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ARTICLE INFO ABSTRACT

Keywords: 3D printing can create personalized food products with three-dimensional shapes and desirable textures. This
Extrusion-based printing study investigated the effect of different starch sources (wheat, maize, tapioca, and waxy), with or without
Recovery

kappa-carrageenan (KC), on the printability and sensory properties of starch-based gels. All starch-based gels
showed shear-thinning behavior, but only those produced with wheat or maize starch, with or without KC, were
able to form and maintain layers, showing the flow behavior index (n) varying from (0.36 — 0.46). The presence
of KC in printable starch-based gels led to a decrease in apparent viscosity. For instance, Maize and Maize+KC
presented apparent viscosity values of (6295.35 and 3398.80) Pa s, respectively. All printable starch-based gels
exhibited G > G, and Tan § < 1, indicating high structuration. Wheat and Wheat+KC presented G and G values
of (4422 and 853; 3938 and 869) Pa, respectively. Non-printable starch-based gels exhibited fluid-like behavior,
showing no support for 3D food printing. Tapioca and Tapioca+KC presented G and G values of (187 and 182;
302 and 252) Pa, respectively. Sensory evaluation showed that 3D-printed cylinders produced with wheat and
maize starch without KC were perceived as more viscous, firm, and adhesive in the mouth compared to those
made with KC. Hardness instrumentally measured, which was of (1.02 and 0.65) N for Wheat and Wheat+KC,
respectively, was correlated with the firmness perceived in sensory evaluation. As a result, this study enhances
the understanding of formulation behavior and can support future strategies for developing 3D-printed foods
with desirable textural properties.

Sensory descriptors
Shear-thinning behavior
Starch

Stickiness

Texture profile analysis

1. Introduction after printing (Lille et al., 2018). Among the ingredients used in 3D

printing formulations, starch is considered an interesting option due to

3D food printing is a recent technique for producing customized and
personalized food products with three-dimensional shapes. Its use has
been growing among consumers due to advances in digital technologies,
which enable greater precision and innovation in food development
(Hussain et al., 2022; Masbernat et al., 2021). Also known as additive
manufacturing, this technique constructs objects layer by layer, based
on previously designed digital files (Liu et al., 2019; Rayna and Striu-
kova, 2016). In the food industry, 3D printing offers several advantages,
especially the ability to produce complex and individualized structures
that are often difficult to achieve using conventional production
methods (Cotabarren et al., 2023; Qiu et al., 2023).

For an ingredient to be suitable for 3D food printing, it must flow
easily through the printer nozzle and retain its structure and stability

its wide availability, low cost, and ability to form structured gels. Starch
is a polysaccharide in higher plants, mainly composed of amylose and
amylopectin. Both polymers are arranged in semicrystalline granules
with variable porosity, which are highly hydrophilic. The gelatinization
process occurs when starch granules are heated in excess water
(Appelqvist and Debet, 1997; BeMiller and Whistler, 2009). Thus, starch
has gained attention as a promising material, as it presents the re-
quirements for printability (Bitencourt et al., 2023; Cui et al., 2022;
Guedes et al., 2023). However, the molecular structure of starch, spe-
cifically the ratio of linear (amylose) to branched (amylopectin) starch,
significantly impacts its 3D printing performance. The higher amylose
content in starch gels enhances the storage modulus and supports the
performance of printed products by promoting the formation of
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cross-linked gel structures and crystalline structures. It also makes
extrusion difficult, leading to intermittent extrusion and rough printed
morphology (Cheng et al., 2024b; Ji et al., 2022). Short amylopectin
chains reduce the degree of short-range order and hydrogen bonding
interactions, which is detrimental to the storage modulus and yield
stress, negatively affecting the printing precision (Cheng et al., 2023; Ji
et al., 2022). Conversely, the higher content of short amylopectin chains
facilitates smooth extrusion during the 3D printing process (Ji et al.,
2022).

Carrageenans are water-soluble sulfated polysaccharides extracted
from red seaweed (Campo et al., 2009; Lascombes et al., 2017). Ideally,
they are composed of a repeating unit of disaccharides consisting mainly
of galactose sulfate esters and 3,6-anhydrogalactose polysaccharides.
Carrageenans exist in three main forms (kappa, iota, and lambda),
where kappa and iota carrageenan can form thermoreversible gels in the
presence of gel-promoting cations (Lascombes et al., 2017; Rochas et al.,
1980). Thus, KC is considered an additive that can be added to improve
the gel properties of starch, achieving better printing performance by
changing structural characteristics (Bitencourt et al., 2023; Rong et al.,
2023).

The interactions between starch and KC can significantly influence
their suitability for 3D printing applications. Mechanisms of interaction
between starch and KC have been reported in some studies. Matignon
et al. (2014a) showed that carrageenan can adsorb on and penetrate
starch granules, affecting the microstructure and rheological properties
of the mixture. Lascombes et al. (2017) also demonstrated that this
interaction is influenced by the charge density of carrageenan, with
lower charge densities promoting stronger interactions. Liu et al. (2021,
2022) showed that the rheological properties of starch-KC mixtures are
crucial for their functionality. For instance, the addition of KC can in-
crease the gel strength and modify the viscosity of the mixture, which is
essential for 3D printing applications. Liu et al. (2021) also optimized
the concentration of KC to 0.75 g/100 g for stable gel formation with
starch, providing a homogeneous network and stable structure during
storage. Matignon et al. (2014b) showed that the microstructure of
starch-KC mixtures can vary depending on the blending order and the
presence of other components. For example, in ternary mixtures with
milk proteins, the interactions between starch and KC are less pro-
nounced. Therefore, rheological knowledge of formulations is essential
to improve printability in 3D food printing (Liu et al., 2019). Rheological
parameters such as apparent viscosity, yield stress, and viscoelastic
behavior are critical to estimate the performance of formulations during
and after 3D extrusion-based printing (Chen et al., 2019; Cheng et al.,
2024b; Ji et al., 2022; Kozu et al., 2025; Xie et al., 2009). Furthermore,
the performing of a recovery test is relevant to simulate shear during
extrusion and to evaluate the ability to recover its structure after the
process.

In addition to rheological analyses of formulations, it is essential to
consider the sensory evaluation of the 3D-printed structures developed.
Studies on 3D-printed foods have focused mainly on the influence of
printing parameters and the textural characteristics of food formulations
on printability. However, to advance the investigation, the connection
between sensory aspects, rheological parameters, and instrumentally
measured textural properties of 3D-printed foods remains limited
(Mirazimi et al., 2023; Severini et al., 2018). For instance, 3D-printed
foods present a layer-by-layer structure with a distinct appearance,
which can impact their sensory perception. Additionally, poly-
saccharides added to the formulation may influence the texture and
mouthfeel perceived by consumers (Chow et al., 2021; Severini et al.,
2018).

To date, few studies have investigated the combined effects of
printability, rheological properties, or texture with the sensory evalua-
tion of 3D-printed food. Thus, this work intends to advance in the field
by linking it with sensory evaluation (Chow et al., 2021; Mantihal et al.,
2019; Markovinovic et al., 2024; Mirazimi et al., 2023; Ren et al., 2023;
Riantiningtyas et al., 2021; Tsai and Lin, 2022). In addition, no studies
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have been found comparing all these effects in 3D-printed foods
formulated mainly with different starch sources.

This study aimed to develop formulations with different texture
characteristics, using different starch sources, with or without KC. The
effects of rheological behavior on the printability of these formulations
were investigated and a link was established between printability,
rheological properties, texture, and sensory evaluation of the 3D-printed
cylinders.

2. Materials and methods
2.1. Materials

Wheat (C Gel™ 20006), tapioca (C CreamGel 70001), maize (C Gel™
03401), waxy maize (C Gel™ 04201) native starches, maltodextrin (C
Dry™ MD 01958 - enzymatic conversion of waxy maize starch), and
Kappa-Carrageenan (Satiagel™ RPM 87 R1) were donated by Cargill
(Castelmassa, RO, Italy). The glucose syrup (Vahiné, Avignon, France)
was purchased in a local supermarket. The citric acid used to formulate
the starch-based gels was obtained from Louis Francois (Croissy Beau-
bourg, France). Ultrapure water (18.2 MQ/cm, PURELAB Chorus, ELGA
Lab water, Veolia, USA) was used throughout the experiments. All
chemicals used for the experimental analyses were of analytical grade.
In contrast, the chemicals for the sensory analyses were of food grade.

2.2. Methods

2.2.1. Preparation of starch-based gels by gelatinization process and
morphological analysis

Starch-based gels were formulated according to Bitencourt et al.
(2023), with some modifications supported by preliminary trials.
Maltodextrin, citric acid solutions, and KC dispersion were previously
prepared, using ultrapure water (PURELAB Chorus, ELGA Lab water,
Veolia, USA) at a concentration of 50 g/100 g, 30 g/100 g, and 3 g/100
g, respectively. The KC dispersion was magnetic stirring for 24 h at room
temperature (20°C). The prepared maltodextrin, citric acid solutions,
and KC dispersion were used to produce the starch-based gels (also
prepared without KC). Firstly, 0.6 g/100 g of KC dispersion, 13 g/100 g
of maltodextrin solution, 10 g/100 g of glucose syrup, 0.4 g/100 g of
citric acid solution, and 15 g/100 g of defined starch were mixed. Ul-
trapure water (PURELAB Chorus, ELGA Lab water, Veolia, USA) was
then added to complete the mixture to 100 g. A citric acid solution was
used in starch-based gel formulations to create a slightly acidic sensory
perception. Furthermore, a maltodextrin solution was used, as it could
decrease the viscosity of the starch-based gel formulation, assisting the
3D food printing process. Starch-based gels were produced with wheat,
maize, tapioca, or waxy maize, with KC (acronyms: Wheat+KC, Mai-
ze+KC, Tapioca+KC, and Waxy+KC) or without KC (acronyms: Wheat,
Maize, Tapioca, and Waxy). After that, the beaker containing the
mixture was accommodated in a container with 900 mL of water at
90°C, under continuous stirring (250 rpm) for 20 min, using a me-
chanical agitation (IKA® Eurostar 60 Control, IKA-Werke GmbH, Stau-
fen, Germany) and a hot plate (Heidolf, MR Hei-Standard, D-91126,
Schwabach, Germany). The temperature was monitored (Heidolph, EKT
Hei-Con, Schwabach, Germany) and recorded every minute during the
gelatinization process to obtain the mean temperature (Tiean) and the
final temperature (Tqnap)- At the end of the gelatinization process, the
starch-based gels were placed in a Foodini 3D printer stainless steel
capsule (100 mL) with a 1.5 mm nozzle, and the bottom plunger was
pressed to remove the air. The starch-based gels were kept at room
temperature (20°C) before analysis and 3D food printing, which were
performed on the same day.

The morphology of the starch-based gels before and after the gela-
tinization process, without and with polarized light, was obtained using
an Olympus BX-51 microscope (Olympus Optical Co. Ltd., Tokyo,
Japan). Images were acquired using a Basler A102fc digital camera
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(Basler AG, Ahrensburg, Germany) under 40 x magnification.

2.2.2. Characterization of starch-based gels

2.2.2.1. Determination of pH of starch-based gels. The pH was measured
in a 0.05 mg/100 mL aqueous solution of starch-based gels in ultrapure
water (PURELAB Chorus, ELGA Lab water, Veolia, USA), using a pH
meter (PHenomenal, VWR®, International Ltd, Lutterworth, England).

2.2.2.2. Rheological properties of starch-based gels. Rheological mea-
surements on starch-based gels were performed using a stress-controlled
rheometer (Physica, MCR301, Anton Paar), using a parallel plate ge-
ometry PP 25 (24.982 mm diameter, GAP of 1 mm). The linear visco-
elastic behavior was determined by sweeping the amplitude over a strain
range of 0.1 to 100 % and at a fixed frequency of 1 Hz. After that, the
flow curves were obtained by registering shear stress (Pa) when the
shear rate was increased from 0.1 — 100 s,

The data obtained from flow curves were fitted applying the
Herschel-Bulkley model and power-law model (Steffe, 1996), using the
Statgraphics Centurion 19 software (StatPoint, USA), according to Egs.
(1) and (2), respectively.

T =10+ Ki" (@)
T =Kj" 2

wherein 7 is the shear stress (Pa), 1 is the yield stress (Pa), K refers to the
consistency coefficient (Pa s, y is the shear rate (s’l), and n denotes the
flow behavior index (-).

The tan delta parameter (Tan §) was also used to describe the
viscoelastic behavior of starch-based gels. This parameter is directly
related to the energy lost per cycle divided by the energy stored per cycle
(Steffe, 1996) and was calculated according to Eq. (3).

tan(s) = ¥l 3)
wherein G is the shear storage modulus (Pa), and G is the shear loss
modulus (Pa).

After performing the mentioned rheological analyses, the starch-
based gel sample was changed and the recovery test was performed,
which occurred in three different steps: (1) G and G were recorded at
rest at a constant frequency (1 Hz), and strain (0.1%) for 120 s, (2) then,
a constant shear of 300 s~ was applied for 40 s and, finally, (3) the first
step was repeated to assess structural recovery. The maximum shear rate
of 300 s~ ! used in the second stage of the recovery test was calculated to
simulate the shear during extrusion printing. Flow in a tubular geometry
for non-Newtonian fluids was considered, according to Eq. (4) (Steffe,
1996):

T = (3" - 1) 4Q @)

4n ) 7R3

wherein Q is the volumetric flow rate (m® s’l), R is the nozzle radius
(m), and n is the flow behavior index (-).

The shear recovery capacity of printable starch-based gels was
determined as the percentage of G average obtained in 30 s in the third
step after a high shear rate (300 s!) and the average of initial G ob-
tained in the first step (Achayuthakan and Suphantharika, 2008; Liu
et al., 2019). All rheological analyses were performed at a controlled
temperature of 20°C, and the data obtained were in duplicate.

2.2.2.3. Stickiness of starch-based gels. The stickiness of the starch-based
gels was measured using a texture analyzer (TA. HD.plus, Stable Micro
Systems Ltd, Godalming, Surrey, UK) coupled with a 40 mm diameter
compression plate geometry (P/35, Stable Micro Systems Ltd., God-
alming, England). The pre-test speed was 0.50 mm s!, the test speed of
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1.00 m s}, and the post-test speed of 1.00 mm s~!. The applied force
above the surface of the starch-based gel was 3 N with a contact time of
30 s. The sample preparation involved placing the starch-based gel
surface flat against the cylindrical container (diameter of 45 mm and
height of 3 mm). The cylindrical container was fixed to the equipment,
and the maximum unload force (N) obtained was considered the stick-
iness value of the starch-based gels. The tests were carried out at room
temperature (20°C) with eight repetitions of each formulation.

2.2.3. 3D food printing of starch-based gels

The starch-based gels were printed at 20 °C on a Foodini 3D food
printer (Natural Machines, Spain). The main parameters used in the 3D
food printer were: distance between layers of 1.6 mm, first layer speed of
100 %, nozzle diameter of 1.5 mm, and line thickness of 1.4 mm. Con-
trary to conventional 3D food printers that use direct control over
printing parameters (e.g., extrusion pressure and flow rate), the Foodini
operates with volume extrusion and adjusts the ingredient flow speed to
accommodate various food inks (Leam et al., 2024). Consequently, the
printing speed was measured by printing a 90 mm straight line of the
printable starch-based gels. The printing speed was acquired by dividing
the average length of the printed straight line using the printable
starch-based gels by the average time taken for each print, resulting in a
printing speed of 28 mm s~ This printing speed was used to calculate
the maximum shear rate in Section (2.2.2.2).

The starch-based gels were printed in a filled cylinder format with a
diameter of 2.035 cm and a height of 2.045 cm, corresponding to a
volume of 6.65 cm®, named 3D-printed cylinders. The format was
externally created (Blender 4.2 LTS) and imported as STL files in the
Foodini system.

The 3D-printed cylinders were directly printed on the Foodini sili-
cone mat.

2.2.4. Characterization of starch-based gels after the 3D food printing

The images of the formulations were taken in a ScanCube® coupled
with a camera (Canon EOS 750D®). The illumination and angle were
adjusted and fixed for all formulations to standardize the images.

The texture profile analysis (TPA) of the 3D-printed cylinders was
performed using a texture analyzer (TA. HD.plus, Stable Micro Systems
Ltd, Godalming, Surrey, UK), and the 3D-printed cylinders were sub-
mitted to two compression cycles, using a 40 mm diameter compression
plate geometry (P/35, Stable Micro System Ltd., Godalming, UK). The
test conditions set were pre-test speed, test speed, and post-test speed of
1.00 mm s~ !, 2.00 mm s}, and 2.00 mm s}, respectively. The first
compression distance was 5 mm, and the second was 10 mm, equivalent
to a compression of 50 % of its original height. The time between the
first and second compressions was 5 s. TPA was performed at a room
temperature of 20°C and with five repetitions of each 3D-printed cyl-
inder. The TPA parameters, according to Steffe (1996), were: hardness
(force at maximum compression during a first bite); springiness (dis-
tance of compression cycle during the second bite); cohesiveness: (the
area of work during the second bite divided by the area of work during
the first bite); and gumminess (the product of hardness times cohe-
siveness). The TPA parameters were calculated from the force-time
curve, using the OriginPro® 2020 Data Analysis and Graphing Soft-
ware (OriginLab Corporation, Northampton, MA, USA).

2.2.5. Sensory evaluation of the 3D-printed cylinders

3D-printed cylinder sensory evaluation was performed using a
descriptive sensory method, according to Mirazimi et al. (2023), with
some modifications. The sensory evaluation was conducted over three
sessions with ten recruited panelists (two males and eight females, aged
between 20 and 60). In the first session, the project objectives were
explained to the panelists, and the evaluation protocol was determined,
including the definition of the six descriptors used in the sensory eval-
uation. This session was carried out using two 3D-printed cylinders for
each panelist. The six descriptors defined by the panelists included in the
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sensory evaluation were: viscosity, firmness, granularity, adhesiveness,
dissolution speed, and persistence of a film in the mouth. Furthermore,
the panelists were instructed at least one hour before the next sensory
evaluation not to smoke, drink coffee, or consume any other food that
could interfere with the sensory evaluation. Additionally, they were
advised not to participate in the sensory evaluation if they had any
illness that could affect the results. The second session consisted of
training the panelists on the six descriptors and sensory evaluation
protocols. In this session, all 3D-printed cylinders were offered to the
panelists for intensity evaluation of the pre-defined descriptors. After
the understanding of the second session, the protocol was individually
verified to ensure good performance in the next session. In the third
session, the 3D-printed cylinders were printed and organized according
to Williams’ Latin square experimental design. The 3D-printed cylinders
were identified with a 3-digit code and presented simultaneously in
trays to the panelists for comparative analysis of the six descriptors
immediately after printing. The 3D-printed cylinders were analyzed in
individual booths under red light to avoid interference at room tem-
perature (20°C). Additionally, the panelists tasted approximately 0.5 g
of each 3D-printed cylinder and rinsed their palates with drinking water
between formulations. An unstructured 15-cm line scale (lower intensity
on the left and higher intensity on the right) was used to quantify the
descriptors described in Table 1. This study was approved by
Paris-Saclay University’s Research Ethics Committee (CER-PSCER-Par-
is-Saclay-2024-61). Before participation, the panelists signed the free
informed consent and received a reward after the third session.

2.2.6. Statistical analyses

Except for sensory evaluation, all experiments were conducted in
triplicate or more, and the data are presented as averages plus standard
deviations. The data were evaluated by the Analysis of Variance
(Multifactor ANOVA), applying Tukey’s test (p<0.05) using the Stat-
graphics Centurion 19 software (StatPoint, Inc., USA).

Data from sensory analysis were submitted to an ANOVA using
XLSTAT software for each attribute with products and panelists as main
effects. Multiple pairwise comparisons were performed to interpret
product differences (LSD test, p<0.05). A principal component analysis
(PCA) was also performed to map 3D-printed cylinders according to
their textural and rheological properties as principal variables and to
sensory descriptors as explanatory variables.

3. Results and discussion
3.1. Characterization of the starch-based gels

The results of Tipean and Tfing) during 20 min of heating and pH of the
starch-based gels are shown in Table 2. Maize had the Tpean significantly
different from Wheat+kC, Tapioca and Tapioca+kC starch-based gels.
The Tfina did not show a significant difference among the starch-based
gels, indicating that the thermal treatment was well standardized dur-
ing the production of the starch-based gels. Tean and Tfina) Showed that

Table 1
Sensory descriptors and definitions.
Parameters Definitions
Viscosity The sensation of thickness, the fluidness of the product,
and the degree of the mass of food and saliva to hold the
food together.
Firmness The force that is required to compress the food between
the tongue and the upper palate.
Granularity The sensation of grains or particles between the tongue
and the upper palate.
Adhesiveness The stickiness of the food in the mouth.

The rate of the food is broken down in the mouth
without chewing action.

The sensation of the presence of the residual film in the
mouth.

Dissolution speed

Persistence of a film in
the mouth

Future Foods 12 (2025) 100725

Table 2
Gelatinization temperatures (Tyean and Tinar), and pH of the starch-based gels,
during 20 min of heating.

Starch-based gels Tmean (°C) Tfinal (°C) pH

Wheat 77.2%% + 2.0 83.4*A 1+ 1.0 3.12% 1 0.01
Wheat+kC 75.3% + 1.0 84.1A + 0.8 3.18%A% + 0.06
Maize 78.9% + 0.4 84.5" + 1.0 3.23%%% 1+ 0.01
Maize+kC 78.0°8 + 0.7 84.6°* + 0.6 3.09°* + 0.04
Tapioca 76.5% + 0.9 83.4%A 1+ 1.4 3.35" + 0.03
Tapioca+kC 75.0% + 1.0 82.5% + 2.2 3.182"48 1+ 0.04
Waxy 77.38 + 1.9 84.9° + 1.9 3.2%% + 0.01
Waxy+KC 77.6°8 + 1.1 85.5" + 1.0 3.27° + 0.04

Means with different letters in the column are significantly different (p<0.05) by
Tukey’s test: lowercase letters refer to significant differences between the starch
sources, capital letters refer to significant differences due to the KC presence for
each starch source.

for all starch-based gels, the production process occurred over the
gelatinization temperature range expected in the literature for each
botanical origin starch, such as for wheat (57.1 £+ 0.3 - 66.2 £+ 0.3) °C,
maize (64.1 £ 0.2 -74.9 £ 0.6) °C, tapioca (64.3 £ 0.1 - 74.4 £ 0.1) °C,
and waxy (64.2 + 0.2 - 74.6 £+ 0.4) °C (Ai and Jane, 2015; Waterschoot
et al., 2015).

In general, the pH of the gels with KC decreased due to the acid
addition as expected (Table 2). The temperature, time, and shear rate
during the production of starch-based gels lead to gelatinization and the
total rupture of granules for Wheat (Fig. 1), with almost no granules
remaining for Wheat+KC (Fig. 1). As for the other studied starch-based
gels, after the gelatinization process, the presence of the Malta Cross in
the polarized light images of the starch granules indicates incomplete
gelatinization of the starch granules. All starch-based gels reached 75 °C
in 5 min during thermal treatment, indicating that the presence of
remaining granules was not due to temperatures below their gelatini-
zation point.

3.1.1. Rheological properties of starch-based gels and their printability

The process in 3D extrusion-based printing generates high pressure
and mechanical shear forces on starch-based gels, primarily influenced
by their apparent viscosity and the requirement to exceed yield stress
(Rong et al., 2023; Yang et al., 2018). As a result, all the starch-based
gels that contained 15 g/100 g of starch could be extruded, but only
the Wheat, Wheat+KC, Maize, and Maize+KC were able to form and
maintain the structural integrity of layers (printable starch-based gels,
Fig. 2A). In contrast, Tapioca, Tapioca+KC, Waxy, and Waxy+KC did
not create and self-support in layers (non-printable starch-based gels,
Fig. 2B).

The apparent viscosity of the printable (Fig. 2A) and non-printable
(Fig. 2B) starch-based gels decreased with increasing shear rate, indi-
cating that all starch-based gels exhibited a shear-thinning behavior.
This behavior benefited the formulation extrusion through a thin nozzle
in 3D extrusion-based printing (Yang et al, 2018). Printable
starch-based gels showed similar behavior, leading to comparable
values of consistency coefficient (K) and flow behavior index (n),
depending on the starch source (Table 3). Starch-based gels on waxy
were not printable, and it was not possible to obtain a good fit of the
rheological data.

Carrageenans are used in food systems due to their ability to form
gels. In a hot solution, the carrageenan molecules are in a coiled state. As
the solution is cooled, they bind together in double-helical structures
until they reach a state where the double helices entangle together with
the ions’ support (Fennema, 1996). In this study, the KC addition to
printable starch-based gels leads to a slight decrease in apparent vis-
cosity, and, consequently, the value of K. This effect was more pro-
nounced in Maize+KC than in Wheat+KC (Table 3).

In the literature, many studies on a binary starch/carrageenan
mixture explain the possible effects on starch characteristics due to the
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After

20um 200m

Fig. 1. Morphology of the starch suspension before gelatinization, and the starch-based gels after gelatinization: Wheat (A, B), Wheat+KC (C, D), Maize (E, F), and
Maize+KC (G, H), Tapioca (I, J), Tapioca+KC (K, L), Waxy (M, N), and Waxy+KC (O, P), using both nonpolarized and polarized light, under 40 x magnification. The

scale bar is 20 um for all images.
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Fig. 2. Images and apparent viscosity of printable starch-based gels (A) and non-printable starch-based gels (B).

presence of carrageenans, such as gelatinization temperature, the
granule sizes achieved after pasting, or the amount of leached molecules
during pasting (Appelqvist et al., 1996; Appelqvist and Debet, 1997;
Funami et al., 2008; Kim and BeMiller, 2012; Loisel et al., 2000; Nagano
et al., 2008). Concerning viscosity measured with the Rapid Visco
Analyzer, some studies found at the end of pasting, the viscosity values
varied in increase or decrease with the KC presence (Funami et al., 2008;
Kim and BeMiller, 2012; Tye, 1988), but all of them highlight particular
behaviors, suggesting interaction mechanisms. For example, Savary
et al. (2008) demonstrated by confocal laser microscopy that carra-
geenan penetrated starch granules or was adsorbed, as shown by

Espinosa-Dzib et al. (2012), or even both mechanisms. The poly-
saccharides act as a “barrier’” or “film’’, controlling the surface through
adsorption and coating around the starch granules (Christianson, 1982;
Funami et al., 2008), preventing abrasions between the granules and/or
leaching of some starch molecules from the granules, both mechanisms
that contribute to increasing the viscosity. The comparison of Maize and
Maize+KC suggests that the coating capacity of KC inhibited the
leaching of amylose in Maize+KC and acted as a lubricant, reducing
abrasions between the granules; both effects led to a decrease in
apparent viscosity in the continuous phase. Furthermore, comparing
Maize with Maize + KC (Fig. 1), the last showed less disruption of the
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Table 3
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Rheological parameters obtained after data adjustment to Herschel-Bulkley model, shear storage modulus (G), shear loss modulus (G "), and Tan delta (Tan 8) obtained

from rheological measurements on starch-based gels.

Starch-based gels To K N R? G G Tan & Printability Stickiness (N)
(Pa) (Pa s™) “) (Pa) (Pa) “)
Wheat 513.75 170.58 0.45 0.9943 4422 853 0.19 YES 10.11 + 0.33°*
Wheat+kC 409.93 154.47 0.46 0.9944 3938 869 0.22 YES 9.87 +0.11"*
Maize 519.78 229.10 0.41 0.9961 5085 723 0.14 YES 8.07 + 0.36"™*
Maize+kC 255.85 207.55 0.36 0.9977 3753 547 0.15 YES 7.72 + 0.14°
Tapioca 13.07 210.07 0.61 0.9994 187 182 0.97 NO 15.42 + 0.56°2
Tapioca+kC 288.03 201.29 0.57 0.9969 302 252 0.84 NO 5.39 + 0.07°*
Waxy - - - - 98 112 1.14 NO 23.21 + 0.7%°
Waxy+KC - - - - 135 130 0.96 NO 15.37 + 0.27°¢

@ Herschel-Bulkley model: 7 = 7o + Kj"

Means with different letters in the column are significantly different (p<0.05) by Tukey’s test: lowercase letters refer to significant differences between the starch
sources, capital letters refer to significant differences due to the KC presence for each starch source.

structure of the granules, represented by the presence of granule bire-
fringence, indicating that KC could have acted as a coating on the starch
granules, restricting the diffusion and absorption in the starch granules,
thus avoiding the leaching of amylose.

Another mechanism described in the literature is the partial or total
exclusion of hydrocolloids by starch granules during their swelling. The
authors attributed this phenomenon to thermodynamic in-
compatibilities between starch granules and hydrocolloids (Alloncle
et al., 1989; Annable et al., 1994; Matignon et al., 2014a). About Wheat
and Wheat+KC, in Fig. 1, it showed total or partial rupture of the
granule structure, without birefringence of the granules. A possible
explanation for the Wheat and Wheat+KC showed a less pronounced
decrease in apparent viscosity compared to the Maize and Maize+KC
may be due to the exclusion phenomenon of swollen starch granules or
the partial/total penetration of carrageenan into the wheat granules, of
which both effects did not interfere with the gelatinization process.

The non-printable starch-based gels produced with tapioca starch
showed higher n values, indicating less shear-thinning behavior
(Table 3). Amylose-amylopectin ratio affects the 3D printability (Cheng
et al., 2024b). Tapioca and waxy maize starches have between 17% and
< 2% of amylose, respectively, lower than the 28% contained in maize
and wheat starches (Fennema, 1996). The non-printable starch-based
gels occurred probably due to highly branched amylopectin content,
which was not effective in forming entanglements compared to gel
formulations with high amylose content (Cheng et al., 2024b; Willett
et al.,, 1997; Yu and Christie, 2005). Cheng et al. (2024b) evaluated
maize starch with different amylose/amylopectin ratios, including waxy
maize starch with a ratio of (2:98). They concluded that, due to the
presence of amylopectin, although the starch gel presented continuous
extrusion performance and good adhesiveness, it was inefficient in its
printing support capacity, making it unfavorable for 3D food processing.

As a result of this study, the tapioca and waxy starches did not pro-
vide any structure, and the formulations directly accumulated in a cir-
cular shape (Fig. 2B). Another possibility of this 3D food printing low
performance was the presence of glucose+maltodextrin in these for-
mulations, without effective entanglements in the Tapioca+KC and
Waxy+KC, the free water was more available to bind with the glucose
and maltodextrin, reducing the gel strength (Ai and Jane, 2015). Fig. 1
also suggests the influence of the glucose+maltodextrin presence.
Tapioca and Waxy showed large amounts of birefringent granules,
indicating that water was not free to diffuse and absorb into the starch
granules.

The KC presence in the non-printable starch-based gels increased the
apparent viscosity, showing a more pronounced shear-thinning effect
(Table 3), probably due to the KC’s ability to form gels. Nevertheless, for
the tapioca and waxy maize starch formulations, this effect was not
sufficient to have enough structure to form the layers.

3.1.2. Self-supporting of starch-based gels

The shear stress produced by a sinusoidal strain results in the shear
storage modulus (G) and the shear loss modulus (G ) (Steffe, 1996),
both components are relevant to study the self-supporting stage of 3D
food printing, as the formulations themselves need to have sufficient
mechanical strength to maintain their structural stability. G reflects the
mechanical strength of the formulations, up to a certain point. The
higher its value, the more favorable the formulation’s self-supporting
performance (Cheng et al., 2024b; Zhang et al., 2024; Zhang et al.,
2023). In contrast, G represents dissipated energy, related to viscosity
or fluid-like behavior. Fig. 3 shows the oscillation amplitude sweeps of
the printable and non-printable starch-based gels. All printable
starch-based gels exhibit G >G at a constant deformation of 1% strain,
indicating solid-like behavior at the low shear strain produced, which is
beneficial for the 3D form stability, and fluid-like behavior above the
yield stress.

The highest G value was for Maize, followed by Wheat, >
Wheat+KC, and > Maize+KC (Table 3). The results indicated that Maize
exhibits the highest solid-like behavior among the starch-based gel
formulations, suggesting that it had the highest support performance in
3D food printing (Cheng et al., 2024b). These results corroborate with
the apparent viscosity behavior, which is also more pronounced in
Maize and Maize+KC than in Wheat and Wheat+KC, as already dis-
cussed (Section 3.1.1). In addition, Cheng et al. (2024b) and Xie et al.
(2009) reported that the leached amylose produced effective entangle-
ments that increase the solid-like behavior of the starch gel.

The highest fluid-like behavior (G) was for Waxy, followed by
>Waxy+KC, >Tapioca, and >Tapioca+KC, resulting in non-printable
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Fig. 3. Representative oscillation amplitude sweeps for printable and non-
printable starch-based gels.
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starch-based gels, showing that it had no support performance in 3D
food printing (Fig. 2B). The addition of KC addition increased the solid-
like behavior (Waxy+KC and Tapioca+KC), probably due to the ability
of carrageenan to form gels; however, it is not sufficient for 3D printing.

Another common parameter to describe the formulation’s visco-
elastic behavior is the tangent of the phase shift or phase angle (Tan §),
which can indicate the structuration of the matrix state. For the print-
able starch-based gels, Tan § was < 1, ranging between (0.14 - 0.22),
indicating high structuration. In contrast, the non-printable starch-based
gels (Tapioca, Tapioca+KC, and Waxy+KC) Tan 6 ranged between (0.84
- 0.97), in which Tapioca+KC and Waxy-+KC demonstrated solid-like
behavior, but were not sufficient to allow the formulations to keep
their shape after printing. For Waxy, which behaved as fluid-like, Tan &
was >1 (1.14) and did not retain its shape after printing. Azam et al.
(2018) studied the effect of different hydrocolloids on the 3D printing of
vitamin-D enriched orange concentrate wheat starch formulations, and
they found Tan § values less than 1 for all formulations, indicating their
dominant elastic behavior. Masbernat et al. (2021) studied the print-
ability of wheat flour-based products and concluded that formulations
with Tan 8 in the range (0.14 — 0.17) presented the best printing quality.
Similar studies on 3D food printing have found Tan & values <1, also
indicating its predominantly elastic behavior (Chen et al., 2019; Yang
et al., 2021; Yang et al., 2018).

3.1.3. Shear recovery of starch-based gels

As mentioned, extrusion in 3D extrusion-based printing exerts a
shear force on the starch-based gels to ensure their effective flow
through the nozzle. The recovery test of printable and non-printable
starch-based gels was performed to reproduce the shear conditions
during extrusion printing and to verify the starch-based gel’s recovery
ability after the 3D extrusion-based printing process. In Fig. 4A, the solid
behavior of the printable starch-based gels recovers immediately after
high shear, as demonstrated by the considerable gap between G and G .
These results confirm the solid-like behavior for all printable starch-
based gels, which were also able to be extruded and rapidly recovered
of G after the high shear applied, having sufficient mechanical strength
to maintain and support the structural integrity of the layer and the next
extruded layer (Liu et al., 2019).

The shear G recovery ability values obtained in 30 s in the third step
after a high shear rate applied for the Wheat, Maize, Wheat+KC, and
Maize+KC were 27, 23, 23, and 31%, respectively, with the Maize+KC
having the highest G recovery ability among the formulations. The
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results also indicated that KC was coating the starch granules in Mai-
ze+KC, if compared to the G recovery abilities (31% with KC, 23 %
without). The rapid recovery of G within 30 s in the third stage after a
high shear rate can be related to the rapid reformation of the network,
which was allowed by the partially restored conformation due to the
reconstruction of the physically entangled structure (Chen et al., 2019;
Winnik and Yekta, 1997). Shaw (2012) suggested the polymer confor-
mational change theory, which states that the polymer system’s
conformational entropy reduction is due to the macromolecular chains
being oriented along the flow direction under external stress. After
removing the applied stress, part of the conformational entropy is
restored.

For the Wheat and Wheat+KC, there was a decrease from 27 % to 23
% in their G recovery ability, again suggesting that the KC was
partially/fully penetrated in the wheat granules, which did not
contribute to the formation of the network and, consequently, was not
present to be restored.

For Tapioca, Tapioca+KC, and Waxy+KC starch-based gels, the solid
behavior did not recover immediately after high shear, as demonstrated
by the small gap between G and G, and the prevalence of liquid-like
behavior (Fig. 4B). Waxy showed the prevalence of liquid-like
behavior throughout the test. Thus, the non-printable starch-based
gels continued to flow after the shear rate was applied, confirming that
they could not form and maintain the structural integrity of layers
(Fig. 2B).

3.1.4. 3D Printing performance and stickiness behavior

The 3D-printed cylinder appearance was used to characterize the
starch-based gel printing performance. All 3D-printed cylinders
(Fig. 2A) showed bright and good structural stability without collapsing,
exhibiting acceptable printing performance. 3D-printed cylinders with
KC lead to an increase in the appearance of well-defined layers. The
rougher surface of Maize is probably due to the absence of KC. In
addition, Maize and Maize+KC showed a yellowing tendency than
Wheat and Wheat+KC, probably due to the presence of yellow pigments
such as lutein (BeMiller and Whistler, 2009; Larrea-Wachtendorff et al.,
2021). The Wheat+KC showed a failure in the surface layer related to
discontinuous extrusion, which generally results in broken extruded
threads (Cheng et al., 2024a).

Stickiness is a relevant sensory attribute of semi-solid food
(Dunnewind et al., 2004; Weenen et al., 2003), which was defined by
Jowitt (1974) as “Possessing the textural property manifested by a
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Fig. 4. Recovery test of printable (A) and non-printable starch-based gels (B) after applying the maximum high shear rate.
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tendency to adhere to contacting surfaces, especially the palate, teeth,
and tongue during mastication” and depends on adhesive and cohesive
properties (Burke and Hartel, 2021; Noren et al., 2019).

For the printable starch-based gels, it was observed that adhesive-
cohesive failure occurred with cohesive dominance. After complete
separation (formulation — probe), the formulation residue covers a large
part of the probe surface (Adhikari et al., 2003). The Maize and Mai-
ze+KC stickiness was (8.07 & 0.36 N and 7.72 &+ 0.14 N) lower than
Wheat and Wheat+KC (10.11 + 0.33 N and 9.87 £+ 0.11 N), being
significantly different depending on the starch origin, as shown in
Table 3. The presence of KC led to a slight decrease in the stickiness of
both starches, but without a significant difference.

In addition, the printable starch-based gel cohesive domain was
probably highly influenced by the glucose-maltodextrin solution.
Adhikari et al (2003) studied the stickiness characterization of
sugar-rich foods and found that maltodextrin presence in a sugar solu-
tion increased the cohesive strength.

In general, non-printable starch-based gels showed higher stickiness
values, with Waxy having the highest value (Table 3). Similarly, stick-
iness values decreased in all formulations in the presence of KC. Li et al.
(2017) and Ayabe et al. (2009) also studied the textural properties and
rice starch structures and demonstrated that stickiness increases with
leached amylopectin content. The study suggested that an increase in
the amount of amylopectin led to a higher proportion of short amylo-
pectin chains and smaller amylopectin molecular sizes, favoring
bonding and molecular interactions, and consequently increasing
stickiness. Thus, the higher stickiness values demonstrated by the
non-printable starch-based gels are probably due to their high amylo-
pectin content.

Therefore, from this point on in the study, only the printable starch-
based gels in 3D-printed cylinder form were used in the next analyses.

3.2. Characterization of starch-based gels after the 3D food printing

Food texture is considered in many aspects of sensory properties and
it is influenced by food structure, rheology, and surface properties
(Kravchuk et al., 2012; Stokes et al., 2013). The texture profiles obtained
from the 3D-printed cylinders, including hardness, springiness, and
gumminess, are shown in Table 4. The hardness indicates the force
required for the deformation of the product (He et al., 2020). In addi-
tion, gumminess refers to the energy needed to rupture the semi-solid
formulation into a stable state, allowing it to be swallowed (Hurler
et al., 2012; Yang et al., 2018). The KC presence decreased the hardness
and gumminess of the 3D-printed cylinders, showing significant differ-
ences for both starches. This result corroborated the rheological prop-
erties of printable starch-based gels, which showed that adding KC leads
to a slight decrease in apparent viscosity and G, which consequently

Table 4

Hardness, cohesiveness, springiness and gumminess obtained from Texture
profile analysis (TPA) of the 3D-printed cylinders, from only the printable
starch-based gels.

Starch- Hardness Cohesiveness  Springiness Gumminess

based gels N) (mm) (N)

Wheat 1.02°8 + 2.290°+0.03 9.94*+£0.05  2.30°+0.02
0.02

Wheat+kC 0.65% + 2.33%A +0.01 9.95+0.04  1.52°*+0.01
0.01

Maize 1.02%8 + 2.39°4 +£0.02  9.95 £ 0.01 2.37°8 + 0.12
0.01

Maize+kC 0.62% + 2.54°* +0.08 9.93A+0.09 1.57*+0.07
0.01

Means with different letters in the column are significantly different (p<0.05) by
Tukey’s test: lowercase letters refer to significant differences between the starch
sources, capital letters refer to significant differences due to the KC presence for
each starch source.
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decreases the mechanical strength of the Wheat+KC and Maize+KC.
Springiness indicates elasticity (the ability of a formulation to revert
to its original form after deformation) (Yang et al., 2018). All 3D-printed
cylinders did not show significant differences in springiness. A possible
reason for the absence of a difference in springiness is that the
3D-printed cylinders were produced and immediately TPA was per-
formed, not allowing significant water loss or starch retrogradation ef-
fects. The cohesiveness of the 3D-printed cylinders based on wheat was
slightly lower relative to the 3D-printed cylinders based on maize.

3.3. Sensory evaluation of 3D-printed cylinders

In this study, sensory evaluation was conducted with ten panelists to
evaluate the 3D-printed cylinders according to the definition of sensory
descriptors presented in Table 1. Fig. 5 shows the overall mean intensity
of each formulation perceived by the panelists. Adding thickeners affects
the food texture, allowing for differences in sensory perception (Peh
etal., 2022; Sharma et al., 2017). Generally, foods containing thickeners
were perceived to have greater firmness and stickiness in the mouth and
throat attributes (Peh et al., 2022). The opposite behavior was found in
this study; 3D-printed cylinders of Wheat and Maize were perceived to
be significantly more viscous, firmer, and adhesive in the mouth
compared to Wheat+KC and Maize+KC.

Firmness can be associated with viscosity, which is defined as the
sensation of thickness, the fluidness of the product, and the degree to
which the mass of food and saliva hold the food together. It has been
suggested that the more viscous a product is, the more force will be
needed to compress the food (Ballou Stahlman et al., 2000). The de-
scriptors of firmness and viscosity perceived by panelists corroborate the
instrumental behaviors of this study (rheology and TPA).

Adhesiveness is attributed to the stickiness of food in the mouth, and
it may be related to the difficulty of swallowing. A more adhesive food
would be more difficult to swallow (Peh et al., 2022; Steele et al., 2015).
When comparing the sensorial evaluation with instrumental stickiness
measurement, adding the KC allows for decreased perception of adhe-
siveness, and Maize+KC was perceived to have less adhesiveness in the
mouth.

3D-printed cylinders made from maize starch are perceived to show
more graininess than 3D-printed cylinders made from wheat starch.
Certainly, the morphology showed total rupture of the granules for
Wheat, with almost no remaining granules for Wheat and Wheat+KC
(Fig. 1B and 1D). The highest granularity value was for Maize+KC, also
corroborating with its morphology (Fig. 1).

Viscosity *
14|
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Persistence of (0]
a film in the month 8 Firmness*
6
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4 —0— Maize

—e— Wheat+kC
—O— Maize+kC

Dissolution speed Granularity

Adhesiveness *

Fig. 5. The sensory analysis descriptors revealed significant differences in the
ANOVA test, with multiple pairwise comparisons (LSD), indicated by an
asterisk (*).
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Similar behaviors were observed for the dissolving speed descriptor,
which was considered the rate at which food is broken down in the
mouth without chewing action. The highest dissolving speed values
were for the 3D-printed cylinders made from maize starch, which means
that these 3D-printed cylinders were more difficult to deform and
disintegrate when subjected to a force applied between the tongue and
the upper palate in the mouth. Regarding the sensation of presence of
the residual film in the presence of mouth, the KC influenced the for-
mulations. Wheat and Maize are perceived to provide more residual film
in the mouth compared to Wheat+KC and Maize+KC; this could be
attributed to the KC thickener effect, which provided a coating layer
between the tongue and palate, giving less starch residual film in the
mouth perception (Peh et al., 2022).

The sensory evaluation of texture was a challenge for the 3D-printed
cylinders. However, the sensory analysis showed the primary texture
perceptions of the 3D-printed cylinders, which is particularly useful for
determining the main differentiation criteria. Thus, more evaluation
sessions and additional training for the panelists to increase their ability
to differentiate textures.

3.4. The link between sensory evaluation, apparent viscosity, and texture
properties by instrumental measurements of 3D-printed cylinders

The interaction between instrumental texture properties, apparent
viscosity, and sensory evaluation is an interesting strategy for under-
standing the complexity of food texture (Sharma et al., 2017; van Vliet,
2002). Principal component analysis (Fig. 6A) was performed to map
3D-printed cylinders (Fig. 6B) to understand the behavior of 3D-printed
cylinders’ textures between the instrumental measurements, rheology,
and texture analysis (dependent and principal variables), and sensory
evaluation (independent and explanatory variables). Principal compo-
nents 1 and 2 explain 91.47% of the total variance. Component 1
explained 51.94% of the 3D-printed cylinder texture properties,
demonstrating the link between instrumental measurements and sen-
sory evaluation. However, only the hardness of the TPA parameters
obtained in the 3D-printed cylinders showed correlations with the
firmness of the sensory evaluation and could be distinguished in
component 1. The PCA map (Fig. 6B) reveals that the Wheat was firmer.
In contrast, Maize+KC showed a negative correlation, which provided to
be the least firm of all the formulations. This result can be extended to
gumminess, as it can be related to the energy needed to rupture the
semi-solid formulation. Stickiness was not correlated with adhesiveness
in component 1, but it could be complementary results, indicating that
Wheat showed more adhesive/sticky behavior and Maize+KC showed
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the opposite behavior. The viscosity of the rheological result was sup-
ported by component 2 (39.53%) and was not correlated with the vis-
cosity of the sensorial values. The absence of correlation may be due to
the viscosity measured in the rheometer reflecting the flow behavior
under highly controlled conditions, while sensory values involve more
complex and subjective human factors. However, the rheological results
complement the sensory values, supporting that the presence of KC leads
to a decrease in viscosity.

4. Conclusions

This study showed that starch-based gels produced with wheat and
maize, with or without KC, were successfully printed using 3D extrusion-
based printing. The presence of KC in printable starch-based gels leads to
a slight decrease in apparent viscosity. The starch-based gels based on
tapioca and waxy starch were not printable, probably because of the
high amylopectin content. Sensory evaluation showed that the addition
of KC allowed differences in sensory perception. Wheat and Maize were
perceived to be significantly more viscous, firmer, and adhesive in the
mouth compared to Wheat+KC and Maize+KC. It was possible to link
sensory evaluation and instrumental measurements of 3D-printed cyl-
inders. The hardness of the TPA parameters showed a correlation with
the firmness of the sensory evaluation, demonstrating that the Wheat
was firmer. In contrast, Maize+KC showed to be the least firm of all the
formulations.

Thus, this study showed the importance of rheological properties in
the printability of starch-based gels, as well as the link between print-
ability, instrumental analyses, and sensory evaluation. The starch source
influenced the printability and ability to form and maintain the struc-
tural integrity of the layers. The addition of KC affected the rheological
properties and texture, which could be perceived through sensory
analysis.
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