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Abstract
Bakery products with interesting color, shape and texture have been created using 3D
food printing. Current research focuses on the development of new formulations and
the optimization of the printing and post-printing treatment processes, in order to
obtain high-quality 3D-printed bakery products. Knowledge about food rheology is useful for the development of dough formulations with good 3D-printability. Additives
such as hydrocolloids could improve the printability of dough, and novel ingredients
are introduced via 3D printing to produce functional bakery products with potential
health benefits. One of the main future promises of 3D printing lies in its ability to
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produce bakery products that are personalized in terms of sensorial properties and
nutritional composition, in order to meet the preferences and dietary requirements
of individual consumers. This chapter addresses the most recent developments in
3D-printed bakery foods and highlights some important research topics to further
advance this field.

1. Introduction
3D printing, also known as additive manufacturing, is a technology
characterized by a layer-by-layer deposition of materials according to a digital design file. 3D printing of food was first introduced by researchers from
Cornell University, and the developed Fab@Home model was used to print
paste-like food materials by extrusion (Periard, Schaal, Schaal, Malone, &
Lipson, 2007). 3D printing provides a new way of creating food products.
Its potential advantages include possibilities to customize food designs that
cannot be easily achieved with conventional manufacturing methods (e.g.
complex geometry and internal structures); simplifying the supply chain
through flexible, local, on-demand food manufacturing ( Jayaprakash
et al., 2020); broadening the range of ingredients used for food production
(e.g. the utilization of food waste/by-stream) (Upprinting Food, 2021); providing food companies with new opportunities to interact with their consumers (Blurhapsody, 2021); and lastly enabling personalized nutrition
(Liu & Zhang, 2019) and consumer empowerment (Caulier, Doets, &
Noort, 2020).
To date, various 3D food printing technologies have been developed,
including extrusion-based printing, binder jetting, inkjet printing and
selective laser sintering. Among these technologies, extrusion-based food
printing is the most popular method in food printing owing to its simplicity
(Sun, Zhou, Yan, Huang, & Lin, 2018) and the fact that extrusion processes
are well-known and widely applied in conventional food processes. Food
materials that have been used for extrusion-based printing are cookie dough
(Pulatsu, Su, Lin, & Lin, 2020), protein gel (Liu, Bhandari, Prakash,
Mantihal, & Zhang, 2019; Liu, Zhang, et al., 2019), surimi (Gudjónsdóttir,
Napitupulu, & Petty Kristinsson, 2019), tomato paste (Zhu, Stieger, van
der Goot, & Schutyser, 2019) and chocolate (Hao, Li, Gong, & Xiong,
2019), to name a few.
Bakery products are primarily based on cereal ingredients. They have an
important nutritional role as a main source of macronutrients and essential
micronutrients in our daily diet. Besides their nutritious cereal content,
sugars and fats are added to many bakery products, which are overconsumed
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and are considered less healthy. Thus, reducing the amount of those ingredients while keeping the attractiveness of bakery products is an important
target for product reformulation for food scientists and the food industry.
Also, in recent years, functional bakery products have received increasing
attention in scientific studies. Functional foods can be defined as modified
food or food ingredients that can provide health benefits to consumers
beyond their basic nutrients (Zhang, 2018). The concept of functional foods
involves three main aspects, specifically health benefits, nutritional function
and technological processes (Bigliardi & Galati, 2013). The technological
processes aspect involves (i) the development of functional foods by optimizing conventional processes, e.g. fortifying foods with dietary fiber;
(ii) the design of technologies which prevent the deterioration of active
ingredients, e.g. (micro)encapsulation; and (iii) the development of new
technologies that aim to design and manufacture foods functionalized to
the needs of individual consumers, e.g. by applying results from nutrigenomics
to create personalized foods through 3D printing.
Novel bakery products and healthy ingredients have been studied in the
field of 3D food printing, for example probiotic-containing cookies (Zhang,
Lou, & Schutyser, 2018), cereal-based snacks enriched with edible insects
(Severini, Azzollini, Albenzio, & Derossi, 2018) or with microalgae
(Uribe-Wandurraga et al., 2020), and personalized snacks for soldiers
(Caulier et al., 2020). The results from these studies indicate that 3D food
printing could be a useful tool for the creation of personalized bakery products with tunable texture, flavor, appearance, satiety perception, and even
nutritional content.
In this chapter, we aim to illustrate recent advances and challenges related
to the development of 3D-printed personalized bakery products. More specifically, we introduce the principle of extrusion-based 3D printing, the
development of extrusion 3D printing systems and the post-processing treatment used to obtain edible products in detail in Section 2. In addition, we
will briefly discuss other 3D food printing technologies used for fabricating
bakery products. Subsequently, we discuss the recent development of
3D-printed bakery products in Section 3, with a focus on the usage of
extrusion-based printing. Additionally, novel ingredients used in 3Dprinted bakery products such as probiotics, microalgae and edible insects
are addressed in this section. In Section 4, we provide a more detailed discussion on 3D printing of personalized bakery foods. Finally, this chapter is
concluded with discussions of remaining challenges and future research
directions relevant for the development of personalized bakery products
using 3D food printing.
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2. 3D printing technology for bakery products
Since the first exploration in 2007, a variety of technologies have been
developed for 3D printing food materials, including extrusion-based 3D
printing, binder jetting printing, selective sintering printing and inkjet printing (Baiano, 2020). Table 1 describes the printing mechanism of these four
printing technologies. Various 3D-printed bakery products have been created using these different technologies, as shown in Table 1. Based on literature, the most widely-studied printing technique for bakery products is
extrusion-based 3D printing. Therefore, in this chapter, we will mainly discuss extrusion-based printing of bakery products, and only briefly address
the other technologies.

2.1 Extrusion-based 3D printing
2.1.1 Extrusion-based 3D printing of bakery products
Extrusion-based 3D printing is often used to fabricate cereal-based foods.
During extrusion-based 3D printing, a semi-solid food material (such as
dough) in a syringe is extruded from a nozzle onto the printing platform.
The extruded filament of food materials is deposited in a layer-by-layer fashion to form a 3D structure. The extrusion process of the filament can be
driven by air pressure, mechanical force, or extrusion rotation in a pneumatic, piston-based or a screw-based system, respectively (Sun et al.,
2018). Ideally, food materials used for extrusion-based printing should be
pseudoplastic fluids that show shear-thinning behavior so they can be easily
extruded. In addition, the materials should have a rapid structural recovery
after deposition, in order to form a self-supporting structure. Many food formulations can be extruded at ambient temperature (e.g. dough or vegetable
puree printing). For certain food materials such as chocolate or protein gel,
the filament is extruded at elevated temperature, and the extruded filament
shows a phase transition from a liquid-like to a solid-like structure upon
cooling at ambient temperature. The selection of the printing temperature
depends on materials’ thermal properties such as the melting point of chocolate and the gelation temperature of protein dispersion.
In general, the advantages of extrusion-based printing include the wide
choice of food materials and the relative simplicity of the printing system.
However, printing of dough formulations and creating complex designs
of cereal-based food structures with a high resolution remain challenging.
For example, the printed 3D structure of dough may deviate from the digital

Table 1 Principles, schematic diagrams of 3D food printing technologies (Sun, Zhou, Huang, Fuh, & Hong, 2015) and corresponding examples of bakery products
that are created: extrusion-based 3D printing (Zhang, Lou, & Schutyser, 2018), binder jetting (Holland, Foster, & Tuck, 2019), selective laser sintering (Noort, Van
Bommel, & Renzetti, 2017) and inkjet printing (Foodjet, 2021).
Method

Extrusion-based 3D printing

Schematic
diagram

Binder jetting

Selective sintering printing
X-Y

Inkjet printing
Laser

Dispensing Array

X-Y
Z

Heating Element

X-Y
Ink 1

Scanning
Mirror

Liquid Binder

Dispensing Array
Z

Ink 2

Melt

X

Z
Powder Bed

Powder Bed
Y
Z

Principle

Semi-solid food material is extruded via a
nozzle onto a platform layer by layer;
material forms a self-supporting 3D
structure. Both room temperature printing
and hot-extrusion are used, depending on
materials’ properties.

Powder particles are distributed evenly on
the print bed, and a liquid binder is
deposited onto the target area to bind the
powders. A new layer of powder is then
added to the print bed and the same
deposition process is repeated according to
the digital design.

Heating source (e.g. laser and hot air) fuses
powder particles to form a solid layer while
unsintered powder provides support to the
printed structure. After printing, sintered
structure can be removed from the powder
bed.

A stream of droplets/liquid is dispensed
from a printhead in a drop-on-demand
manner, and solidified to a “2.5
dimensional” image on the surface of the
substrates.

Examples

Cake with layered structure

Decorated bakery goods (left: cavity
Cereal foods with anisotropic structure

Cookie containing probiotics
TNO, the Netherlands.

filling; right: surface deposition)
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Fig. 1 Three stages of the extrusion-based 3D printing process including formulation
development, printing process and post-printing processing; and selective indicators
of product quality are listed.

design, which could be caused by imperfections during printing such as lack of
continuous structure and loss of layer differentiation (e.g. collapsing of the
structure) (Pulatsu et al., 2020). In addition, post-printing heat treatment
(e.g. baking) is often required to obtain edible cereal-based foods. Heating,
however, can often result in a lowering of viscosity and hence induce flow
of the material, which means that the product loses its 3D shape during
post-processing (Liu, Zhang, Bhandari, & Wang, 2017). Additionally, expansion of the 3D structure may occur during baking due to the presence of
leavening agent in the printing material. Such expansion may result in a signification deformation of the carefully deposited design, possibly leading to a
failed printed results after baking. This is especially problematic when aiming
for a sophisticated geometrical design with a detailed infill pattern or a specific
pore or void percentage. Therefore, when optimizing the production process
of 3D-printed bakery foods, one needs to consider the effects of formulation
design, printing settings, and the conditions used during post-printing treatment on the properties and quality of the final products (see Fig. 1). Some key
factors that influence the performance of each stage during printing are selectively listed. Those factors need to be well controlled in order to achieve a
successfully printed products with high quality, which will be elaborated more
later in this section.
2.1.2 Extrusion printing systems
As mentioned earlier, three extrusion mechanisms have been developed in
extrusion-based 3D printing, i.e. piston-, pneumatic-, or screw-driven
(Schwab et al., 2020), among which the piston-driven mechanism is the
most commonly used mechanism for food materials (see Fig. 2A).
In brief, in a piston-driven system, a stepper motor is programmed to
generate linear motion of the plunger to push the food material out of
the nozzle. The extrusion rate (i.e., volumetric flow rate of the material)
can be controlled by adjusting the motor speed, which needs to be
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(a)
Motor

Compressed
air
Food loading area

Syringe

Auger screw
Cartridge

Plunger
Motor
Extrusion
nozzle

Extrusion tube

Cartridge
Extrusion
nozzle

Extrusion
nozzle

(b)

Single nozzle

Nozzle with side-inlet

Coaxial nozzle

Complex nozzle

Fig. 2 Extrusion 3D printing system (A) three extrusion mechanisms: piston-, pneumatic-,
or screw-driven systems (from left to right) (Sun et al., 2018); (B) schematic drawings of
various nozzle configuration designs: single nozzle, nozzle with side-inlet (modified from
Schutyser et al., 2018), coaxial-nozzle (modified from Vancauwenberghe, Verboven,
Lammertyn, and Nicolaï, 2018), complex nozzle for (non-food) multi-materials (SkylarScott, Mueller, Visser, & Lewis, 2019) (from left to right), blue arrows indicate the flow direction of material.

controlled together with the nozzle moving speed to achieve a desired filament formation. This system has been used to print semi-solid or solid food
products (Sun et al., 2018).
In pneumatic-driven system, air pressure generated by the pneumatic
pump pushes the food material out of the nozzle, and the extrusion rate
can be controlled by adjusting the air pressure (see Fig. 2A). This system
is relatively more suitable for printing paste or gel-like food materials with
a relatively low viscosity due to the limited air pressure (e.g. up to 5.5 bar as
reported in Schutyser et al. (2018)). It is also often used in bio-printing applications to print hydrogels.
In screw-driven system, a motor drives the movement of the screw that
continuously pushes food materials downwards and through the nozzle.
This system is particularly suitable for the extrusion of materials with high
viscosity (up to 104 Pa s). For example, Mantihal, Prakash, Godoi, and
Bhandari (2017) developed a rotary screw extrusion method to 3D print
chocolate. In addition, continuous dosing/printing could potentially be
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realized using a screw-driven system because, in contrast to the other two systems, screw-driven systems can operate using a continuous material supply
rather than requiring a filled cartridge/syringe (i.e., batch supply).
Nevertheless, the screw-driven system is rarely used for printing food
materials so far, which is maybe caused by the difficulties related to cleaning
of the system. Moreover, the risk of contamination should be taken into
account because the screw is in direct contact with food materials. This is usually not a problem for the other two types of systems because a plastic syringe
cap is often placed between the piston/air supply and the food material.
As mentioned earlier, 3D printing technologies create products based on
digital design files. For extrusion-based 3D printing, the digital design file
defines the printing path planning, which can be generated in three steps:
(i) select the configurations of the 3D printer which could be classified as
a Cartesian, Delta, Polar, or Scalar printer (Derossi, Caporizzi, Ricci, &
Severini, 2019); (ii) create the virtual model of the 3D structure using
computer-aided design (CAD) software; (iii) generate commanding
geometrical code (G-code) that contains the information for the printer’s
movement using slicing software (Sli3er open source 3D printing
toolbox, 2021). Several important printing parameters can be controlled
by the G-code commands, such as the extrusion speed (i.e., movement
speed of the syringe plunger or piston), nozzle speed (i.e., movement speed
of the nozzle over the printing platform) and layer height (i.e., the distance
between the nozzle and the previous printed layer) (see Fig. 1). These
parameters significantly influence the printing result of a given dough formulation, which will be discussed in more detail in Section 3. Other parameters such as printing temperature and nozzle configuration also influence
the printability of materials and the quality of the final products. Since these
two parameters are more related to the design of the printing system, we will
discuss their influences here.
Printing temperature is a critical parameter for extrusion-based printing
systems (see Fig. 1). Various food materials such as viscous vegetable
paste can be printed at room temperature and form a self-supporting 3D
structure after deposition, whereas some other materials, such as protein gels,
require printing at elevated temperatures (Mantihal et al., 2017). For example, extrusion printing of sodium caseinate has been done at elevated
printing temperature which was 5–15 C higher than the gelation temperature of the sodium caseinate dispersion (Schutyser et al., 2018). A concentrated sodium caseinate dispersion is in a liquid form at a temperature that is
above its gelation temperature (i.e., sol-gel transition temperature), making

ARTICLE IN PRESS
3D printing of personalized bakery products

9

the material extrudable. The gelation temperature of the formulation is
related to its protein content, which ranged from 20 to 35 C as reported
in Schutyser et al. (2018). At room temperature, a solid and self-supporting
gel is (re)formed due to the cold gelation of the concentrated sodium caseinate (Loveday, Rao, Creamer, & Singh, 2010). One can imagine that the
printed structure of the sodium caseinate dispersion will not be selfsupporting at room temperature when its gelation temperature is below
25 C (due to its low protein content). For other viscous food materials such
as cookie dough, increasing the temperature reduces its viscosity. Thus, a
lower force is needed for the extrusion process, which can be beneficial
when the extrusion force of the printing system is limited.
Various nozzle configurations have been developed for extrusion-based
printing, such as single nozzle, nozzle with a side-inlet, coaxial nozzle, and
complex nozzle designed for the extrusion of multiple formulations (see
Fig. 2B). Among these designs, the single nozzle can be applied to print
one formulation (which is typically a mixture of multiple ingredients) at a
time. It is the most commonly used design for extrusion printing of food
materials thanks to its simplicity. This design does not usually allow for controlling the spatial distribution of different formulations within the food
matrix. However, in a single-nozzle system, spatial distribution of ingredients can be realized by changing the nozzle configuration (Fig. 2B). For
example, Schutyser et al. (2018) designed and tested a dispenser with a
side-inlet to introduce a second liquid phase into the deposited main formulation (in this case sodium caseinate gels). By accurately adjusting the
dispensing pressure, two phases can be deposited simultaneously. As a result,
oil droplets were spatially distributed in the continuous sodium caseinate gel,
and a complex multi-layer design was realized.
On the other hand, a so-called coaxial nozzle configuration can be used
to realize a different type of ingredient distribution. In coaxial printing, a
single filament can be formed, which has core of one formulation and an
outer layer or shell of another formulation (Uribe-Wandurraga et al.,
2020) (see Fig. 2B). For example, coaxial extrusion is applied to hide the
dark green microalgae-enriched dough inside a regular dough to obtain
snacks with a more acceptable color (Uribe-Wandurraga et al., 2020).
Moreover, spatial distribution of food materials and complex multitexture and multi-flavor food products can be realized by using a multiprinthead printer (e.g. dual nozzle extrusion 3D printing). Dual nozzle
extrusion 3D printing enables the fabrication of attractive multi-material
structures (Liu, Zhang, & Yang, 2018). Also, a company called Nature
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Machines developed a printer Foodini which has room for up to five food
capsules that can automatically exchange as needed to create multi-material
structures (NatureMachines, 2021).
Nevertheless, 3D printing of multiple food materials may require a new
design of the printing system, because multi-material voxelated structures
cannot be easily generated by extruding monolithic cylindrical filaments
layer by layer. In the non-food area, researchers have developed a
multi-material multi-nozzle 3D (MM3D) printing method (see Fig. 2B).
Multiple viscoelastic materials converge at a junction to realize seamless,
fast switching between up to eight different materials to continuously
deposit heterogeneous voxelated filaments using non-food materials
(Skylar-Scott et al., 2019). However, applying such a method in food applications may be challenging due to the complex rheological behavior of
food materials.
To summarize, by using different nozzle or printing system designs, 3Dprinted food with complex geometric designs, as well as spatial distribution of
ingredients can be fabricated. By changing the formulations and the printing
settings applied, the macro and/or microstructure of printed food can be controlled. We will have a more detailed discussion on how this can contribute to
the personalization of 3D-printed bakery products later in this chapter.
2.1.3 Post-processing treatment
3D-printed bakery products often require a post-printing heat treatment to
obtain edible products. One exception is 3D-printed cereal products created
by selective laser sintering (SLS, see Section 2.2). Because the food powders
are thermally treated with infrared laser beam, in principle no further postprocessing is needed (Noort et al., 2017). Some common technologies for
the post-processing treatment of 3D-printed bakery foods include baking,
drying, frying, steaming and microwave treatment.
Post-processing treatments influence the quality of the final products
in terms of color, shape and textural properties. Specifically, thermal
fixation of protein and starch components and evaporation of moisture
govern the transition of the viscoelastic dough material to the desired
texture of baked products, e.g., a soft-sponge-like cake or a crispycrunchy biscuit. Furthermore, the baked flavor and brown color are resulted
from chemical reactions like the Maillard reaction or the caramelization of
sugars. Conventional bakery products almost always change their shape drastically during baking, e.g., the expansion of a cake or spreading of a cookie.
Similarly, the originally created shape of the 3D-printed structure may
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collapse (Lille, Kortekangas, Heini€
o, & Sozer, 2020) or shrink (Pulatsu et al.,
2020) or otherwise change during baking. In some cases, the volume of
3D-printed bakery products could also expand during post-processing treatment. For example, 3D-printed rice dough can swell during steaming due to
the high amylopectin content in the waxy rice that was used. This expansion
caused instability of the 3D structure (Liu et al., 2020).
In addition, the type of post-processing treatment used may influence the
mechanical properties of the final products. For example, Noort et al. (2017)
reported a higher hardness of cereal-based structures produced by SLS after
post-processing treatment with hot steam as compared to the baked and
untreated samples. They attributed the strengthening of the printed structure
to the introduction of moisture into the matrix via wet steam which enables
reactions such as starch gelatinization and protein denaturation.
With most conventional bakery products spreading and/or expansion
occurs during baking. In the case of 3D printed bakery products, such deformation during the post-printing treatment is highly undesired, as it results in
the loss of the original 3D printed shape. Three strategies have been
investigated to better maintain the 3D shape of the products during postprocessing, i.e., (i) reformulating the printing materials, (ii) changing the
printing design; and (iii) modifying or optimizing the post-treatment
conditions.
(i) Lipton et al. (2010) modified a cookie recipe from Austria to make it
printable while retaining the shape during baking by adjusting the ratio
of the ingredients, although the authors did not reveal more details of
the recipe modification. Differential scanning calorimetry (DSC) and
dynamic mechanical thermal analysis (DMTA) can be useful tools to
study the influence of composition on structural changes of the cookie
matrix during baking (Renzetti & Jurgens, 2016). Noort (2018) used
DMTA to reformulate dough based on its thermomechanical properties. Firstly, the ratio of plasticizing ingredients (fat, water and solubilized sugars) over structuring ingredients (starch, protein, fiber) needs
to be high enough for the dough to be extrudable at the temperature of
printing. However, these plasticizing ingredients contribute to melting
of the dough at elevated temperature, and therefore should be minimized. To further constrain the melting process and promote early
thermosetting of the dough, gelatinized starch and proteins were
added to the formulation. This approach resulted in stable 3D printed
dough shapes and avoided collapse during baking, even when the
printed walls were relatively thin.
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(ii) The printing settings such as infill density and printed layer height have
been found to influence the dimensional properties of 3D-printed
snacks after baking (Severini, Derossi, & Azzollini, 2016). In addition,
the infill density influences the baking time required (Varghese et al.,
2020). Longer baking times were required for cookies with a higher
infill density because the difference in microstructure influenced the
moisture transfer during baking, which should be considered when
optimizing the process, to reduce the deformation of the 3D structure
during baking.
(iii) An additional cooling step before baking was found to be helpful in
retaining the shape of 3D-printed cookies during baking. Yang,
Zhang, Fang, and Liu (2019) explored fast-cooling after printing as
a way to enhance the shape retention. They found that 3D-printed
sample that was subjected to fast-cooling at 65 C for more than
10 min can maintain its shape during baking, while the non-cooled
control sample collapsed during baking. They attributed this phenomenon to the change in rheological behaviors of the dough.
Future research could focus on investigating how printing material composition, printing settings, and post-processing treatment can influence the
quality of 3D-printed bakery products. A better quantitative understanding
of their complex relationships could contribute to the more rapid development of 3D-printed bakery foods with desired functional and sensorial
properties.

2.2 Other 3D printing technologies for bakery products
As mentioned earlier, several technologies have been developed for 3D food
printing. We introduced the extrusion-based 3D printing technique in great
detail in Section 2.1. In this section, we will briefly describe the other three
3D printing technologies that have been used to fabricate bakery products,
i.e. binder jetting, selective sintering printing (SLS) and inkjet printing (see
Table 1).
Both binder jetting and selective sintering are powder-based printing
technologies. During powder bed printing, powdered food materials are
deposited as a thin layer. Powder particles are fused at specified locations
according to a digital design, which is achieved either by depositing a liquid binder (in the case of binder jetting) or via sintering by an infrared laser
beam or hot air (in the case of selective sintering) (see Table 1). A new
layer of powder is deposited after sintering or binding the previous layer
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of powder. The same binding or sintering process is repeated until a 3D
shape is formed within the powder bed. During printing, the unfused
powder particles can provide support to the fused parts. After printing,
the unfused powder is removed and can be recycled and used for the next
printing job.
Powder bed printing shows certain advantages over extrusion-based
printing. Specifically, powder bed printing can be performed at a relatively
high speed. It also shows greater design freedom in terms of geometry since
the unfused powder can provide support to the shape that is created. Powder
bed printing has been used to create complex cereal-based structures with
designed spatial variations in textures and flavors. For example, a multitextured cake was created by binder jetting (see Table 1). By varying the
printing settings, specifically using higher amounts of the aqueous printing
liquid for the middle layers, the top and bottom layers of the printed structure were more porous while the middle layer had a more dense microstructure. After baking, the top and bottom layer of the obtained cake had a softer
texture than the middle layer that showed a darker yellow color (Holland
et al., 2019). In another example, an anisotropic structure was fabricated
by selective laser sintering. Noort et al. (2017) reported a wheat flour-based
powder formulation with maltodextrin and palm oil powder as binding
components which meets the thermal requirements for sintering using an
infrared laser beam. By varying the thickness of the internal product structures during sintering (i.e., 1 mm cell walls in the horizontal direction vs
3 mm in the vertical direction), anisotropic 3D structures containing open
cells were created (see Table 1). The anisotropic structure resulted in substantial differences in the mechanical properties of the product depending
on the fracturing direction.
One challenge for powder bed printing, however, is the limited choice
of food materials with good binding/sintering properties. To date, food
materials that have been investigated for powder bed printing are rather limited. Sugar-based and fat-based powder formulations are reported, however,
they may be considered less nutritious (Liu et al., 2017). Another challenge
for powder bed printing is the printing resolution, especially when a substantial moisture content in the final products is required. In the case of binder
jetting, the liquid binder may bleed into neighboring voxels which reduces
the printing precision. The fused powder may also shrink or expand during
printing, causing undesired changes to the printed structure or even printing
failure. Therefore, the development of new powder formulations (or
powder-binder combinations) and the optimization of powder bed printing

ARTICLE IN PRESS
14

Lu Zhang et al.

process are interesting research topics, to broaden the range of ingredients
and to improve the quality of the final products.
Inkjet printing is another 3D printing technique. It is the most often used
technique to realize a graphical decoration, surface filling or cavity deposition of bakery products such as cookies and cakes (see Table 1). Two types of
inkjet printing methods exist, namely continuous jet printing and drop-ondemand printing (Liu et al., 2017). Ink is ejected continuously through a
piezoelectric crystal vibrating at a constant frequency in a continuous jet
printer. Grood and Grood (2013) developed a 3D inkjet food printing
technology and commercialized it as FoodJet printing. FoodJet printing
can be classified as drop-on-demand deposition. This technology uses an
array of pneumatic membrane nozzle-jets which deposit droplets onto a
moving object (Godoi & Sangeeta Prakash, 2016), which has been applied
to print many different formulations such as pizza sauce, melted chocolate,
cheese and butter. For example, by applying multiple “printing-coolingprinting” cycles, a chocolate layer with varied thicknesses can be printed
onto a food surface (Zhu, Ribberink, De Wit, Schutyser, & Stieger,
2020). In general, fast printing and good printing quality can be achieved
with this technique. However, it might not be suitable for creating very
complex 3D structures.

3. Recent development in 3D-printed bakery products
3.1 Developing dough formulations for extrusion-based
3D printing
3.1.1 Printability of dough formulations
In the field of 3D food printing, a good deal of effort has been made to
investigate food formulations that are suitable for extrusion-based 3D
printing. Hence, the so-called “printability” of food materials is often
studied. Printability can be defined as the ability of 3D printing to closely
reproduce a target digital design (Telea & Jalba, 2011). In extrusion-based
3D printing, printability includes both extrudability of the material and stability of the printed shape (Liu, Bhandari, et al., 2019; Liu, Zhang, et al.,
2019; Schwab et al., 2020). Extrudability assesses the initiation of the flow
and the formation of a consistent filament during printing, whereas stability assesses the shape fidelity and shape retention. In this section, we will
not include the shape retention during post-processing (see Section 2.1.3)
as an indicator of formulations’ printability, but only the shape retention
over time after printing (before any post-printing treatment happens).
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In general, the extrudability is affected by the yield stress of the printing
material at the printing temperature, as well as the viscoelasticity and the
shear thinning properties of the material. The stability of the printed structure is influenced by the shear recovery, temperature recovery (in the case of
printing at elevated temperatures), yield stress at ambient temperature, zero
shear viscosity, and the elastic modulus of the material (Liu, Bhandari, et al.,
2019; Liu, Zhang, et al., 2019). However, due to the complexity and variations in the composition of food formulations, the quantitative relationship
between rheology and printability has not yet been fully established for a
wide range of materials. In addition to the aforementioned rheological properties, the printability of food formulations is influenced by printing parameters applied such as layer height, nozzle diameter, printing speed, product
geometry, printing pressure/force, and printing temperature (Severini et al.,
2018) (see Fig. 1), which will be discussed later in this section.
3.1.2 Influence of macronutrients on 3D-printability
Bakery products generally contain important macronutrients (i.e., proteins,
carbohydrates, and lipids) and micronutrients (e.g., vitamins, antioxidants
and minerals). The relative volume fractions and type of macronutrients,
together with the volume fraction of the solvent (water) and low molecular
solutes like sugar in the formulation are the determinants for the rheological
properties of dough and its behavior during processing steps (Renzetti &
Jurgens, 2016). More specifically, variations in macronutrient composition,
e.g., ratio between proteins and carbohydrates, incorporation of lipids and
the concentration of thickening and gelling agents, influence the rheological
properties of dough formulations (Perez, Nykvist, Brøgger, Larsen, &
Falkeborg, 2019). Therefore, insights into the (quantitative) relationship
between the composition of dough and its printing behavior are useful for
the development of 3D-printed bakery foods.
Godoi and Sangeeta Prakash (2016) discussed the 3D printability of macronutrients, namely carbohydrates, proteins and lipids. Firstly, the carbohydrate fraction, from small sugars to polymeric carbohydrates, influences the
glass transition temperature (Tg) of the food formulations. Controlling the Tg
is important for the self-supporting property of the deposited materials. In
starch-rich systems with a low moisture content, sugar can act as a plasticizer
and co-solute with starch, which can lower the Tg and cause collapsing of the
printed structure.
Secondly, another essential component that is often present in bakery
products is protein. For example, the bread dough is a heterogeneous matrix
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in which starch granules are embedded in a continuous gluten network. The
presence of the gluten network influences the printability of wheat dough.
For example, Zhang, Lou, and Schutyser (2018); Zhang, Taal, Boom,
Chen, & Schutyser (2018) reported a stronger gluten network in wheat
dough was probably formed by using high-gluten flour. This led to a more
elastic dough as indicated by a lower value of the loss factor tan δ, as compared to the control dough in which low-gluten flour was used. Due to the
increased elasticity of the dough, the extruded filament was stretched by the
moving nozzle to form a thread. This significantly distorted the printed 3D
structure. It is noteworthy that the printing parameters were not optimized
in that study. Optimizing printing parameters such as the printing speed
might reduce the occurrence of defects during printing as described above.
Alternatively, many studies and applications use soft wheat flour to limit the
dough elasticity.
Lastly, the volume fraction, composition and structure of fat or triglyceride in the dough formulations can influence their physiochemical properties, and subsequently influence their printability and the quality of the final
baked product (e.g. shape retention during post-printing treatment). For
example, Pavicic, Grgic, Ivanov, Novotni, and Herceg (2021) investigated
the effect of substituting butter with olive oil on the rheological properties of
a whole grain cookie dough and its 3D printability. Their results show that
the higher apparent viscosity and consistency coefficient of the olive
oil-containing dough resulted in a lower moisture loss during baking and
better 3D printing quality, as compared to the butter-containing dough.
This clearly exemplifies the importance of ingredient functionality and
interactions on dough rheology, printability and texture formation throughout the 3D printing process, and the need to establish physical indicators for
successful formulation development.
3.1.3 Influence of additives on 3D-printability
Although cereal-based dough systems often show thixotropic and
pseudoplastic behavior which makes dough extrudable, the viscoelasticity of
dough influences the shape fidelity of 3D-printed structures after deposition/extrusion, as discussed above. Therefore, in some cases additives are
incorporated into the dough formulations to modify their rheological properties and to improve their 3D printability during extrusion-based 3D printing.
One group of ingredients that is often added to the dough formulations
are hydrocolloids, a heterogeneous group of long chain polymers, typically,
proteins and polysaccharides. Hydrocolloids are characterized by their property of forming viscous dispersions and/or gels when dispersed in water
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(Saha & Bhattacharya, 2010). Therefore, they are widely used in food formulations as thickening and gelling agents, which can result in different rheological behaviors and/or texture of the food products. For example, Cohen
et al. (2009) demonstrated the approach of combining hydrocolloids (i.e.,
xanthan gum and gelatin) and flavor agents to independently tune the
mouthfeel and flavor of printing formulations. By varying the concentrations of xanthan gum and gelatin, the printing formulations showed varied
texture which was indicated qualitatively in a mouthfeel matrix, i.e., from
soft to firm, from smooth to granular. Those printing formulations can simulate a broad range of foods, although they contained only a minimal number of ingredients. In another study, a mixture of guar gum and xanthan gum
was added to brown rice paste to improve its rheological properties (i.e. viscosity and dynamic viscoelastic behavior) during 3D printing (Huang,
Zhang, & Bhandari, 2019). In addition, certain types of proteins have been
incorporated in 3D-printed bakery products as additives. For example,
adding calcium caseinate to wheat dough may disrupt the continuous gluten
network, resulting in a dough with improved extrudability as well as a
printed structure with better stability when compared to the regular wheat
dough (Zhang, Lou, & Schutyser, 2018; Zhang, Taal, et al., 2018).

3.1.4 Influence of printing settings on 3D-printability
As mentioned earlier, the 3D printability of food formulations is influenced
not only by their composition and rheological properties but also by the process parameters applied during printing (see Fig. 1). The latter is somewhat
less investigated in 3D printing of bakery goods. Few previous studies optimized the printing parameters to achieve the best printing results of the same
materials. For example, Severini et al. (2016) investigated the influences of
two printing parameters namely printed layer height and infill percentage on
the printability of dough and the quality of cooked snacks. They applied the
response surface methodology (RSM) to investigate the effect of these two
independent variables on the structural properties of 3D-printed samples
(i.e., in terms of diameter and height of a simple cylinder shape). They found
the diameter of the uncooked samples increased with the increase of layer
height while it decreased with the increase of infill percentage. An optimal
deposition was achieved when a layer height of 0.4 mm was used, while the
nozzle size was 0.6 mm. They explained that dough was deposited precisely
on top of the previous layer at an optimal layer height because of the equilibrium between extrusion speed of dough and nozzle moving speed, which
means no under- or over-extrusion occurred.
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Similarly, Huang et al. (2019) studied the printability (i.e., dimensional
properties, height and diameter) of brown rice paste, as affected by three
printing parameters, i.e., nozzle size/diameter, perimeters (number of outer
supporting walls), and infill density (solid proportion of the inner part of the
printed objects). They fitted the experimental data obtained from printing
experiment to a polynomial model, to quantify the relationship between
printing parameters and the printability. They found that increasing
perimeters or increasing nozzle size resulted in a larger diameter of the cylinder, whereas changing the infill density showed no significant effect. In
addition, the height of the printed structure decreased with the increase
of nozzle size (indicating collapsing of the structure after printing), while
the height increased with the number of perimeters (indicating a more
stable structure). It was concluded that using a smaller nozzle size results
in good dimensional properties of 3D-printed samples. However, using a
smaller nozzle would increase the time needed for the printing job.
To summarize, future research on printability of dough for bakery product should consider the optimization of both food formulations and the
printing parameters to achieve the best printing performance possible.
Also, the insight into the interaction between food rheology and printing
parameters is still limited due to the wide variety of 3D printing systems used
in different studies. Currently, the development of new printing formulations and the optimization of printing parameters still largely rely on a
trial-and-error approach. In most cases, offline measurements are done to
collect data in order to evaluate the printing performance of certain printing
materials and/or printing settings applied, such as taking photos of the
extruded filament (Fahmy, Becker, & Jekle, 2020) or recording videos of
the printing processes (Zhu et al., 2019). In future research, inline assessment
of the printing performance can potentially be done by applying sensors
(e.g., force or pressure sensor) or other inline measurements based on computer vision (e.g., optical or thermal camera). Data generated during printing
experiments can then be processed into predictive models using data-driven
approaches. The predictive models can make use of variables derived from
mechanistic studies (e.g., rheological behavior of food materials) and the
inputs of printing settings, to predict and/or control the quality of the final
products (e.g., dimensional properties of the 3D structure). For example,
grey-box models were developed to predict the extrudability of food
formulations based on parameters that indicate their rheological properties
and printing settings applied, which showed promising results (Ma,
Schutyser, Boom, & Zhang, 2021).
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3.2 3D-printed bakery products containing novel ingredients
3D printing can be used to fabricate novel bakery products with desired
nutritional properties. To date, several bakery products with added functional ingredients have been developed using extrusion-based 3D printing.
Here, we discuss examples of 3D-printed bakery products containing three
types of novel ingredients including probiotics, microalgae and insect
protein.
3.2.1 Probiotics
Probiotics are living microorganisms that confer health benefits on the host
when consumed in adequate amounts (FAO, WHO, 2002). Bakery products are an emerging category within the functional food segment, which
could potentially be used as carriers to deliver functional bioactive ingredients such as probiotic microorganisms to the human gut where they can positively affect the intestinal health of the consumers. However, developing
bakery products containing live probiotics is challenging because the baking
process may partially or completely inactivate the heat-sensitive bacteria
(Zhang, Huang, Ananingsih, Zhou, & Chen, 2014). Previous research
has shown that the survival of probiotics in bread dough during baking is
affected by baking temperature, baking time and the initial moisture content
of the dough (Zhang, Taal, et al., 2018). Specifically, approx. 4–5 log reduction of viable counts of the probiotic bacteria was observed after baking (at
175–235 C) of bread (i.e., initial mass 5–60 g) for 8 min. Experimental
results and kinetic models show that probiotic bacteria are more heatresistant when the cells are embedded in a matrix with a lower moisture
content.
To increase the survival rate of probiotics (Lactobacillus plantarum WCFS1)
during baking, Zhang, Lou, and Schutyser (2018) used extrusion-based 3D
printing to create cereal-based food structures with a large surface-to-volume
ratio (see Fig. 3A). More specifically, two 3D printing designs of the products
namely “concentric” and “honeycomb” had a surface-to-volume ratio of
9.20cm2/cm3 and 7.25 cm2/cm3, respectively. The survival of probiotics in
3D-printed food structures during baking at three different temperatures
(i.e., 145, 175 and 205 C) was studied. Results show that the baking process
of the structure with a higher surface-to-volume ratio (i.e., the honeycomb
design) was accelerated as indicated by an increased drying rate. The time
needed to reach the required moisture content of the structure was shortened
during baking when a “honeycomb” structure was used. As a result, the
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Fig. 3 3D-printed cookies containing probiotics: (A) Printing route for the “concentric” design with 60% infill and the “honeycomb” design
with 30% infill. Both designs had a diameter of 40 mm and a height of 3.2 mm. Green circles are the “skirt” printed before the actual printing of
the designed structures to obtain consistent flow of the printing materials; (B) Survival rate log(N/N0) of L. plantarum WCFS1 in two 3D-printed
structures (N0  109 CFU/g) during baking at 145 C ( honeycomb, ● concentric); 175 C (◊ honeycomb, ♦ concentric); 205 C (Δ honeycomb, ▲ concentric), which was plotted against the baking time (first row) and the residual moisture content of the object (second row),
respectively. Blue lines represent the end point of baking determined by 6% reduction of moisture content. Figures modified from
Zhang, L., Lou, Y., & Schutyser, M.A.I.I. (2018). 3D printing of cereal-based food structures containing probiotics. Food Structure, 18, 14–22.
doi:10.1016/j.foostr.2018.10.002.).
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residual viability of probiotics in the “honeycomb” structure was higher than
in the “concentric” structure after baking at 145 C and 175 C (see Fig. 3B).
The viability of probiotics in the “honeycomb” structure exceeded
106 CFU/g after baking at 145 C for 6 min (N0  109 CFU/g), thus
<3 log reduction of viable counts. This research shows 3D printing is a promising technology to produce probiotic bakery products. The viability of probiotics in 3D-printed cereal-based food structures can be further improved by
optimizing the structural design, by combining microwave during baking to
further shorten the baking time and/or by encapsulating bacteria to enhance
their thermo-resistance.
3.2.2 Microalgae biomass
Microalgae biomass can be used as a healthy food ingredient for the production of functional bakery products such as cookies, bread and biscuits with
enhanced protein and fiber content (Caporgno & Mathys, 2018; Niccolai
et al., 2019). One of the main challenges in the application of microalgae
material in bakery products is its dark green color and a slight fish flavor that
adversely affect consumers’ sensory perception. Uribe-Wandurraga et al.
(2020) printed cereal-based snacks fortified with microalgae (Chlorella
vulgaris and Arthrospira platensis). Results show the addition of 4% microalgal
biomass significantly increased the shear modulus of the batters, which
improved the shape retention of the printed structure. The coaxial printing
technique was explored to reduce the negative effect of the dark color on the
quality and perception of the fortified snacks (see Fig. 4A): microalgaeenriched batter was deposited as the inner layer and the control batter as
the outer layer. These 3D-printed microalgae-enriched snacks may be more
acceptable by consumers since the dark green color of microalgae was
hidden.
3.2.3 Edible insect
Edible insects are a good source of proteins, fat, vitamins and minerals
(Rumpold & Schl€
uter, 2013), however their appearance limits their consumer acceptance. Severini et al. (2018) incorporated the ground larvae
of Yellow mealworms (Tenebrio molitor) in wheat dough to print proteinenriched snacks (see Fig. 4B). They mixed wheat flour and mealworm
powder into different mass ratios of 100:0, 90:10 and 80:20 on a dry matter
basis. The farinograph analysis showed that increasing the content of mealworm powder reduced the water absorption capacity of the dough and
shortened its development time. This could be due to the presence of

ARTICLE IN PRESS

Fig. 4 Examples of 3D-printed bakery products enriched with novel ingredients (A) microalgae; (B) insect protein; (C) dietary fiber and plant
protein; (D) food waste or by-products i.e. grape pomace and broken wheat. Please refer to the original publications for detailed information
on the dimensions of the printed structures. Part A: modified from Uribe-Wandurraga, Z. N., Zhang, L., Noort, M.W.J., Schutyser, M.A.I.,
García-Segovia, P., & Martínez-Monzó, J. (2020). Printability and physicochemical properties of microalgae-enriched 3D-printed snacks. Food
and Bioprocess Technology, 13, 2029–2042. doi:10.1007/s11947-020-02544-4. Part B: Modified from Severini, C., Azzollini, D., Albenzio, M., &
Derossi, A. (2018). On printability, quality and nutritional properties of 3D printed cereal based snacks enriched with edible insects. Food
Research International, 106, 666–676. doi:10.1016/j.foodres.2018.01.034. Part C: modified from Lille, M., Nurmela, A., Nordlund, E.,
Metsa€-Kortelainen, S., & Sozer, N. (2017). Applicability of protein and fiber-rich food materials in extrusion-based 3D printing. Journal of Food
Engineering doi:10.1016/j.jfoodeng.2017.04.034. Part D: modified from Jagadiswaran, B., Alagarasan, V., Palanivelu, P., Theagarajan, R.,
Moses, J. A., & Anandharamakrishnan, C. (2021). Valorization of food industry waste and by-products using 3D printing: A study on the development of value-added functional cookies. Future Foods, 100036. doi:10.1016/j.fufo.2021.100036.
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hydrophobic compounds such as fatty acids in ground mealworms. Dough
enriched with 20% mealworm was softer than the control, as shown by a
significant decrease in the torque value measured during dough mixing
(i.e., lower Brabender Units number). As a consequence, the weakening
of the dough caused an increase in the mass and a decrease in the height
of the printed sample, when the same printing settings were used.
The same study also investigated the post-printing treatment of insectenriched snacks. After baking at optimal conditions (22 min, 200 C), the
3D-printed snacks showed a decrease in size due to moisture loss. The final
3D-printed insect-enriched cookies had a protein content of 41.3% and an
improved amino acid profile as compared to the control. This study shows
that developing novel insect-rich bakery products which have an interesting
shape, texture and design using 3D printing could be a good strategy to promote the consumption and acceptance of insect-containing foods
(Caporizzi, Derossi, & Severini, 2019).
Besides products containing probiotics, microalgae and insects, other
interesting examples of functional 3D-printed bakery products include
fiber-rich snacks (Lille et al., 2020) and plant-protein-based snacks (see
Fig. 4C) (Lille, Nurmela, Nordlund, Mets€a-Kortelainen, & Sozer, 2017).
Furthermore, Jagadiswaran et al. (2021) investigated the valorization of
by-products generated in food production, specifically grape pomace and
broken wheat as main ingredients for 3D printing applications (see
Fig. 4D). Adding these ingredients augmented the nutritional value and
antioxidative properties of the 3D-printed cookies. To summarize, the
aforementioned examples show that 3D food printing is a promising technology to introduce novel food ingredients in bakery products.

4. Personalization in 3D-printed bakery products
Personalized nutrition uses individual-specific information, which can
promote dietary behavior change that may result in measurable health benefits (Adams et al., 2020), to sustain the longer-term health of individuals
(Celis-Morales et al., 2017). For example, Zeevi et al. (2015) found that personalized dietary interventions could successfully modify elevated postprandial blood glucose levels and its metabolic consequences (i.e., gut microbiota
alterations). However, currently existing personalized nutrition platforms
generate a personalized dietary advice, a meal planning, or a recommended
grocery list. 3D food printing allows for the actual (on-demand) production of
personalized foods such as bakery products. Each 3D-printed bakery product
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could be customized in terms of its nutritional composition, according to the
personalized dietary advice. In addition, the appearance (shape and color), flavor, and texture of the bakery products can be customized, according to the
preference of individual consumers. For example, interesting bakery products
with an unique appearance such as multi-material butterfly cookies were fabricated with 3D printing (Sun et al., 2018), which were found to be attractive
to consumers. In this section, we will elaborate on the personalization in
3D-printed bakery products in terms of sensorial properties (with a focus
on the texture) and nutritional properties. We will discuss consumers’ acceptance of 3D-printed foods and how we can further advance research area in
order to realize personalized nutrition.

4.1 Personalized texture
Texture is an important sensorial properties and quality indicator for bakery
foods. The texture of bakery products is strongly linked to their micro- and
macrostructure. Conventionally, the microstructure of the bakery products
could be controlled by changing their formulations (e.g., by varying the
amount of the leavening agent), which leads to changes in the texture.
However, 3D printing provides new opportunities to control or program
the micro/macrostructure of bakery products by optimizing the printing
process (e.g., by varying the geometrical designs). For example, Derossi,
Caporizzi, Oral, and Severini (2020) found that 3D-printed snacks showed
a different microstructure than that of manually-shaped samples after baking.
More air was incorporated in the printed structure as shown in the topographic images (see Fig. 5A), which significantly affects the mechanical
properties of the cubic cereal-based structures. Therefore, via 3D printing,
the micro/macro structure of bakery foods can be rationally designed and
controlled, as compared to the “randomly” distributed porous structure
obtained by a conventional manufacturing process (Derossi, Caporizzi,
Oral, & Severini, 2020; Piovesan et al., 2020; Varghese et al., 2020).
In another example, Derossi, Caporizzi, Paolillo, and Severini (2020)
produced cereal snacks with different textures by modulating the number
and the position of cubic-shaped pores in a bar-shaped structure via 3D
printing (see Fig. 5B). They reported that the hardness of the snacks
decreased from 289 N to 84 N as determined by a compression test using
a texture analyser, when the relative density of the snacks decreased from
0.569 to 0.401. The Gibson and Ashby model was used to describe the
quantitative relationship between the fractural modulus of the printed snacks
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Fig. 5 Design texture of 3D-printed bakery products: (A) digital photos show the top
view of hand-made and 3D-printed cereal-based snacks, and larger pores were
observed in 3D-printed samples as compared to traditional hand-made samples as
shown by the X-ray topographic images (i.e. black pixels indicate void phase of air);
(B) relationship between the maximum force to fracture the 3D-printed snacks and their
(Continued)
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(i.e., hardness) and their relative density. The fitting result was found satisfactory (see Fig. 5B), however, the heterogeneity of the snack’s microstructure is not well represented by this model.
In contrast, in another study, both the macro- and micro-porosity of
3D-printed cookies were considered when constructing a computational
model to predict a cookie’s texture. X-ray micro-computed tomography
(μCT) was used to non-destructively obtain quantitative data on the microstructure of 3D-printed cookies. Finite element modeling was used to link
the Young’s modulus of 3D-printed cookies to their structural parameters
such as wall thickness, (air) cell size and overall porosity. A good match
between computational and experimental Young’s modulus values was
observed (Piovesan et al., 2020). This study indicates that acquiring quantitative data on the micro- and macrostructure of 3D-printed cookies could
lead to a more reliable prediction of their texture.
3D printing enables variations in the texture of bakery foods in a single
matrix to be designed by structuring at multiple length scales. For example,
Noort et al. (2017) created 3D-printed cookies with tunable porosity at three
different length scales (see Fig. 5C). First, the overall 3D grid-type design
introduced large continuous pores with dimensions of one to several millimeters. This can be combined with the ability to tune the thickness of the dough
walls through printing parameters like nozzle diameter and extrusion factor, to
determine the first level of porosity. Secondly, by printing with a coaxial nozzle and using air as the core material, hollow dough tubes/filaments could be
created that were deposited in a layer-by-layer manner, resulting in the overall
3D shape. The hollow inner channels with a diameter in the 100–1000 μm
range allowed for the creation of a second level of porosity. Finally, by tuning
the amount of leavening agent in the dough formulation, the third level of
porosity (<100 μm), i.e., the micro-porosity of the cookie material after

Fig. 5—Cont’d corresponding relative density, and digital photos show the side view
of the samples indicating numbers of macro-pores present; dashed line refer to the
fitting results of Gibson & Ashby model which describes the mechanical strength of
porous structures and their relative density; (C) structuring cookies at multiple length
scales using coaxial extrusion 3D printing (Noort et al., 2017). Part A: Modified
from Derossi, A., Caporizzi, R., Oral, M.O., Severini, C. (2020). Analyzing the effects of 3D
printing process per se on the microstructure and mechanical properties of cereal food
products. Innovative Food Science & Emerging Technologies, 66, 102531. doi:10.1016/
j.ifset.2020.102531. Part B: Modified from Derossi, A., Caporizzi, R., Paolillo, M.,
Severini, C. (2020). Programmable texture properties of cereal-based snack mediated by
3D printing technology. Journal of Food Engineering, 289, 110160. doi:10.1016/j.jfoodeng.
2020.110160.
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baking, could be tuned. The overall texture of the baked cookie was the result
of the combined structural features at different length scales. This example
clearly shows the unique possibilities that 3D printing offers. This multiscale
porosity design can control the fracture behavior of cookies in a way which is
not feasible by using conventional processing methods. A potential application
of this novel technology is designing nutritious bakery foods with desired textural properties for consumers with special dietary requirements. For example,
patients who suffer from dysphagia or other diseases related to oral processing
of food may benefit from this technology (Cichero, 2015).

4.2 Personalized nutrients
Sugars are often added to some starch-based bakery products such as sweet
cookies. The rapidly available glucose leads to periodic elevated plasma glucose and insulin concentrations that are associated to health issues such as
diabetes and coronary heart disease (Pinto, Castro, Vicente, Bourbon, &
Cerqueira, 2014). Therefore, it is interesting to find a way to reduce the
amount of sugar in bakery foods while keeping their attractiveness.
One strategy to reduce the sugar content in foods is to replace sugars by
high potency sweeteners. Nevertheless, sugar reduction remains a challenge
because those ingredients not only provide a desired taste/flavor (Stieger,
2011) but also contribute to the structure formation and the final texture
and color of bakery goods (van der Sman & Renzetti, 2020). Interestingly,
recent research has shown that temporal variations of tastant concentration
during the consumption of semi-solid or soft food can be introduced by
inhomogenously distributing tastant in the food matrix (Stieger & Van de
Velde, 2013). For example, granular salt encapsulated with high melting fat
was used in bread baking, and the resulted inhomogeneous distribution of salt
in bread has been shown to enhance overall saltiness perception substantially
(Noort, Bult, & Stieger, 2012), which provides new opportunities of salt
reduction in bakery products. Also, increased saltiness perception of bread
with reduced sodium content was achieved by inhomogenously distributing
salt agglomerates in the matrix (Monteiro, Nakagawa, Pimentel, & Sousa,
2021). Conventional food manufacturing methods are not well able to create
products with a specific spatial distribution of certain components in a more
controlled manner, while 3D printing allows us to design food products with a
specific spatial distribution of ingredients in food matrix (see Figs. 2B and 4A).
Therefore, 3D printing could allow us to create innovative healthy foods.
For example, Zhu et al. (2020) used 3D inkjet printing to accurately
deposit a chocolate coating varying in thickness (i.e. as a way to change the
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sugar content) to the surface of rice waffles, to create foods with bite-to-bite
contrast in terms of sweetness. They evaluated seven chocolate-coated
rice waffles which contained the same amount of chocolate (i.e., sugar) but
differed in the thickness of chocolate between three sequential bites. Their
results show that sweetness, expected fullness and liking of the waffles were
significantly affected by the bite-to-bite variation (i.e., so-called initial boost
effect and recency effect). By designing the distribution of chocolate on the
rice waffle, inkjet printing technique could potentially be used to create
sugar-reduced products in future, as healthier alternatives to conventional
ones. A similar concept could in principle be applied to salt-reduced and
fat-reduced products without compromising on the taste and texture of bakery foods. In principle, spatial distribution of tastant in bakery products can
also be realized by using coaxial extrusion and multi-nozzle extrusion.

4.3 Personalized satiety to modulate eating behavior
Bakery products can be personalized by 3D printing to influence eating
behavior and to control the level of satiety after food consumption. Lin
et al. (2020) developed a system called FoodFab which allows consumers
to modulate their food intake. Via FoodFab, the internal structure of snacks
can be varied by using different infill densities during 3D printing.
Specifically, three snacks were evaluated, which differed in their infill
density (i.e. 39%, 55% and 70%) and size but had the same infill pattern
(i.e., honeycomb) and weight. They found that both the chewing time
and perceived satiety were significantly affected by the design. The sample
with the lowest infill density and hence the largest size required the longest
chewing time, and also gave the highest increase in perceived satiety (as indicated by the difference in the level of hunger rated by the participants before
and after consuming the sample). It was concluded that the perceived satiety
of 3D-printed food can be modulated to create so-called food perception
illusions while the amount of ingredients and total calories are kept the same,
which could induce health-related behavior change among consumers.

4.4 Consumer acceptance
Novel food technologies such as gene technology, nanotechnology and cultured meat may offer important possibilities for improving food security,
safety, and sustainability. However, consumers are often hesitant to accept
them (Siegrist & Hartmann, 2020). Consumer acceptance of 3D-printed
foods is important for the future development of 3D food printing, which
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is however rarely researched so far. Only few studies on this topic have been
reported in literature (Baiano, 2020) and are often limited to consumer
research based on questionnaire. For example, Manstan and McSweeney
(2020) investigated consumers’ attitudes toward 3D-printed foods in comparison with conventional food products by an online survey. Based on the
results, they concluded that consumers are not willing to eat or buy
3D-printed foods, however believe that they are less processed and possess
more health benefits than conventional food products. Unfortunately, the
reasons why certain consumers do not like 3D-printed food or 3D food
technology were not identified in that study.
Caulier et al. (2020) were the first to study consumer attitudes before and
after consuming actual 3D printed food products. They studied the acceptance of 3D-printed cereal-based recovery bars in a real life military setting.
They found that the initial attitude of these consumers was relatively positive
toward 3D-printed food. Repeated consumption of 3D-printed food
increased consumers’ acceptance. This study suggested that consumer
empowerment, degree of personalization, and development of printing
technology all play a role in consumer’s acceptance toward 3D-printed food.
In general, the level of consumer involvement in the innovation of 3D food
printing is still rather limited, which could be a focus point of future research
( Jayaprakash, Ituarte, & Partanen, 2019).

4.5 Toward personalized nutrition
3D printing technologies are flexible in fabricating new food products,
which allows for an easy incorporation of micronutrients such as vitamins
in food formulations. For example, a company called Nourished provides
its consumers with tailor-made 3D-printed gummy vitamins (Nourished,
2021). It is foreseen that in the future, 3D-printed food can be personalized
with respect to composition and texture, in order to meet the requirements
of individual consumers based on their nutritional needs and sensorial preferences. Some interesting studies have already been conducted in this area.
For example, personalized meals were printed for elderly patients suffering
from dysphagia, as demonstrated in the EU project PERFORMANCE
(Personalised Food Using Rapid Manufacturing for the Nutrition of
Elderly Consumers). A pilot food-printing facility produced personalized
meal which contains at least 80% of the vegetable base (e.g., carrot or peas)
and the other 20% allows for fortification with proteins, fats and micronutrients according to the dietary requirements of those patients
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(PERFORMANCE, 2021). These printed meals provided texturized and
natural looking foods which bring enjoyment of eating to the patients whose
diets are otherwise often limited to pureed foods.
Consumers’ nutritional needs and preferences vary from one person to
another. Undoubtfully, realizing personalized nutrition will require the
design of foods with varying properties such as (macro/micronutrient) composition and texture. However, changing the composition of food materials
will result in changes in their rheological properties hence printing behavior,
which might complicate the printing process. Therefore, better understanding of the printing behavior of complex food materials and the development
of predictive models (see also Section 3.1) to optimize the printing process
will facilitate the future application of personalized nutrition in improving
human health. To further advance this field, food scientists should work
together with nutritionists and patients themselves, etc., to conduct multidisciplinary research which involves the consumers.

5. Conclusions
Several 3D food printing technologies have been developed and used
in fabricating personalized bakery products with interesting appearance,
designed texture or even nutritional composition. Studies in extrusionbased 3D printing of bakery products focus on developing printable
dough formulations. Additives such as hydrocolloids show beneficial effects
in improving the 3D-printability of cereal-based food formulations.
Optimizing printing settings could also improve the quality of 3D-printed
bakery products. 3D printing technologies provide food scientists and the
food industry with new ways i) to incorporate novel ingredients into bakery
products to produce functional foods; ii) to control the texture and even satiety of foods by changing the food design; and iii) to alter the sensorial perception (i.e., sweetness, saltiness) of bakery foods by introducing designed
spatial distribution of ingredients (e.g., tastant). 3D food printing shows
the potential to produce healthier bakery foods without compromising
on their attractiveness. More research on 3D printing of bakery products
is needed to achieve personalized nutrition and allow efficient manufacturing. The main aspects that need to be considered for future research are
highlighted in this chapter: (i) the trial-and-error approach in formulation
development and process optimization may be avoided by developing
data-driven predictive models; (ii) the printing process should be better
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controlled to improve its efficiency and the quality of the final products;
(iii) consumer behavior and interaction with the 3D printing technology
and digital interfaces should be studied to define ways to utilize various food
printing technologies’ potential to its highest value. The flexible manufacturing by 3D printing based on digital designs and information provides a unique
possibility to create and produce personalized nutrition.
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