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Abstract: Since its conception, the application of 3D printing in the structuring of food materials has
been focused on the processing of novel material formulations and customized textures for innovative
food applications, such as personalized nutrition and full sensory design. The continuous evolution of
the used methods, approaches, and materials has created a solid foundation for technology to process
dynamic food structures. Four-dimensional food printing is an extension of 3D printing where food
structures are designed and printed to perform time-dependent changes activated by internal or
external stimuli. In 4D food printing, structures are engineered through material tailoring and custom
designs to achieve a transformation from one configuration to another. Different engineered 4D
behaviors include stimulated color change, shape morphing, and biological growth. As 4D food
printing is considered an emerging application, imperatively, this article proposes new considerations
and definitions in 4D food printing. Moreover, this article presents an overview of 4D food printing
within the current scientific progress, status, and approaches.
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1. Introduction

The general interest in additive manufacturing (AM) is mainly based on its principle
of operation where large structures are built in layer-based and rapid prototyping (RP)
techniques. The combination of RP and layer-based fabrication provides superior accuracy
and precision compared to traditional processing and structuring techniques [1-4]. For
the structuring of foods, the adoption of 3D printing technologies was initially motivated
by design possibilities that are either challenging or cannot be achieved using traditional
food processing techniques. However, through comprehensive scientific investigations,
the application of 3D printing technologies shifted towards an increase in consumer ac-
ceptance by the functional control over food structures in terms of nutrition, flavor, and
textural properties.

Three-dimensional printing is a rapid prototyping technique for processing foods
where 3D structures are built using a layer-based computer-aided design (CAD) ap-
proach [5]. Processing food structures using 3D printing involves multiple sequential
stages. First, food constructs are modeled and designed using CAD software. Second, the
model is uploaded into slicing/printing software where the material-process-dependent
settings are applied. The slicing software is responsible for applying the printing settings
and slicing the geometrical model for the layer-based deposition of the material. Third,
through the slicing software, a G-code is generated and processed by the printer where the
designed geometries are structured. Finally, a post-processing step in the form of thermal
stabilization is usually applied (material-dependent) for the consumption or storage of
3D-structured foods.
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Currently, the research and investigations in the field of 3D food printing can be
divided into two main categories, as shown in Figure 1, which are technological develop-
ments and applications in food. During its early adoption and development period, 3D
food printing research was mainly focused on the printing applicability of different food
formulations by elucidating the material-process interactions [6~10]. From a technological
perspective, the intensive investigations into the relationship between material behavior
and 3D printing led to the development of technological solutions in process monitoring,
design and structuring, complementary methods (such as in-line mixing, liquid injection,
and co-axial extrusion), and post-processing/stabilization techniques. Also, the native form
of different food materials (powders, liquids, and solids) has motivated the adoption of
different 3D printing technologies such as fused deposition modeling (FDM), binder jetting
(B)), and selective laser sintering (SLS) [11-13]. Consequently, technological developments
have broadened the application range of 3D food printing for the structuring of customized
food textures, precise localization of flavors, printing of anisotropic protein structures, and
processing of food side streams, with a focus on the application of personalized nutrition
in the near future [14-24].

Current scientific focus in 3D printing
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Figure 1. Schematic representation of the current research in 3D food printing.

Recently, 3D printing has been utilized to process food structures that exhibit time-
dependent behaviors, which is defined as 4D food printing. The main aim of using a 4D
printing approach in food science is to generate 3D food structures with programmable
changes in appearance and functionality with time and upon stimulation. To illustrate,
programmable changes in functionality are described as pre-defined (using material tailor-
ing or specific geometrical designs) food transformations affecting nutritional and sensory
aspects. As an example, chemical and thermal stimulations are used to achieve a color
change or the shape morphing of printed food structures [25,26]. Since 4D food printing
is an emerging processing approach, this article defines 4D food printing from a scientific
perspective and introduces specific considerations for this approach. In the following,
we present the scientific progress and state-of-the-art applications in 4D food printing
according to the established definitions and considerations.

2. 4D Printing: Considerations and Definitions

Additive manufacturing or the 3D printing of engineering and food structures is
the repetitive planar structuring of materials in a layer-based approach. To illustrate, the
planar structures are overlaid to create a static 3D structure with geometrical features that
are determined by a pre-defined design. In addition, its bulk materials and mechanical
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properties are defined by the applied process, processing parameters, and the material
ingredients and interactions. By mentioning that processing using a 3D printing approach
leads to the creation of static structures, it is implied that the functionalities and overall
properties of the additively processed engineering or food materials and structures are time-
independent. As a direct integral application of additive manufacturing, 4D printing should
be considered as an extension of 3D printing [27]. Three-dimensional (3D) printing is the
processing of structures in the three spatial coordinates: the x-, y-, and z-axes. To emphasize,
4D printing introduces a further dimension to 3D-printed structures, which is time [28-31].
Therefore, 4D printing uses a 3D printing approach to process dynamic structures with
properties that can vary with time. Generally, the dynamism and time-dependent behavior
of 4D-processed structures are a result of smart structural design and tailored material
compositions in combination with the application of several stimuli [32-34]. The induction
of this controlled or programmed time-dependent behavior is associated with the use
of chemical stimulus [35-39] or thermal stimulus [40,41]. Moreover, the time-dependent
behavior of 4D-printed structures is referred to as programmed or controlled changes,
indicating that targeted transformations are pre-defined, intentional, and highly desired.
Similar to 3D printing, the development of 4D printing was performed for engineering
applications before its adoption for food structuring. The approach was mainly motivated
by the creation of smart materials and structures that can alter their functionality and
micro/macrostructural behavior under different stimuli with respect to time.

Since the conception of 4D food printing, different definitions have emerged along
with different extensions (5D or 6D). This is indicative of the absence of a consensus on the
definition of 4D printing, which is also the cause for the free use of extra dimensions. The
visible universe exists in the space-time continuum, and thus, the maximum dimensions
that must be considered in printing are four dimensions (three spatial dimensions and
a single time dimension). This constitutes that all time-dependent material or structural
transformations of printed structures are bound by the time dimension (fourth dimension).
From a processing point of view, 5D and 6D printing is the extension of the construction
method to include 1 or 2 rotational axes within the printers’ functionality [42]. However,
by presenting rotational possibilities in printing, this becomes a definition of degrees of
freedom (DOF) and not extra dimensions. Furthermore, in the view of this article, the
combination of several time- or stimulation-dependent effects is still and should always be
considered as 4D food printing. As an example, a study by Chen et al. presents an approach
for the stimulated color change of food structures through probiotic growth [26]. The au-
thors incorporated two time-dependent transformations in 3D-printed food structures and
considered this approach as 5D printing. However, this application is still 4D printing from
the perspective of our definition, as both effects are bound by the time domain. In addition,
for the traditional processing and 3D printing of food materials, thermal stabilization is
considered an intrinsic process to achieve specific thermal transitions, including texture
(without shape morphing), flavor development, and nutritional changes. Some studies
consider effects such as 4D food printing [43]; however, by using this analogy, all thermally
treated foods should be considered 4D foods. Thus, texture, flavor development, and
nutritional changes through thermal stabilization should not be considered an application
of 4D food printing.

Based on the previous discussion, we define 4D food printing as the structuring of
foods with one or more programmable and controlled time-dependent transformations
(e.g., sensory and nutritional properties) using 3D printing approaches. Transformations of
4D-printed foods are made possible using either external or internal stimuli and cannot be
typical transformations of traditionally processed or 3D-printed foods. Therefore, according
to the definition, the following rules are applied:

Four-dimensional food structures are processed completely using 3D printing approaches.

The printing of structures with several time-dependent transformations is only 4D
food printing without the addition of extra dimensions.
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3. Programmed Functionality in Printed Food Structures

To highlight the state-of-the-art research and development of 4D food printing, the
Scopus, Science Direct, and Google Scholar databases were used for the literature search in
this review. Regarding the inclusion criteria, published articles focusing on 4D food print-
ing, triggered food transformations, shape morphing, and color and texture changes were
considered. The search strategy led to the inclusion of 34 published articles in the 4D food
printing domain. Currently, as shown in Figure 2, there are three main research directions
or topics in 4D food printing that are reported in the published articles, including (1) stimu-
lated color change; (2) stimulated shape morphing; (3) cell culturing. For the mentioned
research directions, the predominant objective is to achieve programmable food transfor-
mations directed towards optimization, esthetics, and most importantly, food functionality.
The term programmable indicates the predetermination of specific transformations main-
taining a high level of control over time-dependent transitions, which is discussed in the
following sections of this review. The concept of using a 4D approach in food applications,
to the best of our knowledge, was first introduced by Wang et al. during the proceedings of
the Conference on Human Factors in Computing Systems [44]. The authors introduced the
shape morphing of printed food structures through hydration-responsive food substrates.
From a consumer perspective, this early approach was proposed for processing compact
2D food segments that can be transformed into 3D structures upon cooking, which saves
space during packaging, storage, and shipping [44]. From the application and market per-
spectives, the 4D printing approach broadens the use of technology for creating appealing
food products with a wide range of customization, such as the introduction of variable
color gradients in foods and heat-dependent variable food shapes and textures [25,45].
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"""""""""""""""""" 2 4D food printing
h rinting behavi
r r
O Materials {- £
‘ : Plant-based cells
Cell culturing <

Animal-based cells

Technological
developments

3D food printing|

Foods and
applications

i
HO Textures ) Bi- and multi-material structures
Shape morphing < Actve-passive layers
Design configuration

Internal pH stimuli

HO Sensory ¢ [2lored inarec
! External pH stimuli
Color change

Dehydration

Biological growth

O Additional functionality

Figure 2. Schematic representation of the current research on 4D food printing.

3.1. Stimulated Color Change

Time- and stimulation-driven color change is one of the most studied topics in the
4D food printing research. Such a high trend in scientific investigations is driven by two
main reasons. First, the implementation of color-changing kinetics in 3D-printed structures
is relatively simple compared to other 4D printing applications, such as shape morphing
and cell culturing. To illustrate, the printing of color-shifting structures is driven by the
introduction of plant-based bioactive compounds, which are pH stimuli-responsive inside
printable food materials. The commonly introduced plant-based bioactive compounds are
anthocyanins, carotenoids, betalains, and curcumin [46—-49]. As an example, in alkaline
conditions, anthocyanin and curcumin exhibit green and red colors, respectively. On the
other hand, in acidic conditions, they exhibit red and yellow colors, respectively. The
second reason for the immense focus on 4D-stimulated color change is that the color of
food systems is an imperative deterministic factor in the sensory perception and consumer
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acceptance [50]. Currently, the research and application of stimulated color change in the 4D
printing literature can be categorized into four main categories of stimulation [26,49,51-58]:

(1) Mass diffusion—internal pH stimuli;

(2) Post-processing—external pH stimuli;

(38) Post-processing—dehydration;

(4) Microbiological metabolism—internal pH stimuli.

In the application of mass diffusion, internal pH stimuli are mostly performed by
the printing of multi-material composite structures. Typically, two or more materials with
different hydration levels, pH conditions, and pH-responsive compounds are printed
within the same structure. For reaching a pH equilibrium within the printed structure,
time- and material-dependent diffusion occurs within the system, thus inducing color
change. Regarding the application of post-processing, spraying with different pH solutions
or dehydration methods are used to induce a spontaneous color change of the object.
Dehydration methods are usually used for moisture transport, which can enhance the
alkalinity of the material [55]. The fourth category using microbiological metabolism as
a stimulation method, which we categorized earlier, is the most promising application
for color change in terms of functionality. In this application, time-dependent biological
growth or metabolism of microorganisms (summarized as fermentation) is used to alter the
pH, thus changing the printed structure’s color [26]. At the same time, this technique can
be used as an indicator of the state of cellular growth inside printed structures.

A pH-stimulated color change in the form of mass diffusion is the most studied 4D
printing effect in the scientific literature. For this application, some studies have utilized
extracted pH-sensitive pigments, such as anthocyanins and curcumin from plant-based
sources in the printed food material systems [52,55,56]. However, most scientific inves-
tigations are performed by the 3D printing of ingredients that are natively rich with
pH-responsive bioactive compounds, such as beetroot, purple sweet potato, and red cab-
bage [49,54]. Then, the time-dependent color change is stimulated by either spraying the
printed structures with solutions prepared at different pH levels or inducing pH change
by printing composite structures, which contain other materials with different pH levels.
As an example, He, Zhang, and Guo (2020) investigated the color change of 3D composite
structures by printing dual- and multi-materials [54]. For printing dual-material structures,
a first phase of anthocyanin-containing purple sweet potato (PSP) and a second phase, with
variable pH levels, of mashed potato (MP) were stacked into a disk-shaped configuration.
For preparing the MP material phase at different pH levels, the authors used 1% of citric
acid (CA) and 1% sodium bicarbonate (SB) of the total weight to achieve acidic (pH ~ 2.5)
and weakly alkaline (pH ~ 7.8) phases, respectively. Without the addition of CA or SB, the
MP phase was in a nearly neutral condition (pH ~ 6.5). In addition, the authors varied
the hydration level of the MP phase by changing the concentration of the potato flakes
(15%, 19%, 23%, and 27% based on the weight of water) in the material system. For the
printing of the disk-shaped structures, as shown in Figure 3, the PSP phase was located
on the bottom, while the variable MP phase was located on the top. The results show
that the structures exhibited a time-dependent color change with an increase in the color
intensity depending on the MP hydration level and the pH conditions. The color change
behavior occurred due to the diffusion of the anthocyanins from the PSP phase to the MP
phase. As shown in Figure 3, with the increase in the MP concentration, the color intensity
decreased at different times due to the slower diffusion rates. For further consideration,
such an observed behavior was also dependent on the area of the diffusion boundary and
the hydration discrepancy between the used material systems. Based on the results of
the dual-material systems, the authors chose three MP phases (with variable hydration
and pH levels) to obtain a higher color change rate for printing multi-material compos-
ites. As shown in Figure 4a, four-section composite structures were printed, consisting of
PSP infill and variable pH/hydration MP perimeters. Through this approach, the study
showed that depending on the distribution of the MP phase and the surface area of the
diffusion boundary, the time-dependent color change kinetics can be modulated, as shown
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in Figure 4b. The study presented a promising example of the 4D processing of complex
food structures according to the defined definition in Section 2. The color-changing effects
shown in Figure 4 display a pre-defined and controlled transformation that is extrinsic to
traditionally processed foods or typical 3D-printed food structures.
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Figure 3. Time-dependent color change of printed dual-material structures composed of mashed
potato and anthocyanin-containing purple sweet potato at different pH levels (reproduced from [54]
with permission from Elsevier, 2020).

(@), 2

12 Infill
2: Perimeter

First layer Second layer Third layer Fourth layer Final object

(b)

Figure 4. Four-dimensional printing of composite structures with purple sweet potato infill and
mashed potato perimeter at different pH levels (reproduced and adapted from [54] with permission
from Elsevier, 2020): (a) dual extrusion 3D printing model; (b) time-dependent mass diffusion and
color change.

Stimulated color changes of 3D-printed structures, as discussed in the previous section,
can be used as a primary and programmed effect to alter the perception of foods. However,
this 4D printing application can also be used as a secondary effect, such as an indication of
other progressing behavior, like time-dependent organic growth or fermentation processes.
Several studies have focused on investigating and utilizing pH-driven color changes to
monitor the microbiological metabolism in printed structures [26,59]. Chen et al. inves-
tigated the color change behavior through the incorporation of probiotics in 3D-printed
food structures [26]. In their study, the authors incorporated Lactobacillus bulgaricus and
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Streptococcus thermophilus (lyophilized powder form) in a purple sweet potato-based ma-
terial system. In addition, four different mass concentrations (0.1, 0.2, 0.3, 0.4, and 0.5%)
of tea polyphenols were added to the material system to promote metabolism. Moreover,
the study investigated time-dependent color changes during fermentation at 37 °C with
and without the addition of the polyphenols. During incubation, the number of probiotics
reached its maximum value and was saturated between 6 and 8h. Concerning the addition
of tea polyphenols, the results showed that increasing the concentration of polyphenols up
to 0.4% promoted the metabolism of probiotics. Most importantly, the printing and incu-
bation results showed a significant color change for all printed formulations, from a dark
purple value (after printing) to a bright red (after 10 h of fermentation). The time-dependent
color shift occurred due to a reduction in the pH as a consequence of the production of
lactic acid during fermentation. The authors presented this effect as 5D printing by com-
bining color change and biological growth in one printed system. However, according to
our definition, the combination of two time-dependent (single time domain) effects still
constitutes a 4D food printing application.

Investigating the effect of post-processing in the form of external pH stimuli, Shan-
thamma et al. studied the color change behavior of curcumin-based 3D-printed struc-
tures [51]. The investigation was performed on a sago flour-based material system with
incorporated turmeric powder at different concentrations of 0, 0.5, 1.5, and 2.5% on a
weight basis. To stimulate the time-dependent color change effect, the authors used a
post-processing approach where they immersed the printed structures in solutions with
varying concentrations of sodium bicarbonate (1, 3, and 5% on a weight basis). As shown
in Figure 5c, time-dependent changes in the color value and intensity (from yellow to red)
were observed. The observed effects mark the transition of the curcumin from a keto confor-
mational state (fluorescent yellow) to its enol conformational state (bright red). Moreover,
the authors comprehensively elucidated the resultant color changes using UV absorbance.

Time (seconds)

120 150 180 210 240 270 300

Concentration 0 30
of SB
1%

3%

B n

Figure 5. Effects of external and internal pH stimuli on the time-dependent color change behavior of
printed structures: (a) color change of structures after spraying with solutions at different pH levels
(2.5 and 8) after 1.5 h in relation to the structures’ thickness (reproduced from [53] with permission
from Elsevier, 2021); (b) time-dependent color change of composite structures due to diffusion
(reproduced and adapted from [53] with permission from Elsevier, 2021); (c) time-dependent color
change of single-material structures after immersion in solutions with different concentrations of
sodium bicarbonate (reproduced from [51] with permission from American Chemical Society, 2021).
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Combining the effects of external and internal pH stimuli, Ghazal et al. studied
the color change effects of printed structures through mass diffusion in different food
models [53]. The authors used an anthocyanin- and starch-based material system composed
of red cabbage and different concentrations of potato starch. First, as shown in Figure 5a,
the color change effect was studied for different heights of printed single-material structures
through the spraying of variable pH solutions. The printed structures were uniformly
sprayed twice using 0.75 mL of the solutions (pH 2.5 and 8) and the color change behavior
was observed directly after printing and after 1.5 h. As shown in Figure 5a, the color change
behavior was dependent on the thickness of the printed structures due to diffusion, which
is time-dependent. For all printed thicknesses (6, 8, and 10 mm), it was observed for the
pH 8 solution at the vertical section that the structure’s core was darker than the perimeter
after 1.5 h, indicating that the sprayed solution did not diffuse in the required time to the
core. Second, Ghazal et al. studied the influence of the diffusion boundary’s geometry
and the thickness of the printed structures in printed bi-material composites [53]. The
investigation was performed using three models, shown in Figure 5b, using the previous
material combined with an acidic material phase based on lemon and potato starch. The
acidic phase is located at the bottom of Models 1 and 2 and located in the middle of Model 3.
The material phases were printed at different thicknesses of 6 and 4 mm, for Models 1 and
2 respectively. The results showed that Models 2 and 3 reached an equilibrium (in color
change) due to diffusion after approximately 1.5 h, while Model 1 reached an equilibrium
after 3 h. Compared to Model 2, the response time of Model 1 was lower due to the higher
thickness. In addition, the diffusion boundary of Model 3 had the highest surface, leading
to an increased diffusion rate.

Another post-processing or external stimulation for color change is through dehydra-
tion. From a consumption perspective, this external stimulation method presents a more
feasible approach to color change (compared to external pH stimulation), as inducing ther-
mal transitions is imperative for most 3D-printed food materials. Chen et al. investigated
the effect of microwave dehydration (MD) on the color change kinetics of curcumin-based
3D-printed structures [55]. In this study, the authors studied the color change with respect
to the dehydration time of printed structures by the addition of curcumin emulsion and
NaHCO; (pH = 8.15) to a single-phase lotus root material. As shown in Figure 6, the
colorimetry of the printed samples was characterized at different dehydration times of
1-3 min at a constant power level of 280 W. Using microwave dehydration, the NaHCOs3
was decomposed into NapyCOj3, which enhanced the alkalinity of the material. In addition,
the authors observed (through confocal laser microscopy) that the emulsion particles aggre-
gate during the application of MD. Thus, they inferred that some emulsion particles burst,
which led to the exposure of the curcumin particulates to alkaline conditions, resulting
in the deprotonation of the curcumin, denoted by the yellow to red color shift, as shown
in Figure 6e.

3.2. Shape Morphing and Dynamic Textures

Textures of foods and food foams are defined as mechanical, structural, and surface
properties [60]. Dynamic textures denote the time-dependent changes in the mechanical,
structural, or surface properties of printed structures, causing a controlled change in the
textural properties. Such dynamic textures of 3D-printed food structures can be achieved
using triggered shape-morphing effects. Shape morphing denotes structural deformation
causing the transition of structures between two or more different morphological states.
To illustrate, defined stimuli-driven stresses are developed in the structures, and due to
dimensional or material mismatch, such stresses induce specific deformations, such as
bending, torsion, distortion, linear and non-linear expansion/contraction, and surface curl.
Controlled deformation in the printing of food materials and structures has progressed
rapidly in the last few years, as the fundamental understanding of shape change kinetics
was already established for synthetic organic and inorganic materials [30,61]. In order to not
trivialize the scientific progress, the published investigations remain a largely substantial
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scientific step when considering the challenges in geometrical designs, multi-material
matching/mismatching, and tailoring of food material responses towards external stimuli.
To emphasize this, the structuring of shape-morphing food assemblies is a direct adaptation
of 4D printing in engineering applications, which focuses on the processing of stimuli-
responsive smart materials and structures. In engineering applications, the processing
of smart materials or structures is performed to achieve specific functionalities typically
in sensing and actuation [29]. Compared to shape-morphing foods, a broader range of
materials is used in engineering applications, including monolithic and composite material
approaches (Ahmed et al., 2021; Pinho et al., 2020). With this in mind, the available literature
on the 4D printing of shape-morphing food structures still encompasses a wide range of
food materials, including hydrogels and fiber-, starch-, fruit-, and animal-based material
systems [42,45,62].
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Figure 6. Effects of curcumin-based emulsion concentration and microwave stimulation on the
chroma value of a lotus root material system (reproduced and adapted from [55] with permission
from Elsevier, 2021): (a) chroma value after 1 min of microwave stimulation; (b) chroma value after
2 min of microwave stimulation; (c¢) chroma value after 3 min of microwave stimulation; (d) native
material without microwave stimulation; (e) printed multi-material food composites.

The kinetics of shape-morphing foods are generally engineered using one or a combi-
nation of the following structure design approaches:
(1) Bi- or multi-material systems;
(2) Design configuration;
(8) Active—passive layers.
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For the different structure design approaches, the dynamics of the shape-morphing
process are driven by relative expansion or contraction between either different layers
(materials) or repetitive/non-repetitive design patterns during hydration or dehydration.
Considering hydration, the rate and capacity of water absorption control the swelling
anisotropy, which causes a non-uniform distribution of stresses within the structure [63].
Such non-uniformity in the development of internal stresses is the driving force for the
material transformation from one configuration to another. In dehydration-triggered stim-
ulations, structural deformation occurs due to the relative contraction between different
materials or design configurations according to their own thermal and mass transfer prop-
erties. Thus, it is mainly controlled using moisture loss through the thermal and diffusion
properties of food formulations. However, mass diffusion (hydration and dehydration)
is not the only approach to controlling or inhibiting shape-morphing kinetics, it can also
be controlled through thermal expansion (for example, cellular structures), molecular
transformations (for example, starch gelatinization), or organic growth in active-passive
structures [30,64].

Currently, the available literature on the 4D printing of shape-morphing food struc-
tures encompasses a range of imperative research directions, such as investigating the
design-driven deformation effects in multi-material structures, the deformation kinetics
by using different drying mechanisms, and the effects of fats, salts, and other additives
(variable thermal and diffusion properties) on deformation kinetics [39,65-71]. Scientific
studies presented by Pulatsu et al. and Lai et al. investigated the swelling and shape-
morphing behaviors of hydration-triggered 4D-printed edible food composites [39,72]. As
shown in Figure 7a, the study by Lai et al. showed the design-controlled morphing of
printed alginate/methylcellulose (Alg/MC) hydrogel structures. The shape-morphing
effects were engineered by inducing a network density gradient across the printing plane.
To illustrate, the density gradient resulted in a non-uniform swelling behavior, leading
to relative expansion across the printing plane and the transformation of 3D-printed flat
structures from one configuration to another, forming complex 3D morphologies. More-
over, the pre-defined deformations were triggered by the immersion of the printed flat
sheets in calcium chloride solutions (CaCly). In this study, the authors introduced a novel
approach for inducing such hydration-triggered transformations using network gradient
discrepancies. This was achieved by printing three-layered sheets, the first layer of which
was a uniform film. The second and third layers were printed as a strip pattern uniformly
interspaced at different angles. Furthermore, to create the network density gradient, the
authors dried the printed structures at room temperature to create a compressed network
and dense regions of the three-layered areas, while the single-layer areas produced lower
network densities. Using a different approach to induce hydration-triggered transforma-
tions in food structures, the study presented by Pulatsu et al. investigated shape-morphing
effects and configurations using multi-materials or composite systems by the 3D printing
of ethyl cellulose (EC) patterns on pure gelatin and glycerol-gelatin films, as shown in
Figure 7b. The presented study showed a novel approach for achieving shape-morphing
effects using swelling anisotropy driven by the hydrophilic behavior of gelatin in relation
to the hydrophobicity of EC. The authors investigated the effects of film thickness, aspect
ratio, swelling properties, and printing patterns on the shape-morphing properties when
subjecting the films to water as a stimulus. One of the most important metrics the authors
used to quantify the dependencies of the shape-morphing properties was the response
capacity of the patterned structures [72]. In the study, the response capacity was considered
to be high when flat structures reached their maximum deformation in a shorter period
of time in response to the applied hydration stimulus. Regarding the dependency of the
response capacity on the film thickness, as shown in Figure 7b, the authors observed an
inverse relationship between the film thickness and the final curvature of the structures.
To induce simple bending, the authors printed parallel EC strips on gelatin films. Upon
hydration of the patterned films, curvatures (defined as the reciprocal of a circle’s radius)
ranging from 0.045 to 0.576 mm~! were obtained, depending of the film’s thickness. The
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authors presented promising shape-morphing effects using different distributions of the
EC on the gelatin film, which proved to be an imperative method for elucidating hydration-
dependent shape-morphing kinetics. However, in this study, 3D printing was only used for
the deposition of EC patterns on pre-prepared gelatin films. Therefore, the application of
dual extrusion can be a step forward for the processing of hydration-triggered morphing
food structures.
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Figure 7. Hydration-triggered shape-morphing multi-material structures: (a) illustration and pictures
of shape-morphing configurations using 3D-printed Alg/MC hydrogels (reproduced from [39] under
the terms of Creative Commons CC-BY license); (b) effect of 3D-printed EC pattern and gelatin film
thickness on shape-morphing behavior of patterned structures (reproduced and adapted from [72]
with permission from Elsevier, 2022).

Considering industrial applications, namely in pasta thermal treatment or cooking,
hydration-triggered geometrical change is a relatively promising 4D printing application
for its prospects in the reduction of packaging, storage space, and transportation costs.
However, the number of studies focusing on hydration-triggered structures is still limited
as they require the use of complex multi-material hydrogel systems where the printability
is lower and due to the viscoelastic-induced geometrical inaccuracies (namely a high
surface roughness) in printed hydrogel structures [39]. On the other hand, dehydrated-
triggered shape-morphing kinetics and geometrical transformations are the most studied
fields, as deformations are mainly controlled using mass transfer, which can be applied
to a wider range of food material systems. Studying the influence of different heating
methods on shape-morphing behavior, Liu et al. compared air drying (AD), infrared drying
(ID), and microwave drying (MD) using the simple bending of an active food material
system printed onto a thin passive layer (0.2 mm) of food-grade PA/PE film [73]. In the
study, the authors set the heating temperatures for the AD and ID at 35, 50, and 65 °C
while they used MD power of 1.0, 2.0, and 4.0 W/g. The investigation was performed
using a starch-based material composed of potato flakes, potato starch, fructose syrup,
and xanthan gum. Structures were printed in a bilayer approach, where one active layer
was printed to a height of 1.2 mm. The geometrical design choice of the authors reflects
the insignificant need for complex geometrical designs, which complicates the elucidation
of the shape-morphing behavior in relation to the used drying methods. As shown in
Figure 8a, the bending angle was observed to be negatively correlated with both the heating
temperatures (for AD and ID) and the microwave power (MD). Specifically, the bending
angle decreased from 111.30 to 90.29 °C during the application of MD from 1 W/gto 4 W/g,
respectively. The authors observed that the deformation speed decreased with respect to the
microwave power, which is indicative of reaching a plateau region at a certain temperature
where no subsequent dehydration occurred. Therefore, increasing the microwave power
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resulted in a rapid volume shrinkage where the rate of mass transfer decreased, leading to
a decreased shape transformation speed. A similar effect was observed for the experiments
performed using AD and ID. Liu et al. observed that the application of traditional AD
led to higher bending angles compared to the other methods, as shown in Figure 8a. The
authors attributed this effect to what they defined as an accumulation bending effect, which
is caused by moving the water evaporation boundary from the external layer to the internal
layers [74]. As illustrated in Figure 8c, during AD, the heat was first absorbed by the
external layer, which caused water evaporation and initiated the contraction and bending.
Then, the water evaporation and contraction propagate to the internal layers. However,
during the MD, the evaporation boundary propagated from the internal layers towards the
external layers. The inverse propagation of the moving boundary caused inhibition of the
bending as the external layers restricted the contraction of the internal layers. Accordingly,
the investigations presented by Lui et al. are imperative to the understanding of the kinetics
of different heating methods applied in dehydration-triggered deformations.
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Figure 8. Effects of dehydration temperature, power, and method on the shrinking and bending

behavior of 3D-printed active starch-based layer on a passive plastic film (reproduced and adapted
from [73] with permission from Elsevier, 2021): (a) resultant bending angle with respect to variable
air drying (AD) and infrared drying (ID) temperatures and variable microwave drying (MD) powers;
(b) correlation between the shrinkage ratio and the bending angle; (c) schematic representation of the
heating and bending kinetics driven by different dehydration methods (MD, ID, and AD).

Another important research objective in the shape morphing of food structures is
elucidating the effects of fats, salts, and additives addition during dehydration-triggered
deformation. The investigations related to salt and butter incorporation (for the manipula-
tion of thermal and diffusion properties) present a new perspective on understanding the
relationship between the dielectric properties of foods and shape morphing during dehy-
dration approaches using electromagnetic fields. In addition, such a direction of research is
relevant for the controlled tailoring of food material systems applied in shape-morphing
applications, which can be further extended for combining sensory modulation with textu-
ral transformations. A study by C. He, M. Zhang, and S. Devahastin (2021) investigated
the effects of edible salt and butter contents on the dielectric properties and interrelated
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bending angles of the shape morphing of starch-based material systems [67]. Similar to the
study highlighted earlier by Liu et al., the experiment adopted a directional deformation
approach using the simple bending of one active printed layer on a thin food-grade PET/PE
sheet. The investigations were performed using two food material systems using purple
sweet potato pure (PSPP) and mashed potato (MP) with a salt addition of 1% to 6% w/v or
with a butter addition of 2% to 8% w/v. For the application of the stimulation in the form
of dehydration, a 2.0 W/g microwave dehydration process was used. While the moisture
content was kept at a constant level for both material systems (including all salt and butter
concentrations), as shown in Figure 9a, the deformation of the printed structures decreased
with the increase in both the salt and butter contents for both material systems. The ad-
dition of salt in a food material system affects the dielectric properties, inducing changes
in the penetration of microwaves and the heating rate, thereby affecting the dehydration
process [75]. The analysis of the dielectric properties presented in the study showed a
significant increase in the dielectric loss factor of the PSPP and MP by 190.3% and 167.5%,
respectively, when the salt content was increased from 0 to 6%. As a result, as shown in
Figure 9b, the bending angle of the PSPP and MP structures decreased from 235.5° to 110.2°
and from 384.4° to 169.4°, respectively. To illustrate, the increase in the dielectric loss factor
increased the material’s conductivity, leading to higher heating rates. Subsequently, this
resulted in more extensive moisture loss and hardening on the structure’s surface, thus
inhibiting the deformation of the printed structures. Most importantly, the discrepancy
between the resultant bending angles of the PSPP and MP systems, shown in Figure 9b,c,
are indicative of the role of the material composition in the development of internal stress
during mass transfer. A more extensive reduction in the bending angles can be observed
in both material systems with the increase in the butter content. However, the authors
reported a significant reduction in the dielectric loss factor at the same time. The authors
explained the large reduction in the bending angle as due to the loss in adhesion in the
interface between the active and passive layers, which was caused by phase separation
during the melting of fats.
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Figure 9. Bending behavior of 3D-printed active mashed potato and purple sweet potato layers with
respect to salt and butter contents using MD (reproduced and adapted from [67] with permission from
Elsevier, 2021): (a) images of active-passive layer bending at different salt (sodium chloride) concentrations;
(b) influence of butter content on the bending angle; (c) influence of salt content on the bending angle.
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By processing food structures using 3D printing, the design of solid structures usually
includes a shell (perimeter) and an infill (internal structure). If both parts are considered as
different material phases, the internal structure has a higher relative density at high infill
levels. Correspondingly, the developed stresses in the internal structure during dehydra-
tion are the main driving force for shape morphing. Therefore, through the manipulation
of the internal structure design, the control of shape-morphing effects can be a simpler
applied approach compared to the use of multi-material structures. As an example, C. He,
M. Zhang, and S. Devahastin (2020) influenced shape-morphing deformation patterns by
manipulating the infill parameters [65]. In addition, the study investigated the bending
of structures in relation to microwave dehydration time. Similar to the study mentioned
before [67], in their latter study, the same authors used a starch-based material system
based on purple sweet potato. As shown in Figure 10, the authors controlled the defor-
mation only by manipulating the internal path and the infill densities. By printing simple
single-layer sheets, a bending or torsion-induced deformation occurred perpendicularly
to the direction of the internal structure’s alignment. However, the directionality of the
deformation was highly dependent on the configuration of the internal structure. Finally,
further investigations of such an approach for controlling shape-morphing behavior us-
ing complex internal structure configurations are imperative for the realization of more
complex deformation-driven food structures.

Infill condition and model dimension  Initial configuration  Final configuration

Infill angle: 15°
Infill percentage: 60%

Model size: 50x30%2.4 mm

Infill angle: 45°
Infill percentage: 60%

Model size: 50x30%2.4 mm

Infill angle: 75°

Infill percentage: 60%

Model size: 50x30%2.4 mm

Infill angle: 90° (part 1); 0° (part 2)
Infill percentage: 60% (parts 1 and
2); 100% (part 3)

Model size: 70x70%2.4 mm

Infill angle: 0° (part 1); 60° (part 2);

120° (part 3)
Infill percentage: 60% (parts 1, 2 and
3); 100% (part 4)

Model size: 65x57%2.4 mm

Infill angle: 0° (part 1 and 2)
Infill percentage: 60% (parts 1 and
2); 100% (part 3) \

Model size: 72x54x2.4 mm

Infill angle: 45° (part 1); 135° (part

2)
Infill percentage: 60% (parts 1 and
2); 100% (part 3)

Model size: 72x54x2.4 mm
Figure 10. Dehydration-triggered shape morphing of different design configurations as influenced by
the internal structure (reproduced from [65] with permission from American Chemical Society, 2020).
3.3. Cell Culturing for Texture and Nutritional Development

As mentioned in Section 2, the application of thermal stabilization to achieve textural,
flavor, and nutritional development cannot be considered 4D printing, as most highly con-
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sumed staple foods (in the application of 3D printing or traditional processing) containing
starches and proteins are traditionally submitted to heat treatment and dehydration to
induce essential physiochemical changes for human consumption and storage. However,
according to the stated definition of 4D food printing, time-dependent changes in texture,
flavor, and nutrition can be achieved through the culturing of plant- or animal-based cells
in structured scaffolds. The studies that have focused on the application of 3D printing in
cell culturing have not typically considered this approach as 4D printing. Nonetheless, the
consideration of this approach as 4D printing can be attributed to the fact that structures
are printed with additional functionality that develops and progresses over time through
biological growth, which does not occur in typical 3D-printed food structures.

In general terms, cell culturing in printing applications (namely medical and food
applications) is associated with the printing of scaffold structures with plant- or animal-
based cells incorporated into a medium that promotes cellular growth and a scaffold
design that supports proliferation [76]. Prior to the 4D printing of scaffolds using plant- or
animal-based cells containing material systems for food applications, two other approaches
were explored using 3D printing. The first approach was not a scientific investigation but
rather a food design approach performed using 3D printing, which was implemented by
a food designer in collaboration with the University of Eindhoven and TNO in 2014 [77].
The project “Edible Food Growth” introduced 3D-printed food assemblies or composites
supporting various biological growth, as shown in Figure 11. In this approach, spore-
forming organisms and seeds were incorporated into a hydrogel-based edible substrate.
Then, the edible substrate was incorporated into a carbohydrate-based 3D-printed support
structure, allowing for time-dependent organic growth within the assembly. This concept or
approach presents a novel avenue where the texture, flavor, and nutrition of food structures
are time- or growth-dependent, delivering to the consumers a dynamic sensory experience
and nutritional facts. However, according to the stated definition in Section 2, this approach
cannot be considered as 4D food printing as the structures are not exclusively processed
using a 3D printing approach. Still, adopting such an approach in a systematic scientific
investigation is imperative for the elucidation of textural and flavor changes over time with
respect to the incorporated cultures, support structure, and growth substrate.

The second investigated approach, serving as a foundation for 4D printing in the
form of plant-cell culturing, was the encapsulation of plant cells in a model food material
system [22]. Vancauwenberghe et al. investigated the possibility of textural modulation
and cell viability of low-methoxylated pectin gels incorporating isolated lettuce leaf cells
(Valerianella locusta, L. var. ‘Gala’). In the study, the authors investigated the effects of cell
encapsulation on the material-process interaction and printability of the cell-containing gel
structures. The results show that structures with up to 5 x 10° cells/mL were successfully
printable. Regarding the material and cell-concentration-dependent mechanical properties
of the printed structures, the mechanical strength increased with the pectin concentration,
which was expected due to the formation of a stronger network at higher concentrations.
On the other hand, the mechanical strength decreased, indicating a structural softening,
with the increase in the cell concentration. In addition, the study investigated the cell
viability depending on the pectin concentration. However, the authors did not investigate
the time-dependent growth of the cell culture. Therefore, according to the definition stated
in Section 2, the mentioned study can be considered as 3D printing of nutritionally enriched
pectin-based gels and not 4D food printing.

As an example of plant-based cell culturing using 4D printing, Park, Kim, and Park
(2020) established a novel approach for cell culturing using model material scaffolds in
food structures [23]. The study applied a 3D printing approach for the implementation
of a plant cell-laden hydrogel model for achieving time-dependent textural changes. As
shown in Figure 12, the authors performed a study using callus-based food inks composed
of separated carrot callus cells embedded in an alginate matrix. With the purpose of
producing variable edible cellular tissues, the authors investigated the correlation between
printability, proliferation efficiency, and time-dependent textural properties of the printed
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structures, and elucidated the properties at different initial cell densities of the callus-
based materials. In this study, the callus-based materials were prepared by blending
a callus dispersion with 4% alginate at ratios of 1:2, 1:1, and 2:1 (w/w). Moreover, the
authors used an embedded 3D printing approach to suspend the printed scaffolds in a
gelatin gel containing CaCl, for crosslinking of the alginate. Through optical density and
confocal microscopy quantification, the printed plant cell-laden scaffolds with different
callus contents showed high viability and prolonged cell growth over a 35-day culturing
period. To quantify the time- and cell proliferation-dependent textural changes, the authors
performed compression tests at 7-day intervals. The results showed that, for the non-
cell containing alginate gel, there were no significant differences in the hardness with
respect to time, as shown in Figure 13. This indicates that the modulation of the hardness
levels was dependent on the cell growth. For the different initial cell gel concentrations,
a decrease in hardness was observed. Such a decrease in hardness was explained by the
matrix inhomogeneity caused by the increase in the non-uniformity of cell distribution
during culturing. Furthermore, the hardness was reduced to 50% of the initial level during
culturing, which occurred on day 28 for the 1:2 gel, on day 21 for the 1:1 gel, and on day
14 for the 2:1 gel. However, as an important statement, the authors recommended further
investigation of the cell aggregation between immobilized cell clusters for the possible
improvement of the mechanical strength of the printed structures. The study did not
investigate the full time-dependent sensory changes of such structures; however, it can be
stated that the 4D printing cell culturing approach can be further studied and used for the
time-dependent modulation of sensory perception and nutrition.

Basic support structure
carbohydrate

Organisms
spores & seeds

Edible substrate
hydrogel

Figure 11. Illustration and picture of edible food growth consisting of a hydrogel substrate incor-
porating spores and seeds encased in a 3D-printed starch-based support structure (reproduced
from [77]).
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Figure 12. Schematic illustration of plant-based cell culturing using callus-based food material
system and embedded 3D printing of plant cell-laden hydrogel scaffolds (reproduced from [23] with
permission from Elsevier, 2020).
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Figure 13. Embedded printing process and hardness of the plant cell-laden hydrogel scaffolds
(reproduced and adapted from [23] with permission from Elsevier, 2020): (a) material deposition in a
gelatin gel containing CaCly; (b) destabilization of the gelatin gel at 37 °C; (c) removal of the printed
scaffold for further incubation; (d) hardness levels at different culturing times for different rations of
callus dispersion and alginate.
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4. Conclusions and Future Considerations in 4D Food Printing

As a direct extension of 3D printing, 4D food printing presents a new approach to the
designing and processing of dynamic foods. The term dynamic denotes the time-dependent
dimension of 3D-printed foods, which enables the transformation of structures from one
configuration to another. Currently, the research is focused on three main categories, which
are stimulated color change, stimulated shape morphing, and cell culturing. As illustrated
in Figure 2, the different time-dependent behaviors, such as color and shape changes, are
stimulated through various approaches. The processing of time-dependent food structures
enables the interaction and consumption of foods that offer new sensory perceptions. For
instance, dehydration-triggered shape morphing and cell culturing enable textural varia-
tion depending on the post-processing degree and incubation time, respectively. However,
since 4D food printing is still an emerging processing approach, further comprehensive in-
vestigations and developments are required to precisely modulate and control the targeted
functionalities. Furthermore, through the mentioned studies, it can be directly inferred
that the application of food materials in 4D printing needs to be extended, as investiga-
tions are still limited to hydrogels and starch-based materials. Considering the stimulated
color changes, the understanding of the material- and boundary-dependent diffusion is
imperative for the processing of structures with controlled color change behavior. The use
of multi-material deposition and in-line dehydration can enable the creation of complex
shape-morphing configurations while eliminating post-processing. Most importantly, 4D
transformations have the potential to be utilized to elucidate diffusive effects as well as
the effect of physiochemical transformations in relation to morphological changes in bulk
food structures. Moreover, the degree of shape morphing can be controlled through in-line
monitoring. Finally, the technological adaption of these processing approaches can further
enhance the application of 4D food printing.
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