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The emerging world of 3D food printing is reviewed. Its role in food manufacturing, including benefits
and impacts, underemphasized gastrophysical aspects, and limitations are discussed. Foods can be
digitally designed and physically prepared using the layer-by-layer deposition of food components,
unleashing opportunities to deliver nutritionally personalized food and new food-human interactions.
Existing bottlenecks, under-researched gastropsychophysical aspects, and the lack of harmonized
standards hindering its use for mass production are mentioned.

Definition of 3D food printing

According to the Merriam-Webster dictionary (https://www.
merriam-webster.com/dictionary/3D%20printing), 3D printing is
“the manufacturing of solid objects by the deposition of layers of
materials in accordance with specifications that are stored and dis-
played in electronic form as a digital model”. In addition, 3D printing
can integrate materials, structures, and functions'. As a representa-
tive example, the capability of depositing two distinct materials
having different behaviors during heating enables the generation of
dynamic shape changes during dehydration®. Similarly, color mod-
ulation of 3D-printed food has been triggered by depositing layers of
materials having different colors when in contact with acidic
solutions”.

Although the first experiment on 3D printing dates back to 1960", its
transition to the food sector started only recently. The user creates 3D digital
models, which are converted into information that drives the path of the
printer and the amount of material deposited locally. Although several food
printing technologies are now available®, the most common 3D food printing
(3DFP) method is based on a controlled layer-by-layer deposition of a food
ink by cold or hot extrusion followed eventually by a final post-treatment®”.

Technical background and critical challenges

The first phase of 3DFP involves designing digital 3D models and generating
the codes that drive the movement of the printer. Apps for beginners (e.g.,
Tinkercad) or more professional software (e.g., Rhino 3D, Blender, Fusion
360) can be used to design almost any conceivable structure. While on a
laboratory scale, small and simple geometries such as cubes and cylinders*"’
are preferred to ascertain the influence of printing variables'"", unusual
structures are currently also available (https://blurhapsody.com/en/; https://
revo-foods.com/). Once the digital model has been designed, the slicing
phase literally shaves the 3D model into layers while the user defines the
printing conditions. Such a process must accurately define dozens of
printing parameters to ensure the equilibrium between the printer’s
movements and the material deposition, such as printing speed, layer height,
extrusion rate, nozzle diameter, etc.”’. For example, the optimization of the
thickness of the layers is a prerequisite to ensure very good printing preci-
sion and structural stability and has been subject to a number of
investigations'*"*. The majority of the results recognize that an appropriate
layer height is 80% of the nozzle diameter to ensure high adhesion and
structural stability'>'. Often, the slicing software estimates and the actual
movements of the printer diverge", thus hindering the potential benefits of
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the degrees of freedom offered by this technology. The slicing software
(Cura, Prusa, Slic3R, etc.) has primarily been designed for plastic materials/
filaments with highly stable properties, while food is a metastable material
with a large degree of physical and chemical variability. Such software
requires the setting of printing variables that are irrelevant when it comes to
“food inks”. For instance, the diameter of the plastic filament is compulsory,
and an essential input data that modulates the movement of the stepper
motor which feeds the nozzle. However, this is a requirement that can never
be fulfilled for foods since they are primarily provided as semi-liquid col-
loids. Although advanced 3D printers have significantly improved with
proprietary slicing software—e.g., Prometheous (https://www.roboze.com/
en/software.html)—such issues remain essentially unsolved unless the
writing of custom G-code” or the using of innovative novel G-code designer
such as FullControl GCode designer'’. Although this and other slicer
parameters are irrelevant for 3DFP, they significantly affect the deposition of
food. Derossi et al." reported a detailed experiment showing the effect of the
diameter of the filament on the printing quality of a cereal-based snack.
Hence, developing slicing software and deposition systems specifically
designed for food materials will be essential for the scaling up 3DFP. The
second phase bridges the digital and the physical realm including developing
printable food formulae, executing the printing process, and applying any
post-printing treatment (e.g., baking, drying).

Printability, which encompasses all of the rheological properties for
precise food printing deposition, becomes vital at this stage'”. Three printing
sub-phases are involved””: extrusion, during which the viscosity, shear-
thinning behavior, and yield stress characterize the ability of the food to flow
easily through the nozzle; recovery, where thixotropy defines how fast the

Traditional food printing materials

materials regain their initial state; regeneration/self-supporting, in which the
loss and storage modulus moduli and the yield stress inform the structural
stability of the printed object. These rheological attributes have been widely
used to estimate printability’**'. Overall, the food formula should capture a
non-Newtonian shear-thinning behavior'*** and yield stress between 500
and 1500 Pa™*. Although selecting materials with appropriate rheological
properties can improve printability, such material may simply not be
extrudable”” because of the settings of the printing or other engineering
variables, e.g., the pressure exerted by the stepper motor may be insufficient
to overcome the yield stress” or the differences in flow properties when
using a cylindrical or conical nozzle.

The evolution of food inks

Researchers have extensively tested food materials as diverse as chocolate™,
dough” >, beef™, cheese”, fruits and vegetables”* (Fig. 1). These studies
have demonstrated the potential use of a wide range of food materials but at
the same time they also highlighted several issues attributable to the
inadequate rheological properties of certain foods™, which necessitated the
use of many texturing agents—e.g., k-carrageenan, starch, gelatin, whey
protein isolate, and sodium alginate, amongst others'>””. Given the
growing interest in nutritionally and sensorially personalized products, and
the need for a more sustainable food system, the use of uncommon sources
of nutrients and other edible colloidal components has increased (Fig. 1)***.
Among them, bigels are gaining popularity given their ability to enhance
printability and create delivery systems for nutrition and functional
compounds”****. Food-grade bigels, obtained by mixing aqueous-based
and oil-based gels, exhibit mechanical stability and spreading properties, as
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Fig. 1 | Traditional and novel science-driven food printing materials. Repre-
sentative examples of traditional and innovative food printing materials. A 3D
chocolate (adapted from Manthial et al.'”); B biscuits (adapted from ref. 81);

C vegetable-based snacks (adapted from Severini etal.'""); D meat products (adapted

from Dick et al.'"”); E Oleogels (adapted from ref. 116); F beeswax and potato-starch
system (adapted from Shi et al. ''"); G microalgae (adapted from refs. 118 and; 119);
H apple and edible rose (adapted from ref. 44).
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Fig. 2 | Principles and applications of 4D Food Printing. Smart materials are
exposed to external stimuli to trigger the dynamic transition of some food properties:
A color changes activated by pH (adapted from Chen et al.'*); B shape change
(adapted from ref. 52); C flavor changes (adapted from ref. 60); D nutritional
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changes (adapted from ref. 49). Chen et al.", Guo et al.”>, Phuhongsun et al.'”', —all
permissions have been obtained. See files ‘Permission_Figure_2a’, ‘Permission_fi-
gure_2_b’, ‘Perimssion_figure_2_c’, ‘Permission_figure_2_d’. All other minor
images/symbols have been obtained from Wikimedia Commons.

well as being highly tunable, sustainable, renewable, and crucially are
nontoxic™. Beeswax and candelilla wax have been used in 3D food printing
for their thermal reversibility and high hardness at room temperature*'™*.
Microalgae™, edible rose flowers*, and gelatin from salmon by-products
are other compounds used for their high protein content, their properties as
fat replacers, and their ability to enhance the sensory profile and rheological
properties. Moreover, the high flexibility in ingredient sourcing obviously
allows for the integration of side streams, thus contributing to a more
sustainable food sector.

45,46

Dynamic food printing

3D food printing is not limited to the three-dimensional space. That is, a
growing number of researchers are harnessing the programmable dynamic
changes of esthetic, nutritional, and functional properties of 3DPF. To do
this, several stimulus-responsive materials and external stimuli have been
used to trigger changes in morphology, color, and even more complex
sensorial attributes (Fig. 2). For instance, researchers at MIT designed a
gelatin/ethyl cellulose bilayer in which hot water during cooking triggers an
inhomogeneous shape transformation based on the differential water-
absorption capacity of its components”’. Other morphological changes, i.e.,
bending angles, may be induced by harnessing microwave dehydration
inhomogeneities arising from local differences in dielectric properties of the
food formulas obtained by modulating salt, fructose, and butter*. Alter-
natively, bending can be activated during drying due to the different
shrinking properties of two overlaid food/paper layers’***’. However, only
few authors have obtained a rapid shape-shifting (less than 90s) of a
complex 3D-printed object™” by using microwave heating as an external
stimulus. Dynamic color changes, which resonate with consumer
acceptance’, are another example of 4D food printing (4DFP).
Chromophore-loaded single ingredients or compounds (e.g., purple sweet
potato flour, curcumin, anthocyanin) can be prepared so that they respond
to pH, temperature, or moisture changes”*’. The precise layout of com-
ponents is crucial to facilitate gradual exposure to the stimulus and elicit the
desired dynamic response. Examples include anthocyanins color changes in

purple mashed potato after spraying with a solution at different pHs”,
curcumin color shifting by HCO; releasing triggered by heating™, and
spontaneous color changes (i.e., without the need for external stimuli) by
controlled diffusion of hydrogen ions between layers of 3D-printed
anthocyanin potato-starch and lemon gel”. Another exciting develop-
ment concerns dynamic changes in the aroma. For instance, Phuhongsung
et al.” prompted a significant change in aromatic compounds 5 h after
spraying a pH 8-10 solution on a printable food material consisting of soy
protein isolate, pumpkin, and beetroot mixture. Furthermore, microwaved
heating triggered an aroma change in a complex food formula enriched with
cinnamaldehyde compound (which smells pleasantly like cinnamon)™.

Main gaps for the mass production of 3D-printed food
It is possible to imagine some of the many benefits that might result from
adopting 3DFP for mass production, yet, the technology is still immature.
First, 3DFP is very slow when compared to other food processes and additive
manufacturing of non-food materials. The typical printing speeds for food
inks are 20-60 mm/s*"”, with only few reports achieving >70 mm/s'*”.
These speeds translate into printing times of 1-20 min per single food piece,
depending on the complexity of its morphology. Low printing speed is not an
inherent limitation of this technology (e.g, thermoplastic materials are
printed at 250 mm/s)* but, rather, stems from the difficulty of depositing
food materials at high speed, i.e., beyond 100 mm/s, without compromising
the structural properties of the food. Another challenge in 3DFP is ensuring
consistency in, for example, the rheological properties of the ink-food, par-
ticularly when living, dynamic materials with a high degree of inherent
variability are used™®. Striving for consistency in printing quality has led to
the extensive use of thickening and gelling agents—i.e., starch, gelatin, car-
rageenan, pectin, alginate, xanthan, gellan gums etc.— as ingredients in food
inks, increasing shape repeatability at the expense of clean labels™. With the
aim of improving consistency, Chieregato et al.” patented a starch dispersed
in a pregelatinized liquid gel capable of rapid stiffening when submitted to hot
extrusion. Other engineering limitations arise from printing multi-materials
and post-processing. Most of the printers on the market (e.g., FoodBot, By-
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Fig. 3 | Impacts of 3D Food Printing on Sustainable Development Goals of

the UN. Most important benefits of 3DFD and impacts of 3D Food Printing on the
Sustainable Development Goals (adapted from UN'* [all SDGs are downloadable
and reusable with permission]; Blurhapsody'* [the images of the 3D-printed pasta
are reported on the website: https://blurhapsody.com/]; Morgestern & Kim'* [from
this paper is reported that the original figure was designed by https://www.

/ N\ Consumer’s co-creation

3 Sl

O

robshepperson.studio/. I sent to Rob Shepperson for receiving permission to reuse
his image]. The figure was entirely designed by the authors of the paper reusing SDGs
icons and few other images as indicated in the legend. All other symbols/icons used
in the figure were obtained by using a specific tool of the software CANVA—
professional version.

flow, Felix printer, etc.) consist of one or two cartridges/printing heads,
limiting the possibilities of complex properties and nutritional profiles. Some
companies, such as Revo Foods, and research groups”* are currently
working on systems that are capable of printing multiple ingredients in
parallel, an essential feature when it comes to delivering personalized food
products. Post-processing of 3DFP is crucial for mass production since it
determines the printed food’s structural stability, and shelf life as well as
modifies the sensory, textural and nutritional properties. Thermal processing
(e.g., baking, drying, etc.) of 3D-printed food often causes the loss of the
designed shape, due to the lowering of the materials’ viscosity, which fails
under the weight of the other layers. Layer-by-layer heating has been pro-
posed to stabilize structural properties as printing progresses. For instance,
heating the ink can also harden the ink, through starch gelatinization®. To
this end, the use of print heads equipped with heating systems, such as lasers'”
or ohmic heating, are currently being tested”’. Ohmic heating is a developing
technology able to heat a liquid non-dielectric fluid or solid with quasi-
isotropic heating. Inflow ohmic heating of starch-based inks (pound cake
batter as a model system) has been considered in refs. 70-72; such technology
gives access to high-throughput performance in the case of 3D printing. Post-
processing also affects the capability of transporting 3D-printed foods
without compromising their structural integrity. Finally, there is a need for
robust

scientific data regarding the microbiological safety of 3D-printed food as well
as their shelf life in line with the eventual envisioned mass production of
3D-printed food.

Social, economic, and environmental impacts of the 3D
Food Printing

But at a more fundamental level, why should food be printed? This is a good
question, considering that when people manually prepare foods and taste,
several symbolic and social relationships are generated, creating the so-
called gastronomic identity’””. However, the urgent need for research and
innovation (R&I) breakthroughs to help reach the Sustainable Development
Goals (SDGs) should be recalled at this point. The commitment to end
hunger (SDG2), ensure healthy lives and promote well-being for all at all ages
(SDG3) is expected to be fulfilled by 2030. However, the world might fall

short of this target unless significant breakthroughs are identified and, more
importantly, enacted’*”. Interestingly, the icon of 3DFP appeared on the
cover of “Food Industry 4.0—Novel and Efficient Food Processing”” and in
the EU report “Food 2030— Pathways for Actions™® as a future tool to tackle
the aforementioned issues. In addition, the recent “Foresight meeting on new
food sources and production systems” by FAO” has analyzed the main
advantages and limits of 3D/4D Food Printing. 3DFP enables the creation of
unconstrained, novel, and unequaled food shapes and internal structures
that can be digitally designed and printed to deliver new sensory experiences
more appealing than those offered by the original form of raw materials.
This helps to include nutrients and healthy compounds from ingredients
that people consider unpleasant or side streams from food processing (Fig.
3). As extensively demonstrated by cognitive neuroscience, visual appear-
ance contributes to food pleasantness” and chefs know how food plating
can maximize sensory perception and bias food choice”.

3DFP could generate food shapes based on consumers’ demographics
and different scenarios. For instance, in the case of the elderly, 3D-printed
food should replicate original foods to help people recognize such food
products. Contrarily, the use of non-food shapes—e.g., geckos, flowers,
etc.—could encourage children to adopt a more nutritious and healthy
diet®. However, 3DFP is not a technology just for esthetic purposes. 3D-
printed foods can be used as prototyping tools to study and analyze the
properties of food products along the food chain. Fast and effective proto-
typing can reduce innovation time and costs, help optimize processing
conditions to reduce energy consumption and enhance food stability by
modulating/controlling chemical and physical reactions through material
compartmentalization. For example, after digitally designing biscuits with
different shapes and internal properties, Derossi et al.*' identified the
structures enabling the fastest cooking rate and the lowest acrylamide for-
mation. Furthermore, by designing the shapes of internal structures, the
amount of calories could potentially be modulated by using a lower infill
level. This, in addition, can significantly modify texture, supporting new
ways to fulfill consumer preferences or physical requirements (e.g., patients
with mastication or swallowing problems)'**>. All these technological
aspects become opportunities for societal impact as they could shape a new
consumer understanding of healthy foods (Fig. 3). There is a large body of

npj Science of Food | (2024)8:54


https://blurhapsody.com/
https://www.robshepperson.studio/
https://www.robshepperson.studio/

https://doi.org/10.1038/s41538-024-00296-5

Review article

- to Digital Food Models 9

Infill path: grid il path: gyroid

il level: 30%

il level: 30% Infill level: 60% Infillevel: 60%

Fig. 4 | Schematic representation of the evolution of food design. Evolution of the
food design from recipe sketches to digital food models: A examples of first cake

design (Lange'” [Permission obtained. See file ‘Permission_figure_4_cake_design’];
B example of Chef’s sketching to design new recipes (The Seafire Grill * [Permission

asked to the restaurant. See file ‘Permission_figure_4_b’]; C digital representation of
ingredient located in the plate to extend/personalize sensory properties of the dish
(Zoran etal.'"” [Permission obtained. See file ‘Permission ‘Figure_4_c’]; D 3D digital
models and 3D-printed biscuits (Derossi et al.*').

evidence of the interplay between food-intrinsic sensory properties, con-
sumers’ interest and the consumption of nutritional information and
healthy eating™. The unique ability of locally depositing food materials in 3D
space can help to reduce the intake of salt/sugar/unhealthy ingredients by
exploiting the benefits of the odor-induced taste effect (OITE)*** or the
shape-taste effect’®”. For instance, 3D-printed layers of chocolate with
different thicknesses on rice waffles affect sweetness perception, fullness and
liking of samples*. Meanwhile, the inhomogeneous distribution of NaCl in
3D-printed foods significantly increases perceived saltiness by enhancing
sensory contrasts and preventing ‘taste adaptation™”’. In addition, the
properties of the ink-food, complex geometries, and internal structures
would allow protecting bioactives and modulating the release kinetics of
nutrients and functional compounds adjusted for individual needs. For
instance, a higher release of catechin and quercetin was obtained by mod-
ulating the oleogel/hydrogel ratio in bigels systems®”. Curcumin and
resveratrol included in 3D-printed oleogels were protected from the oral and
gastric environment, thus increasing their bioavailability by about 1.3 times
compared to the control’. Creating foods with programmable textural
properties””” can facilitate mastication and nutrient uptake for dysphagic
patients (8% of the global population)”*. Moreover, modulating food
texture can increase mastication, thus increasing satiety even when energy
intake is limited””"". Tailored, highly appreciated sensory properties could
help to reduce food waste, preventing the disposal of valuable nutrients and
misuse of resources (e.g., energy)” since the main drivers of food waste in
schools (2-49% in the USA and 20-29% in Italy) are food preference, taste,
and appearance'”. In terms of nutritional quality, the aforementioned
flexibility (Fig. 3) of 3DFP in using different kinds of ingredients, from
powders to liquids, enables the valorization of ‘inferior’ and uncommon
sources of nutrients such as microalgae, insect flours, by-products or waste
products'®'*. For instance, Pant et al.'” formulated an ink-food using
spinach stems and kale stalks to convert these wastes into sensory-
acceptable food products. In addition, the precise dosing of the ingredients
in individual food products can be coupled with data-driven approaches,
e.g., wearables and machine learning methods, to fulfill personalized dietary

recommendations'” even in the same family or household and then printed

into tangible ready-to-eat or ready-to-cook products. Another potential
economic and environmental benefit of 3DPF is reducing the gap between
producers and consumers, i.e., on-demand production. Furthermore, co-
creation approaches and user-centric food chains, in which people would be
directly involved in the digital design of their food products, can be oper-
ationalized by 3DFP. Consumers, for instance, could print only what they
should or would eat (i.e., exact weight), resulting in a significant reduction of
food waste at households. Co-creation envisions the opportunity for new
business development. In addition, the co-creation of food—i.e., consumer’s
participation in making food for themselves—increases the liking for that
food, based on the so-called “IKEA effect”'™'”. New digital supportive
ecosystems such as repositories of food digital designs, digital recipes to get
printable food formulae, and user-friendly software can be envisioned.
Interestingly, Rogers and Srivastava” proposed three food chain models;
generative/premium, facilitative/deluxe, and selective/standard services,
supported by including 3DFP in the food supply chain. In addition, the on-
demand nature of 3DFP has triggered considerable interest for military and
long-duration space missions'**'"".

Gastrophysics of 3D-printed food

Consumers might perceive digitally designed foods and their production
using additive manufacturing as unnatural and synthetic. However, its basic
principles have been used since the 18th century, especially in traditional
gastronomy, of which 3DFP can be considered a natural evolution in the
digital era (Fig. 4). While the gingerbread replicas of visiting dignitaries were
the first examples of food design during the reign of Elizabeth I, the “art of
cake design” significantly evolved to celebrate many events, particularly
weddings, for which tradition requires three layers representing the
engagement, wedding, and eternity rings (https://www.confectionarychalet.
com/history-of-cake-decorating). More recently, chefs literally sketch the
plate on a page before creating new dishes (https://guide.michelin.com/sg/
en/article/features/chefs-draw-creative-process). The chef George Zappas
(https://cookingenie.com/content/blog/the-art-of-food-plating-how-to-
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Fig. 5 | Mistaken and appropriate representation
of 3DFP principles. Unrealistic vs. more realistic
and appropriate images and wording used to com-
municate the main principles of 3D Food Printing.
(Adapted from Marr, 127 [Permission requested to
Bernard Marr. See file ‘Permission_picture_-
Bernard_Marr’]; Blutinger/Columbia Engineering,
128 [Permission obtained. See file ‘Permission_-
from_Jonhatan_Blutinger’]; Hy—veem;
Kooihousewares, 130 [Permission obtained. See file
‘Permission_picture_kooihouse’]; Lange'*’;
Naturalmachines'").
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present-deliciously-appetizing-meals/), identified some benefits from food
plating design: improved portion control; higher nutrient density; increased
flavor contrast; a modern experience; opportunity for self-expression. Fol-
lowing the principles of food material science and rational food design'”,
3DFP uses edible materials to create 3D architectures aimed at delivering
nutritional and sensorially enhanced experiences’”". For instance, Fahmy
et al.”’ 3D-printed a wheat starch-egg white powder mixture with pre-
designed inhomogeneous distribution of NaCl, which resulted in enhanced
saltiness perception and a reduction in overall NaCl content. Food design
has been accelerated by the latest advancement in food science and digital
technologies'””~''”. Digital gastronomy, as proposed by Zoran''’, has opened
new avenues to design, prepare and cook food products. The author envi-
sioned how digital tools could help with the precise manipulation of
ingredients, including the definition of the best quantity and its distribution
in the 3D space. 3DFP integrates all aforementioned aspects by using
computer-aided design to digitally draw the desired shape, dimension,
internal structure and localized ingredient deposition.

Another critical aspect to be considered is how the technology itself is
communicated to the public. The frequent use of terms such as “food
printing,” “food ink”, and “layered food deposition” in the scientific
literature’ and newspapers are often associated with unnatural/synthetic
food products. Furthermore, newspapers and online representations of
3DFP are unrealistic, often distorted, and could be off-putting to consumers,
such as the images communicating the possibility of printing an apple,
although there would be no reason to print vegetables or fruits (Fig. 5).

To conclude, the emerging world of 3D-printed foods is growing
rapidly because it offers new ways to reshape how foods are manufactured
and consumed. Digitally designing a 3D food model and replicating it by
depositing food components in a layer-by-layer process has many beneficial
impacts. Unprecedented and modulable/customizable interactions between
sight, hearing, smell, and touch and food products can maximize sensory
acceptance and can sustain the adoption of a healthier diet and food waste
reduction. The high freedom of movements of 3D printing enables the
creation of complex shapes and internal structures, which offer the oppor-
tunity to reduce mastication and facilitate swallowing for the elderly, mod-
ulating satiety, reducing the intake of calories, salt, and sugars, and
controlling the release kinetics of nutrients. The use of a large range of food
materials to print, together with the local deposition of food components,
enables the production of new delivery systems of nutrients and bioactives.
Moreover, the high flexibility in ingredient sourcing (e.g., from side streams
and novel food components) and the modulated dosing make 3DFP the only
candidates for nutritionally customized food manufacturing. Furthermore,
3D printing is an on-demand technology that can benefit the sustainability of
the food sector. On the other hand, low printing speed, lack of a system for
multi-material deposition, inconsistency in printing performance of the food

formulas, the difficulty of printing multi-ingredient ink-food due to difficulty
of estimating the rheological properties when changing the food formula,
and the limited information regarding the safety and the shelf life of 3D-
printed products, still hamper the widespread use of 3DFP in gastronomy
and at industrial levels.
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