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Abstract

The advent of three-dimensional (3D) food printing signifies a groundbreaking shift in the food sector, amalgamating digital
technology, material science, and nutrition to produce customized, sustainable, and novel food items. This review examines
technological advances and the nutritional implications of 3D food printing as a newway tomake food. The technology enables
the layer-by-layer construction of foods utilizing edible materials – such as purees, doughs, proteins, and hydrogels – for pre-
cise control over the shape, texture, and nutrient content. Improvements in printer design, extrusion processes, and printed
biomaterials have expanded the range of compatible ingredients, including plant-based proteins, alternative flours, and
nutrient-enriched formulations. Three-dimensional printing facilitates personalized nutrition by creatingmeals tailored to indi-
vidual dietary needs, age group, or health conditions. It also supports environmental sustainability by reducing food waste and
using underutilized food sources. However, challenges remain regarding printability, food safety, nutrient stability, and com-
mercial scalability. This review emphasizes the interdisciplinary nature of 3D food printing and its potential influence on the
future of nutrition, food design, and sustainable food systems.
© 2026 Society of Chemical Industry.
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INTRODUCTION
Additive manufacturing (AM) is a digital technique that constructs
objects using layer-by-layer material deposition. It is commonly
referred to as three-dimensional (3D) printing technology. A
derivative of classic AM technology, 3D food printing (3DFP) cre-
ates the required objects by depositing successive layers of edible
materials using a bottom-up approach and computer-aided
design (CAD) software.1 Previously, the production of food and
pharmaceutical items using printing methods was relatively rare.
Given that pharmaceutical and food ingredients are absorbed
directly by the body, the level of caution and innovation that char-
acterizes the creation of 3D-printed goods offers considerable
potential.
The two primary strategies for using 3D printing applications in

food and nutrition will probably address specific emerging or
anticipated nutritional challenges.2 The first involves repurposing
food materials to improve nutrition and reduce raw material
waste. The second involves reducing the burden of diet-related
diseases through strategic food design, necessitating the imple-
mentation of personalized nutrition. The goal of personalizing
and customizing food materials is to meet individual nutritional
requirements through the optimization of food structure and
composition.3

The manufacturing and prototyping sectors – which formerly
relied on laborious and costly processes like shaping, framing,

and machining – have been transformed by additive
manufacturing.4 The technology was originally designed to cre-
ate three-dimensional structures using materials such as metals,
ceramics, and polymers to fabricate intricate components in a
single step.
By carefully combining, depositing, and heating material layers,

AM techniques have revolutionized food preparation, allowing
users to experiment efficiently with various material combina-
tions. By regulating printing material and nutritional content, this
technology enables food production tailored to individual physi-
cal activity and health conditions.5

Charles Hull created this technology in 1983 as stereolithogra-
phy (SLA). Researchers are currently using it to develop a variety
of cutting-edge methods and materials for specialized applica-
tions.6 Additive manufacturing is utilized for both prototyping
and small-scale production, enabling the use of sturdy yet light-
weight parts, cost-effective manufacturing, adaptable designs,
and minimal material waste. Recent advances have reduced the
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cost of 3D printers, making them accessible even for customized
product manufacturing.7

Significant progress in the business and the customization of
food design is possible using AM technologies. Within food engi-
neering, AM faces several challenges, including process produc-
tivity, product innovation, and functionality. As a disruptive
technology, AM is changing the food and agricultural industries.
By depositing a certain material, layer by layer, in accordance with
a predetermined design, this technology can produce physical
components directly, allowing for flexibility in size and shape.
Additive manufacturing has expanded its applications within

the food industry due to benefits such as individualized nutrition,
personalized food designs, and streamlined supply chains. It is
currently utilized in sectors including confectionery, military and
space rations, and geriatric nutrition. Successful printing depends
on precision and accuracy, which are primarily influenced by
material characteristics, process variables, and post-processing
procedures.8-11

Despite the rapid development of 3D food printing, most exist-
ing reviews have concentrated on printing methods, materials,
and engineering aspects rather than nutritional functionality,
digestibility, health effects, and practical implementation difficul-
ties. Specifically, the perspectives of food science, nutrition, and
biomedicine remain poorly integrated regarding the assessment
of 3D-processed meals. This review seeks to address this gap by
critically analyzing technology advancements, nutritional quality,
individualized diet applications, and emerging obstacles to wide-
spread acceptance.26

ADDITIVE MANUFACTURING TECHNOLOGY
IN THE FOOD INDUSTRY
Innovations in food technology may focus on specific areas such
as process engineering, product formulation, food attributes, or
consumer needs yet can trigger cascading effects that alter the
broader food system, eating habits, and socio-cultural domains.
To create food that meets the nutritional, individual, and social
requirements of every community, food industry innovation strat-
egies must be integrated within the entire food system. Such
approaches should address not only technological progress but
also evolving social and environmental shifts.12

In a globalized world, this is essential as it offers advanced tech-
nology for producing bespoke parts in varying quantities using a
variety of materials. The food and agriculture industries require
significant customization in the design and development of
equipment. Additive manufacturing can design and produce
unique, customized food items based on the required ingredients,
shapes, and colors including coffee, pizza, burgers, biscuits, cakes,
chocolates, and other common foods.8

In addition to basic dietary preferences, personalized nutrition
(PN) based on health status and body type requirements has
received significant attention. When food printing is integrated
with a nutrition model, users can determine nutritional distribu-
tion precisely and calculate the caloric and elemental content of
manufactured products. By selecting ingredients and matching
manufacturing parameters through a user interface, individuals
may manage their diets more effectively. Food printing therefore
offers a practical way to digitize calorie and nutrition intake,
improving individual dietary control.
Online data on nutritional composition and individual and

social preferences can be used to personalize nutrition in food
products. Even food ingredients with well-known material

qualities can be customized for each fabrication with unique com-
positions. The design of the recipe, printing volume, 3D model
design, and flavor selection can then be used to create a fabrica-
tion plan. The recipe's design can be modified and the printing
volume controlled to achieve the nutrient profile's specified
levels.13

Personalized nutrition, which also takes into account each indi-
vidual's unique body type and health situation, has received con-
siderable attention in recent years.14

The COVID-19 pandemic has focused attention on public health.
Creating meals with regulated gastrointestinal transit times will
clearly enable improved management of nutrient kinetics and
availability to meet the dietary requirements of specific groups.
One of the greatest future challenges facing the food industry will
be incorporating novel concepts and moving towards PN.
Although various international food research institutes and

businesses are continuously implementing 3D food printing
developments – incorporating diverse perspectives and benefi-
cial food concepts – only limited research knowledge has been
applied to the creation of customized foods.3 However, several
prominent nutritional strategies have attempted to develop cus-
tomized food.3

According to the theory of PN, diets should be customized to
meet each person's specific nutritional demands rather than
those of general populations. A person's lifestyle, age, sex, genet-
ics, metabolism, and microbiome all affect their nutritional
requirements. For example, an older female with diabetes and a
young male who is obese require different diets.15

It is now possible to create diet plans for particular individuals
due to significant technological advances in genetics, metabo-
lism, diagnostics, computation, and data analysis. Diets that are
customized to meet each person's unique nutritional and health
needs should eventually be achievable. Functional foods made
with particular nutritional, nutraceutical, prebiotic, and probiotic
combinations are necessary for PN.
In some situations, bioactive components can be included easily

in a foodmatrix. In other situations, they require specific encapsu-
lation methods to enhance their bioavailability, or to disperse or
protect them. For instance, to improve water dispersibility, chem-
ical stability, and oral bioavailability, oil-soluble vitamins (such as
vitamins A, D, and E) and nonpolar nutraceuticals (such as carot-
enoids, curcumin, and resveratrol) can be added to delivery sys-
tems that contain tiny hydrophobic particles (such as emulsions
or nanoemulsions). A single delivery system can contain one or
more bioactive compounds, depending on their physicochemical
and nutritional characteristics.16

Three-dimensional food printing techniques
Three-dimensional technology involves layer-by-layer material
deposition from a pre-designed file using nozzles and software
to make unique food products with intricate designs.17 Three-
dimensional printing is defined as the process of fabricating
objects by depositing material through a print head, nozzle, or
other printing technologies.18 A number of food printers have
been produced to create food items. These printers use cartridge
tubes containing edible food solids or semi-solids (dough, puree,
paste, and powder, liquids or gels created from ingredients
including sugar, meat, chocolate, flour, fruits, and vegetables).17

Three-dimensional food printing presents significant benefits in
the fabrication of high-value, low-volume food products, particu-
larly for customized applications in the food service sector. A
range of printhead designs is employed to handle and dispense
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various food materials. Some systems utilize thermal energy such
as lasers, hot air, or heating elements to sinter or melt powdered
ingredients, whereas others use inkjet-style printheads to deposit
binders or solvents precisely for shaping and assembly. Several 3D
food printing techniques have been adopted in the food industry,
such as binder jetting, extrusion-based printing, inkjet printing,
and selective laser sintering (SLS), each characterized by a distinct
mechanism.19

Extrusion-based 3D printing
In recent years, extrusion-based 3D printing (Fig. 1(a)) has
emerged as one of the most widely adopted molding techniques
in the food industry. It is easy to use and enables the production of
cost-effective products. This technique was first introduced to the
sector by researchers at Cornell University, marking a significant
step in the integration of 3D printing technologies into food
production.
Extrusion-based 3D food printing, commonly referred to as

fused deposition modeling, was first utilized for printing filamen-
tous plastics that could be melted through heating. This tech-
nique operates on a simple technical principle – utilizing
pneumatic, piston-driven, or screw-driven systems – where a 3D

printer continuously extrudes a molten or paste-like material
through a moving nozzle. Guided by model data, the material is
deposited onto the layer beneath, gradually building the struc-
ture until the final form is achieved. The major challenges in
extrusion-based 3D food printing involve the properties of the
printing inks, the optimization of printing parameters, and
the post-processing techniques.20 This emerging process involves
filling a syringe or cylinder with malleable or slurry materials, elim-
inating air spaces, and extruding the material through a nozzle tip
onto the printer bed.21

In extrusion-based food printing, the quality of the final product
is determined primarily by two factors: (i) the printability of the
material during extrusion, and (ii) product stability after printing.
The printability of foodmaterials is influenced by their rheological
behavior, thermal properties – such as melting point and glass
transition temperature – and gelation characteristics. This tech-
nique uses three additional mechanisms: screw-based extrusion,
syringe-based extrusion, and air pressure-based extrusion. In
screw-based extrusion, ingredients are first mixed separately
and then loaded into a cartridge, then transported through a
screw-driven tube and extruded through the nozzle. However,
gel-like substances with high mechanical strength and viscosity

Figure 1. Different three-dimensional (3D) printing techniques: (a) extrusion-based 3D printing; (b) inkjet-based 3D printing; (c) selective sintering;
(d) binder jetting.
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are often unsuitable for 3D printing; they frequently lead to mate-
rial compression, structural deformation, and reduced resolution
due to weak interlayer bonding in the printed structure. In
syringe-based extrusion, a stepper motor drives a plunger to push
semi-solid materials – such as chocolate or dough – through the
nozzle. Alternatively, air pressure-based extrusion utilizes a com-
pressor to force material from a cartridge through the nozzle tip
onto the printer bed.22

Inkjet-based 3D printing
Material jetting systems, especially inkjet-based 3D printers (Fig. 1(b)),
have become increasingly popular in recent years due to their
ability to fabricate multi-material products through the drop-
on-demand (DOD) printing technique. Despite being designed
for advanced manufacturing applications, inkjet-based 3D print-
ing systems closely resemble traditional two-dimensional
(2D) document printers in terms of their compact hardware
design. This similarity enables them to be used in standard office
environments rather than requiring strictly controlled laboratory
conditions. As a result, the accessibility and convenience of
inkjet-based 3D printers have contributed significantly to their
increasing popularity.23

Inkjet 3D printing is used to create both 2D and 3D patterns
based on computer-generated designs. This method requires
food materials to be transformed into an ‘ink’ by blending them
into a smooth consistency or by adding substances like hydrocol-
loids to help maintain the printed structure. Post-printing
processes – such as cooking, baking, or chilling – are carried out
separately.24 Inkjet printing uses a thermal or piezoelectric head
to release droplets onto targeted areas of food surfaces, enabling
surface filling or image decoration. This technique is often applied
to items like cookies, cakes, and pizzas.
Inkjet printing techniques are classified into two types: continu-

ous jet printing and DOD printing. In continuous jet printing, ink is
expelled continuously through a piezoelectric crystal vibrating at
constant frequency. Conductive agents are added to the ink to
achieve the required flowability. In DOD printing, ink is released
from the print heads by pressure applied through a valve.
Inkjet printing typically processes low-viscosity materials that

do not have sufficient mechanical strength tomaintain a 3D struc-
ture, and is therefore mainly used to create two-dimensional
images. To achieve high printing precision and accuracy, key fac-
tors include the compatibility between the ink and the substrate
surface, the ink's viscosity and rheological properties, and the con-
trol of temperature and printing speed.25 Three-dimensional edi-
ble food products, including cookies, cakes, and pastries, are
constructed using a layered structure. This technique involves
pre-patterning the food materials across multiple layers during
the fabrication process.26

Selective sintering
Powder bed fusion is a 3D printing process that includes tech-
niques such as SLS (Fig. 1(c)) and selective heat sintering (SHS).
These methods involve using either a laser or an electron beam
to melt or fuse powdered materials to build one layer at a time,
resulting in a complete 3D structure. The laser scans and selec-
tively fuses cross-sections of each layer on the powder surface.
After each scan, the powder bed is lowered, and a fresh layer of
powder is spread on top. This process is repeated until the final
structure is complete. Finally, the unused powder is extracted
and reused for subsequent printing. Selective laser sintering gen-
erally enables the fabrication of freestanding, high-resolution 3D

structures with complex geometries. However, the range of
usable materials is limited to powders, such as sugar, fat, or starch
granules.25 Industrial materials commonly used in this process
include metals, ceramics, polymers, composites, and hybrids,
but SLS, known for its high speed, precision, and range of surface
finishes, can produce objects made from metal, plastic, and
ceramic by using a high-powered laser to sinter polymer powders
into solid structures. On the other hand, SHS employs a heated
print head to melt thermoplastic powder and form 3D printed
parts. Electron beammelting (EBM) uses an electron beam to pro-
vide the energy needed to heat and fuse the material.27

Binder jetting
Binder jetting metal additive manufacturing (BJ-MAM) (Fig. 1(d)),
commonly referred to as metal 3D printing, is a powder bed-
based additive manufacturing technique. In this process, liquid
binder droplets are deposited selectively to bond powder parti-
cles, forming near-net-shape components. These components
are then densified through a sintering process. Binder jetting
metal additive manufacturing is recognized for its versatility in
processing a variety of materials and its suitability for high-
volume production.28

Binder jetting 3D printing (BJ3DP) is a 3D printing method that
uses a powder bed and a liquid binding agent to build objects
layer by layer. In this process, a binder solution is selectively
deposited onto a bed of powder, causing the powder particles
to adhere and form solid structures based on a digital model. A
typical BJ3DP system includes a binder reservoir, a powder reser-
voir, and a build platform.29 During printing, powder is dispensed
from the powder reservoir onto the build platform. A roller then
spreads the powder into a thin, even layer. Guided by the design
file, the printer jets the binder solution onto specific areas of the
powder bed to create the first layer of the object. This sequence
of spreading powder and applying binder repeats layer by layer
until the full object is formed.
Originally developed and patented at the Massachusetts Insti-

tute of Technology by Emanuel Sachs, BJ3DP was later commer-
cialized by Z Corporation, which improved the technology by
incorporating color printing and popularized the term ‘3D print-
ing’. Today, BJ3DP is widely used in rapid prototyping and has
found applications in fields such as electrochemistry, plastic sur-
gery, bone scaffold fabrication, and the cosmetics industry.30

NUTRITIONAL IMPLICATIONS OF 3D FOOD
PRINTING
Personalized nutrition
The primary goal is to facilitate diet and lifestyle changes that lead
to improved health outcomes and enhanced physiological func-
tion. This integrative approach draws on expertise from a range
of disciplines, including nutrition science, clinical medicine, geno-
mics, epigenetics, systems biology, and behavioral science.31

Customizable nutrients for individual dietary nutrition
Personalized nutrition involves customizable nutrient
composition – specifically the targeted modification of macronu-
trients (such as carbohydrates, proteins, and fats) and micronutri-
ents (including vitamins, minerals, and bioactive compounds) – to
align with individual metabolic needs and health objectives.
Emerging tools – such as advanced nutritional assessments, digi-
tal health technologies, and omics-driven analyses –make it pos-
sible to develop highly personalized dietary strategies. These
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strategies often involve the intentional design of food structure
and composition to enhance nutrient absorption, optimize meta-
bolic responses, and cater to individual preferences. This degree
of personalization enables more effective dietary interventions
and promotes long-term, sustainable health benefits.32 Advances
in ‘omics’ fields such as microbiomics, proteomics, metabolomics,
transcriptomics, and genomics research along with data technol-
ogy, have progressively transformed customized dietary intake
into a practical reality.

Genomics
Genomics has advanced into the post-genomic era, with genomic
data now widely applied to customize nutritional supplementation
giving rise to the interdisciplinary field of nutrigenetics. Three levels
should be included in PN in the future, according to the International
Society of Nutrigenetics/Nutrigenomics (ISNN): (i) conventional nutri-
tion, guided by general suggestions according to socioeconomic,
gender, and age characteristics; (ii) individualized nutrition that
incorporates phenotypic data reflecting an individual's current nutri-
tional status; and (iii) genotype-driven nutrition tailored to rare or
common genetic variants. This framework underscores a shift from
broad dietary guidelines toward more stratified and genetically
informed PN strategies.33

Transcriptomics
Transcriptomics is used primarily to profile gene expression in liv-
ing organisms under specific nutritional conditions, offering a
comprehensive view of how dietary interventions influence intra-
cellular RNA transcripts.34

There are two primary technologies used to measure the tran-
scriptome: hybridization-based methods (e.g., microarrays) and
sequence-based methods (e.g., RNA sequencing or RNA-seq).
Transcriptomics studies reveal the expression status of specific
genes or the entire set of expressed genes (the transcriptome)
in an individual at a given time. The outcomes of such studies
depend largely on technologies like real-time polymerase chain
reaction (PCR) and high-throughput DNA microarrays.35 RNA
sequencing (RNA-seq) has also emerged as a powerful alternative,
offering broader coverage of RNA types and providing more
detailed functional insights. Transcriptomic analysis enables the
examination of mRNA expression levels and differential variations
in gene expression in reaction to dietary modifications or other
influencing factors.30 Transcriptomics offers molecular-level
understanding of the biological reactions taking place at various
phases of the 3D food printing process. The mechanical and
osmotic stresses imposed by pre-processing steps like ingredient
preparation, grinding, hydration, and formulation can change the
expression of genes linked to stress response, protein modifica-
tion, and carbohydrate metabolism, which in turn affect printabil-
ity and flow behaviour.36 Extrusion-based printing causes
transcriptional alterations related to structural integrity, protein
folding, and energy metabolism by subjecting food matrices to
shear stress, pressure, and temperature changes during the pro-
cessing stage. Thermal and oxidative stresses further modify
genes related to lipid oxidation, starch transformation, and nutri-
ent stability during post-processing stages like baking, frying, or
drying. Transcriptomic analysis provides deeper insight into how
processing conditions influence the structural and functional
properties of 3D-printed foods, helping connect production
methods with final quality characteristics. 37

Proteomics
Traditional nutrition research focused primarily on providing
essential nutrients for nourishment and preventing specific nutri-
ent deficiencies or related disorders. Nutriproteomics uses prote-
omic tools to analyze molecular and cellular changes in protein
expression and how they interact with other nutrients, recogniz-
ing that the bioavailability and function of nutrients – including
bioactive peptides and proteins – can be influenced by the pres-
ence of other dietary components.38 As a potential tool in PN,
nutriproteomics can aid in the quantification and characterization
of food-derived bioactive peptides and proteins, and the discov-
ery of biomarkers to better understand their mechanisms of
action and effectiveness. Nutriproteomics also holds potential
for advancing medical and nutritional research by transforming
biomarker and drug development, supporting nutraceutical dis-
covery, modeling biological processes, linking diet to disease in
preclinical studies, and paving the way toward PN strategies.39

Although transcriptomic analysis sheds light on alterations in
gene expression at the mRNA level, post-transcriptional regulation
means that these alterations do not always translate into functional
results. Thus, by examining the proteins that carry out biological
processes directly, proteomics enhances transcriptomics Proteo-
mics focuses on large-scale protein identification and measure-
ment, including structural alterations, interactions, and enzymatic
activity.40 Proteomic techniques are especially helpful in the con-
text of 3D food printing for assessing how processing parameters
affect protein behavior at various stages of production. Shear stress
and hydration can change the solubility and conformation of pro-
teins during pre-processing and extrusion, which can impact rheo-
logical characteristics and print stability. Subsequent post-
processing procedures, such as heating or frying, further induce
protein denaturation, aggregation, and cross-linking. These
processing-induced protein alterations – which are directly related
to the texture, digestibility, and nutritional value of 3D-printed
foods – can be identified using mass spectrometry-based proteo-
mic techniques.41

Metabolomics
‘Metabolomics’ refers to the study of metabolites – small
molecules – found in biological samples. The complete set of
these metabolites in a given sample is known as the ‘metabo-
lome’.42 Metabolomics is considered the end point of human
molecular analysis. Its application in dietary intervention research
offers a more profound understanding of how diet influences
metabolic changes, health, and related disorders, as well as the
relationship between genotype and phenotype. Metabolomics
can be applied in nutritional interventions to find biomarkers in
food and support the evolution of customized diet plans and
medicine.43

The microbiome
The microbiome is a primary source of human variation influencing
dietary responses and it can be utilized for personalized diagnosis
and the stratification of dietary responses and recommendations.
Moreover, the microbiota is modifiable through interventions such
as probiotics, prebiotics, antibiotics, andmore recently, postbiotics –
offering promising opportunities for preventive and therapeutic
personalization of dietary strategies. Although the function of the
commensal microbiota was largely disregarded until recently, its
role in individual responses to meals and its ability to link environ-
mental factors to host physiology are now widely acknowledged.
Incorporating themicrobiome as a key factor in explaining personal
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uniqueness has led to a paradigm shift in understanding of inter-
individual variability and its impact on responses to environmental
influences such as diet.44

Nutrient retention
A systematic experimental approach was adopted to investigate
the dynamics of nutrient retention. One study45 evaluated how
various preparation and treatment methods influenced the pres-
ervation of essential nutrients in diverse food ingredients. Mon-
itoring tools were used to observe internal changes during
processing, while nutritional analyses were conducted both
before and after treatment to measure nutrient degradation.
This approach enabled a quantitative understanding of factors
affecting nutrient stability. By applying various processing tech-
niques and ingredient types, the study aimed to reveal the intri-
cate relationships between food treatment methods and
nutritional preservation.46

Post-processing
After 3D printing, certain foods undergo post-processing to
enhance accuracy, stability, and edibility. Techniques such as
drying, freezing, boiling, baking, and steaming are applied to
improve these aspects. However, not all food materials need
post-processing. For example, 3D prints made from chocolate,
cheese, or sugar do not require cooking, drying, or frying.47

These materials may only need a mild cold setting to maintain
their structural integrity. In contrast, wheat dough or other
cereal-based doughs require additional cooking methods like
baking or frying to become edible. Post-processing also helps
improve the sensory qualities of food, such as reducing moisture
content during baking and frying, which increases hardness and
reduces stickiness.48

Drying
Drying encompasses methods like freeze-drying (FD), hot air dry-
ing (AD), and vacuum microwave drying (MVD). It is a common
post-processing technique for preparing and storing food at
ambient temperature.49 When integrating dryingwith 3D printing
technology, it is important to select the appropriate method care-
fully, as different drying techniques can yield significantly differ-
ent outcomes. Vacuum microwave drying is a hybrid method
that combines the advantages of low energy consumption, fast
volumetric heating from microwave drying, and reduced evapo-
ration temperature.50

Deep frying
Deep frying, also known as immersion frying, is a cooking tech-
nique in which food is submerged in hot oil for varying durations,
typically heated to around 180 °C and exposed to air. This process
induces several chemical and physical modifications to the food,
such as Maillard reactions, protein denaturation, starch gelatiniza-
tion, moisture reduction, and the formation of a crunchy crust.
Nutrient-dense snacks were developed using barnyard millet,
fried gram, and ajwain seeds, and were post-processed in 3D food
printing using various methods including deep frying, hot-air dry-
ing, and microwave drying.51

Baking
Baking is the most widely used technique for cooking in 3D food
printing, involving the use of dry heat, which transfers from the
outer surface to the inner parts of the product, typically within
an enclosed space such as an oven. During baking, various

physicochemical changes take place, including protein denatur-
ation, caramelization, starch gelatinization, the development of
a porous structure and crust, moisture loss through evaporation,
and expansion in volume. Baking also affects bioactive com-
pounds, as the high temperature can rupture cell walls, leading
to increased antioxidant capacity in baked products. Differences
in the antioxidant capacity of free extracts have been observed
between conventionally baked biscuits and those produced
through 3D printing.52

Other methods
Various other post-processing methods, such as steaming, blanch-
ing, and roasting, are also used in food printing. Most of these tech-
niques alter the shape and structure of printed products after they
are printed. This highlights the ongoing need to identify and opti-
mize themost effective post-processingmethods.53 Figure 2 shows
the different stages of the 3D food-printing process.

Potential for dietary interventions
Behavioral lifestyle interventions involving dietary recommenda-
tions are commonly used to support weight loss, which can reduce
the risk of chronic ailments such as type 2 diabetes, hypertension,
and certain cancers in some individuals.54 These interventions
encompass various dietary strategies – such as low energy density,
low carbohydrate content, and low fat or calorie content – aimed at
creating the energy deficit necessary for weight loss. While many
people experience at least moderate weight loss and some achieve
significant results through these approaches, the specific impact of
different dietary treatments on quality of life (QOL) remains poorly
understood.55 Figure 3 explains the step-by-step process of the 3D
food printing technique.

Elderly care
Older adults have distinct nutritional requirements. Research indi-
cates they exhibit a higher anabolic threshold for dietary protein
or amino acids to effectively stimulate muscle protein synthesis.56

Recent reviews suggest that individuals in the ‘oldest old’ cate-
gory may require protein intakes exceeding 1.0 g kg⁻¹ body
weight, with data from smaller samples of healthy octogenarians
suggesting a range of 0.8–1.5 g kg⁻¹.57 Maintaining vitamin D
levels within the range of 40–60 nmol L⁻¹ has been linked to
advantages for cognitive function, muscular strength, and overall
musculoskeletal health. Dietary patterns rich in fruits, vegetables,
nuts, dairy, fish, and whole grains are connected to a slower
decline inmuscle strength. Age-related changes in gut microbiota
may further impact nutrient absorption and availability. Notably,
much of the existing research on the nutritional needs of the old-
est old has been conducted in outpatient settings.56

Sports
Dietary supplements can play a major part in helping athletes
meet their caloric, carbohydrate, and protein requirements. Vari-
ous supplement products have been shown to enhance perfor-
mance. Athletes engaged in moderate-to-high-volume training
often require increased intake of carbohydrates and protein to
meet their macronutrient requirements.58 Ideally, most carbohy-
drates should come from complex sources with a minimal to
moderate glycemic index, commonly referred to as ‘slow carbs’.
Suitable examples include fruits, vegetables, whole grains, and
legumes. Inadequate protein intake can lead to a negative nitro-
gen balance, leading to increased protein breakdown, delayed
post-exercise recovery, and potentially contributing to muscle
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wasting, training intolerance, and overtraining. Tomaintain a neu-
tral or positive nitrogen balance and support recovery, it is essen-
tial to consume adequate amounts of protein.59

Clinical diet
The main goal of clinical nutrition in older adults is to supply suf-
ficient energy, high-quality protein, essential micronutrients, and
adequate hydration to fulfill the unique physiological demands
of aging.60 As people age, they frequently encounter changes in
appetite, digestion, nutrient absorption, and metabolism, which
can increase the risk of nutritional deficiencies. If left unaddressed,
these deficiencies may contribute to conditions such as

malnutrition, sarcopenia, frailty, and weakened immune function.
Ensuring optimal nutritional status in older adults is crucial to
avoid illness and to sustain physical independence, promoting
activity levels, and enhancing the ability to participate in rehabil-
itation.61 Adequate nutrition plays a vital role in improving overall
quality of life, supporting cognitive and physical health, and
reducing the likelihood of hospital readmissions, institutional
care, and associated health-care costs. The general therapeutic
goals of clinical nutrition such as preventing malnutrition and
supporting recovery are consistent across age groups but the
focus often shifts in geriatric care. For younger patients, reducing
morbidity and mortality may be the primary concern, whereas in

Figure 2. Stages of the three-dimensional (3D) food printing process.

Figure 3. Three-dimensional (3D) food printing process.
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elderly people, particularly those with chronic illnesses or reduced
life expectancy, the emphasis is typically on preserving quality of
life, functional capacity, and independence.62

Challenges in maintaining bioavailability and digestibility
Bioavailability and digestibility are important elements that can
be affected considerably by the processing conditions and
formulation strategies used in 3D food printing. In particular,
high-temperature processing is known to reduce the nutritional
content of foods through mechanisms such as the Maillard reac-
tion, where proteins interact with polysaccharides, resulting in
the loss of essential amino acids.63 This presents a major chal-
lenge for 3D printed foods – especially when developing formula-
tions for vulnerable populations, such as patients with dysphagia,
where maintaining nutrient integrity is vital. The processing
methods used in 3D food printing often involve lower tempera-
tures and high moisture levels, which are better suited to preserv-
ing nutrient bioavailability.64 Moist heat can promote protein
denaturation or unfolding, making proteins more accessible to
proteolytic enzymes during digestion in the stomach and small
intestine. However, balancing the need for structural stability of
the printed product with the requirement for enhanced digestibil-
ity remains a substantial challenge. Optimizing printing parame-
ters, ingredient selection, and post-processing treatments is
therefore essential to ensure that 3D printed foods are both nutri-
tionally adequate and easily digestible.64

Advantages
Customized food and waste reduction
The food processing industry is witnessing an increase in the
use of 3D printing technology, which shows promise in person-
alized nutrition, customized food design, and rapid testing of
creative culinary concepts. This technology enables the crea-
tion of intricate food structures tailored to individual dietary
needs, potentially transforming how we approach food cus-
tomization and production.65 The Food and Agriculture Organi-
zation defines food loss as the reduction in food quantity or
quality brought about by the choices and actions of food sup-
pliers in the chain – excluding consumers, food service pro-
viders, and retailers. Food waste, however, happens at the
consumer and retail levels. By repurposing residues from
cereals, meat, dairy, fruits, and vegetables, 3D food printing
offers an innovative approach to transform these materials into
value-added products. In addition to reducing food waste, this
process optimizes food manufacturing. Integrating 3DFP into
the supply chain can also promote a more equitable distribu-
tion of food resources, addressing disparities and bolstering
food security.66 Figure 4 shows the different applications of
3D food printing technology.

Cost-efficient and personalized nutrition
By incorporating 3D food printing into the food industry, it may be
possible to reduce production costs and create foods with digi-
tally customized nutrient compositions, customizable designs,
and individualized dietary options. Recent advances in innovative
ingredients, printing technologies, specialized food printers, and
post-processing methods have enhanced this technology's capa-
bilities. These developments collectively position 3D food printing
as a promising solution to bolster global food security.53

Utilization of plant-based ingredients and on-demand
production
Three-dimensional food printing, particularly using extrusion-based
methods, offers considerable potential for utilizing plant-based
materials to create customized, nutritious, and sustainable food
products.67 This technology enables the design of foods tailored
to individual dietary needs and preferences, enhancing personaliza-
tion in nutrition. Plant-derived ingredients such as chocolate (hot-
melt materials), hydrogels, and soft materials like cereals, fruits,
and vegetables are commonly used due to their favorable proper-
ties for printing, including appropriate viscosity and structural integ-
rity.68 In addition to encouraging the creation of varied food
textures and flavors, using thesematerials simplifies the food supply
chain by enabling on-demand manufacturing. Plant-based ingredi-
ent integration also satisfies customer demand for more environ-
mentally responsible and health-conscious food options. Despite
these promising applications, maintaining consistent printability
remains challenging. Ongoing research is focusing on overcoming
these hurdles to fully realize the potential of 3D food printing in rev-
olutionizing food manufacturing and consumption.69

Dysphagia-friendly food solutions in health care
Three-dimensional food printing presents a promising solution
for creating dysphagia-friendly foods by enhancing the visual
and textural qualities of meals, improving patient appetite and
nutritional intake. Through extrusion-based methods, a variety
of foods can be printed to comply with International Dysphagia
Diet Standardisation Initiative (IDDSI) texture standards, ensuring
safety and consistency.70 The technology also enables the fortifi-
cation of meals with essential nutrients, addressing nutritional
deficiencies among dysphagia patients. The ease of preparation
and reduced need for specialized culinary skills make 3DFP a prac-
tical option for healthcare facilities, ultimately contributing to bet-
ter patient outcomes and quality of life. By enabling the creation
of aesthetically pleasing, safe-to-eat meals that adhere to stan-
dardized texture levels, this technology significantly benefits indi-
viduals with swallowing difficulties. It supports PN through
nutrient fortification and ensures consistency in food quality
while streamlining preparation procedures at medical facilities.64

Nutrition for the elderly and age-related health needs
According to WHO projections, neurodegenerative disorders
(NDDs) will overtake cancer as the world's second biggest cause
of death by 2040, mostly as a result of an ageing population.
Age is the primary risk factor for non-communicable diseases
(NDDs), such as Huntington's disease (HD), Parkinson's disease
(PD), Alzheimer's disease (AD), and amyotrophic lateral sclerosis
(ALS). The prevalence of these illnesses rises exponentially with
age. For example, PD is roughly 1%more common in people over
65 and 4.3%more common in people over 85. Aging leads to var-
ious detrimental changes in the body, such as the accumulation of
DNA damage, mitochondrial dysfunction, and oxidative stress,
which contribute to neuronal degeneration, resulting in a pro-
gressive loss of synapses, inflammatory responses in the nervous
system, and ultimately neuronal death. Although these phenom-
ena are observed in neural tissues affected by degenerative
lesions, their sequence and intensity vary among individuals.
According to the latest statistics released by the Alzheimer's Asso-
ciation International, by 2030, it is projected that 75 million indi-
viduals worldwide will suffer from Alzheimer's disease (AD), the
most common form of dementia, which manifests clinically pri-
marily through cognitive dysfunction and memory impairment.
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The pathological manifestations of AD include κ-amyloid toxicity,
hyperphosphorylation of τ proteins, degeneration of the choliner-
gic system, genetic mutations, vascular factors, oxidative stress,
neuroinflammation, mitochondrial dysfunction, impairments of
autophagy, abnormalities in insulin signaling, and imbalances in
the gut microbiota.71 The application of 3D printing technology
to develop personalized meals for older adults with dysphagia
shows significant promise. By adjusting both texture and nutri-
tional content, this approach provides a customized solution that
can enhance the quality of life for individuals with swallowing dif-
ficulties. Precise control over food texture improves safety while
ensuring adequate nutrient intake, making it an important
advancement in nutritional care and overall meal satisfaction for
this vulnerable group. 72

Therapeutic and allergen-free food personalization using 3D
printing
Three-dimensional food printing is revolutionizing personalized
diets, especially for vegan, gluten-free, and allergen-free needs.
It uses plant-based ingredients like legumes, nuts, and fungi,
along with natural binders such as hydrocolloids, to create meals
that match specific dietary requirements. This technology makes
it possible to regulate the nutritional content precisely and add

necessary vitamins and minerals that are suited to each person's
unique health needs. It ensures that people with dietary limita-
tions receive appropriate nutrients without sacrificing flavour or
texture, which is especially advantageous for them. It is now pos-
sible to customize food textures, forms, and nutrient content pre-
cisely due to this creative method, which makes it simpler to
create meals that are suited to both particular health require-
ments and personal preferences. The capability to integrate forti-
fied ingredients, such as vitamins, minerals, and functional
nutrients, into the printing process also offers the potential to
improve dietary intake and prevent malnutrition, a common issue
among the elderly population. The technology enables the pro-
duction of visually appealing food, which can stimulate appetite
in individuals with reduced interest in eating, thereby promoting
better overall nutrition. Efficient meal planning is made possible
by 3D food printing, which also improves food accessibility and
acceptability and guarantees that senior citizens eat meals that
are well-balanced and full of nutrients.73

In one study, three-dimensional food printing was applied to
develop a fruit-based snack tailored for children, emphasizing
personalization in both shape and nutrition. By adjusting printing
parameters like flow rate and speed, the researchers demon-
strated how the snack's texture and structure could be optimized.

Figure 4. Applications of three-dimensional (3D) food printing.
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This application highlights the potential of 3D printing to create
personalized, health-oriented foods that are both visually appeal-
ing and suitable for specific dietary needs, making it particularly
valuable for developing allergen-free, vegan, and child-friendly
products. 74

Three-dimensional food printing enables efficient meal plan-
ning while improving food accessibility and acceptability, increas-
ing the likelihood that senior citizens consume well-balanced,
nutritious meals. The technology allows precise incorporation of
nutrients, active compounds, and textures to enhance therapeutic
outcomes and support medical nutrition therapy. It also contrib-
utes to sustainability by utilizing unconventional ingredients
and reducing waste, while opening creative avenues in gastron-
omy through the production of intricate food structures and
novel culinary experiences.75

Future trends and challenges
The intersection of artificial intelligence (AI), machine learning
(ML), and 3D food printing represents a transformative frontier
in modern technology.76 As the global population is projected
to reach nearly 10 billion by 2050, the demand for sustainable,
high-quality food products continues to escalate.77 However,
the efficient deployment of this technology depends on overcom-
ing inherent challenges such as production inconsistencies, mate-
rial limitations, and scalability issues.76

Artificial intelligence and ML provide powerful tools to address
these challenges using advanced computational methods. Real-
time visual evaluation of printed layers using convolutional neural
networks (CNNs) can detect structural and surface faults. Recur-
rent neural networks (RNNs) and long short-term memory
(LSTM) models enable time-series forecasts of extrusion stability
and rheological behavior during continuous printing. Random
forest and support vector machine (SVM) algorithms are used to
classify material printability according to compositional and flow
properties.73 Adaptive process control is further facilitated by
reinforcement learning (RL) approaches, which dynamically mod-
ify printing parameters – such as temperature, printing speed, and
nozzle width – in response to sensor feedback. Food structures
can be realistically optimized prior to manufacturing using digital
twin technologies and AI-driven simulation frameworks, increas-
ing output and decreasing material waste. Despite this potential,
several barriers remain, including unstructured and incomplete
datasets, regulatory constraints, and a lack of standardized meth-
odologies. Moreover, the diverse range of 3D food printing tech-
nologies and materials further complicates the development of
universally applicable AI solutions.76

The evolution of AI-powered 3D food printing is poised to revo-
lutionize not only the production of food but also related sectors
such as agriculture, health care, and commercial food services.
Models based on AI can optimize ingredient utilization, monitor
crop quality, and detect food adulteration, enabling a compre-
hensive approach to food safety and sustainability.77 However,
interdisciplinary cooperation between scholars, industry stake-
holders, and regulatory agencies will be necessary to realize these
advantages. The present status of artificial intelligence and ML in
3D food printing was examined in a review by Rojek et al.,76 which
identified key trends, challenges, and future opportunities for
growth.76

Personalized nutrition is a growing field that customizes dietary
recommendations based on an individual’s unique traits such as
genetics, lifestyle, environment, and health condition to enhance

health, prevent disease, and support long-term well-being.78

Unlike traditional, one-size-fits-all dietary guidelines, PN inte-
grates a comprehensive array of scientific disciplines, including
nutrition science, genomics, epigenetics, systems biology, medi-
cine, and behavioral science, to design individualized nutrition
plans.79 By considering biological and environmental elements
that affect how food reacts, PN offers a more precise and adaptive
approach to diet and lifestyle modification. Key components of
PN include genetic testing, microbiome analysis, and the incorpo-
ration of lifestyle components like exercise, rest, stress reduction,
and eating patterns. Real-time data collection and adaptive nutri-
tional recommendations are alsomade possible by developments
in wearable biosensors, AI-powered dietary assessment systems,
and machine learning-based microbiome analytics. Precision-
based nutritional therapies can be produced by integrating geno-
mic, metabolomic, and lifestyle data using deep learning models
like artificial neural networks and gradient boosting algorithms.1

Although evidence suggests that PN can enhance motivation,
support behavior change, and lead to improved health outcomes,
further research is necessary to determine its relative effective-
ness compared to generalized public health recommendations.79

Food 3D printing offers the ability to control texture, nutritional
content, and integrate nutraceuticals, going beyond aesthetic
design. This technology also supports sustainability efforts,
including waste valorization and the development of eco-friendly
packaging solutions. Extrusion-based printing is especially nota-
ble for its capacity to manage the flow and rheological properties
of food materials, with important factors like nozzle height, diam-
eter, and printing speed influencing the final product's quality.
However, challenges persist in determining the printability of
materials and ensuring post-printing stability and mechanical
integrity. Finite element modeling (FEM) combined with AI-
assisted parameter optimization is one example of an advanced
computational modeling technique that makes it possible to sim-
ulate extrusion flow behavior, structural deformation, and post-
printing stability. By fusing machine learning algorithms with
physics-based simulations, hybrid models increase prediction
accuracy and lessen the need for empirical investigation.80

Food printing, also known as food-layered manufacturing, has
emerged as a transformative technology in the food industry,
offering unprecedented possibilities for customization, efficiency,
and sustainability.81 While technical advancements in 3DFP have
enabled the creation of intricate and innovative food products,
consumer acceptance remains a critical challenge.82

Factors such as sensory expectations, food safety, and nutri-
tional value significantly influence public perceptions and adop-
tion rates. Addressing these concerns is essential for the
integration of 3DFP into mainstream applications, particularly in
domestic and culturally specific markets. Social media data and
structured surveys can be used to assess customer opinions using
machine learning-based sentiment analysis and natural language
processing (NLP) techniques, allowing for the prediction of accep-
tance drivers such as perceived sustainability, naturalness, and
safety.78

Three-dimensional food printing synthesizes advances in mate-
rial science, post-processing methods, and technology adoption,
highlighting the interplay between product novelty, consumer
knowledge, and behavioral intentions. By examining these
dynamics, the discussion provides insights for designing
consumer-centric 3DFP solutions that strike a balance between
creativity, practicality, and sensory appeal.81,82
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