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The integration of plant-based foods with 3D printing technology offers a revolutionary solution for
addressing future food security, sustainable manufacturing, and personalized nutrition. However, the
inherent rheological limitations and processing instabilities of native plant proteins remain critical
bottlenecks restricting their widespread adoption in additive manufacturing. This review aims to
systematically summarize the research progress of plant protein-based materials across three primary
food 3D printing technologies: Binder Jetting (BJT), extrusion-based printing, and inkjet printing. First,
the forming and stabilization mechanisms under different printing modes are critically analyzed, focusing
on the powder—binder interfacial wetting in BJT, the shear-thinning and thixotropic recovery of
emulsion gels in extrusion, and the piezoelectric jettability and rapid gelation kinetics of hydrogels in
inkjet printing. Second, strategies to optimize the printability of plant proteins via molecular modification
(e.g.. enzymatic hydrolysis, covalent/non-covalent cross-linking) and multi-scale structural design (e.g.,
polysaccharide complexation, bimodal particle size distribution) are elaborated. The review further

showcases innovative applications in whole-cut meat analogues, personalized dysphagia diets, and
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Accepted 3rd February 2026 functional bioactive carriers. Finally, the challenges regarding food safety (microbial and allergen risks),

regulatory lag, and consumer acceptance are critically discussed. Future perspectives highlight the
DOI: 10.1035/d5fb00330h immense potential of multi-material co-extrusion, 4D printing, and Artificial Intelligence (Al)-driven

rsc.li/susfoodtech inverse formulation design in accelerating the industrialization of plant-based food 3D printing.

Sustainability spotlight

This review systematically explores the forming and stabilization mechanisms of plant protein-based materials in food 3D printing. This technology can
promote the high-value utilization of abundant plant protein resources, enable nutrition customization through digital manufacturing, and reduce raw material
waste, providing a technological pathway for establishing a low-carbon, efficient, and personalized sustainable future food system, supporting the United
Nations Sustainable Development Goals (SDG 2, 3, 12).

recognition and has been applied across diverse fields.
Governments worldwide have implemented strategic initiatives

1 Introduction

Additive Manufacturing (AM), commonly referred to as 3D
printing, utilizes computer-aided techniques to fabricate
objects with complex three-dimensional structures. Since its
inception in the 1980s, AM technology has gained widespread
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to promote its development. For instance, China has empha-
sized accelerating the advancement of its manufacturing sector
to capitalize on the ongoing technological revolution and
industrial transformation.”> Currently, as a cornerstone of
intelligent manufacturing, 3D printing technology is highly
valued and actively promoted on a global scale.?

Researchers expect overpopulation to lead to a shortage of
food resources by the middle of the twenty-first century. More-
over, environmental safety and public health issues, among
others, pose great challenges to the sustainable supply of food
and nutritional health.* Currently, increased greenhouse gas
emissions, loss of biodiversity, and geopolitical conflicts have
exacerbated the weakening of global supply chains and
increased the demand for food for the future. Foods prepared

Sustainable Food Technol.


http://crossmark.crossref.org/dialog/?doi=10.1039/d5fb00930h&domain=pdf&date_stamp=2026-03-06
http://orcid.org/0000-0002-2564-1491
http://orcid.org/0000-0001-8275-3185
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00930h
https://pubs.rsc.org/en/journals/journal/FB

Open Access Article. Published on 06 March 2026. Downloaded on 4/18/2026 7:40:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Food Technology

on the basis of plant proteins are important future foods.’
Excellent prospects include the use of plant proteins to produce
food products with a fiber structure similar to that of meat
products,® giving the product an appearance and taste similar to
animal meat.

Protein is a fundamental nutrient for human health. In
recent years, the global demand for protein has surged rapidly,
placing immense pressure on limited resources such as land
and water. Traditionally, animal-derived proteins are regarded
as superior due to their complete essential amino acid profiles
and high digestibility. However, the heavy environmental
burden of the livestock industry highlights the need for
sustainable alternatives. In this context, plant proteins serve as
a critical food source. Research indicates that plant proteins are
ideal biomaterials characterized by their low cost, wide distri-
bution, and high nutritional value.” They not only help alleviate
food resource shortages but also enable the provision of
customized food services for groups with diverse dietary needs.
Furthermore, their excellent functional properties, biocompat-
ibility, and safety facilitate their successful application in food
3D printing.®

3D printing technology is uniquely positioned to address
future food supply challenges and meet consumer demands for
personalized nutrition, such as diets for dysphagia or specific
nutritional deficiencies.” Currently, the primary food 3D
printing technologies include binder jetting, extrusion, and
inkjet printing. The exploration of 3D food printing can be
traced back to the early 21st century, but the use of plant protein
as an ink material has only made significant progress in recent
years.' Extrusion-based printing remains the most widely
researched method due to its cost-effectiveness, material
versatility, and capability to process high-viscosity plant protein
pastes for customized dietary needs."* Binder jetting printing
(inkjet printing combined with powder bed technology to
construct three-dimensional structures) in the field of materials
has already achieved the creation of highly porous and full-color
structures, and its future applications in the food sector are
promising."** As illustrated in Fig. 1, there is an intrinsic
relationship between plant protein-based materials and these
printing methods. Recent advancements have focused on multi-
nozzle extrusion systems to construct sophisticated analogues;
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Fig. 1 The relationship between plant protein-based materials and
food 3D printing is briefly described.
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for instance, Li et al. successfully printed the fatty and lean
portions of plant-based fish products by co-extruding distinct
protein emulsions, achieving a structural precision rate of
90%." Despite these advances, the application depth varies
significantly across methods. Binder Jetting, while mature in
biomedical and engineering fields, is still in its infancy within
the food sector.” Research on the molding and stabilization
mechanisms of plant protein powders in BJT remains limited.
Similarly, food inkjet printing, which shares material require-
ments with hydrogel processing, requires further exploration
regarding ink stability and printability.

Therefore, this review aims to provide a comprehensive
overview of the progress in plant protein-based 3D printing. We
systematically analyze the forming and stabilization mecha-
nisms of plant protein materials across extrusion, binder
jetting, and inkjet printing methods, focusing on the interplay
between raw materials, printing parameters, and post-
processing. This review offers theoretical insights to accelerate
the industrial application of plant proteins in future food
manufacturing.

2 Characterization of different food
3D printing methods and properties

Currently, the food industry has explored several mainstream
printing methods. Before delving into the various food printing
methods, this research has compiled and analyzed the current
research progress to visually demonstrate the research intensity
and latest achievements in different food printing methods,
detailed information is provided in Table 1.

2.1 Binder jet printing

2.1.1 Binder jet printing method. Binder jet printing,
originally developed at the Massachusetts Institute of Tech-
nology (MIT),>® has evolved into a versatile additive
manufacturing technique. Unlike thermal-based methods (e.g.,
FDM), BJT forms solid objects by selectively depositing a liquid
binder onto a powder bed to bond particles together, followed
by post-processing steps such as drying or sintering to achieve
densification.”” BJT offers distinct advantages for food applica-
tions: (1) material versatility: it is compatible with a wide range
of powdered food ingredients (e.g., sugar, starch, protein) and
allows for operation in restricted environments;* (2) high effi-
ciency and customization: it utilizes a multi-nozzle array for
rapid fabrication and is unique in its ability to produce full-
color food products with tunable internal porous structures,
which are difficult to achieve with extrusion methods.>**

Technically, BJT combines powder bed fusion principles
with inkjet technology.** The printheads are typically catego-
rized as continuous or Drop-on-Demand (DOD). For food
applications, DOD systems (thermal or piezoelectric) are
preferred due to their precision and have become a common
choice.®® The BJT system generally consists of a powder
recoating mechanism (roller or blade), a printhead, and a build
platform. The printing process, as illustrated in Fig. 2, proceeds
as follows: first, the recoating mechanism spreads a thin,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 3D printing of different plant protein materials in recent years
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3D printing

methods Raw materials Goal Achievements Reference
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printing and thiamine accuracy stability and accurate vitamin distribution post-processing
A
500
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20

uniform sacrificial layer of powder onto the platform. Next, the
printhead selectively ejects binder droplets onto the powder bed
according to digital slice data. The interaction between the
liquid binder and powder particles forms liquid bridges, which
initially bind the particles together. To enhance the structural
integrity of each layer against shear forces during subsequent
powder spreading, heating lamps (e.g., IR heaters) are often
employed to facilitate solvent evaporation or rapid recrystalli-
zation. This process—powder spreading followed by binder
jetting—is repeated layer by layer until the green part (printed
blank) is completed. Finally, the printed object undergoes post-
processing, such as high-temperature baking or drying, to
remove excess moisture and strengthen the solid bridges
between particles, thereby obtaining the finished product.®
While BJT has been a research hotspot in the pharmaceutical
field since 2015 for developing orally disintegrating tablets,** its
application in the food sector focuses on creating low-moisture
products with customized textures and flavors. Since the binder
content is typically low, the final product retains the natural
properties of the edible powder substrate, meeting consumer
demands for clean-label and healthy foods.**

2.1.2 Characterization of properties and judging criteria.
The success of binder jet printing relies heavily on the
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Fig. 2 Basic structure and printing process of binder jetting devices.
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interaction between the powder substrate and the binder.*® To
ensure high fidelity in the final product, it is essential to
systematically characterize the printability of the powder and
the jettability of the binder. Unlike pharmaceutical or metallic
powders, plant protein-based powders exhibit unique chal-
lenges such as high hygroscopicity, irregular particle
morphology, and strong electrostatic forces, which significantly
influence the printing process.’” Key indicators for assessment
include powder flowability, spreadability, stacking density,
binder saturation, and the mechanical strength of the green
(uncured) part. The following sections highlight these critical
parameters.

2.1.2.1 Powder flowability. Powder flowability is a determi-
nant factor for the uniformity of the powder bed layer. Poor
flowability leads to uneven spreading and defects in the printed
green part.®® Since flowability is influenced by the physical
properties of the powder and the stress environment, its
liquidity evaluation method cannot be represented by a single
measure. The materials field currently tends to use multi-
indicator collaborative statistical methods to determine excel-
lent fluidity.>* The core indicators of powder flowability
primarily include static flowability, angle of repose, and
dynamic flowability:

2.1.2.1.1 Static fluidity. Static fluidity refers to the tendency
of a powder to resist flow in the absence of external driving
forces or during low-speed movement, reflecting its ability to
maintain a stable accumulation pattern.*® Static fluidity is
commonly characterized using Carr's Index (CI) and Hausner's
Ratio (HR). Carr's Index quantifies the compressibility and flow
potential of the powder, while Hausner's ratio reflects the
strength of internal friction and adhesion between powder
particles, which can provide key guidance for material manu-
facturability, print quality and final product performance.** The
Carr's index to Hausner's ratio is mainly obtained by calculating
the loose packing density (pL) and knockdown packing density
(pT) with the following equations:**

Sustainable Food Technol.
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cr v = PT=PE  yo0v
pT

HR = T

pL
Generally, particles exhibit good flowability when Carr's index <
16 and Hausner's ratio < 1.19.** However, unmodified plant
protein powders often exhibit HR values exceeding 1.25 due to
strong inter-particle cohesive forces and irregular morphology,
indicating a need for flow aids or granulation to meet binder
jetting requirements.**

2.1.2.1.2 Angle of repose (AOR). Angle of repose (AOR)
quantifies the resistance to flow by the angle between the
inclined plane of the cone formed by the natural accumulation
of powder and the horizontal plane,* and is directly related to
the uniformity of powder spreading, the quality of the interlayer
bonding, and the performance of the final product during the
printing process. The angle of repose depends on many factors,
such as particle friction, cohesion, shape, drop height, and
error, and is calculated using the following formula:

H
AOR(f) = arctan &

2

where H represents the critical height of the powder cone at
equilibrium, and R represents the radius of the cone's base.
Crucially, H and R are not independent geometric variables but
are the integrated outcome of the powder's physical properties.
Particle friction and irregular shape hinder flow, promoting
a taller cone (increased H) relative to its base, thus raising 6.
Cohesive forces further enhance this resistance to spreading.
Conversely, a higher drop height may impart greater kinetic
energy to particles, leading to a wider base (increased R) and
a potentially lower 6. Therefore, this simple formula encapsu-
lates complex granular interactions, with measurement vari-
ability in H and R accounting for experimental error. A thorough
analysis of these parameters provides deep insight into powder
behavior essential for process optimization.*®

2.1.2.1.3 Dynamic fluidity. Dynamic fluidity refers to the
ability of a powder to flow continuously under the drive of
external forces (such as vibration, airflow, mechanical stirring),
reflecting its efficiency in overcoming cohesion and friction
resistance to achieve stable transportation. Dynamic fluidity
directly affects the stability of the powder supply system layer
thickness uniformity, which is a key parameter to ensure
continuous production.”’

For plant protein materials, dynamic fluidity is a critical
predictor of incomplete layering. Due to the irregular
morphology and high surface energy of milled protein particles,
they tend to agglomerate under dynamic stress. A powder with
poor dynamic fluidity may appear stable statically but will drag
or tear during recoating, severely affecting the uniformity of
layer thickness and the density of the printed green part.*®
Indicators such as Basic Flow Energy (BFE) and Specific Energy
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(SE), measured via powder rheometry, are often used to quantify
this dynamic behavior.

2.1.2.1.4 Comprehensive evaluation strategy. Given the
complexity of plant protein powders—where factors like mois-
ture content, particle shape, size distribution, and surface
chemistry interact—relying on a single flowability indicator is
often insufficient to predict printability.* Therefore, current
research advocates for a multi-indicator collaborative assess-
ment. Statistical approaches, such as entropy-weighted TOPSIS
(Technique for Order of Preference by Similarity to Ideal Solu-
tion) and Principal Component Analysis (PCA),* are increas-
ingly applied to weigh static (CI, HR, AoR) and dynamic metrics.
This establishes a comprehensive printability score, allowing
for the precise screening of plant protein formulations that
balance flowability with binder wettability.

2.1.2.2 Binder sprayability. Binder sprayability refers to the
ability of the liquid binder to form stable, spherical micro-
droplets without generating satellite droplets or clogging the
nozzle.** This property is strictly governed by the fluid's physical
properties—specifically density (p), dynamic viscosity (n), and
surface tension (y)—and their interaction with the nozzle
diameter («) and jetting velocity (v).

In the context of food 3D printing, three key dimensionless
numbers are employed to systematically predict the printability
of the binder solution: the Reynolds number (R.), Weber
number (W.), and Ohnesorge number (Oy,). These are defined as
follows:

R. = vpa/n = (inertial forces)/(viscous forces)
W.=(v*pa)ly = (inertial forces)/(surface forces)
Oy, = JW./R, = (viscous forces)/(surface and inertial forces)
Z=1/0y

V denotes velocity, « represents the characteristic length of the
nozzle diameter, and v, p, and n are the density, dynamic
viscosity, and surface tension of the binder solution, respec-
tively. W, is the Weber number (needs to be > 4), and Z in the
range of 10 > Z > 1 is suitable for binder jetting printing. Crit-
ically, when printing plant protein-based powders, the binder
formulation (e.g., mixtures of water, surfactants like Tween 20/
80, and polysaccharides like Gum Arabic) must be precisely
tuned to match these parameters. Plant protein powders often
exhibit hydrophobic surfaces, leading to poor wettability;
therefore, modulation of the surface tension (vy) is essential.
Surfactants such as Tween 20 or Tween 80 are essential to lower
the binder's surface tension (y).** This reduction not only
facilitates droplet breakup (increasing W,) but, more impor-
tantly, enhances the spreading of the binder into the porous
protein powder bed, ensuring strong interlayer bonding. Pure
water usually has a Z value that is too high (>50), causing
unstable splashing. Adding polysaccharides like Gum Arabic
increases the dynamic viscosity () and cohesion of the binder.
This lowers the Z value into the printable window (1 < Z < 10),
preventing satellite droplets, while simultaneously acting as an

© 2026 The Author(s). Published by the Royal Society of Chemistry
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adhesive agent to form robust solid bridges between protein
particles upon drying.**

2.1.2.3 Characteristics of the printed product. The quality of
plant protein-based foods produced via Binder Jetting is rigor-
ously evaluated through three primary dimensions: mechanical
properties, dimensional accuracy, and microstructural charac-
teristics. These indicators directly reflect the efficacy of the
powder-binder interaction and the optimization of printing
parameters.

2.1.2.3.1 Mechanical properties (stability). The mechanical
integrity of the printed product relies fundamentally on the
bonding force between the plant protein particles and the cured
binder.”® Since plant protein powders are non-melting, the
structural strength is derived from the solid bridges formed by
the binder (e.g., dried Gum Arabic) between particles. Key
indicators include hardness, fracturability, and compressive
strength. A common defect in plant-based BJT is the weak green
part, where insufficient binder penetration or poor wettability
(due to lack of surfactants like Tween) leads to delamination or
collapse during depowdering.

2.1.2.3.2 Dimensional accuracy. Accuracy is defined by the
deviation between the designed digital model and the actual
printed object. For plant protein powders, accuracy is heavily
influenced by particle size distribution and binder diffusion.
Large, irregular protein particles often result in high surface
roughness (R,) and stair-stepping effects.’® Conversely, exces-
sive binder saturation can cause unwanted spreading, reducing
resolution. Accuracy is typically quantified by calculating the
dimensional deviation rate (%) along the X, Y, and Z axes.

2.1.2.3.3 Microstructural characterization. As emphasized by
recent studies, macro-scale properties are dictated by micro-
scale interactions. Scanning Electron Microscopy (SEM) and
X-ray Micro-Computed Tomography (u-CT) are essential tools
for characterizing these features. (1) Inter-particle bonding:
SEM is used to visualize the morphology of solid bridges and
the wetting behavior of the binder on the protein surface. It can
reveal defects such as cracks or incomplete fusion caused by the
hydrophobic nature of proteins. (2) Porosity and internal
structure: unlike extrusion, BJT naturally produces porous
structures.”” p-CT is used to analyze pore size distribution and
interconnectivity. For food applications, this internal porosity is
crucial as it directly determines the product's crispness,
texture.*®

2.2 Extrusion 3D printing

2.2.1 Extrusion 3D printing method. Extrusion-based 3D
printing is the most widely utilized technique in food
manufacturing.*® The extrusion-based 3D printing process
generally encompasses four distinct stages, (1) ink preparation,
(2) extrusion, (3) deposition (layer stacking), and (4) structural
stabilization. Extrusion technologies can be broadly categorized
into fused deposition modeling and pressure-assisted micro-
syringe (also known as soft material extrusion).®® While fused
deposition modeling is standard for thermoplastics and involves
heating materials to a semi-liquid state before extrusion,**** it is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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generally unsuitable for most plant protein-based ingredients
due to their heat sensitivity. Instead, Pressure-Assisted Micro-
syringe (PAM) or soft material extrusion is the predominant
method for plant-based inks,*** as illustrated in Fig. 3. In this
process, viscoelastic inks (such as protein emulsion gels or
pastes) are extruded through a nozzle driven by compressed air
(pneumatic) or a mechanical piston/screw system at room or
controlled temperatures. Unlike FDM, which relies on rapid
cooling for solidification, plant protein inks rely on rheological
properties (yield stress and thixotropy) or post-deposition gela-
tion strategies to maintain their shape on the platform. This
method allows for the fabrication of complex food structures
using shear-thinning plant protein formulations without thermal
degradation. Extruded 3D printing has been shown to produce
food products such as cream, chocolate, cheese, and plant-based
meat analogues.” Research has found that emulsions and
emulsion gels are the most suitable food inks for extrusion 3D
printing,* which have good rheological and stability properties
during printing, and are suitable for customized food produc-
tion. Moreover, as research progresses, plant protein-based
emulsions and emulsion gels have become a hot research topic.*”

Beyond the fundamental PAM-FDM dichotomy, specific
subcategories are relevant in food printing. Ready-to-Eat (RTE)
printing typically falls under the PAM paradigm, where the
formulated ink itself is edible and requires no further extensive
cooking post-printing; structural integrity is achieved through
the ink's rheology or mild in situ stabilization (e.g., self-
supporting gels). Conversely, hot extrusion shares a concep-
tual similarity with FDM in its use of temperature to induce flow
but is distinct in application. It is employed for food materials
that are thermoplastic within a safe food temperature range
(e.g., chocolate, certain cheeses, or starch-based melts). Here,
the material is heated to become extrudable and solidifies
primarily through cooling. Unlike industrial FDM with high-
melting polymers, food-grade hot extrusion operates at much
lower temperatures and focuses on materials that remain edible
after the thermal cycle. Therefore, while PAM is defined by its
non-thermal, rheology-driven mechanism, hot extrusion is
defined by thermally-induced viscosity reduction within food-
safe limits.

2.2.2 Characterization of properties and judging criteria.
The successful application of food extrusion 3D printing tech-
nology, which enables the fabrication of complex structures
through precisely controlled deposition of raw materials, is
highly dependent on the systematic characterization of the
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Fig. 3 Basic configuration of an extrusion printing device.
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properties of the raw materials, inks, and finished products.
The following is a three-dimensional analysis of the core char-
acterization and its scientific significance.

2.2.2.1 Rheological properties of inks. The printability of
extrusion inks relies on a delicate balance between flowability
during extrusion and shape retention after deposition. Shear-
thinning behavior is critical; it allows the ink's viscosity to
decrease significantly under the high shear stress within the
nozzle to facilitate flow.®® This behavior is typically described by
the power law (Ostwald-de Waele) model:

n=Ky""

where 7 is the apparent viscosity, v is the shear rate, K is the
consistency index (reflecting the overall thickness), and 7 is the
flow behavior index. For printable plant protein inks, n must be
less than 1 (n < 1). Upon deposition, where shear stress is
removed, the ink must rapidly recover its mechanical strength.
Unlike chemical curing processes common in polymer printing,
food inks typically undergo gelation, solvent evaporation, or
temperature-induced solidification to stabilize the structure.
This structural stability is governed by viscoelasticity, charac-
terized by the storage modulus (G') and loss modulus (G”). To
support the weight of subsequent layers without collapsing, the
ink must exhibit solid-like behavior (G’ > G”) immediately after
deposition.”  Furthermore, thixotropy (time-dependent
recovery) determines the speed of this transition; a shorter
recovery time ensures clearer print definition and prevents
shape deformation.”™

2.2.2.2 Performance of the printed product. The macroscopic
quality of printed food is assessed through two primary
dimensions, dimensional accuracy and textural properties.”

2.2.2.2.1 Dimensional accuracy. This metric reflects the
fidelity of the printing process. It is quantified by measuring the
deviation rate between the digital model and the actual printed
geometry (e.g., height, diameter). For plant protein-based inks,
dimensional deviations often indicate specific rheological fail-
ures. For instance, die swell (expansion at the nozzle exit)
suggests excessive elasticity, while structural collapse indicates
insufficient yield stress to support gravity. Therefore, high
dimensional accuracy serves as a direct validator of the ink's
self-supporting capacity.”

2.2.2.2.2 Textural properties. Texture profile analysis
provides a quantitative map of the food's mechanical behavior.
Key parameters include hardness, springiness, cohesiveness,
and chewiness. These mechanical attributes play a decisive role
in consumer acceptance, particularly for plant-based meat
analogues where mimicking the fibrous texture of animal
muscle is critical.” Furthermore, texture analysis serves as
a diagnostic tool; for example, low cohesiveness values often
reveal poor interlayer fusion or weak gel network formation
within the printed object.

2.2.2.3 Microstructural characterization. Macro-scale texture
and mechanical performance are intrinsically dictated by the
micro-scale structural organization of the printed food. For
plant protein-based extrusion, microstructural analysis is
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critical for verifying the formation of gel networks and the
alignment of protein fibers.”®

2.2.2.3.1 Microscopic techniques. Scanning electron micros-
copy is the primary tool for observing surface morphology and
internal cross-linking. It reveals whether the plant protein matrix
has formed a dense, continuous network or a loose, porous
structure. Confocal laser scanning microscopy allows for the non-
destructive observation of component distribution. By fluo-
rescently labeling proteins and lipids separately, researchers can
visualize the positioning of oil droplets within the protein gel
matrix, which directly correlates with the juiciness and mouthfeel
of the printed product.” In the context of plant-based meat
analogues, the shear-induced alignment of protein molecules
during extrusion is a key quality indicator. Microscopic images
can quantify the degree of anisotropy (fiber orientation). A highly
aligned microstructure indicates successful imitation of animal
muscle fibers. Conversely, observing the interface between
deposited layers helps identify defects such as delamination or
incomplete fusion, providing a fundamental explanation for poor
mechanical strength in the finished product.

2.3 Inkjet printing

2.3.1 Inkjet printing method. Inkjet printing in food
manufacturing adapts the principles of traditional 2D graphic
printing. It constructs 3D structures by depositing droplets of
edible ink layer-by-layer onto a build platform.”” Unlike polymer
printing which relies on chemical curing, food inks typically
solidify through solvent evaporation, cooling, or ion-induced
gelation immediately after ejection.” Historically, the concept
originated from Lord Kelvin's 19th-century patent on electro-
static droplet deflection, eventually evolving into commercial
devices by Siemens in the 1950s.” Today, equipment optimi-
zation focuses on miniaturization and compatibility with
complex biological fluids.*

Inkjet technologies are primarily categorized into Contin-
uous Inkjet (CIJ) and Drop-on-Demand (DOD).** CIJ systems
generate a continuous stream of droplets, deflecting selected
ones onto the substrate while recycling the rest. Although effi-
cient, CIJ is generally unsuitable for food 3D printing. It
requires conductive inks and the recycling process increases the
risk of contamination and material degradation.®” DOD systems
eject droplets only when required, offering higher precision and
minimizing waste. They are further divided by their actuation
mechanism: thermal and piezoelectric. Fig. 4 is a basic
conceptual diagram of the piezoelectric inkjet printing device.

With the advantages of tunable mechanical properties, good
porosity, and easy fabrication, hydrogels have been prominently
used in various cutting-edge scientific research. Hydrogels are
extremely adaptable and can be fabricated into a variety of
styles, so they are a potential raw material for inkjet printing.*®
The most prominent feature of natural hydrogel materials is
their excellent biocompatibility, but both natural and artificial
hydrogels have certain drawbacks, so the development of stable
and easy-to-regulate hydrogels suitable for the food field has
become a hot issue. To ensure the effect of food inkjet printing,
the ink raw materials should meet the characteristics of low
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Fig. 4 DOD inkjet printing equipment.

viscosity, good fluidity and fast solidification, and combined
with the concept of future food that has emerged in recent
years, the use of plant protein-based materials to stabilize the
hydrogel has become a good choice for future research and
development.®*

For plant protein-based hydrogels, piezoelectric DOD is the
superior choice. Thermal inkjet printheads heat the ink (often
>300 °C) to create a vapor bubble for ejection.®® This high
temperature can cause denaturation of heat-sensitive plant
proteins and destabilize the hydrogel network.*® In contrast,
piezoelectric printheads utilize a crystal that deforms under
voltage to mechanically eject droplets. This cold process
protects the bioactivity and structural integrity of protein
molecules. Therefore, current research on plant-based food
printing predominantly utilizes piezoelectric DOD technology
to ensure both print fidelity and nutritional retention.

2.3.2 Characterization of properties and judging criteria.
Unlike extrusion or binder jetting, inkjet printing imposes the
strictest rheological limitations on food inks. The successful
fabrication of plant protein-based structures depends on
balancing ejectability (jetting stability), substrate interaction
(wetting), and structural fidelity.

Ink ejectability and latency: the primary criterion is whether
the ink can form stable droplets. As discussed in Section 2.1.2.2,
the Z value (1 < Z < 10) remains the gold standard for predicting
jetting behavior. However, for plant protein inks, latency (open
time) is a critical unique indicator. Protein solutions tend to
form films or gels at the nozzle tip due to solvent evaporation,
leading to immediate clogging or misdirected jetting (skewing).
Therefore, characterizing the evaporation rate and crusting
behavior of the ink is essential for continuous printing.
Furthermore, since piezoelectric nozzles typically have diame-
ters of 20-501 um, the particle size of protein aggregates must
be strictly controlled (usually <1 pm) to prevent physical
blockage.®

Substrate interaction and spreading: upon impact, the
droplet must spread appropriately without excessive bleeding.
This behavior is governed by the contact angle between the ink
and the substrate. Plant proteins, acting as surfactants, signif-
icantly lower the liquid's surface tension. While this aids ejec-
tion, it often causes over-spreading on hydrophilic surfaces,
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reducing print resolution. Therefore, characterizing the equi-
librium contact angle and spreading dynamics is vital to ensure
sharp feature definition.*®

Since inkjet inks are low-viscosity fluids (typically <20 mPa s),
they lack inherent shape retention. The printed structure relies
entirely on rapid post-deposition solidification. Characterizing
the gelation time (sol-gel transition speed) is crucial. If gelation
is too slow, the droplets will coalesce into a puddle; if too fast,
they may clog the nozzle.** For plant proteins, monitoring the
viscosity change over time under specific triggers (e.g., pH
change or calcium ion contact) provides the necessary data to
optimize this phase transition.

3 Exploration of stabilization
mechanisms and defects in plant
protein-based 3D printing

3.1 Binder jet printing based on plant proteins

To address global nutritional challenges, plant proteins have
emerged as a focal point for food innovation.”™' Protein
powders offer distinct advantages for binder jet printing,
including low cost, high nutrient density, and tunable adhesion
properties. Currently, over 30 types of plant proteins, spanning
grains, legumes, and oilseeds—are commercially used and
readily accessible.”” However, native plant protein powders
often exhibit technical defects such as high cohesion, strong
hygroscopicity, and low bulk density.”® These characteristics
hinder the flowability required for uniform powder spreading
(recoating). Therefore, modifying the protein structure or
incorporating flow aids (e.g., anti-caking agents) is often
necessary to facilitate the printing process.**

Research on plant-based BJT is still in its nascent stages
compared to other methods. A notable investigation by the
University of Connecticut focused on pea protein substrates.
Chadwick et al. demonstrated that blending pea protein with
granulated sugar effectively reinforced the printed structure.
Textural analysis revealed that sugar particles filled the inter-
powder voids, reducing the porosity of the final product to
37.3% and significantly enhancing compressive strength. The
mechanism relies on the sugar reducing the free volume within
the powder bed and the binder inducing partial swelling of
starch inclusions to bridge the particles.**® Although this study
utilized pharmaceutical-grade binders (copovidone), it vali-
dated the feasibility of using BJT for precise, customized
nutritional delivery.**

Beyond physical blending, molecular engineering strategies
such as enzymatic processing play a decisive role in optimizing
raw materials. By precisely shearing peptide bonds, enzymatic
treatment can regulate the molecular weight and solubility of
plant proteins.”” For BJT, increased solubility enhances the
interaction between the powder and the water-based binder,
promoting stronger liquid bridge formation. However, precise
process control is critical; excessive hydrolysis may generate
bitter peptides or weaken the structural integrity of the post-
processed solid network.*®
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3.1.1 Powder-binder interaction aspects. The mechanical
integrity of binder jetting samples relies fundamentally on the
stability of the powder-binder interface,* making the selection
of raw materials and their ratios critical. For plant protein
powders, the solidification process generally proceeds through
four distinct stages: wetting, where the water-based binder
penetrates the porous powder bed; liquid bridge formation,
where capillary forces initially hold particles together; agglom-
eration, involving protein hydration and swelling; and finally,
solidification, where solvent evaporation leaves behind solid
bridges to create a stable green part layer-by-layer.’® It is crucial
to note that these binding mechanisms vary significantly
depending on the ingredient properties. While rough, irregular
particles (e.g., dry-milled pea protein) primarily rely on
mechanical interlocking, systems using polysaccharide-rich
binders (such as Gum Arabic) depend on adhesive stabiliza-
tion. In specific formulations, chemical reactions like protein
cross-linking may also contribute to the structural strength.***

Thermodynamics governs the compatibility between the
powder and binder, with wettability—quantified by the three-
phase contact angle—being a key determinant.’® A major chal-
lenge in plant-based BJT is that many proteins (e.g, zein or high-
purity soy isolate) possess hydrophobic surfaces, often resulting
in a contact angle greater than 90°. This hydrophobicity prevents
effective binder penetration, leading to weak delamination. To
address this, optimizing the binder formulation by adding
surfactants (e.g., Tween 80) is essential to lower surface tension
and ensure a contact angle close to 90°, which balances the need
for print accuracy with sufficient infiltration strength.'*

Beyond chemical compatibility, the physical quality of the
powder bed is a prerequisite for printing stability."***** Unmod-
ified plant protein powders often exhibit low bulk density, a high
tendency for moisture absorption, and strong electrostatic
cohesion.'” These properties frequently cause clumping or
dragging defects during the recoating process, creating large
pores that compromise resolution.'*'” Consequently, ingredient
processing methods play a decisive role in dictating printability
by altering particle morphology and size distribution.'® For
instance, spherical powders produced via spray drying exhibit
superior flowability compared to irregular, rod-like particles
resulting from conventional hammer milling.'*”

To further optimize the powder bed density, particle size
distribution strategies are often employed. A trade-off exists
where large particles flow well but leave voids, while fine
particles yield high resolution but are prone to agglomera-
tion.™® A bimodal particle size distribution strategy effectively
resolves this by using fine-milled protein particles (<30 um) to
fill the voids between coarser particles (>80 um), thereby
significantly increasing the tapped density and mechanical
strength of the final product.'** Additionally, exogenous regu-
lation, such as coating protein particles with polyphenols or
polysaccharides (e.g., maltodextrin) to reduce surface electro-
static charge, has proven effective in improving flowability and
ensuring uniform powder spreading.'

3.1.2 Printing process and post-processing aspects. The
mechanical strength and resolution of binder jetting products
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are critically dependent on the precise control of printing
parameters, specifically roller speed, binder saturation, and
powder layer thickness. The recoating roller speed dictates the
shear stress exerted on the powder bed; while higher speeds
minimize contact time and reduce the risk of dragging light-
weight plant protein powders, excessive speed can disrupt the
loose surface and create defects. Similarly, binder saturation
must be carefully balanced, increasing saturation enhances
interlayer bonding strength but may cause bleeding if the
binder spreads laterally before solvent evaporation, thereby
compromising geometric accuracy.””® Furthermore, layer
thickness plays a pivotal role in structural integrity. A thinner
layer (e.g., 100 um) generally facilitates better binder penetra-
tion and stronger vertical bonding, whereas thicker layers often
lead to delamination due to insufficient infiltration depth.*®

Following printing, the fragile green part requires stabiliza-
tion through post-processing, which differs fundamentally from
industrial ceramic sintering. In the field of materials, binder jet
printed green bodies need to undergo post-processing, which
mainly includes curing, depowdering, and sintering. For plant-
based foods, the curing phase is effectively replaced by thermal
drying or baking, which removes moisture and induces physi-
cochemical transformations—specifically starch gelatinization
or protein denaturation (at temperatures >70 °C). These
changes solidify the liquid bridges (e.g., Gum Arabic) into rigid
solid bridges, significantly enhancing mechanical strength.'**
Depowdering (removing excess powder) presents specific chal-
lenges for plant proteins due to their high hygroscopicity and
adhesiveness; therefore, precise humidity control is often
required during vacuuming or gentle brushing to prevent the
powder from sticking to the product surface. To further refine
texture, secondary processing techniques are increasingly
employed: for example, freeze-drying is utilized to create
porous, crispy plant-based snacks by preventing structural
collapse, while microwave heating can be used to induce puff-
ing and rapid densification.'®

3.2 Extruded 3D printing based on plant proteins

Plant protein-based emulsions and gels are emerging as
premier candidates for food extrusion due to their excellent
biocompatibility, nutritional value, and tunable rheology."'® As
discussed in Section 2.2, it is critical to distinguish this process
from fused deposition modeling. Plant protein inks are typically
processed via pressure-assisted microsyringe or direct ink
writing at room or mild temperatures. This approach avoids
thermal degradation of bioactive proteins, making it compat-
ible with a wide range of vegetable protein-based emulsions and
gels."”

Beyond single-nozzle printing, recent research has pivoted
toward multi-material extrusion. This technique utilizes
multiple independent nozzles to co-extrude different inks—
such as a rigid protein paste for the structural skeleton and
a softer fat mimetic for juiciness—thereby constructing
heterogeneous food structures that closely mimic real meat or
complex confectionery.
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To ensure successful printing, this section focuses on the
stabilization mechanisms and defect control of plant protein
inks.”® The molding mechanism is governed by three core
factors: (1) rheological adaptability;'*® (2) self-supporting
capacity; and (3) interfacial stability."*

3.2.1 From the point of view of rheological properties of
inks. Ideally, plant protein-based inks must exhibit significant
shear-thinning behavior to flow smoothly through the nozzle
and rapid thixotropic recovery to regain structural integrity
upon deposition.’® Since process parameters like temperature
and nozzle speed directly impact accuracy, optimizing the
viscoelastic properties of the ink is the most effective strategy to
ensure print fidelity.***

Covalent modification can precisely regulate viscoelasticity.
For instance, Feng et al. engineered a ternary composite of
epigallocatechin gallate (EGCG), high-methoxy pectin, and pea
protein via covalent cross-linking. This strategy significantly
enhanced the interfacial properties of the protein, preventing
oil droplet coalescence. The resulting high-internal-phase
emulsion exhibited a robust gel network (high storage
modulus, G'), enabling the printing of structures with smooth
surfaces and high shape fidelity."*® Similarly, Wu et al
demonstrated that the sol-gel strength is directly linked to
particle concentration. By using ultrafine soybean protein
isolate (SPI) particles to stabilize Pickering emulsions, they
observed that increasing particle concentration from 1.0% to
1.6% enhanced both viscosity and G'. This rheological evolution
minimized die swell and improved printing accuracy to over
99%. This underscores that building a robust internal network
(reflected in high G') is the core mechanism for ensuring shape
accuracy.'*

Non-covalent interactions, such as electrostatic complexa-
tion with polysaccharides, are equally effective. Li et al. modi-
fied walnut protein emulsions with xanthan gum. They found
a direct correlation between xanthan dosage and the gel's
structural recovery. Insufficient gum led to weak, loose struc-
tures, whereas optimal addition (1.5%) formed a dense network
that balanced flowability with self-supporting capacity (G’ > G”).
This viscoelastic equilibrium enabled the fabrication of
complex geometries with sharp contours.” Thus, whether
through covalent or non-covalent means, the key is strictly
regulating the G'/G” ratio to match the specific shear conditions
of the printer.

3.2.2 From a stability perspective. For emulsion gels, long-
term physical stability is a prerequisite for successful 3D
printing.*** While plant proteins act as natural surfactants to
stabilize the oil-water interface, the resulting gel structures
often lack sufficient rigidity to withstand gravity or storage
conditions.'” Therefore, reinforcing the protein network with
polysaccharides is a common strategy to enhance printability.

Different polysaccharides stabilize plant protein gels
through distinct mechanisms."® Weiwei et al. investigated the
interaction between soybean protein nanoparticles and various
polysaccharides in Pickering emulsions. They found that non-
charged polysaccharides (e.g., Locust Bean Gum) stabilized
the system primarily by increasing the aqueous phase viscosity.
In contrast, charged polysaccharides like Xanthan Gum (XG)
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and Chitosan (CS) bound to protein nanoparticles via electro-
static interactions, creating a robust interfacial layer. Notably,
the XG-reinforced gel at pH 7 exhibited the highest mechanical
recovery (97.45%), providing sufficient strength for self-
supporting structures, while the CS-stabilized gel demon-
strated the lowest deformation rate (5.5%), making it ideal for
high-fidelity printing.***

The choice of stabilizer also dictates the textural flexibility of
the printed product.’*® Zhao et al.*®* doped quinoa protein
emulsions with various hydrocolloids. They observed that
Inulin improved the gel's flexibility, facilitating smoother
extrusion flow. Conversely, polysaccharides like fucoidan
enhanced rigidity, which is beneficial for shape retention but
may require higher extrusion pressures.** By balancing these
additives, plant protein inks can be tailored for specific appli-
cations, ranging from customized dysphagia diets to fibrous
plant-based meat analogues.™?

3.3 Inkjet printing based on plant proteins

Unlike the powder-binder mechanism in BJT, inkjet printing
constructs food by directly depositing liquid droplets that
solidify upon impact. This section focuses on piezoelectric
drop-on-demand technology, as it serves as the standard for
processing plant protein-based inks.'** Piezoelectric printing
involves three precise steps: droplet formation, ejection via
mechanical deformation, and deposition.** The core advantage
of this method lies in its non-thermal actuation. Unlike thermal
inkjet heads that vaporize fluid at high temperatures, piezo-
electric actuators operate at ambient temperature. This cold
process is critical for plant proteins, as it prevents thermal
denaturation and preserves the bioactive functionality of the
ink during the jetting process.**

The primary material for food inkjet printing is the hydrogel,
yet developing plant protein-based hydrogels faces a critical
rheological paradox. The ink requires low viscosity (typically <20
mPa s) for successful ejection but high viscosity for post-
deposition shape retention.'*® Pure plant protein solutions
often fail to strike this balance, leading to either nozzle clogging
at high concentrations or structural collapse at low concentra-
tions.”®” To address this, current research focuses on protein—-
polysaccharide composite systems, where proteins function as
nutrients and surfactants, while polysaccharides (e.g., alginate,
pectin) serve as gelling agents. The stabilization of these
systems relies on a rapid sol-gel transition immediately after
deposition, facilitated by intermolecular forces such as
hydrogen bonds, hydrophobic interactions, and disulfide
bonds.**® Furthermore, to achieve true 3D build-up, dynamic
triggers are introduced to lock the liquid droplets into a solid
state. Common strategies include ion-induced gelation, where
calcium ions (Ca®") on the substrate instantly cross-link anionic
polymer chains, and pH-driven aggregation, which induces
rapid solidification by adjusting the local environment to the
protein's isoelectric point.***

3.3.1 Exploring perspectives from the ink angle. The
successful inkjet printing of plant protein-based hydrogels
depends on a strict balance between the ink's rheology and its
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postjetting solidification capability. Since piezoelectric nozzles
are susceptible to clogging by large particles, the regulation of
printing quality begins with the structural modification of the
protein itself. High-pressure homogenization (HPH) is exten-
sively employed as a pretreatment strategy to physically disrupt
large protein aggregates into nanosized particles, thereby
creating a uniform dispersion suitable for passing through
narrow nozzle channels.”® Concurrently, controlled thermal
induction is often utilized to partially unfold the protein tertiary
structure. This process exposes buried hydrophobic groups,
which not only prevents excessive aggregation within the
cartridge but also primes the molecular chains for rapid re-
association and cross-linking immediately upon deposition.***
Once ejected, the transformation of liquid droplets into a stable
solid gel relies on the reconstruction of a three-dimensional
network through physical or chemical cross-linking mecha-
nisms. Physical cross-linking is typically driven by the re-
association of hydrophobic groups or hydrogen bonding,
often triggered by environmental shifts such as pH changes on
the substrate. To further enhance mechanical integrity,
dynamic chemical bonds are frequently introduced to reinforce
the matrix."* Beyond intrinsic molecular cross-linking, external
physical fields can also assist in structural organization; for
example, applying an electric field during jetting can induce the
alignment of protein molecules, endowing the final hydrogel
with anisotropic mechanical properties similar to biological
tissues.***

3.3.2 From the perspective of compatibility between ink
and printing processes. Furthermore, the surface activity of
plant proteins introduces a foaming hazard specific to piezo-
electric systems.'** Plant proteins act as natural surfactants,
stabilizing air bubbles within the ink chamber. In a piezoelec-
tric printhead, even microscopic air bubbles can absorb the
acoustic energy generated by the actuator, causing jetting
failure (a phenomenon known as acoustic damping). Therefore,
vacuum de-aeration of the protein ink prior to loading is
a mandatory process step. Additionally, regulating the drive
waveform—specifically the pull-push-pull voltage sequence—is
essential not just for suppressing satellite droplets, but for
preventing air ingestion at the nozzle meniscus during the
retraction phase.'*

The interaction between the droplet and the substrate
determines the print resolution. Plant protein inks, due to their
low surface tension, tend to spread excessively on hydrophilic
forming platforms, leading to pixel blurring.**® To counter this,
surface modification of the substrate (e.g., applying a hydro-
phobic coating) or adjusting the substrate temperature to
induce immediate gelation is often employed.'*” This ensures
that the ejected protein droplets maintain their spherical
morphology upon impact rather than spreading into irregular
puddles.**®

3.4 Other advanced technologies

One promising approach to overcome the textural homogeneity
of single-material printing is the implementation of co-axial
and multi-material extrusion systems.'*® Co-axial extrusion

Sustainable Food Technol.

View Article Online

Review

utilizes concentric nozzles to construct core-shell filaments; for
instance, a lipid-rich emulsion can be encapsulated within
a rigid protein paste shell to mimic intramuscular fat, thereby
enhancing juiciness and preventing moisture loss during
cooking. Similarly, multi-nozzle systems allow for the precise
spatial distribution of distinct protein inks—such as pea
protein for muscle and textured soy protein for connective
tissue—enabling the construction of heterogeneous structures
that closely resemble whole-cut meat products.*°

To achieve micro-scale fiber alignment that surpasses the
resolution of mechanical electrohydrodynamic
printing, also known as electrospinning, is being explored as
a complementary strategy.** This technique employs a high-
voltage electric field to pull charged plant protein solutions
into nanofibers. These aligned nanofibers act as scaffolds to
guide the orientation of subsequent protein layers, drastically

improving the anisotropic mechanical properties and fibrous
152

extrusion,

chewiness of meat analogues.

Furthermore, the concept of 4D printing introduces time as
the fourth dimension, allowing printed foods to undergo pro-
grammed morphological or color changes in response to
external stimuli like pH, heat, or moisture.'*® By incorporating
pH-sensitive plant pigments (e.g., anthocyanins) into protein
inks, researchers can create foods that exhibit interactive color
shifts upon contact with acidic seasonings. Additionally,
designing specific hydration pathways within the protein matrix
allows flat printed films to self-fold into complex 3D shapes
during boiling, offering novel solutions for packaging efficiency
and creating interactive dining experiences.

4 Application of different printing
methods in the food field

While consumer awareness of 3D printed food is still evolving,
the technology has successfully transitioned from conceptual
prototypes to functional food products. Due to their excellent
processing adaptability, plant proteins are currently employed
to construct three major product categories:*** plant-based meat
analogues, personalized nutritional foods, and complex func-
tional confectionery.

Among these applications, the fabrication of plant-based
meat analogues is the most prominent sector, where
extrusion-based printing (specifically PAM) dominates due to its
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Fig. 5 Applications of different food printing methods.
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ability to mimic the fibrous texture of animal muscle."*® For
instance, Ben-Arye et al.*®” successfully printed a soy protein-
based scaffold exhibiting high anisotropy, simulating the
muscle fiber structure of beef and achieving a chewiness
comparable to cooked meat. Furthermore, through multi-
material co-extrusion technology, researchers have con-
structed biphasic systems with complex internal structures.
Jung et al. co-extruded red beet-colored pea protein (mimicking
muscle) with a coconut oil emulsion (mimicking fat) to produce
a marbled wagyu beef alternative. Notably, this product released
juice upon cooking similar to real meat, significantly enhancing
the sensory experience.'®

In contrast to the dense textures produced by extrusion,
binder jetting excels in fabricating porous, crispy personalized
nutritional snacks. Due to its unique powder binding mecha-
nism, BJT generates highly aerated internal structures, making
it ideal for developing foods tailored to specific populations
(e.g., elderly patients with dysphagia). Zhu et al utilized
a calcium caseinate and natural starch system to develop a high-
protein casual snack with tunable hardness and rapid oral
dissolution rates, effectively addressing feeding safety issues for
specific groups.” Simultaneously, BJT demonstrates immense
potential in the precise delivery of micronutrients. Chadwick
et al. demonstrated that this technology can precisely distribute
vitamins within a pea protein matrix. By achieving dosage
control through localized binder deposition, this method
avoids the thermal degradation of heat-sensitive nutrients,
providing a new approach for manufacturing personalized
dietary supplements.>*

Although inkjet printing is less common in bulk food
production, it has found a unique niche in surface decoration
and functional bioactive delivery. Plant protein hydrogels are
frequently used as protective carriers for sensitive compounds
like probiotics or polyphenols. Recent studies have utilized
piezoelectric inkjet systems to deposit alginate/pea protein
microbeads loaded with probiotics onto food surfaces, using the
protein matrix to protect bioactives from gastric digestion.'*®
Additionally, by incorporating pH-sensitive plant pigments (e.g.,
anthocyanins from purple sweet potato), researchers have
developed interactive 4D foods. Patterns printed on protein
matrices change color in response to environmental pH shifts
(e.g., spraying with lemon juice), offering highly attractive visual
interactive experiences for high-end dining.'*

While traditional extrusion and binder jetting have laid the
foundation for food 3D printing, they often struggle to replicate
the complex hierarchical architecture of natural tissues, such as
the vascular networks or aligned myofibers found in meat. To
address this limitation, researchers are increasingly adapting
advanced strategies from tissue engineering and bio-printing to
plant-based food fabrication (Fig. 5).**°

5 Prospects and challenges

5.1 Prospects and dilemmas of 3D printing of plant protein-
based foods

The diversity of plant proteins and printing methods leads to
significant variations in print quality, hindering the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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standardization required for widespread home and personal-
ized use.'*“'®* Unlike traditional processing, the additive
manufacturing workflow involves unique pre-treatment and
post-processing steps that lack comprehensive safety assess-
ments. Therefore, establishing a database of optimal printing
parameters for various plant substrates is crucial.

The sustainability value of plant protein production is
superior to that of animal proteins. Core advantages include
revolutionary reductions in carbon footprints and the integra-
tion of a circular economy model. This is demonstrated by: (1)
land intensification and efficient raw material utilization;'** (2)
significant carbon emission reductions across the life cycle; (3)
high-value utilization of agricultural waste within an industrial
symbiosis system; and (4) global policy synergy. For instance,
the EU's Carbon Border Adjustment Mechanism (CBAM)
encourages the prioritization of low-carbon plant proteins,
aligning with the 2019 concept of food of the future.'**'®
Theoretically, Binder Jetting offers high productivity and
nutritional customization. However, in practice, the mecha-
nism of structural formation varies significantly between
binders and plant proteins, necessitating high-throughput
screening to determine optimal conditions. Furthermore,
plant protein powders often yield parts with low mechanical
strength and irregular porous structures due to inconsistent
particle sizes. Similarly, inkjet printing faces rheological limi-
tations. While plant protein hydrogels hold promise for deliv-
ering nutrients, their high viscosity often limits printing speed.
Additionally, post-processing steps like freeze-drying increase
complexity and cost. For example, while a mixture of sodium
caseinate and concentrated milk protein has been shown to
enhance the gel network and shape retention, such high-
performance formulations can be costly."*

A critical, often overlooked dilemma is food safety. Plant
protein pastes and hydrogels typically possess high water
activity and nutrient density, creating an ideal breeding ground
for pathogenic microorganisms (e.g., Salmonella or Listeria) if
left in the printer nozzle at room temperature. Unlike thermal
extrusion, the mild processing temperatures of PAM or Inkjet
are insufficient to sterilize the food. Furthermore, the dead
zones in complex nozzle geometries make thorough cleaning
difficult, leading to biofilm formation. Additionally, the use of
diverse plant sources (soy, nuts, wheat) introduces the risk of
allergen cross-contamination in multi-material printers,
necessitating strict cleaning protocols and dedicated equip-
ment standards.

5.2 Laws and regulations

Global regulation of plant protein 3D printed foods exhibits
a pattern of leniency and strictness. The EU adopts a strict
approach, requiring safety assessments by the EFSA for new
plant proteins (e.g., the 18-month approval for mung bean
protein) and banning traditional names like milk on labels.
Conversely, the U.S. follows a decentralized approach, with the
FDA reviewing raw material safety and the USDA overseeing
labeling. China focuses on material safety standards for food
contact parts (e.g., banning leaded nozzles) but lacks specific
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regulations for printed food products [cite]. Emerging markets
like Singapore favor innovation, allowing ingredients to be
marketed if they meet GRAS (Generally Recognized As Safe)
standards. The central contradiction lies in the blurring of
technological classifications and the absence of transnational
standards, highlighting the need for internationally recognized
safety frameworks.

5.3 Consumer acceptance

Consumer attitudes toward plant protein 3D printed food are
characterized by rational observation and scenario differentia-
tion. Positive drivers include sensory breakthroughs (e.g., high-
fidelity plant-based steaks), personalized health benefits (e.g.,
high-protein pasta for fitness), and environmental values.
However, barriers remain significant: price premiums (>30%),
concerns over food safety (technophobia), and cultural resis-
tance in traditional dietary regions.

To bridge the gap between technological feasibility and
market acceptance, the transformation of plant proteins into
functional inks must integrate biotechnological tools. Enzyme
engineering and synthetic biology act as molecular scissors,
precisely splicing protein structures to overcome inherent
limitations.**”'*® In the long term, Al-assisted formulations
could enable the precise assembly of synthetic biology-derived
proteins into customized textures.'®® However, as most of
these technologies are still in the laboratory phase, enhancing
product transparency and public communication is imperative.

5.4 Future functionality exploration

To transcend natural limitations, synthetic biology is driving
a paradigm shift. Bacterial platforms (e.g., E. coli) enable the
mass production of bioactive components like cyclic peptides.
These rigid structures can enhance ink yield stress (>250 Pa)
while encapsulating heat-sensitive nutrients (e.g., Vitamin D3)
within their hydrophobic cavities, preventing degradation
during extrusion."”*'”*

Furthermore, microbial fermentation can optimize the
nutritional profile. For instance, fermenting soy protein with
Lactobacillus plantarum has been shown to increase essential
amino acid bioavailability by over 100% and reduce anti-
nutritional factors."”>'”® Future breakthroughs should focus
on: (1) multi-scale computational models (Molecular Dynamics
and Machine Learning) to predict rheological responses; (2) in
situ enzyme activation systems within the nozzle to trigger
cross-linking only at the moment of extrusion; and (3) emulsion
electrostatic deposition for spatially resolved nutrient delivery.
These innovations will propel plant-based 3D printing from
simple shape imitation to a new era of dual precision in texture
and nutrition.

5.5 Artificial intelligence and machine learning: accelerating
ink development

Traditionally, the development of plant protein-based inks
relies heavily on trial-and-error experiments, which are time-
consuming and resource-intensive due to the complex, non-
linear relationships between rheological parameters and
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printing quality. With the advent of Industry 4.0, Artificial
Intelligence and Machine Learning are emerging as powerful
tools to decouple these complexities and predict printability
with high accuracy.

Recent studies have demonstrated the efficacy of ML in opti-
mizing food ink formulations. For instance, ref. 155 established
a machine learning-enabled framework that combined rheological
data with image-based assessment. By training algorithms on
visual datasets of printed structures, they successfully predicted the
printability of polysaccharide-based inks, significantly reducing the
experimental workload. Similarly, they utilized a Gaussian process
regression (GPR) model to predict the printability of complex food
formulations. This data-driven approach allows researchers to
input raw material parameters (e.g;, protein concentration, gum
type) and output predicted printing outcomes (e.g., shape fidelity),
thereby realizing inverse design of food inks.*”*

For plant protein-based 3D printing, future research should
focus on building comprehensive databases linking Molecular
Structure — Rheology - Print Quality. By integrating Multi-Layer
Perceptrons (MLP) or Convolutional Neural Networks (CNN),
researchers can accelerate the screening of plant protein sour-
ces and optimize processing parameters, shifting the paradigm
from empirical observation to intelligent prediction.

6 Conclusion

In summary, advancing the large-scale application of plant
proteins in food 3D printing requires addressing critical chal-
lenges spanning from fundamental science to industrialization.
First, research must prioritize optimizing the modification
processes of plant proteins. Precise regulation of their rheo-
logical properties and gelation behavior is essential to enhance
structural precision and storage stability while controlling
costs. Second, it is imperative to establish specific standards
and regulations. A unified system for evaluating the safety of
printed plant-based materials—covering microbial risks and
allergen management—is urgently needed to support
commercialization. Ultimately, by developing novel plant-based
inks that combine nutritional functionality with printability,
and integrating these with Al-driven process control, we can
unlock the immense potential of 3D printing for personalized
nutrition and sustainable food manufacturing.
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