats to be scaled up without major
modifications to the overall system architecture. Moreover,
the methods of cleaning and drying between material
switches are crucial, as effective cleaning techniques must
achieve zero cross-contamination between different resins
while minimizing process time. Table 1 summarizes the
objectives of this study and the sub-sections where the
corresponding methods are used.

2.1. System conceptualization

This section describes the conceptual design of an
MMYVPP system incorporating key elements such as vat
placement, build plate movement relative to the vats, and
the integration of cleaning and drying stations.

Figure 1 illustrates the initial design concept of an
MMVPP setup consisting of nine vats arranged in a 3 x 3
configuration and an adjacent cleaning station. The model
was created using SolidWorks (v2024, Dassault Systémes
SOLIDWORKS Corp., Waltham, USA). The vat array
dimensionsare denotedas/ and/ inthe X and Y directions,
respectively. The build platform motion is constrained to
two-thirds of [ and to ly in the horizontal (X-Y) plane,
indicated by red and green arrows, respectively. Vertical
motion typical in conventional VPP systems is represented
by blue arrows.

The vat dimensions are designed such that 1 > 1 to
enable the use of commercially available monochrome
displays, as this system relies on an LCD-type VPP process.

Table 1. Research objectives and method sections

No. Objectives Method sections

1 To develop a concept of
commercially viable MM VPP
technology

2.1. System
conceptualization

To demonstrate the working 2.2. Prototype
concepts through a proof-of-concept development
prototype

2 To systematically identify the 2.3. Multi-material
practical limitations of printing with experiment: Material
MMVPP technology and implement boundary between distinct
solutions to address them layers

2.4. Intra-layer
multi-material exposure
control

3 To evaluate the multi-material 2.5. Testing for mechanical
interface and compare its mechanical properties at the interface
properties with single-material
specimens

The vats are proportioned so that all nine can be selectively
projected using a single UV light source and masking
display, eliminating the need for multiple light sources
or displays. Each vat is relatively shallow (approximately
8 mm) compared with conventional systems. For example,
a 154 mm masking display with a pixel density of 1500 DPI
(equivalent to 0.017 mm horizontal resolution) provides
sufficient precision for each vat in the 3 x 3 grid.

A bottom-curing configuration with a transparent vat
base allows the structure to be built inverted, attached to
the underside of the build platform. The vat bottom must
therefore be optically transparent. During printing, the
build plate is lowered to create a gap equal to the desired
layer height. Since most layer heights are below the sub-
millimeter range, the resin level can be maintained below
3 mm, which minimizes resin consumption and reduces
contamination of the build plate. Compared with top-
curing setups, bottom-curing offers significant advantages
in system compactness and in reducing contamination of
both the build plate and printed part.

To remove uncured resin from the build and
platform during vat switching, an automated cleaning
system is essential. Previous studies have demonstrated
the effectiveness of ultrasonic cleaning in MMVPP
applications.'>16%

As shown in Figure 2, the cleaning station is positioned
adjacent to the vat array along the X-axis to maintain
system compactness. It consists of a container equipped
with an ultrasonic transducer at the bottom. The cleaning
tray is deeper than the vats so that the build plate and part
can be fully submerged. When submerged, the transducer
generates high-frequency waves within an alcohol bath,
dissolving and dislodging residual resin. The ultrasonic
cleaning station shares the same horizontal dimensions
as a vat, ensuring compatibility with the motion path and
maintaining minimal contamination during layer-by-layer
processing.

Figure 1 also indicates another vital component, the
air-blowing unit (black arrows). Although ultrasonic
cleaning effectively removes uncured resin, it may leave
behind residual solvent (isopropyl alcohol), which can
impair interlayer adhesion.' Cleaning of photopolymer
resins typically uses isopropyl alcohol at concentrations
above 90%,? and at such concentrations, isopropyl alcohol
is highly volatile.”” Therefore, a blow-drying operation
is introduced to remove residual solvent from the build
surface and platform.

As illustrated in Figure 3, the blowing station
incorporates two air-blowing units that direct a stream
of air through nozzles onto the build surface to evaporate
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7. - movement

Build platform
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Figure 1. Schematic of a multi-material vat photopolymerization system

Z - movement

Build platform

Build sample .
Cleaning

Solvent(IPA) container

«— Transducer power cable

Figure 2. Schematic of cleaning station (sectional view)
Abbreviation: IPA: Isopropyl alcohol

excess cleaning solution. After ultrasonic cleaning, the
build platform is raised to a hold position above the
cleaning tray and allowed to drip for approximately
5 s. Subsequently, the air-blowing units operate to dry
any remaining isopropyl alcohol from the build surface
and platform. This step prevents solvent contamination
between the cleaning and printing stages. Placing the
cleaning and drying stations vertically—one above the
other—eliminates the need for separate stations, resulting
in a more compact and integrated design.

2.2. Prototype development

Building upon the conceptual framework of the MM VPP
system, which outlined the principles for achieving multi-
material with a multi-vat design as well as resin switching
and coordinated photopolymerization, the next stage
focused on translating these ideas into a tangible prototype.
The conceptual design served as a blueprint, guiding key
engineering decisions related to resin handling, optical
alignment, and mechanical integration. Emphasis was placed

Air blowing station
(operation direction)

Cleaning station

Y movement - I,

on realizing the core functionalities that would validate
the feasibility of the concept, particularly the mechanisms
enabling material switching and localized curing. This
transition from conceptualization to prototyping aimed
to identify the practical challenges, such as resin level
control, material cross-contamination, and synchronization
of exposure processes, that must be addressed to fully
implement the envisioned MM VPP platform.

Figure 4 shows the test setup developed to demonstrate
a two-material VPP. The prototype was built by modifying
a Creality Halot One printer (Creality 3D Technology Co.,
China), a DLP-based VPP system. The original printer
provides a print volume of 127 x 80 x 160 mm?, with 402 nm
UV light masking enabled through a monochrome display
offering a resolution of 0.01-0.05 mm in the XY plane.

To enable multi-material capability, the commercial
printer was modified by adding a horizontal motion axis.
A stepper motor drives a leadscrew mechanism, providing
linear motion of the build platform along a linear guide
rail to maintain motion precision. This additional axis is
mounted asymmetrically to compensate for the motor’s
weight.

The development of a new vat system presented
challenges, as switching vats to change materials can lead
to cross-contamination between resins. Reducing the
resin volume in each vat, therefore, minimizes the risk
of contamination. In addition, a lower vat height further
contributes to this objective by limiting residual resin
and facilitating more efficient material exchange. The
build plate has an active area of 44 x 75 mm, whereas
the vat system consists of two vat trays, each measuring
75 x 96 x 16 mm. The overall dimensions of the assembled
setup are 262 x 221 x 404 mm.

The original control circuit board contained proprietary
technology, which was protected from modification and
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Build sample ’—"'

Build platform

Blower nozzle

/ and fan

Figure 3. Schematic of the air blowing station

Vertical axis

Horizontal axis
assembly

Figure 4. Prototype two-material vat photopolymerization system

was replaced with a new control setup. A Raspberry Pi
4 model B (Raspberry Pi Ltd, Cambridge, England) is
utilized as the controller, along with two stepper motor
drives that are utilized to control the horizontal and vertical
stepper motors. A limit switch defines the home position,
and the bottommost position is determined relative to
this reference. The control system schematic is provided
in the Appendix. For this prototype, a manual cleaning
mechanism was implemented to validate the core printing
functions, serving as a precursor to future integration of an
automated ultrasonic cleaning system.

Compared with a nominal LED-based DLP system,
the main alignment challenge arises because the masking
image must be projected at two distinct locations rather
than a single fixed position, enabling the curing of two
different photopolymer resins. Consequently, it is critical to
precisely align each masked image with the corresponding
region of the build platform during every curing step. This
coordination is achieved through synchronized control
of the build plate’s horizontal actuation and the masking
sequence of the LED display.

e Cleaning

container

2.3. Multi-material experiment: Material boundary
between distinct layers

In MMVPP printing, one of the key elements demonstrates
and evaluates the resin switching. To better understand the
process and the parameters related to switching of resins,
a sample was modeled with unique features. Different
exposure parameters, such as exposure time, build plate
lifting height, and layer thickness, were varied to determine
optimal values and to assess overall printing performance.

To establish suitable printing parameters, a commercial
Anycubic Standard photopolymer clear resin was used
together with a cyan, magenta, yellow, and black pigment
set supplied by Primacreator (Prima Printer Nordic AB,
Malmo, Sweden). Pigments were mixed into the clear resin
to create colored formulations, which were used to emulate
different materials.

Initially, a series of single-color benchmark samples
(Figure 5A) was printed to validate baseline parameters.
Each sample measured 10 mm in height and was printed
with a 0.05 mm layer thickness over 100 layers. In the
multi-color tests (Figure 5B), the lower 50% of layers
were printed using one colored resin, followed by the
remaining layers in a different color to simulate inter-layer
material transition. All samples were printed with an initial
exposure of 40 s followed by a layer exposure of 3 s. The
motor speed was set to 3 mm/s.

Sample heights were measured using a micrometer
screw gauge with a precision of £0.01 mm. Measurements
were taken at three points along the vertical axis, and the
mean value was recorded to minimize measurement error.

The primary objective of this experiment was to
evaluate the effect of layer thickness variation on the overall
printed height of two-color specimens fabricated using
the dual-material VPP system. The layer thickness was
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>

1{ }I ) 20mm

a

Figure 5. Resin-printed samples. (A) Single-color sample; (B) Multi-color
sample

systematically varied between 0.035 mm and 0.100 mm
while maintaining consistent exposure time, resin viscosity,
and environmental conditions. This approach isolated the
effect of layer thickness on dimensional accuracy.

2.4. Intra-layer multi-material exposure control

MMVPP presents unique challenges during intra-layer
curing, where two materials are processed sequentially
within the same layer. After the first material is cured, the
build plate is raised to allow vat switching. The used vat is
replaced with one containing the second material and then
lowered back to the original z-position to cure the second
material in the same layer. However, when the previously
cured region comes into contact with the vat bottom, a thin
layer of uncured resin from the second material remains
beneath it. This creates a slight positive z-error, where the
distance between the build plate and the vat bottom becomes
greater than intended. Consequently, the second material
forms a thicker layer than the first, resulting in a stepwise
height error. Over successive layers, these discrepancies
accumulate, leading to dimensional inaccuracies.
Furthermore, because curing parameters are optimized for
thinner layers, the thicker regions receive insufficient UV
exposure, leaving the material partially uncured.

2.4.1. Layer offsetting

To mitigate this error, the print sequence was modified, as
shown in Figure 6. The build plate is lowered to create a
gap of the intended layer height (h mm) between the build
surface and the vat bottom containing Material 1 (red). The
resin is then exposed and cured. After curing, Material 1 is
cleaned in the cleaning station (Figure 6B), and the build
plate is lowered to a position 2k mm above the vat bottom

el |

;Emr;"maskmg/ftttfttﬁ1111111 tteetttttttteeet

UV curing

i

ettt tteettttttttteeet

Figure 6. (A-D) Schematic of printing two materials with variable layer
height

Figure 7. Sample of two materials printed with different layer levels

of Material 2 (green). This adjustment ensures that a gap of
h mm exists between the vat bottom and the already cured
region of Material 1, preventing contact and potential
damage to the masking display or vat film.

As shown in Figure 6C and D, each subsequent layer is
cured with an offset of # mm relative to the previous one.
The resulting offset between the two materials in the final
layer defines the process resolution, as it corresponds to the
minimum step height achievable through this sequential
curing approach.

This method can be extended to a full multi-material
scenario, as illustrated in Figure 7, where a sample with
four distinct two-color sections was fabricated. Printing
began with red resin at an initial layer height of 0.05 mm,
followed by green resin with a layer height of 24 mm.
The printing sequence alternated between the two colors,
maintaining an offset of & mm between layers until
completion. Offsets of this magnitude are typical in AM
processes and are generally negligible compared to the
overall part dimensions.*

2.4.2. Layer offsetting with overlapping

Although varying layer heights for different materials
(as in Figure 6) improves process stability, it produces
a sharp vertical interface between the two resins. Such
interfaces may lead to weak bonding. Possible causes
include minor misalignment of the build plate or the
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partial removal of uncured resin during cleaning—whether
manual or ultrasonic—which reduces interfacial adhesion.

To address this, an overlapped exposure strategy was
implemented, as shown in Figure 8. In this schematic,
black regions of the LED display represent masked areas,
where the light blue (transparent) regions correspond to
UV-exposed zones. First, a 0.05 mm layer of red resin was
cured (Figure 8A), followed by a 0.1 mm layer of green
resin (Figure 8B). The green resin overlapped the red
region by 3 mm, resulting in an overlapped curing height
of 0.05 mm. This step was then repeated with reversed
colors (Figure 8C), allowing red resin to overlap onto the
green region.

This approach significantly strengthens the interfacial
bond between the two materials because the effective
bonding area increases. The overlap introduces both
vertical and horizontal contact surfaces, whereas non-
overlapped boundaries (as in Figures 3A and 7A) produce
only vertical interfaces.

The experimental validation is shown in Figure 9,
which demonstrates MM VPP within the same layer. Both
samples (as in Figure 9A and B) consisted of 20 layers,
each 0.1 mm thick, printed using two colored resins.
In Figure 9A, a distinct boundary is visible between
materials, corresponding to the non-overlapped printing
method illustrated in Figure 6. In contrast, the sample
in Figure 9B was printed using the overlapped exposure
approach from Figure 8, with a 3 mm overlap region. Both
samples were 2 mm thick; however, the non-overlapped

| | | |

ettt et teet 1ttt et etet
| | R
Tttt ettt trttttrtettttteet

Figure 8. (A-D) Schematic of printing two materials with variable layer
height, with overlapping

Crack initialization B Overlapped area

A
r'd

Figure 9. Multi-material printed sample in the same layer. (A) Non-
overlapped; (B) Overlapped

sample (Figure 9A) exhibited cracking at the material
interface, whereas the overlapped sample (Figure 9B)
maintained structural integrity. These results demonstrate
the improved interfacial bonding achieved through
overlapped intra-layer exposure, validating the feasibility
of multi-material printing with both layer offset and
material overlap strategies.

2.5. Testing for mechanical properties at the interface

To validate the printing methodology and assess the
mechanical properties of the fabricated specimens
(as shown in Figure 10), a series of tensile tests was
conducted. The test specimens were modeled according to
the ASTM D638-22 standard for tensile testing.”

Samples were printed in three categories—monolithic,
no-overlap, and overlap—with three specimens per
category. Monolithic samples made from a single
material were used as reference specimens. Each sample
measured 63.5 x 9.53 x 0.5 mm’. The multi-material
samples were printed using two differently pigmented
resins, consistent with those described in section 2.5 and
shown in Figure 10A. One set of multi-material specimens
incorporated an overlap (y = 1 mm) following the
printing method illustrated in Figure 8, while the other
set was printed without overlap (y = 0). Tensile testing
was performed using an MTS Insight™ electromechanical
tensile testing machine.

To ensure adequate gripping during testing, 4 mm
spacers were attached to both ends of the specimens, as
shown in Figure 10B. These spacers were fabricated from
the same resin. They were manually attached and UV-cured
at the interface surfaces to improve fixture alignment. Due
to the brittle nature of the UV-cured resin material,***! the
crosshead speed was set to 1 mm/min during testing.’>*

Printing parameters used in single-material and multi-
material MMVPP experiments are depicted in Table 2.

1% = AR ) SRR

Figure 10. Tensile testing of multi-material printing. (A) Multi-material
vat photopolymerization-printed samples as per ASTM D638-22
standard; (B) Tensile testing of the multi-material sample
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3. Results
3.1. Results of material boundary

Upon inspecting the printed samples shown in Figure 7, the
results summarized in Table 3 represent the dimensional
measurements obtained.

During printing, noticeable variations in the final
sample height were observed depending on the chosen
layer thickness. Samples fabricated at larger layer heights
(20.08 mm) exhibited greater deviations from the nominal
design height, likely due to cumulative errors in resin
recoating and layer adhesion during multi-material
switching. Conversely, as the layer height decreased, the
printed parts demonstrated improved dimensional fidelity.

It was observed that the system maintained reliable
performance down to a minimum layer height of
0.035 mm, beyond which printing instability or incomplete
curing occurred, which correlates with the layer height
of commercially available printing technologies.* At
this smallest tested layer height, the deviation between
designed and printed height was minimal, confirming
enhanced accuracy under finer layer heights.

These findings indicate that smaller layer heights
not only improve vertical resolution but also mitigate

Table 2. Printing parameters of single-material and
multi-material MM VPP experiments

Parameter (unit) Monolithic No-overlap Overlapped

specimen  specimen  specimen
Layer thickness (mm) 0.1 0.1 0.1
Initial exposure time (seconds) 40 40 40
Layer exposure time (seconds) 3 3 3
Number of materials 1 2 2
Lifting height (mm) 60 100 100
Cleaning method Not cleaned ~ Manual Manual
Overlap length (mm) Not 0 1

applicable

Table 3. Sample height variation with the change of layer height

Layer height (mm) Switching layer Sample height (mm)
0.05 (reference) - 9.94
0.100 45 7.81
0.080 56 8.23
0.070 64 8.56
0.060 75 8.62
0.050 90 8.85
0.045 100 8.87
0.035 128 8.93

cumulative shrinkage and interfacial mismatch errors
between material transitions. Thus, lower layer heights
represent optimal parameters for achieving dimensional
consistency in dual material photopolymerization.

The observed deviations arise primarily from the
increased vat-switching height during two-material
printing. In single-material printing, the build plate rises
only to the clearance level (~6 mm) to allow resin recoating
under gravity. However, during material switching, the
plate must rise significantly higher (set to 100 mm in
this study) to clear the vats and enable replacement. This
extended vertical travel introduces linearity errors when
reinitializing printing with the second material.*®

3.2. Results of testing for mechanical properties at
the interface

The tensile behavior of the three specimen configurations—
monolithic, no-overlap, and 1 mm overlap—fabricated via
MMVPP is presented in Figure 11. Distinct differences
in stress—strain response were observed as a function of
interfacial design.

The monolithic specimen exhibited the highest overall
tensile performance, with a gradual strain-hardening
response leading to an ultimate stress of 64.22 MPa at an
elongation of 0.9 mm. This specimen maintained a stable
load-bearing capacity throughout deformation, indicative
of a homogeneous material system without interfacial
discontinuities.

The 1 mm overlap specimen demonstrated mechanical
behavior closely approaching that of the monolithic
specimen. Its curve revealed a continuous increase in
stress, achieving an ultimate value of 59.30 MPa at 0.85 mm
elongation. The similarity in stress-strain response at

.....

: 0 Ve
60 —=-=-Monolithic specimen o iR
No Overlap specimen ="

—-=-1mm Overlap specimen ',d‘"

Stress (MPa)

0 2 4 6 8 10 l‘2 1‘4
Strain (%)

Figure 11. Stress—strain responses of monolithic, no-overlap multi-
material, and 1 mm overlap multi-material specimens under tensile
loading
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higher deformation levels suggests that the introduction
of a 1 mm overlap effectively facilitated stress transfer
across the material interface, thereby mitigating potential
weaknesses typically associated with multi-material joints.

In contrast, the no-overlap specimen displayed
markedly inferior tensile properties. The stress plateaued
at 41.34 MPa, with limited strain hardening and an earlier
onset of failure relative to the other two configurations.
This reduction in mechanical performance is attributed
to insufficient interfacial bonding, which restricted load
transfer and promoted premature failure.

Collectively, these findings highlight the critical role of
interfacial architecture in governing the tensile response
of MMVPP specimens. The inclusion of a modest overlap
significantly enhanced tensile strength and ductility
compared to the no-overlap configuration, producing
behavior more closely aligned with that of the monolithic
control.

When accounting for the material configuration, as
shown in Figure 12, the boxplot reveals a clear divergence
in interface behavior in two-material samples with
overlapping versus non-overlapping configurations. For
the two-material non-overlapping (overlap length 0 mm),
the low median peak stress (41.03 MPa) and relatively
large scatter indicate that failure is controlled by a weak,
discontinuous interface, where stress concentrations and
imperfect interfacial bonding dominate load transfer.
Introducing a 1.00 mm overlap in the two-material samples
leads to a sharp increase in median peak stress to 59.06
MPa and a marked reduction in variability, showing that
even a small overlap is sufficient to significantly improve
inter-material load transfer and mitigate interfacial stress
concentrations. Notably, the peak stress of the overlapped
two-material samples nearly matches that of the single-
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Figure 12. Average peak tensile stress of multi-material specimens with
different overlap lengths compared to monolithic specimens.

material solid samples (median 59.27 MPa), demonstrating
that an adequate overlap effectively eliminates the
mechanical penalty associated with a material interface.
The solid samples show only a marginal increase in
maximum stress, confirming that once sufficient overlap
is introduced, failure is governed primarily by the intrinsic
bulk material strength rather than by the presence of a
material junction.

4, Discussion
4.1. Conceptualization

The developed MMVPP platform demonstrates a
conceptualized implementation of multi-resin processing
with precise optical and mechanical control. The system,
constructed around a 3 x 3 modular vat array, a coordinated
three-axis motion build platform, and a single LED-based
masking display with UV projection source, enables
sequential fabrication of multi-material structures without
requiring multiple curing modules. The conceptualized
system enables rapid resin switching and high-resolution
printing within a compact and scalable architecture.

Each vat in the array is designed with a shallow resin
depth of <4 mm to reduce waste, minimize contamination
with uncured resin during transfer, and maintain clear
material interfaces. The build platform provides vertical
motion for layer curing and lateral translation for
positioning above selected vats. This controlled motion
ensures alignment consistency and precise registration
between different resin regions, critical for realizing multi-
material features within a single component.

To address cross-contamination challenges during
resin transitions, the system incorporates an integrated
ultrasonic cleaning and air-blowing station adjacent to the
vat array. Submersion in isopropyl alcohol with ultrasonic
agitation effectively removes residual resin,*****” while
a controlled air stream eliminates solvent traces before
immersion in the next vat. The compact combination of
cleaning and drying functions reduces both footprint and
cycle time, supporting a more automated and reliable
workflow for sequential resin processing. It has been
proven that the ultrasonic cleaning is more effective than
cleaning with a sponge or a centrifugal force.?*

The present concept demonstrates that multi-material
fabrication can be achieved using a single projection and
motion system without compromising optical uniformity
or lateral accuracy. Consistent exposure performance
across vats confirms that high-resolution imaging can be
maintained even when switching between photopolymers
with differing viscosities and photo-sensitivities.
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Future work should focus on extending this conceptual
framework toward higher automation and adaptive
control. Integration of closed-loop calibration for curing
depth, automated resin refill and exchange mechanisms,
and improved interface cleaning could further enhance
throughput and material fidelity. The modular vat
configuration also provides a foundation for scaling to
larger arrays or integrating gradient transition components.
Overall, this system establishes a practical pathway toward
scalable, high-precision MM VPP.

4.2. Prototype development

The developed prototype was designed to demonstrate
the feasibility of an MMVPP process using a modified
commercial printer as a foundation. The primary goal was
to transform a conventional single-material printer into
a system capable of handling multiple resins with precise
positioning and reliable material transitions, without
compromising printing accuracy or optical quality.

The prototype modifies a commercial VPP printer
to enable controlled horizontal movement of the build
plate between two resin vats, allowing sequential multi-
material printing. A linear rail and stepper motor ensure
precise, stable motion and alignment. This approach
demonstrates that multi-material fabrication can be
achieved through simple mechanical and motion control
upgrades rather than complex new hardware, while
maintaining consistent optical exposure conditions.
Automated cleaning and drying systems were not
included in this design.

Experimentally, the prototype successfully produced
two printed samples with clear boundaries between
regions. These results confirm that the modified system
can manage resin changes with minimal contamination
and sufficient adhesion between successive material layers.
The build process remained stable throughout printing,
and no significant misalignment or structural defects
were observed at the material interfaces. Furthermore,
the operation of the modified printer remained consistent
with that of the base system, demonstrating that the added
mechanical complexity did not compromise the overall
print quality.

Overall, the prototype development validates the
underlying concept of MMVPP by proving that multiple
materials can be processed in a controlled and repeatable
manner using a compact system. The results highlight
that multi-material fabrication can be achieved without
complex optical realignment or multiple light sources,
provided that precise mechanical motion and accurate
control of resin exposure are maintained. This prototype,
therefore, serves as an effective experimental platform for

studying material interface quality, process timing, and
layer consistency in future MMVPP systems.

4.3, Testing

The present study introduces and validates a framework for
MMVPP, focusing on exposure control, resin switching,
and interfacial reinforcement strategies. A central
challenge in MMVPP is the introduction of mechanical
and dimensional errors when multiple materials are cured
within the same layer. The proposed offset-layer strategy
effectively minimized these errors by compensating for
vat deformation during material exchange. Although
this approach inherently produces minor offsets between
successive layers, these deviations were negligible relative
to the overall part dimensions, aligning with tolerances
commonly reported in AM processes.

A critical advancement of this work is the demonstration
of interfacial overlap as a design parameter for enhancing
mechanical performance. Tensile testing revealed that
overlapped interfaces (1 mm) achieved stress—strain
responses approaching those of monolithic controls,
in stark contrast to non-overlapped boundaries, which
exhibited premature failure and reduced load transfer.
These findings underscore the importance of interfacial
architecture in MM VPP, suggesting that overlap strategies
significantly improve interfacial bonding by increasing
the contact area across both vertical and horizontal
planes. Such results echo principles of composite material
design, where interfacial tailoring is critical to achieving
mechanical integrity.

The influence oflayer height and exposure conditions on
dimensional fidelity was also apparent. Samples fabricated
with lower layer heights exhibited minimal dimensional
deviation, whereas greater layer heights contributed to
increased shrinkage and reduced overall part height. This
observation highlights the inherent trade-off between build
efficiency and dimensional accuracy, a balance that must
be carefully managed in practical MM VPP applications.

From a methodological standpoint, the resin switching
procedure introduced additional complexity. The
requirement for increased build plate clearance during vat
exchange induced linearity errors, reflecting a limitation in
current hardware configurations. These challenges lead to
a broader need for integrated multi-resin delivery systems
capable of minimizing displacement during material
transitions. Future developments in vat design, such as
segmented vats or automated resin feed systems, may
provide pathways to mitigate this limitation.

Collectively, the results presented here establish a
foundation for the controlled fabrication of multi-material
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photopolymer components with tunable interfacial
properties. The successful implementation of overlap-
based bonding strategies demonstrates a practical means
to bridge the performance gap between monolithic and
multi-material prints. Nonetheless, further investigation
into long-term stability, fatigue resistance, and the
influence of resin chemistries will be necessary to validate
the broader applicability of MMVPP for functional, load-
bearing applications.

4.4. Limitations

Nevertheless, some challenges remain. Ultrasonic
cleaning, while highly effective, may induce mechanical
stresses on fragile or fine-featured prints, and optimization
of frequency and exposure time will be critical for ensuring
broad material compatibility. In addition, although
isopropyl alcohol is widely used due to its effectiveness,
future iterations may consider solvent alternatives or
closed-loop recycling systems to improve sustainability
and reduce solvent consumption.

During the testing, it was revealed that the linearity
error induced with mechanical actuation is significant
when switching the resins. To mitigate this issue, it is
recommended that a high-precision rotary encoder be
implemented in all motion systems requiring feedback
for 3D navigation. In addition, an error-compensation
algorithm should be incorporated into the control software
to correct residual inaccuracies. The experiment also
provided valuable insight that reducing the layer height
results in lower induced linearity error.

In the present study, experimental validation was
limited to single-direction printing and two-material
combinations to enable systematic investigation of resin
switching, exposure control, and interfacial behavior.
Extension to multidirectional printing and a broader range
of material mixtures will be pursued in future work.

4.5, Implications and application outlook

The compact MMVPP platform developed in this study
enables precise multi-material control with enhanced
interfacial integrity, making it suitable for several
niche application domains. The demonstrated intra-
layer exposure control and overlap-based interface
reinforcement provide a practical route for fabricating
functionally graded components, where localized property
transitions are required to reduce stress concentrations or
tailor mechanical response.”

The proposed process is also directly applicable to lattice
and metamaterial architectures, including interpenetrating
or aperiodic lattices, where voxel-level material placement
and robust interfaces are critical for achieving enhanced

mechanical performance. In such structures, interface
reinforcement at strut junctions and material boundaries
is particularly advantageous.®

In biomedical and bioinspired applications, the ability to
spatially vary material properties supports the fabrication
of multi-material scaffolds that better emulate natural
tissue interfaces. Similarly, soft robotics and compliant
mechanisms can benefit from reliable integration of
mechanically dissimilar regions to enable controlled
deformation without interfacial failure.>%*

Finally, the compact footprint, low resin volume, and
single-projection architecture make the system well-suited
for research-scale prototyping, material development, and
exploratory studies of multi-material interfaces. Overall,
while this work focuses on process validation, the MM VPP
framework provides a versatile foundation for advanced
multi-material AM in specialized applications.

5. Conclusion

This work establishes a practical and scalable pathway
to true MMVPP by unifying curing across multiple vats
with a single projection source. The conceptual MMVPP
architecture supports various configurations of vat grids
with minimal modification, combining shallow, low-
volume vats, precise Z and X-Y motion of the build
platform, and an adjacent, integrated ultrasonic cleaning
and air-drying station. Using a single monochrome LCD
masking display, the system maintains consistent lateral
resolution and simplifies exposure calibration across resins
with disparate optical and rheological properties, enabling
rapid material exchange without sacrificing optical fidelity.

The developed prototype, built on a modified
commercial printer, validated the feasibility of sequential
multi-resin processing with reliable positioning, clean
material transitions, and uniform exposure from a
single light source. Two-material prints exhibited clear
boundaries and adequate adhesion, confirming that
controlled mechanical motion and exposure management
can deliver multi-material parts without complex optical
realignment or multiple curing modules.

Process strategies introduced in this study directly
reinforce part integrity. An offset-layer approach
constrained cumulative positional errors within typical
AM tolerances during resin switching. Crucially, multi-
material interfacial overlap enhances tensile performance.
These results highlight interfacial architecture as a decisive
design parameter for mechanical reliability in MMVPP
and underscore the trade-ofts between build efficiency and
dimensional accuracy, particularly at greater layer heights.

Overall, the presented system and results demonstrate
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that compact, unified MMVPP platforms can produce
multi-material photopolymer components with controlled
interfaces and consistent dimensional accuracy. Future work
will extend mechanical characterization to fatigue, creep,
and environmental stability; broaden resin chemistries;
refine motion and switching mechanisms to further
suppress induced errors; and enhance cleaning sustainability
and automation. These advancements will accelerate the
translation of MMVPP toward reliable manufacturing of
functionally graded and composite photopolymer parts.
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Appendix

Schematic of the control architecture of a multi-material vat photopolymerization system
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