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Vat photopolymerization (VPP) is originally considered a single-material process due to cumbersome
and time-consuming material switching. Multi-material VPP has been continuously explored with
significant switching time reductions realized in recent years, enabling rapid, functional device
printing. In addition, VPP hybridization has been explored, enabling printed objects comprising of
diverse UV-curable and functional materials. Herein, the authors review the current state of multi-
material VPP and VPP hybridization and the remaining challenges.

Additive manufacturing (AM), also known as three-dimensional (3D)
printing, typically refers to the manufacturing procedures where 3D
computer-aided design (CAD) model data is digitized into a series of
two-dimensional (2D) cross-sections with predefined layer thicknesses
and successively joined into objects in a layer-by-layer manner1–3. 3D
printing is thriving as an effective and robust method in fabricating
advanced materials and architected, functional devices, and has been
significantly utilized in both academia and industry. For example, GE
Aviation has a dedicated “Additive” sub-division and has produced over
30,000 fuel nozzle tips via metal-based AM/3D Printing4. Depending on
the specific methodology, 3D printing is compatible with several cate-
gories of materials such as polymers, ceramics, metals, and composites.
According to working principles, there are seven major categories of 3D
printing processes, including (1) Binder jetting (BJT); (2) Directed
energy deposition (DED); (3) Sheet lamination (SHL) (4) Material
extrusion (MEX), such as fused filament fabrication (FFF) and direct ink
writing (DIW); (5) Powder bed fusion (PBF), such as selective laser
sintering (SLS); (6) Material jetting (MJT) such as inkjet printing (IJP),
electrohydrodynamic (EHD) jetting, aerosol jet printing (AJP); and (7)
Vat photopolymerization (VPP), such as stereolithography (SLA),
digital light processing (DLP), projection micro stereolithography
(PµSL), and continuous liquid interface production (CLIP)3,5,6. Figure 1
highlights many of the aforementioned 3D Printing/AM methods. The
VPP process is notably different from the other 3D Printing methods in
that its products are selectively cured within a bulk liquid-phase feed-
stock or “ink”. This process utilizes photopolymerization to convert the
bulk liquid precursor inks to solid polymeric products7. Several advan-
tageous features of VPP include high printing quality (including reso-
lution and surface finish), versatile ink chemistry, and much more

limited need of structural supports to create complex structures (refer to
“Vat photopolymerization (VPP)”)8.

Currently, VPP has progressed frommerely an industrial prototyping
method to a pivotal tool for producing parts of production quality. For
example, the advent of CLIP has significantly enabled the mass production
capabilities of 3D Printing. Adidas and Riddell have partnered with the
company Carbon to produce the 4DFWD running shoe midsole and the
inner liner for the Diamond helmet platform, respectively9,10. Despite this,
the adoption of VPP 3D Printing into economically feasible solutions for
practical multi-material and multi-functional devices still encounters sig-
nificant challenges. While VPP is a very mature process and offers high-
resolution capabilities, a major limitation is it is commercially considered a
singular material process due to its characteristic ink vat. The “vat” houses
the material ink and acts as a build chamber for the as-printed object. The
necessary switching betweenmultiple inks to enable heterogenousmaterials
and multi-functionality within the final VPP-produced object has posed a
major obstacle formass adoption, but significant progress has beenmade in
this endeavor.

Herein, we report a systematic review of multi-material VPP-based
AM/3DPrinting. In this review, prevailingVPP-based3DPrintingmethods
are first introduced and categorized (“Vat photopolymerization (VPP)”).
Next, the state of the art of multi-material VPP is introduced, categorized,
and evaluated (“Multi-material VPP”). Section “VPP hybridization” will
include a state of the art of hybridized 3D printing methods (combining
multiple working principles together within a singular printing apparatus)
which either incorporates VPP directly or incorporates VPP’s selective
curing methods (laser beam or digital light projectors). Lastly, the con-
cluding section offers a summary and anticipates future development
directions (“Remaining challenges and outlook”).

1Department of Mechanical and Aerospace Engineering, North Carolina State University, Raleigh, NC, USA. 2School of Manufacturing Systems and Networks
(MSN), Arizona State University, Mesa, AZ, USA. 3These authors contributed equally: Saroj Subedi, Siying Liu. e-mail: xiangfan.chen@asu.edu;
howare@ncsu.edu

npj Advanced Manufacturing |             (2024) 1:9 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s44334-024-00005-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44334-024-00005-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44334-024-00005-w&domain=pdf
mailto:xiangfan.chen@asu.edu
mailto:howare@ncsu.edu
www.nature.com/npjadvmanuf


Vat photopolymerization (VPP)
VPP-based 3D printing refers to a subcategory of 3D printing methods,
where photo-curable inks are loaded into “ink vats” (also termed “resin
baths”), irradiated by light and undergo selective photopolymerization,
transforming into solidified parts11,12. Photo-curable inks formulated for the
VPP typically consist of monomers and/or oligomers, cross-linkers, pho-
toinitiators (to initiate photopolymerization), photo-inhibitors or photo-
absorbers (tofine-tune theprinting resolution and speed), aswell as solvents
if necessary (to retain homogeneous dispersions or to reduce viscosities)13,14.
Additional ingredients can be included for specific applications. For
example, functional fillers can be included within the ink to manufacture
mechanical/electrical/piezoelectric/magnetic/thermal composites or green
bodies for further consolidation15–21. Multiple review texts exist which
greatly describe the various VPP generations22,23. We will, however, briefly
describe the pertinent VPP generations with respect to multi-material
printing.

VPP, originally represented by stereolithography (SLA), have con-
tinuously evolved over the “generations” (Fig. 2 and Table 1) since the first
patent filed by Charles W. Hull in 198422,24,25. VPP’s 1st generation, SLA,
utilizes a scanning laser, typically within the ultraviolet (UV) or blue spec-
trum to selectively cure the photo-curable ink voxel-by-voxel (minimum
fabricable volumeunit)14,26. Each individual 2D cross-sectional layer is raster

scannedby the laser, and each layer is serially stacked in theZ-directionuntil
the final object is finished. VPP is well-recognized for its superior printing
resolution. This is controlled bymultiple factors, including systemhardware
(i.e., stage resolution, chosen optics, etc.) and ink-specific parameters (ink
light absorption, reactivity, rheology, etc.). In detail, the lateral (X–Y plane)
resolution of SLA (in fact, all VPP generations) is predominantly defined by
the optical characteristics of the printing apparatus, whereas the long-
itudinal (Z-axis) resolution is affected by both the resolution of the system’s
Z-axis stage and by the Beer–Lambert law within the material ink. The
Curing Depth of each layer is closely correlated to the absorbed energy
profile by thematerial ink14,26. This absorption is affected bymultiple factors
such as input light dosage, photoinitiator type and concentration, and any
additional photo-absorber27,28. Any embedded fillers (i.e., ceramic or metal
particles) can act as an additional light absorber and could redirect the
incident light laterally (light scattering)15,29. High-resolution printing via
SLA’s raster scanning method can be very time-consuming and have a low
overall manufacturing throughput to fabricate tall and/or large-area struc-
tures. Similarly, two-photon lithography (TPL), which also fabricates
objects via scanning of a single-voxel beam, has a spatial resolution in the
nanometer scale by employing the two-photon absorption (TPA)
mechanism and is used for very high precision parts, such as microscale
optics and biomedical uses30. Photoinitiators for TPL absorb two photons

Fig. 1 | Schematic representations of various 3D printing techniques. a Vat
Photopolymerization (VPP). b Selective Laser Sintering (SLS). c Binder Jetting
(BJT). d Inkjet Printing (IJP). e Sheet Lamination (SHL). f Direct Ink Writing

(DIW). g Fused Filament Fabrication (FFF). h Electrohydrodynamic Printing
(EHD). i Aerosol Jet Printing (AJP). j Directed Energy Deposition (DED).

Fig. 2 | Generations of VPP and cross-generational functionalities.
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simultaneously from a near-infrared (NIR) femtosecond laser and transit
from ground state to a higher energy level, namely excited state, triggering
the photopolymerization process31–33. TPL offers superior nano-scale
printing resolution beyond the optical diffraction limit, and each singular
voxel possesses an ellipsoidal geometry due to the intrinsic optical
nonlinearity34,35. While the individual voxels of SLA and to an even greater
extent TPL can be very high resolution, the fabrication methods require
large amounts of time to create large-scale (centimeter-scale) objects.

Instead of scanning a singular beam to print voxel-by-voxel, digital
light processing (DLP) parallelizes the incident light into 2D patterns to
print objects layer-by-layer. This approach can substantially enhance fab-
rication throughput compared to SLA. DLP can be defined as the 2nd
generationofVPP.DLPhas been referred to by other names in the literature
such as mask/image projection stereolithography or (when optics are
adjusted for micrometer-scale voxels, also known as PμSL). DLP compared
to SLA is a more parallel process, in that, each individual cross-sectional
layer is represented as an image that is projected onto the ink surface. Layer
fabrication is inducedvia a singular exposure of thepattern image for a given
exposure time. In this process, the incident light into the liquid ink is
patterned via a spatial light modulator, which may be based on a digital
micromirror device (DMD) or liquid crystal on silicon (LCoS). An addi-
tional capability of DLP is the ability to impart gradient illumination,
enabling finer control of feature resolution and localized gradients of
crosslink density36–38. TPL has also seen significant strides in throughput
from its introduction. Efforts made to improve the throughput of TPL
mainly rely on parallelization based on projection or diffraction optics39,40.
There have beennotable examples of parallelized TPL in recent years. Hahn
et al. prototyped rapidmulti-focusTPLbasedon fully customizeddiffractive

optical element. The authors adopted Gerchberg and Saxton algorithm for
optimized design such that the diffractive optical element consisted of
square pixelswitha side lengthof 2 μmandeight varyingheight levels, and it
could split the laser beam into nine beamlets for parallelization39. Saha et al.
developed a femtosecond projection TPL (FP-TPL) technique by integrat-
ing a DMD-based projector into the voxel-by-voxel TPL system. They
succeeded in spatially and temporally focusing the femtosecond laser for
layer-by-layer parallelization. FP-TPL enables the increment of printing
throughput up to three orders of magnitude without sacrificing either
desired geometric complexity or line widths less than 157 nm40.

WhileDLP significantly increases themanufacturing throughput from
SLA, its fabrication time is still hampered by layer delamination, recoating,
and transition time between fabrication layers. This makes centimeter-scale
prints require several hours for printing parts with sub-100 micrometer
layer slicing thickness41. To address this imperative issue associated with
SLA and DLP, the 2010s saw the introduction of VPP’s 3rd generation,
which can be very generally described as continuous DLP (CDLP). CDLP
was first introduced by Tumbleston et.al. as continuous liquid interface
production (CLIP), which utilizes a transparent oxygen-permeable window
at the bottom of the ink vat in the incident light path42. This enables oxygen
to diffuse into the photo-curable ink and form a thin, oxygen-dense region
called a “deadzone”, within which photopolymerization is inhibited42. The
employment of oxygen inhibition layer in the CLIP process can eliminate
the delamination and recoating steps present in SLA and DLP, which
enables continuous photopolymerization during the process. As a result, the
printing speed has significantly increased, and the printed products show
smooth surfaces, isotropic mechanical properties, and diverse printable
material options43,44. As a result, CLIPhas come to be knownasDigital Light

Table 1 | Key VPP “Generations” which have utilized multi-material printing

*Reported speed of commercially available printer 
**Estimated by printer system software using test volume and same material/slicing conditions used for reported speed 
***Estimated by multiplying given vertical speed with build size
****Values obtained or estimated from Article’s Supplementary material 
*****Image projectors can utilize UV or visible light wavelengths. VPP inks will typically utilize UV or blue light sensitive photoinitiators. 

Method Laser Beam Projected Image Exposure Projected Image Exposure Projected Image Exposure 

Layer-by-
Layer suounitnoC,oNsuounitnoC,oNseYseY

• 2D Layers defined by voxel-by-voxel 

raster scanning of laser beam. 

• Scalability dependent on optical 

system 

• 2D Layers defined by image 

projected onto ink surface with a 

singular exposure time. 

• Fabrication area based on projector 

system and optics. 

• Trade-off between fabrication area & 

feature resolution.

• Continuously moving printing 

platform. 

• No adhesion occurs at optical 

window. 

• Image projection & stage 

movement are synced. 

• Continuously rotating ink 

container. 

• Image projection & rotational 

movement are synced. 

• Tomographic construction via 

energy accumulation. 

Photo-
curable 

Groups 

• Acrylate 

• Methacrylate 

• Acrylamide 

• Maleimide  

• Fumarate 

• Vinyl 

• Epoxide 

• Thiol-Ene (“Click” Chemistry) 

• Thiol-Yne (“Click” Chemistry) 

                                                       [14,126]

Time Scaling
time time ∝ emit ∝

time ∝ 10s of seconds 

Achieved 

Rates 

Speed:                            31 mm/hr*

Volumetric:      1.15 105 mm3/hr**

     [127] 

Speed:                      250 mm/hr*

Volumetric:      5.8 106 mm3/hr***

                         [128] 

Speed:                       430 mm/hr 

Volumetric:               108 mm3/hr 

                                               [54] 

Speed:                   5400 mm/hr 

Volumetric: 8.6 107 mm3/hr****

                                               [60] 

*****
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Synthesis (DLS) in an industrial context, which has been applied in various
commercial sectors. Building on this platform technology, various groups
have developed innovative methods to further strengthen the capability of
CLIP. For example, to enable high-speed fabrication of 3D structures con-
taining microscale features at a fast-printing speed, DeSimone, Sun, and
Chen researchgroups, aswell as several others, have establisheda customized
μCLIP process, pushing the printing resolution down to themicroscale (e.g.,
1–10 μm voxel resolution)45–51. In parallel, another method which enables
continuous fabrication was introduced through rapid mass transport via a
moving immiscible fluorinated oil interface. This approach creates a non-
stick optical quality surface that rapidly removes heat from the print area and
replaces as-cured material and with fresh material ink to enable continuous
printing known as high-area rapid printing (HARP)52,53. An additional
notable method utilizes two light wavelengths to concurrently create a
polymerization inhibition layer while enabling photopolymerization to
occur above that inhibition layer54. In general, the CDLP processes (i.e.,
CLIP/µCLIP, HARP, inhibition patterning) eliminate the delamination/
translation step from standardDLP, which brings the fabrication speeds into
the range of 100–1000 s of millimeters per hour42,52,54,55. Parts with high-
resolution feature requirements that would normally take more than
10 hours to print via SLAorDLP can bemadewithCDLP in a single hour or
evenwithin a fewminutes, dependingon the ink’s reactivity and rheology41,42.

More recently, volumetric additivemanufacturing (VAM) is emerging
as a new “generation” ofVPP that deviates from the voxel-by-voxel or layer-
by-layer process. Instead, VAM is achieved utilizing one or multiple
superimposed optical profiles that simultaneously solidify the entire 3D
object56,57. As the most representative VAMmethod, Kelly et al. developed
computed axial lithography (CAL) based on tomographic reconstruction57.
In CAL, the photo-curable ink inside the ink vat (in this instance, a rotary
vial) is solidified via a set of 2D projections, each propagating through the
ink at different angles, so that the superposition of these exposures results in
a volumetric dosage profile corresponding to the designed geometry. As a
layer-less and support-free fabrication method, despite offering high
throughput manufacturing of 3D objects, it is challenging to establish
quantitative correlations between printing speed (typical time durations for
centimeter-scale objects are tens of seconds) and printing resolution (80 μm
for positive features and 500 μm for negative features in acrylate materials)
forCAL58. Printing resolutionofVAMis limitedby several physicochemical
parameters, with optics playing the essential role since the smallest features
in VAM are defined by the superpositions of optical profiles from different
angles57–59. Up to now, the printing resolution of VAM is still not as fine as
those of other VPP generations, but researchers have been dedicating
themselves toyield improvements both theoretically and experimentally60,61.

While the generations of VPP are described in terms of manufacturing
throughput, significant cross-generational strides in functionality have been
made (Fig. 2). This includes multi-material fabrication, hybridization, and
multi-scale fabrication capabilities. Multi-scale fabrication is outside the
scope of this review; however, briefly, this would include parallelization of
TPL (projected image)39,40 and expanding the fabrication area of microscale
focused DLP (PμSL) via optics or translational stages62–64. Since 2001, multi-
material fabrication has been performed in research with significant strides
made inmaterial switching timeandefficiencyofmaterial usage37,65–67.Multi-
material printing with VPP has been demonstrated in all of the described
VPP generations and performed via “(i)Multiple Vat Switching”, (ii) “Single
Vat with Dynamic Fluid Delivery”, and (iii) “Unpatterned Ink Deposition
‘Vat-Less’VPP”. Fromthe 2010s tonow,VPPhas additionally been explored
in combination in a fully automated configuration with other 3D printing
processes to enable even greater capabilities for theprinting ofmulti-material
functional devices. Multi-material printing with VAM is represented via a
hybridized printing process68. These “hybridized” fabrication approaches
enable non-photo-curable materials or highly viscous inks/slurries to be
efficiently implemented within the multi-material object build.

Notably, aside frommulti-material VPP achieved by utilizingmultiple,
distinct photo-curable inks, VPP 3D printing of anisotropic/gradient
materials via localized control over a singular photo-curable ink has also

been recognized as multi-material 3D printing as it leads distinctively
localized material properties. To achieve this, localized, in situ control is
applied to the photo-curable inks during the 3D printing procedures, which
typically falls into two subcategories. The first strategy is achieved via the
localized, spatially programmable orientation alignments of material con-
stituents (such as liquid crystalline mesogens) or embedded fillers that exist
in diverse 0D (spherical particles), 1D (rods, tubes and wires) and 2D
geometries (platelets and flakes), granting tailorable anisotropic
properties69,70. To attain such controllable alignment, external stimulus such
as mechanical shear, geometrical confinement, or electrical/acoustic/mag-
netic field is incorporated into the VPP 3D printing apparatus. The second
strategy is enabled via the usage of a spatial light modulator which can be
programmed to project grayscale images for localized control over the
exposure time and light intensity so that localized/gradient properties can be
attained. This in turn leads to the precise control over localized degree of
photopolymerization, which is correlated to the mechanical properties of
3D-printed parts71. Nevertheless, the above-mentioned strategies are
beyond the scope of this review article andwill not be thoroughly discussed.

Multi-material VPP
Multi-material VPP has been around since the turn of the century since
Maruo et al. printed multiple polymeric material waveguides via VPP in
200167. Most of “Multi-material VPP” will be devoted to howmaterial inks
are switched and the strides that have beenmade in improving throughput.
Multi-material VPP has been utilized for notable applications such as soft
robotics72, soft actuators65, novel mechanical metamaterials73, bioprinting74,
and flexible sensors75. Several of these instances are shown in Fig. 3.

Multiple vat switching enabled multi-material VPP
To enable the integration of different materials comprising distinct func-
tionalities in a single 3D object, one intuitive and traditional approach is to
employmultiple containers/vats, each containing a specific printable ink or
cleaning solvent (Fig. 4a). Typically, the switching is enabled via linear
translation of the ink vats or via a rotating carousel of vats. These vats can be
manually or automatically switched, allowing use of different photo-curable
monomer combinations within the final product. However, this material
switchingmethoddoes require considerable time (in situ) dedicated to (Step
1) physically exchanging vats, (Step 2) removing excess uncured inks from
the print to prevent cross-contamination, and (Step 3) drying the objects to
prevent material dilution with solvent. Step 2 (the “cleaning step”) can
include wiping the print with an absorbent cloth/pad or rinsing the excess
material away after each switching instance. Step 3 (the “drying step”) can
include passive or active drying. “Passive” drying is simple ambient air
drying, and “active” drying utilizes fans or air jetting, for example. These
“Steps” significantlyhinder thismethod’s throughput, especially if the object
has multiple materials in the same cross-sectional layer. The overall system
setup such as system “orientation” and placement of vats, cleaning, and
drying stations within the system can greatly affect total process time. VPP
printing systems (with the exception ofVAM) are configured as either Top-
down or Bottom-up “orientations” (Table 2). The system orientation sig-
nificantly influences the implementation of the Multiple Vat Switching
process for multi-material printing.

The earliest reported Multiple Vat Switching implementation utilized
the Top-down orientation in the automated “Vat Carousel” method in
200476. This method employed four different vats of materials on a rotary
platform,with the build platform raising up during vat changes. In addition,
Arcaute et al. reported amanualmini-vat switching system, albeit requiring
more time for removing excess inks and drying77. Table 2 lists notable
advantages and disadvantages of Top-down and Bottom-up oriented sys-
tems. Because of the noted drawbacks in Top-down systems, Bottom-up
systems have drawn more favor in recent years for Multiple Vat Switching.
The first iteration of Bottom-up systems in multi-material VPP was intro-
ducedbyZhou et al., utilizing a rotating platform consisting of two vatswith
cleaning and drying steps78. Beyond system orientation, the arrangement of
the ink vats and any cleaning and drying stations within the system can
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affect the efficiency of the process. To alleviate the long material switching
time (~180 s) and increase material switching frequency, Matte et al.
introduced a vertical material ink vat storage system for storage of up to
eight different materials. They utilized this vertical storage system in com-
bination with translational motion for bringing the intended vat into the
printing region instead of full system rotation or linear translation switching
mechanisms79. The cleaning process in this method was performed con-
currently while material switching was ongoing, thereby reducing the total
switching time. The process of physically changing the location of the vats
through translation or rotation can make the printing process unstable as
the large volume ink vats nowmustmove after every layer of the print. Jiang
et al. addressed this challenge by utilizing fixed vats with rotational move-
ment of the build platform rather thanmoving the ink vats80. In their design,
placing the cleaning system vat in the middle of the ink vats minimized the
traveling distance of the build platformduring switching. Similarly,Hu et al.
adopted a fixed vat strategy which used linear translation of the build
platform, instead of rotation81. Another notable vat switching approach by

Huang et al., utilized a 6-degree-of-freedom robotic arm and translational
vat switching82. This approach also utilizedμCLIP andwhen combinedwith
the 6-DoF capability of the build platform was able to rapidly create multi-
material off-axis parts continuously.

From the early iterations of the Multiple Vat Switching method to the
present day, research attention has emphasized both efficient switching and
effective cleaning/drying (Step 2/Step 3) after every layer to improve fab-
rication throughput. Step 2 and Step 3 are just as important to enable or
hinder high throughput for multi-material VPP. The cleaning/drying
sequences within the overall exchange process can require as much as
2–5min for every vat switching command78,83,84. Generally, the cleaning
process (Step 2) of residual ink on the printed object and build platform
improved simultaneously with the switching system upgrades. From the
inceptionofmulti-materialVPP, part cleaningwasperformedby rinsing the
object in alcohol76,85,86 or in distilled water77. However, this contaminates
the printed objectwith the cleaning agents and requires idle time in the print
for drying. Another early multi-material VPP cleaning mechanism was to

Fig. 3 | Applications of multi-material VPP.
a Piezoelectric metamaterials for programmable
piezoelectric responses and stimuli-responsive
multi-modal mobile microrobot, (Image repro-
duced with permission from ref. 72, Copyright
AAAS, 2022). b Schematic and actuating perfor-
mance of a MM VPP 3D-printed soft pneumatic
actuator comprising multiple sensors, (Image
reproduced with permission from ref. 65, Copyright
Springer Nature, 2022). cMechanical metamaterials
and structural components obtained via MM VPP
3D printing (images reproduced with permission
from ref. 105 and ref. 73, Copyrights John Wiley &
Sons, Inc., 2023 and Springer Nature, 2018, respec-
tively). d MM VPP 3D bioprinting of hydrogel-
based hepatic construct, (Image reproduced with
permission from ref. 74, Copyright National Acad-
emy of Sciences, 2016). eMMVPP3D-printed light-
weight and deployable antenna system, (Image
reproduced with permission from ref. 75, Copyright
John Wiley & Sons, Inc., 2024).
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wipe the part using absorbent wipes or a soft brush77,78. The wiping method
is fast, although it does not clean the ink residue completely and requires an
additional rinsing mechanism. In 2013, Zhou et al. first implemented the
ultrasonic cleaningmethodwith an alcohol-based cleaning agent during the
rinsing process78. However, this method leads to unwanted bubbles to
remain on the part’s surface, which will affect print quality without the
addition of an air drying step (Step 3)79. Later, Step 2 was improved using a
spray mechanism, which is more environmentally friendly and saves time
compared to earliermethods. In addition, to further increase the fabrication
throughput, Step 3 was augmented via active drying mechanisms such as a
blower fan or compressed air have been utilized79–81. In 2019, Matte et al.
used sprinkler nozzles and a pump to spray the part with alcohol solution
and dry it with a fan, which in total only required 15 s for cleaning/drying79

compared to 120 s by Zhou et al.78. In addition, fabrication area of the work
was quite large: ~30.5 × 15.25 cm2, showcasing high scalability potential79.
Similar cleaning mechanisms were utilized by Hu et al. and Jiang et al.,
which also showcased very low cleaning times (~18 s and lower)80,81.
Another notable approach of cleaning and drying was recently made by
Cheng et al. in 2022 by rapidly spinning the build platform at
3000–6000 rpm. The induced centrifugal force enabled full switching/
cleaning sequence to reduce to within 30 s65.

While cleaning/dryingmethoddescribedbyMatte et.al. was very rapid,
the described vat switching approach (Step 1) ultimately kept the total

switching time high at 62 s. Hu et al. and Jiang et al. who used similar
cleaning/drying methods additionally utilized efficient and strategic build
platform motion during the material switching step, which would poten-
tially keep the total switching time relatively low. The total switching times,
however, are not stated in thoseworks.Due to the close placement of ink vat
and cleaning station in Jiang et al., it is likely that the (Step 1) switching time
between materials is effectively negligible. The combination of effective
system arrangement and effective cleaning and drying make the system
shown by Jiang et al. have very high scalability and commercialization
potential. The Cheng et.al. centrifugal cleaning method was shown to be
applicable to ceramic-infused inks with 6000mPa∙s. Cheng et al. also state it
could handle material inks up to 10,000mPa∙s although rotational speed
would need to be increased65. These viscosity values are among the highest
tested across allmulti-material VPP approaches. In terms of viscosity range,
this centrifugal cleaning approach was shown to be able to handle low-
viscosity and high-viscosity inks.While the centrifugal cleaningmethod did
require a higher overall switching time than the cleaning spray and active
drying methods, it does not utilize solvents, which could improve overall
print quality. In addition, the fabrication area in the work was shown to be
13.0 × 18.0 cm2, showcasing large scalability potential. Reduction of total
switching/cleaning/drying times to the 15–30 s range greatly improves the
viability of the VPP process for multi-material functional devices and later
commercial adoption. Table 3 shows a summary of material exchange

Table 2 | VPP system orientations that are present in SLA, DLP, and CDLP

System orientation

Illumination Top of ink surface Bottom of ink vat

Build platform Lowers into ink vat during print Raises out of ink vat during print

Additional description • Curing occurs at ink/air interface, typically (free surface)
• Ink must “recoat” the previous layer and flatten before printing can
resume.

• Curing occurs at ink/window surface (constrained surface)
• Object must be “delaminated” from optical window and ink
recoated before printing can resume.

Advantages for multi-
material printing

•More fabrication sequence options due to printing platform being
able to return to earlier build layers.

•Whole volumetric regions of distinct materials can be printed at a
time85.

• Object height determined by total ink volume in vat.
• Requires less prepared material ink for printing tall objects.

Disadvantages to multi-
material printing

• Object height limited by height of ink in container.
• Requires more prepared ink for tall structures compared to
Bottom-up

• Switching must occur every instance of multiple materials in same
cross-section, unlike Top-down.

Fig. 4 | Schematics of common approaches tomulti-materialVPPprocesses. aMultiple vat switching. b Single vatwith dynamicfluid delivery. c iCLIP, a specificmethod of
single vat with dynamic fluid delivery. d Unpatterned ink deposition, “Vat-less” VPP.
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methods, switching apparatus, cleaning descriptions and switching/clean-
ing/drying process time for all describedmethods in “Multi-material VPP”.

Single vat with dynamic fluid delivery multi-material VPP
Whilemultiple vat switching is themost populousmethodofmulti-material
VPP, other approaches have been explored. From the standpoint of fabri-
cation efficiency, the capability to conduct multi-material printing within a
single vat presents an ideal scenario, as the number of moving components
is reduced. This approach can substantially reduce fabrication times by
allowing the vat to remain stationary while facilitating the injection and
extraction of inks via fluid delivery systems. A schematic denoting the
generalmethodologyof thismethod is shown inFig. 4b. Pumpsplay amajor
role in this fabrication approach. Notably, in 2018, Chen and Zheng pio-
neered a novel approach to Single Vat multi-material DLP printing process
by introducing a system that employs serial programmable ink feedstocks
(product shown in Fig. 3c, bottom image)73. This innovation enables
automated supply of diverse inks into the vat. The ink switching process is
efficiently executed by initially removing residual material with a brush,
followed by automated perfusion of the new ink, minimizing cross-
contamination through drying. The system’s automated design enabled the
successful fabrication of metamaterials with customizable negative Pois-
son’s ratios, incorporatingmaterials of varying stiffness, as shown in Fig. 3c.
Miri et al. also presented an novel method that enabled rapid material
switching through the use of an enclosed microfluidic chip as the print
chamber, in 201887. This system employs Bottom-up DLP, printing onto a
flexible membrane. The confined volume within the chamber ensures
efficient replacement of the old material ink with newly injected ink. By
precisely controlling the flushing duration and flow rate, material switching
can be achieved without the need for a cleaning solvent. Although this
technique allows for the swift fabrication of multi-material 3D objects, it is
important to note that the maximum achievable height of the printed
objects is limited to a few millimeters87. In the subsequent year, Han et al.
introduced an enhancement to the enclosed multi-material printing
chamber, incorporating a piston-like mechanism to extend the printing
height, potentially, although it was not stated what the maximum height
could be88. Diverging from earlier methodologies, this configuration
employs a Top-down DLP (although it uses an optical window as a con-
straining surface) and adds an additional outlet at the ink chamber’s base,
facilitating efficient expulsion of residual ink during material transitions.
Beyond the successful creation of polymer objects, this innovation enabled
the production of composite materials loaded with ceramic and metal
particles. Nonetheless, the complexity of this system’s design, necessitating
precise manufacturing for the piston-like chamber, poses significant chal-
lenges for widespread replication. In 2023, Quero et al. disclosed a more
straightforward, yet effective, strategy for achieving multi-material printing
within a single vat on a commercial DLP printer89. This method incorpo-
rates peristaltic pumps into a standard vat for the evacuation of old ink,
followed by the injection of a solvent to clean the vat and the previously
printed object, and finally, the injection of new material ink. Moreover, the
integration of a tiltingmechanism allows the ink bath to pivot toward a side
corner, enhancing the removal of residual ink and simplifying the cleaning
process. Although the material transition and cleaning durations are leng-
thier compared to those of the enclosed chamber technique, this approach
offers a cost-efficient and easily replicable solution.

While the single vat multi-material strategies have notably enhanced
fabrication efficiency compared to traditional multi-vat methods, the pro-
duction of multi-material objects still requires considerably more time than
single-material fabrication. Addressing this, Lipkowitz et al. introduced
InjectionCLIP (iCLIP, Fig. 4c), a technique fallingwithin theCDLPprinting
category, which builds upon the foundational CLIP technology66. iCLIP
stands out for its ink injection flow channel design, essential for optimizing
high-efficiency, continuous 3D printing in a single vat. iCLIP features an
intricate injection system thatprecisely delivers diverse inks to theprint area,
enabling seamless material transitions through a network of controlled
valves and channels. This configuration ensures precise material supply,

minimizes ink mixing, and preserves material integrity. Notably, iCLIP
advances continuous printing technology, significantly reducing fabrication
time, which is ideal for rapid prototyping or mass production of multi-
material items. Moreover, this method not only expedites production but
also improves object quality and consistency. The integration of ink flow
control with continuous printing represents a significant stride in VPP,
enhancing the process’s efficiency and versatility. It is also important to
highlight that the design of the fluidic channels is critical for the system’s
ability to handle materials with a broad range of viscosities. Achieving this
involves sophisticated fluidic channel design for varying flow profiles
according to the specific viscosity and printing requirements of each ink.
The strategic placement and proper sizing of these channels within the print
are essential for maintaining a continuous ink supply and facilitating rapid
material switches without compromising print speed or quality. By mana-
ging such a variety of viscosities, iCLIP is capable of producing parts with
enhanced structural strength and tailored functionalities, which are crucial
for industries needing robust, versatile components. Notably, iCLIP has
successfully printed multi-material 3D objects using high-viscosity inks up
to 6500mPa∙s and inks loaded with 1 wt.% multi-walled carbon nanotubes
(MWCNT). This is the maximum viscosity shown within Single Vat with
Dynamic Fluid Delivery approach. Other listed methods under this multi-
material VPP approach utilized a maximum ink viscosity of 700mPa∙s89.
However, the necessity for precise channel design in each project under-
scores the need for ongoing enhancements in the precision and adaptability
of Single Vat multi-material VPP 3D printing technology.

Unpatterned ink deposition enabled “vat-less”multi-
material VPP
From the inception of multi-material VPP, concerns regarding material
conservation, cross-contamination, and the time required for material
switching/cleaning/dryinghavebeenprominent.To address these concerns,
in recent years the idea of “Vat-Less” multi-material VPP has arisen. This
approach aims to eliminate the dedicated container used in SLA or DLP,
whilemaintaining the usage of a laser beamor aprojected image to crosslink
thematerial at high resolutions90–92. As long as there is sufficient ink volume
for single-layer creation present in the build area, the patterningmethods of
SLA and DLP remain valid for the process to continue. In terms of material
exchange methodology, this approach is most akin to our previously
described Multiple Vat-Switching method (section “Multiple vat switching
enabled multi-material VPP”). As illustrated in Fig. 4d, in this “Vat-Less”
approach, ink “puddles” are deposited onto an optically clear substrate,
where the intended material is then rotated or translated into the printing
region for fine-feature photopolymerization. The printer system for this
material switching method is strictly Bottom-up orientation, which com-
bined with discrete ink puddles further reduces the necessary volume of
material for printing90–92.

This fabrication method has been reported for multiple applications,
such as for negative thermal expansion mechanical metamaterials, pneu-
matic actuators for soft robotics, stretchable hydrogels37, and multi-colored
optics90. Like the multiple vat switching method, there needs to be a dedi-
cated material cleaning step to prevent material cross-contamination
between the distinct ink puddles. Multiple cleaning methods have been
reported, such as wiping via absorptive pads93, solvent bath with absorptive
pads91, pressurized air jetting37,92,94, and solvent bath with air drying90. The
pressurized air jetting between material switching has proven to enable a
much more rapid fabrication approach when working with low-viscosity
materials, where 1.5 and 5 s air blasts are sufficient to remove uncured ink
and prevent cross-contamination of materials37,92. The reported viscosity of
the utilized material inks in this multi-material VPP approach is 120mPa∙s
or lower, which is the lowest of the other multi-material VPP approaches94.
The combination of pressurized air jetting and a solvent bath canpotentially
be applicable to more viscous inks, although the cleaning and switching
times will necessarily increase90. Objects having both low and high-viscosity
material inks in the same object could be potentially problematic with this
fabrication approach. While “Vat-Less” multi-material VPP has been
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shown to be effective for small-part fabrication, it has not yet been utilized
for large-area prints in the lab setting. This typical fabrication approach
would fall under the microscale-focused DLP category (PμSL) for generally
smaller structures90–92,95. The scalability of this material exchange approach
remains a question, as this approachwould then require a largermaterial ink
volume and larger area to clean.

In all three listed multi-material VPP approaches, significant strides
have been reported with switching/cleaning/drying times in the lab setting,
making themmuchmore viable for potential commercialization.Due to the
challenges stated with multi-material VPP in terms of switching time and
cleaning/drying concerns of low-viscosity inks, multi-material 3D printing
in a commercial setting would employ the deposition-based 3D printing
processes (FFF, DIW, or UV-assisted IJP). Multi-material VPP is quite
uncommon in the commercial setting. To the authors’ knowledge, there are
only two commercial multi-material VPP systems, both of which utilize
high viscosity, high solid-loading photo-curable slurries containing cera-
mics ormetals. The commercial system fromLithoz (CeraFabMulti 2M30),
utilizesMultiple Vat Switchingmulti-material VPP to createmulti-material
ceramic/ceramic or ceramic/metal parts96. The other commercial system
fromAdmatec (Admaflex 300, which can be configured as aMulti-Material
option) would fall under “Vat-Less”multi-material VPP category. Ceramic
or metal slurries are deposited and flattened into a uniform thickness layer
onto a foil substrate (tape casting) which is then translated into the illu-
mination area and photopolymerized via aDLPprojector97,98. It is not stated
for either system how cross-contamination of material inks is handled.
Because the photo-curable inks are high solid loading andhigh viscosity and
the final printed objects are sintered, cross-contamination is possibly con-
sidered negligible in these contexts. Commercial multi-material VPP sys-
tems for comparatively low-viscosity inks are not available to the authors’
knowledge. “Vat-Less” multi-material VPP, with its utilization of unpat-
terned material deposition and fine-feature printing via high-resolution
photopolymerization represents a partial hybridization of printing working
principles. Section “VPP hybridization” will highlight hybridization of
multiple 3D printing modalities combined with VPP or the use of selective
curing illumination (laser beam or DLP projector). This hybridization of
printing processes can be scalable to larger areas, whilemaintaining some of
the key advantages of VPP patterning methods.

VPP hybridization
Despite VPP’s advantages and the more rapid material exchange methods
outlined in Section “Multi-material VPP” for creating multi-material parts,
VPP still faces limitations, such as, material being restricted to photo-
curable inks. Moreover, the requirement for the material ink to have suffi-
cient flowability or to have specific ink-recoating mechanisms for sub-
sequent layers imposes additional restrictions on the viscosity of usable
materials. Conventionally, VPP technology has been limited to materials
with viscosities below 10 Pa∙s (10,000mPa∙s or 10,000 cP) with many not
reaching above 3 Pa∙s (3000 cP)99,100. High molecular weight monomers/
oligomers, and high solid loadings of inorganic fillers such as ceramic/
conductivemicro/nanoparticles increases the ink viscosity, but the ability to
produce parts with high resolution is still desired99. Hybridization of mul-
tiple printing modalities aims to overcome the individual process limita-
tions, while enhancing versatility and efficacy. This section delves into
hybrid 3D printing techniques, combining VPP patterning methods (laser
beams or DLP projectors) with other 3D printing technologies.

DIW can extrude materials with viscosities up to 1350 Pa∙s, as long as
the ink exhibits non-Newtonian “shear-thinning” rheological behavior101.
DIW is material agnostic, in that, it offers the ability to print materials that
are subject to many solidification mechanisms, not just photopolymeriza-
tion. However, DIW materials should have a relatively large viscosity, as
lower viscosity would impede the ability to maintain the deposited shape
until solidification. In addition, the resolution of the process is constrained
by the nozzle diameter, making it significantly less precise than VPP-based
processes. FFF, another extrusionprocess, alsohas its resolution constrained
by its nozzlediameter. FFF’s primary feedstocks are thermoplasticfilaments,

which are subject to melting and re-solidification. For material jetting, AJP
can handle fluids with viscosities up to 1 Pa∙s, while IJP can typically only
handle very low-viscosity fluids, up to 20–30mPa∙s102. IJP additionally
deposits droplets of very low volumes (in the picoliter scale). The various
process differences in rheology requirements, feedstock material types,
resolution differences, and printing mechanisms are collected in Table 4.
Integrating another 3D printing process with VPP can be challenging and
lead to issues such as layer mismatch, material contamination, weak
interfacial bonding, undesired anisotropic properties, mismatched post-
processing requirements, and surface finish disparities.

Although not all noted challenges have been explicitly explored, there
arenotable instanceswhere researchers have attempted tobetter understand
VPP hybridization and mitigate these challenges. For example, Peng et al.
have addressed the layermismatchproblembyprinting eightDLP layers for
every two DIW layers103. To understand interfacial bonding in VPP
hybridization, they additionally analyzed the interfaces of DIW-printed
conductive ink and DLP-printed elastomer matrix using SEM and tensile
measurements. In this case, the DLP and DIW inks were both acrylate-
based, highlighting the need to choose complementary material inks/feed-
stocks in hybrid printing. Materials with different surface energy and che-
mical compatibility such as thermosets forDLPwith thermoplastics for FFF
have weaker interfacial bonds due to interdiffusion complexities104. Com-
prehensive studies on the curing kinetics for any chosen hybrid processes
and the interaction of their curing mechanisms are necessary to achieve
robust interfaces. Similarly, how the processes interact during printing is
important. For instance, depositing DIW ink directly onto VPP-printed
objects can hinder proper bonding due to oxygen inhibition. Jie et al. tackled
this by dispensing DIW ink inside the uncured DLP-ink matrix, which also
aided shape retention through surface tension between the two inks105. On
the other hand, the thermal properties of materials, including their thermal
expansioncoefficients andheat transfer characteristics, canalso significantly
affect hybrid printing. Mismatched thermal properties between different
layers or components can lead to internal stresses,warping, ordelamination,
compromising mechanical performance and durability. Therefore, it is
crucial to study the combination of materials and synchronize the nuances
of different processes to achieve successful hybridized fabrication of multi-
material parts. Figure 5 showcases several hybridized systemswhich include
VPP that have been reported. Table 5 summarizes the reported VPP
hybridizationmethods. Importantly, we note wheremanual intervention or
full automated hybridization was realized.

Fromour comprehensive reviewof recent literature, it becomes evident
that the integration of DLPwith DIW is themost extensively explored VPP
Hybridized printing technique, showcasing its widespread adoption and
utility in both 3D and 4D printing applications99,103,106–108. This hybrid
approach typically employs DIW for the deposition of conductive inks,
while DLP is utilized to cure the deposited feedstock and ink within the vat,
facilitating the fabrication of functional composites with adjustable
mechanical properties, improved interfacial bonding, and multi-
functionality. The earlier instances of VPP/DIW hybridization were pri-
marily developed for electronics printing. Palmer et al. was the earliest
reported work in 2005 which involved manually transferred parts between
SLA and DIW machines to fabricate three-dimensionally interconnected
circuits109. This was further refined by Lopes et al. by integrating SLA and
DIW processes within a singular machine110. However, this hybridization
still required intermittent halts to manually clean ink slots and insert elec-
trical components. The 3D circuits fabricated by this group as shown in
Fig. 6a still necessitatedmanual deposition of ink between printing stages111.
Taking a slightly different approach,Vatani et al. fabricated tactile sensors by
first shaping parts using DLP and injecting conductive ink into pre-formed
channels, which still required manual assembly for functional completion,
although DLP and DIW modules were integrated into one apparatus107.
This methodology has evolved from requiring significant manual involve-
ment toward greater automation. Peng et al. demonstrated the capability of
this combination to produce multi-color parts (Fig. 6b), strain sensors, and
soft robots (Fig. 6c), highlighting the broad compatibility with various inks.
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However, the Z-resolution disparity between DIW and DLP necessitates
printingmultipleDLP layers for eachDIWlayer103. For reference, it has been
demonstrated that DLP projectors can achieve a consistently reproducible
resolution of 6 μm, underscoring their capacity for generating high-
resolution features with intricate geometries49. Rau et al. expanded the range
of printable materials to include those with viscosities up to 1350 Pa∙s via
DIW, surpassing the 10 Pa∙s limits of traditional DLP alone, also demon-
strating the fabrication of parts with the highest particle loadings (85 wt.%).
DIW’s deposition of conductive inks in combination with DLP’s unique
ability to create functional gradients through varied curing degrees via
grayscale projections offers additional design flexibility, as illustrated by
Chen et al.108. They developed a multi-level triboelectric generator (Fig. 6d)
by manipulating crosslinking degrees to produce variable elastic moduli
and, consequently, diverse electrical responses. Further advancing hybrid
technology, Peng et al. produced free-standing Liquid Crystal Elastomer
(LCE) meshes supported vertically by DLP-printed structures using laser-
assisted DIW to print shape-retaining LCEs (Fig. 6e), enhancing actuation

properties by aligning the LCE’s mesogens through intentional stretching
and in situ curing during extrusion106. This technique facilitated 4Dprinting
of LCEs with tremendous potential applications in soft robotics, smart
structures, active metamaterials, and smart wearable devices. Unlike the
discussed hybrid technologies above where the integrated VPP modules
wereTop-downorientations, Jin et al. combinedBottom-upSLAwithDIW,
enabling unobstructed laser access during material dispensing105. This
method is notable for dispensingDIWmaterials directly into the inkpresent
in the vat and usingmultiple UV exposures to affix the DIW ink to the part
being built on the inverted build platform. Dispensing ink directly into the
vat for hybridized printing benefits from the vat ink’s surface tension, aiding
shape retention of the DIW deposited ink and overcoming the oxygen
inhibition effect that could otherwise impair interlayer adhesion in Top-
down systems. In another work, Riffe et al. used DIW to print the MeHA
(methacrylated hyaluronic acid) suspension into the material matrix of
GelMA (Gelatin methacrylamide), and obtained the multi-material part
through single printing with VAM process. This study introduces the

Fig. 5 | Schematic representations of different hybrid processes integrated with VPP.
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innovative use of gelatin as a sacrificial material to modulate the viscosity of
bioinks, enabling the VAM of low-viscosity materials such as soft
hydrogels68.

Another category of VPP hybridization technologies merges IJP with
various VPP patterning methods. Konasch et al. explored a combination of
SLA with IJP for drug delivery systems, where the inkjet method deposited
active pharmaceutical ingredients into the SLA-printed structural
components112. Similarly, a piezopolymer-based inertial sensor was devel-
oped by using IJP to pattern functional layers while employing SLA to print
the primary structure113. Muguruza et al. integrated Top-down DLP with
dual inkjet heads for embedded electronic circuits fabrication114. Hohnholz
et al. opted for AJP over inkjet heads, benefiting from its ability to handle
higher-viscosity materials115. On top of that, replacing the ink vat with a
deposition substrate allowed for on-the-fly mixing of material to obtain
various compositions, offering a flexible alternative compared to the fixed
compositions in bath-based SLA systems.

While VPP has predominantly been combined with IJP or DIW
technologies, it has also been integrated with other technologies to broaden
its applications. Cheng et al. combinedFFFwithDLP in a sequential process
to create bio-scaffolds from Hydroxyapatite (HA) slurry, using DLP for
struts and FFF for molds to deposit the HA116. While not a singular auto-
mated hybrid system, this method represents a hybrid approach to manu-
facturing. In another innovation, TPL was combined with DLP to enhance
production efficiency and enable fabrication of complex parts unachievable
by either process alone117. TPL providedmicron-scale precision, whileDLP-
printed large scalable features. This synergy facilitated the creation of
composites with varied scales, such as microlenses integrated with micro-
fluidics, and hierarchical superhydrophobic surfaces (Fig. 6f). Furthermore,
An et al. explored the integration of EHD jetting with DLP to achieve high-
resolutionOLEDpixels on 3Dmechanical frames (Fig. 6g), demonstrating a
novel approach to freeform optoelectronics without requiring vacuum

deposition or etching118. Wagner et al. developed a multi-tool 3D Printing
system that integrates a broad array of 3D printing technologies—BJT, IJP,
VPP,DIW, andFFF into a singular integratedplatform119.While this system
offers versatility, practical application challenges exist related to material
feedstock compatibility and variations in printing paths. The practical
application was demonstrated only through the combination of DIW and
VPP, hinting at additional complexities. Further assessments on hybrid
parts using these technologies simultaneously have not been reported.

Integrating VPP with other 3D printing technologies highlights a path
toward advancing the freeform manufacturing of functional devices while
overcoming individual process hurdles. While significant material-related
integration challenges associated with VPP hybridization have been iden-
tified, there are additional systematic challenges, which need to be con-
sidered. One such challenge is managing the complexities of the control
system for multiple processes. This includes creating unified coordinate
systems and standardized input commands. Some printing processes, like
DIW and SLA, operate via single-voxel deposition and curing, respectively,
and require toolpath commands. Other processes, such as IJP and DLP,
operate via area-wise deposition and curing, respectively, and require image
input commands. Moreover, the adoption of hybrid systems can lead to
increased development and equipment costs as well as larger equipment
footprints. Addressing these challenges is essential for harnessing the full
potential of hybrid 3D printing technologies and extending applications.

Remaining challenges and outlook
Since the inception of multi-material VPP at the beginning of the 21st
century, three distinct approaches to material switching have emerged
within the VPP framework: (1) Multiple Vat Switching, (2) Single Vat with
Dynamic Fluid Delivery, and (3) Unpatterned Ink Deposition “Vat-Less”
VPP. In each of these approaches, significant reductions in the overall
material switching timeshavebeen realized,with reported timesmuchmore

Fig. 6 | Functional devices fabricated by multiple printing modalities hybridized
withVPP. aExample of 3D structural electronics printedwith SLA andDIW(Image
reproduced with permission from ref. 111, Copyright Emerald Publishing Limited,
2012). bHybrid printed (DLP andDIW)multi-color prototypes (Image reproduced
with permission from ref. 103, Copyright Elsevier, 2021). cHybrid (DIW and DLP)
printed soft robots using LCE fibers as active layers.(Image reproduced with per-
mission from ref. 103, Copyright Elsevier, 2021). d Multi-level Triboelectric
Nanogenerator (mTENG) printed with DIW and DLP is used to harvest energy to
lighten LEDs where it can lighten 3, 6, and 9 LEDs by compression with first, second
and third level of deformation. (Image reproduced with permission from ref. 108,

Copyright JohnWiley & Sons, Inc., 2019). eHybrid printed (DLP+DIW) structure
with tunable structural stability. Scale bar is 10 mm. (Image reproduced with per-
mission from ref. 106, Copyright John Wiley & Sons, 2022). f Demonstration of
superhydrophobic surface printing process and results with multi-scale features
printed with DLP and TPL (Image reproduced with permission from117, Copyright
Elsevier, 2022). gApplication of 3D-printed (EHD and DLP) transparent OLEDs as
augmented reality eyeglasses with demonstration of turn-off (left) and turn-on
(right) condition. Scale bar is 5 mm. (Image reproduced with permission from
ref. 118, Copyright John Wiley & Sons, Inc., 2019).
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feasible for rapid functional device fabrication. However, challenges persist
across all approaches, including material waste during the material
switching process and scalability issues, particularly concerning large areas.
It should be noted that rapid switching of 100 s of cm2 build area multi-
material VPP has been demonstrated within the last 5 years by Matte et al.
and Cheng et al.65,79. In addition, solvent usage for cleaning high-viscosity
inks mid-print can have detrimental effects on the final product. VPP has
additionally been explored for hybridization with other 3D printing
methods, expanding the range of materials that can be processed, thereby
enhancing the versatility of functional device fabrication. Nevertheless, this
hybridization approach presents its own set of challenges, including mate-
rial compatibility, elevated equipment development costs, and larger system
footprints resulting from the integration of multiple printing modalities.

Several opportunities for future work exist in multi-material VPP
and VPP hybridization. (1) Material reclamation/recycling. This item
can be extended to standard, single-material VPP as well. Material
reclamation/recycling, generally, in VPP is uncommon. Printing the
intended design and washing away the excess uncured material ink via a
solvent is considered “Standard Operating Procedure”. In fact, com-
mercial single-material VPP systems will typically include “cleaning”
accessories which include solvent baths and agitation such as: FormLabs’
“FormWash” or Carbon’s “Smart PartWasher”. The combined uncured
ink and solvent waste would then be collected and sent to waste disposal.
In more recent years, centrifugal acceleration has been utilized for
material removal without the use of solvents, especially in more indus-
trial settings. Carbon utilizes centrifugal cleaningwhere possible, and the
centrifugal cleaning device additionally has a port for collecting removed
ink for recycling120. Similarly, RapidShape’s automated system for in-
sequence production termed “RS Inline” also uses centrifugal cleaning
method for material removal/recycling and claims that 90% of the
uncured material is recovered121. In multi-material VPP, uncured ink is
cleaned from the printed object during material switching pre-
dominantly via solvents, physical wiping, pressurized air jetting, or by
flushing out the previous material ink with the new material ink. This
can lead to significant amounts of wasted material, especially for large-
area printed objects. Cheng et al. do utilize the centrifugal removal
method to clean samples without solvent usage when switching mate-
rials in multi-material VPP65. It is not noted in the work if materials are
recycled after cleaning, however.While the process is slower, Quero et al.
notes collecting materials from the singular vat prior to solvent cleaning
between material ink switching steps. This approach does act to mini-
mize waste generation in Single Vat multi-material VPP89. In order for
multi-material VPP to become a more scalable, large-area process these
reclamation/recycling efforts need to be more greatly emphasized. (2)
Scalability ofmulti-material VPP. In recent years 100 s of cm2-scale build
area prints have been performed with rapid material switching times.
Can this be further scaled to full m2-scale build areas? Having a larger-
sized system in addition to efficient usage of prepared material inks can
enable even larger area scalability to occur. (3) Further fundamental
studies on process and feedstock interactions in VPP hybridization.
Each standalone 3Dprintingmodality has a preferred feedstock type and
optimal processing parameters. Hybridization within 3D printing,
generally, is a recent fabrication approach.When printingmodalities are
combined, new interactions occur with the various feedstocks (i.e., dif-
fusion, adhesion, etc.) and process interactions (i.e., input energy,
temperature, system layout, etc.). These interactions require further
study to enable optimal processing and proper integration of the sys-
tems. Deposition processes integrate well (MJT and MEX), whereas
build chamber processes (BJT, PBF, and VPP) are more challenging to
integrate. The illuminationmechanism for VPP (laser beam, digital light
projector) can be integrated into larger hybrid assemblies. Controlled
illumination combined with deposition requires further study.

Data availability
No datasets were generated or analysed during the current study.
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