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Featured Application: The findings of this study can inform the selection of the most appropriate
post-printing process for achieving the desired final physical characteristics of 3D-printed foods.

Abstract: Extrusion-based three-dimensional (3D) food printing (3DFP) enhances the customization
of 3D-printed foods by using multiple food pastes. Post-printing processes like baking are usually
necessary and significantly impact the stability of the 3D-printed foods. This study aimed to produce
multi-material 3D-printed foods using nixtamalized corn dough and chickpea paste (CP) in extrusion-
based 3DFP and to study the effect of post-printing processes (water oven cooking and steam cooking)
and the type of material used (single- or multi-material) on the final appearance, weight, size, and
texture of the 3D-printed foods. Multi-material 3D-printed foods were successfully produced using
extrusion-based 3DFP. Steam-cooked 3D-printed foods cooked uniformly and had a better appearance,
as they did not develop surface cracks compared to water oven-cooked foods. Water-oven cooked
foods experienced a greater weight loss of 35.6%, and higher height and length reduction of 1.5%
and 8.4%, respectively. Steam-cooked multi-material 3D-printed foods were harder at 40% of strain,
with force values of 66.9 and 46.3 N for water-oven cooked foods. Post-printing processes, as well as
the presence of CP in the middle of the 3D-printed foods, influenced their final appearance, weight,
size, and texture. This study offers interesting findings for the innovative design of chickpea- and
corn-based multi-material 3D-printed foods.

Keywords: 3D food printing; post-printing processes; corn-based dough; chickpea paste; texture

1. Introduction

Three-dimensional (3D) food printing (3DFP) represents an emerging technology in
food production that is gaining popularity due to its capability to personalize food products
in accordance with the nutritional requirements and preferences of individual consumers
or special groups, such as older individuals [1], athletes, or kids [2]. This customization
can be achieved through the creation and production of intricate foods featuring specific
textures, flavors, shapes, and compositions [3,4]. Moreover, 3DFP can be considered an
environmentally friendly technology, as it has the potential to reduce food waste and
minimize environmental impact by utilizing low-quality fruits and vegetables [5], low-
value byproducts, and low-carbon food ingredients such as algae [6], insects [7], and
alternative proteins [8]. At present, four techniques are used to conduct 3DFP: extrusion-
based 3DFP, selective laser sintering, binder jetting, and inkjet printing [9]. Among these
methods, extrusion-based 3DFP is the most used technique [3]. In this technique, food
materials are pushed through a nozzle, forming a filament. Afterwards, this filament is
deposited in a pattern on the x-y plane, thereby forming a single layer. The process is then
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repeated layer-by-layer until a 3D food product is formed [10]. The number of nozzles on
a 3D food printer determines the number of food pastes that can be used alternatively to
form a food product. This feature permits the simultaneous use of various food materials
(e.g., different types of protein, fat, dietary fiber, vitamins, and minerals [11]) during
extrusion-based 3DFP, thereby diversifying the composition, texture, shape, and taste of
the 3D-printed foods and improving and benefitting their customization.

In our previous study, the printability of nixtamalized corn dough (NCD) during screw-
based 3DFP was investigated [12]. NCD is a soft dough that is produced by rehydrating
nixtamalized corn flour (NCF). The industrial production of NCF is based on the traditional
maize preparation process from Mexico and Central America, known as “nixtamalization”.
In this process, maize kernels are cooked in a solution of Ca(OH); for 1 h and steeped in
cooking water with subsequent washing and grinding to produce NCD [13,14]. Currently,
this process has been systemized for large-scale production, wherein the Ca(OH), solution
utilized in the traditional nixtamalization method is replaced by lye to cook the maize
kernels. Afterwards, the cooked maize kernels are ground to produce a dough that is
dehydrated, sifted, classified, and packaged, thereby obtaining NCF [15,16]. Then, NCF
is rehydrated to obtain NCD. NCD owes its color to the type of corn from which it is
made (e.g., yellow, white, blue, and red). NCD of different colors is commonly used in
Mexico and other Latin American countries as raw material to produce tortillas and other
corn-based products including soups, tamales, and beverages. NCD products must be
cooked to make them edible. Cooking processes of NCD might include griddling, steaming,
frying, or baking [12]. In our previous study, stable printability was achieved at a specific
range of NCF content in the NCD, thereby permitting the obtainment of stable 3D-printed
foods [12]. However, it is also necessary to study the cooking processes since they influence
the stability of the printed shape [11] and the final characteristics of 3D-printed foods by
modifying their texture, size, appearance, flavor, and/or composition. Vancauwenbergue
etal. [17] and Horiuchi et al. [18] demonstrated that the texture of 3D-printed foods could
be controlled using extrusion-based 3DFP. In addition, most of the studies focusing on the
effects of cooking processes on the shape, stability, and texture of 3D-printed foods include
air-frying [19], baking [20], freeze-drying [21,22], and oven-drying [22]. Nevertheless, few
studies have been reported on the utilization of water oven cooking (WOC) to produce
3D-printed foods [10,23], while studies on steam cooking (SC) of 3D-printed foods have
mainly focused on rice [24-26].

The objective of this study was to produce multi-material 3D-printed foods using NCD
and chickpea paste (CP) in extrusion-based 3DFP and to analyze the effects of two different
factors, the cooking process and type of material used, on the final characteristics of the
3D-printed foods, including appearance, weight, size, and texture. The cooking processes
include WOC and SC, whereas the type of material used refers to the number of materials
employed in extrusion-based 3DFDP, either single- or multi-material using only NCD or
NCD and CP, respectively. Foods were printed and cooked, and the weight loss, size
reduction, and texture were analyzed. Chickpea (Cicer arietinum) was selected as the second
food material due to it representing an environmentally friendly, low-cost alternative
source of protein owing to its richness in essential amino acids and high digestibility [27].
Chickpea flour (CF) is also rich in minerals and micronutrients such as potassium, calcium,
sodium, magnesium, copper, iron, and zinc [28]. Moreover, chickpea possesses cultural
significance since it is present in traditional diets of Asian, Latin American, and African
cultures in dishes such as hummus, curry, and soups [27,29]. The findings of this study can
provide insights into the extent to which texture and other physical characteristics including
appearance, weight, and size can be controlled by combining post-printing processes and
single- or multi-material extrusion-based 3DFP.
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2. Materials and Methods
2.1. Food Materials

Blue corn-based NCF containing 8.0 g/100 g protein, 4.4 g/100 g lipids, and 63.0 g/100 g
carbohydrates was purchased from Sodif S.A. de C.V., Querétaro, México. Additionally, CF
containing 22.3 g/100 g protein, 3.4 g/100 g lipids, and 61.2 g/100 g carbohydrates was
purchased from Bob’s Red Mill Natural Foods, Inc., Milwaukie, OR, USA.

2.2. Preparation of NCD and CP

The NCD and CP were prepared by incorporating 30 wt% NCF with 70 wt% filtered
tap water for the NCD, or 55 wt% CF with 45 wt% filtered tap water for the CP. First, the
required amounts of NCF and CF were weighed in a stainless-steel bowl. Afterwards, a
specific volume of filtered tap water at 25 °C was poured. Subsequently, the ingredients
were mixed using a cooking spatula until a uniform blend was achieved. The resulting
NCD or CP was stored in a resealable plastic bag in an incubator at 25 °C until its utilization
in the extrusion-based 3DFP process.

The food material-to-water weight ratios utilized in this study were determined based
on previous research on the printability of NCD [12] and CP. The printability of NCD
was systematically studied [12], whereas the printability of CP was investigated through
a trial-and-error method based on experience acquired during previous analyses of the
printability of other food materials during extrusion-based 3DFP. Stable printability was
achieved for the food material /water weight ratios used in this study.

2.3. Extrusion-Based 3DFP

To proceed with the extrusion-based 3DFP process, two square pillars were initially
designed using FreeCAD version 0.19 (Figure 1). The first square pillar corresponded
to a single-material square pillar using only the NCD, with a diameter of 30 mm and a
height of 10.5 mm (Figure 1a). In contrast, the second square pillar corresponded to a
multi-material pillar using NCD and CP, with a diameter of 30 mm and a height of 10.5 mm
(Figure 1b). The height of the second square pillar was divided into three layers: 3.0, 4.5,
and 3.0 mm each. The outer 3 mm layers were formed using NCD, and the central 4.5 mm
layer was formed using CP. After that, the .stl files for each of the designed square pillars
were exported and uploaded to the slicer software Slic3r (version 1.2.9), where the printing
parameters were established (Table 1), and the corresponding G-codes were generated.
The printing parameters used (Table 1) were derived from previous research done on
printability of NCD [12]. The printing speed was set to 20 mm/s. This corresponds to the
speed at which the moving stage shifts. The values of the inner diameter and initial nozzle
height were matched to 1.5 mm. The rate at which the 3D food printer extrudes the food
paste is determined by the extrusion multiplier, which increases or decreases the screw
rotation of the 3D food printer at higher or lower values, respectively. Since the printing
behaviors of the NCD and CP are different, the extrusion multiplier was chosen to be 5.0
and 12.0 for the NCD and CP, respectively. This was based on previous research [12] and
trials to partially march the extrusion rate and printing speed. The infill pattern was set as
“Concentric”, and the number of outer shells was set to two. The infill percentage was set to
100%. Subsequently, the obtained G-codes were uploaded to a graphical user interface host
for 3D printing, Pronterface (version 1.6.0). Finally, a screw-based 3D food printer (FP-2500,
Seiki Co., Ltd., Yonezawa, Japan) equipped with two extruders (nozzles) moved by a motor
each (Figure 2a) was used to print the square pillars. Each food paste container was filled
with NCD or CP until the top. After that, each square pillar, single- or multi-material, was
printed ten times using the printing parameters listed in Table 1. This experiment was
carried out at a constant room temperature of 25 °C, and no heating was applied in the 3D
food printer.
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(a)

(b)

10.5 mm

NCD 3.0 mm
CP 4.5 mm

NCD 3.0 mm

Figure 1. The designed three-dimensional (3D) models: (a) Single-material square pillar made of
nixtamalized corn dough (NCD) only; (b) Multi-material square pillar made of NCD and chickpea

paste (CP).

Table 1. Printing parameters.

Parameter Condition
Print speed (stage movement speed) (mm/s) 20
Nozzle inner diameter (mm) 1.5
Initial nozzle height (mm) 1.5
Extrusion multiplier for the nixtamalized corn dough (-) 5.0
Extrusion multiplier for the chickpea paste (-) 12.0
Infill pattern (-) Concentric
Infill percent (%) 100
Number of outer shells (-) 2

Temperature (°C) 25
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Figure 2. (a) Photograph of the 3D printer used in this study; (b) Points of size measurements of the
3D-printed square pillars: (b1) Length; (b2) Height.
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2.4. Post-Printing Processes of the 3D-Printed Foods

An oven (AX-X]1; Healsio, Sharp Co., Osaka, Japan) was used to cook the 3D-printed
square pillars using the WOC function. First, the oven was preheated to 100 °C. Subse-
quently, five of the ten 3D-printed single-material or multi-material square pillars were
placed equidistantly in a tray and subjected to WOC at 100 °C for 40 min. In contrast, a
steaming pot and induction cooking heater (KZ-PH33, Panasonic Holdings Co., Osaka,
Japan) were used to steam the remaining five 3D-printed single-material or multi-material
square pillars. First, the container of the steaming pot was filled with water until the limit
was reached. The water was then heated until it reached its boiling point. Once the water
was boiling, the remaining five 3D-printed single-material or multi-material square pillars
were placed in the upper container of the steaming pot and steam cooked for 40 min at an
approximate temperature of 98-99 °C.

After finishing the WOC or SC, the cooked 3D-printed foods were removed from the
cooking devices and placed in uncovered plastic boxes for 30 min at a room temperature
of approximately 25 °C. This allowed for cooling and the removal of excess heat. After-
wards, the boxes were covered with plastic lids, forming a sealed container, to gradually
bring the temperature of the 3D-printed foods to room temperature approximately [10].
Finally, the cooked 3D-printed square pillars were subjected to weight, dimensional, and
texture analyses.

2.5. Weight and Dimensional Analysis of the 3D-Printed Foods before and after Cooking

The weight and size of the raw and cooked 3D-printed square pillars were measured
to assess the effects of the cooking processes, WOC or SC, and the type of material used
(single- [only NCD] or multi-material [NCD + CP]).

Following the 3DFP and baking processes, the square pillars were weighted and
photographed within 5 min for the raw 3D-printed foods and within 120 min for the
cooked 3D-printed foods [10]. This was done once the pillars had cooled, as previously
described. The images were processed using Image] software (version 1.53t) (National
Institutes of Health, Bethesda, MD, USA) in accordance with the methodology described by
Rodriguez-Herrera et al. [12] to obtain measurements of the square pillar’s dimensions. The
length (Figure 2(b1)) was measured at ten different points in the top view, and the average
was reported as the length of the square pillar. Additionally, their heights (Figure 2(b2))
were measured at seven different points on the side view, and the average was reported as
the height of the square pillar. The average and standard deviation of the weight, length,
and height of the 3D-printed square pillars were calculated using five replicates for each
treatment. Additionally, an acceptable range for the measured length and height was
defined as £10% of the designed size.

The weight loss percentage (%Wyss) (Equation (1)), height reduction percentage
(%Hyeduction) (Equation (2)), and length reduction percentage (%L cduction) (Equation (3))
were calculated and analyzed in accordance with the equations presented by Dick et al. [30],
Kozu et al. [10], and Pulatsu et al. [20].

Wraw — Wcooked

O/OWIOSS - W— X 100 (1)
raw
H —H
Yo Hreduction = rawH cooked x 100 (2)
raw
L —L
YoLreduction = rawL cooked 100 3)
raw

where Wiy and Wyoked represent the weights of the raw and cooked 3D-printed square
pillars, respectively; Hraw and Heookeq are the heights of the raw and cooked 3D-printed
square pillars, respectively; and Lyaw and Lookeq indicate the lengths of the raw and cooked
3D-printed square pillars, respectively. The averages and standard deviations of these
parameters were calculated from five replicates for each treatment.
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2.6. Textural Analysis of the Cooked 3D-Printed Foods

The textural properties of the cooked 3D-printed square pillars were measured via a
compression test using a texture analyzer (TA-XT plus, Stable Micro Systems Ltd., Surrey,
UK) attached to a compression probe with a 75 mm diameter (P/75) at a compression
strain of 80% [10]. The test parameters used were as follows: pre-test and test speed of
1 mm/s, post-test speed of 10 mm/s, and trigger force of 0.049 N. All the experiments were
conducted at a room temperature of 25 °C. Five replicates of each treatment were used to
obtain the strain-force curves of the cooked square pillars. Furthermore, the forces required
to reach 40% and 80% of the strain were obtained from the strain-force curves. The averages
and standard deviations were calculated using five replicates for each treatment.

2.7. Statistical Analysis

To assess the effect of the cooking process and the type of material utilized on the
characteristics of the 3D-printed square pillars, a completely randomized design with a
2 x 2 factorial treatment structure was employed. The variation factors were Factor 1
(F1), which corresponded to the type of material used, including single-material (NCD)
and multi-material (NCP + CP), and Factor 2 (F2), which corresponded to the cooking
process, including WOC and SC. This resulted in four different treatments: (1) NCD-
WOC, (2) NCD-5C, (3) NCD + CP-WOC, and (4) NCD + CP-SC. The responses of five
replicates of %Wigss, %oH eductions %0Lreduction, force at 40% strain, and force at 80% strain
were subjected to analysis of variance and means comparison routines using the Tukey
test, with a significance level of 0.05 (Table 2). Statistical software Minitab® version 21.4.2
was utilized.

Table 2. Mean differences for weight loss percentage, height reduction percentage, length reduction
percentage, force at 40% strain, and force at 80% strain in factor 1: Type of material used, factor 2:
Cooking process, and the combination of factors 1 and 2.

. Weight Loss Helg}}t Lengt‘h Force at 40% Force at 80%
Factor/Variable o Reduction Reduction . .
Percentage (%) P o o Strain (N) Strain (N)
ercentage (%) Percentage (%)

1 M ia] * NCD 17.07 £ 18.68 A 10.69 £ 6.89 A 090 £ 6.75 A 28.61 = 6.56 B 154.27 £ 13.81 B
- Materia NCD + CP 13.97 +17.29 B 8.87 +1.37 A 248 +290 A 84.64 3379 A  246.62 £29.11 A
F2: Cooking WOC 33.33 = 2.56 A 710 £3.15B 588 £1.95 A 46.32 £ 22.70 B 193.77 £41.75 A
process * SC —229+339B 1246 £517 A —250+4.03B 66.92 + 45.02 A 207.12 +58.92 A
F1 & F2: Material NCD-WOC 35.53 £ 1.67 A 456 +238C 7.06 +2.12 A 29.64 + 6.22 B 158.39 £+ 16.42 B
& C(;okin NCD-SC —1.39+£3.64B 16.81 £3.79 A —5.26 +£3.27C 27.57 £ 6.73 B 150.14 = 8.82 B
OCESS **g NCD + CP-WOC 31.13 £ 081 A 9.64 +£1.14B 4.70 £ 0.57 AB 63.01 £+ 20.87 B 229.15 4+ 26.70 A
p NCD + CP-SC —3.19+2848B 8.11 £ 1.12 BC 0.26 £2.57B 106.26 £ 30.21 A 264.10 +19.27 A

NCD Nixtamalized Corn Dough. CP Chickpea paste. WOC Water oven cooking. SC Steam cooking. F1: Material
Factor 1: Type of material used. F2: Cooking process Factor 2: Cooking process. F1 & F2: Material & Cooking
process Combination of factor 1 and factor 2. * Each value is expressed as mean =+ SD of 10 replicates for F1 and
F2, while for F1 & F2, the number of replicates is 5. ** Different alphabets in the same column of each factor
indicate that the data are significantly different with p < 0.05 by Tukey’s test.

3. Results and Discussion
3.1. Appearance

Successful extrusion-based 3DFP was achieved in the four treatments: (1) NCD-WOC,
(2) NCD-SC, (3) NCD + CP-WOC, and (4) NCD + CP-SC (Figure 3). After WOC, cracks on
the surface of the 3D-printed square pillars were visible in both the NCD-WOC and NCD +
CP-WOC treatments. Cracks on the surface of 3D-printed foods made of rice starch and
cookie dough prepared with tapioca flour, shortening, and non-fat milk were also observed
after roasting and microwaving [24], and baking [20], respectively. This was attributed
to the increased void gaps and moisture loss during roasting and microwaving [24]. In
contrast, no formation of cracks was observed on the surface of the steam-cooked 3D-
printed square pillars (NCD-SC and NCDP + CP-SC treatments). Similar results were
obtained after steaming 3D-printed foods made of rice starch [24], rice flour [25], and a mix
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of rice flour, jaggery, and water [26], where steaming did not cause the formation of cracks
on the surface of the 3D-printed foods. The formation of cracks on the surface of the water
oven-cooked 3D-printed square pillars may be attributed to the loss of water during the
WOC process, whereas during the SC process, the steam surrounding the 3D-printed square
pillars does not allow the loss of water, avoiding the formation of cracks on the surface of
the food. These results showed that the appearance of the steam-cooked 3D-printed square
pillars was better than that of the water oven-cooked pillars.

Single-material  Multi-material
(only NCD) (NCD+CP)

Raw 3D : . S | Stable formation of
printed food =

After water
oven cooking

After steam
cooking

Figure 3. Photographs of the raw and cooked 3D-printed square pillars (NCD: Nixtamalized corn
dough, CP: Chickpea paste).

3.2. Weight

The weights of the raw 3D-printed square pillars were 9.83 g,8.22 g,10.16 g,and 9.31 g
in NCD-WOC, NCD-SC, NCD + CP-WOC, and NCD + CP-SC, respectively (Figure 4(al)).
However, after WOC, the weight decreased to 6.35 g in NCD-WOC and 7.00 g in NCD +
CP-WOC, while after SC, the weight increased to 8.34 g in NCD-SC and 9.58 g in NCD +
CP-5C. In addition, Figure 4(a2) shows that WOC caused a weight decrease of 35.53% and
31.13% in NCD-WOC and NCD + CP-WOC, respectively. In contrast, the negative values
of %Wiees in NCD-SS and NCD + CP-SC showed that the weight of the steam-cooked
square pillars did not decrease but increased after SC, with %Wj,¢s values of —1.39% and
—3.19%, respectively. Additionally, extensive differences between the means of F1 (type
of material used) and F2 (cooking process) in Table 2 show that both factors affected the
%Wiegs. Regarding F1, a higher %Wy in NCD was observed in comparison with the
%Wioss of NCD + CP treatments. This behavior might have occurred due to higher water
content in NCD which caused a greater water loss during cooking processes, resulting in a
higher %W/ in comparison to NCD + CP treatments, where the water content was smaller,
resulting in less water loss and %W),ss. As for F2, the weight decrease of the water oven-
cooked square pillars may have been due to the loss of water during the cooking process.
In contrast, the weight increase during the SC process may have been due to the addition
of moisture during SC [26]. A study observed a greater weight decrease in rice starch
3D-printed foods after dry-heat cooking processes, including roasting and microwaving, in
comparison with steaming [24]. This was attributed to the increased void gaps and moisture
loss during roasting and microwaving [24]. However, one main difference between the
results reported by Theagarajan et al. [24] and the results of this study is that rice starch
3D-printed foods also exhibited a weight decrease after steaming, whereas the weight of
3D-printed foods made of NCD and CP increased after SC. Additionally, a weight increase
after steaming 3D-printed foods made of jaggery was also reported by Thangalakshmi
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et al. [26]. The reason for these different behaviors of %W after SC might be attributed
to the different steaming times. Rice starch 3D-printed foods [24] were steamed for two
min, whereas in this study and the one presented by Thangalakshmi et al. [26], steaming
times of 40 and 15 min, respectively, were used. Moreover, Dong et al. [31], reported that
%Wigs is influenced by the water-holding capacity of the materials. Therefore, studying
the water-holding capacity of the food materials used could provide a more comprehensive
understanding of the food material’s behavior during different cooking processes.

(a1)

12

10

Weight (g)
(o]

NCD-WOC NCD-SC NCD+CP-WOC NCD+CP-SC

mRaw = Cooked

(a2)

Weight loss percentage (%)

o - m

NCD-WOC NCD-SC NCD+CP-WOC NCD+CP-SC

Figure 4. Cont.
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(b1)

Height (mm)
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Height reduction percentage (%)
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NCD-WOC NCD-SC NCD+CP-WOC NCD+CP-SC

s Raw wem Cooked Designed Acceptable Range (+10%)
25

A
20 |
15
B
BC

10 r C
5 L
0

NCD-WOC NCD-SC NCD+CP-WOC NCD+CP-SC

Figure 4. Cont.



Appl. Sci. 2024, 14,7315 110f 18

(c1)

35

30

25

20

15

10

Length (mm)

NCD-WOC NCD-SC NCD+CP-WOC NCD+CP-SC

mmm Raw == Cooked Designed Acceptable Range (x10%)

—
(g
N

'

-
N

S
>

AB

Length reduction percentage (%)

NCD-WOC NCD-SC NCD+CP-WOC NCD+CP-SC

Figure 4. (al) Weight of the raw and cooked 3D-printed square pillars; (a2) Weight loss percentage
after cooking; (b1) Height of the raw and cooked 3D-printed square pillars; (b2) Height reduction
percentage after cooking; (c1) Length of the raw and cooked 3D-printed square pillars; (c2) Length
reduction percentage after cooking (NCD: Nixtamalized corn dough, CP: Chickpea paste, WOC:
Water oven cooking, SC: Steam cooking) (plots and error bars represent the mean and standard
deviation of five repeated measurements for each treatment) (Different alphabets in the bars indicate
that the data are significantly different with p < 0.05 by Tukey’s test).
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3.3. Size

In Figure 4(b1,c1), the heights and lengths of the raw 3D-printed square pillars are
very close to those of the designed 3D models for the four treatments. These values are
within the acceptable range established as £10% of the designed dimensions. These results
confirm the successful single- and multi-material extrusion-based 3DFP process.

Figure 4(b2,c2) show the %Heduction and %L eduction Of the four treatments, respec-
tively. After WOC, the heights (%H;eduction) of the NCD-WOC and NCD + CP-WOC
decreased by 4.56% and 9.64%, respectively, with respect to the height of the raw 3D-
printed square pillar. Additionally, the height of the steam-cooked square pillars was
reduced by 16.81% and 8.11% for NCD-SC and NCD + CP-SC, respectively. Regarding the
length (%L equction) of the 3D-printed square pillars, major reductions of 7.06% and 4.70%
in the NCD-WOC and NCD + CP-WOC treatments, respectively, were observed for the
square pillars subjected to WOC. In contrast, the length of the square pillars subjected to
SC only decreased by 0.26% in the NCD + CP-SC treatment and even increased by —5.26%
in the NCD-SC treatment. This study hypothesized that WOC would lead to a higher
Y%H eduction and %Lreduction OWing to a higher loss of water in comparison with SC, where
slighter %Heduction and %Liequction Were expected. This behavior could be observed in
multi-material treatments including NCD + CP-WOC and NCD + CP-SC, where the larger
loss of water in the square pillars of NCD + CP-WOC might have led to a larger %H equction
and %L eduction iN comparison with the square pillars of NCD + CP-SC, where the loss of
water was lower. However, NCD-SC treatment did not present the same behavior since
a large %Heduction and a negative value of %L equction indicating an increase of length
were presented. This specific behavior of NCD-SC treatment may be due to localized
condensation during SC, leading to wetting and the eventual weakening and collapse of
the structure.

Regarding the influence of F1 and F2 on the means of %H equction and %Lieduction,
Table 2 shows that no significant difference was found between the means of %Hequction
and %Ly eduction N F1. This means that %H equction and %Lreduction Were not influenced by
the type of material used, that is, either NCD or NCD + CP. In contrast, a marked difference
was found between the means of %H;cduction and %Liequction i F2, indicating that the type
of cooking process influenced the %H,equction and %Leduction Of the 3D-printed foods. For
instance, in Table 2, the %H equction in F2 was higher in SC (12.46%) than in WOC (7.10%),
while the %L equction in F2 was higher in WOC (5.88%) than in SC (—2.50%) where the
negative value of %L equction in SC indicates that the length of the square increased after SC.

A previous study observed that the shape fidelity and shrinkage of rice starch 3D-
printed foods were higher after steaming than after dry-heat cooking processes, such as
roasting or microwaving [24]. These findings are similar to those presented in NCD + CP-
WOC and NCD + CP-SC, where a slightly lower %Heduction and %Lieduction Were obtained
for NCD + CP-SC than for NCD + CP-WOC (Figure 4(b1,b2,c1,c2)). These behaviors
may be attributed to the cooking medium, as moist-heat cooking processes like steaming
may enhance moisture retention [24]. Furthermore, Liu et al. [25] conducted studies on
steamed rice dough-based 3D printed foods and emphasized the effect of swelling capacity
on shape fidelity, where amylose and amylopectin contents of the rice can influence the
swelling capacity of the 3D-printed foods during steaming and, eventually, on the shape
fidelity. Swelling of the starch of the NCD during SC due to water absorption may have
contributed to the results presented in this study, wherein better shape fidelity was observed
after SC rather than after WOC. However, a more detailed analysis of the compositions
and morphological structures of the food materials is needed and would help clarify
this hypothesis.

3.4. Texture

The strain-force curves of the cooked 3D-printed square pillars are shown in Figure 5a.
In general, the strain-force curves had an S-shape. This type of behavior is common in
breads, cakes, other highly aerated deformable foods, and some cheeses [32]. However,
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the strain-force curves of NCD + CP-WOC and NCD + CP-SC showed a large S-shape
in comparison to the strain-force curves of NCD-WOC and NCD-SC which showed a
slight S-shape. This behavior may be due to the presence of a CP phase with different
hardness values in the intermediate phase of the 3D-printed square pillars. Three different
regions are identified in the S-shaped curve: (1) linear elastic, (2) plastic buckling, and
(3) densification [33]. The linear elastic region is at the beginning of the curve. If a sample
is loaded only within this region, no permanent deformation occurs. The linear elastic
region of the cooked 3D-printed square pillars exhibited a J-shape. This indicated that the
stress increased at a faster rate than the strain as energy was added to the samples. This
permits the 3D-printed square pillars to withstand higher levels of stress before reaching
the yield stress, which is the stress where a material transitions from the elastic to the plastic
region [34]. The slope of the linear elastic region was found to be 0.83 for NCD-SC, 1.22
for NCD-WOC, 2.27 for NCD + CP-WOC, and 3.91 for NCD + CP-SC. This suggests that
multi-material treatments including NCD + CP-WOC and NCD + CP-SC exhibited greater
resistance than single-material treatments, NCD-WOC and NCD-SC. This is evidenced
by the necessity for a higher force to achieve the same strain. The plastic buckling region
is characterized by a plateau region, which is associated with the collapse of the cells.
In this region, permanent deformation occurs [34,35]. The plastic buckling region of the
cooked 3D-printed square pillars of NCD-WOC and NCD-5C is relatively small, indicating
that they are unable to absorb a significant amount of energy. In contrast, the plastic
buckling region of NCD + CP-WOC and NCD + CP-SC is larger. These results suggest
that the incorporation of CP into the multi-material square pillars enables them to absorb
a greater amount of energy in comparison with single-material square pillars. Finally,
in the densification region, the stress increases at a higher rate due to the occurrence of
microscopic changes in the material as it plastically deforms, thereby enhancing its strength
and reflecting material densification [34,36]. Following this point, the samples may attain
the ultimate compressive strength, which represents the maximum stress experienced by
the material prior to fracture.
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Figure 5. Texture of the cooked 3D-printed square pillars: (a) Strain-force curves (b) Force at 40% of
strain; (c) Force at 80% of strain. (NCD: Nixtamalized corn dough, CP: Chickpea paste, WOC: Water
oven cooking, SC: Steam cooking, m: slope of the linear elastic region) (Plots and error bars represent
the mean and standard deviation of five repeated measurements) (Different alphabets in the bars
indicate that the data are significantly different with p < 0.05 by Tukey’s test).

In Figure 5b,c, the forces required to reach 40 and 80% of the strain, are shown,
respectively. Force at 40% and 80% of strain were selected for analysis since the former
is within the linear elastic region, prior to reaching the plastic buckling region. This may
provide insights into the initial deformation of the 3D-printed square pillars. Moreover, it is
close to the failure point which reflects the internal structure failure of the 3D-printed foods.
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In contrast, force at 80% of strain falls within the upper detection limit of the load cell of the
texture analyzer [10]. The forces needed to reach 40% of strain in NCD-WOC and NCD-5C
were 29.64 and 27.57 N, respectively. On the contrary, for the multi-material treatments,
NCD + CP-WOC and NCD + CP-SC, the forces needed to reach 40% strain were 63.01 and
106.26 N, respectively. The same behavior was observed in the force needed to reach 80%
strain, where in the single material treatments, NCD-WOC and NCD-SC, the values were
158.39 and 150.14 N, respectively, while for the multi-material treatments, NCD + CP-WOC
and NCD + CP-SC, the values were 229.15 and 264.10 N, respectively. The following two
key findings are presented in Table 2. First, factor F1 influenced both variables, force at 40%
strain and force at 80% strain, where the multi-material foods (NCD + CP) were harder
than the single-material foods (NCD). The presence of CP in the intermediate phase of the
3D-printed square pillars might have influenced these results because the carbohydrates
and proteins of the CP might have formed special structures after cooking as a result of heat
addition, such as protein gelation and starch gelatinization. Second, factor F2 influenced
the force at 40% strain, where the steam-cooked 3D-printed square pillars were harder than
the water oven-cooked ones. The presence of water in the steam-cooked 3D-printed square
pillars may have led to a higher slope of the linear elastic region compared to the water
oven-cooked 3D-printed square pillars, where the water inside their structure was replaced
by air, which led to a lower linear elastic region. In contrast, factor F2 did not influence
the force at 80% strain, and no significant difference was found between the hardness
of the steam-cooked and water oven-cooked 3D-printed square pillars. This behavior
might be due to the slope of the densification region of the strain-force curves of the water
oven-cooked 3D-printed square pillars being higher than that of the steam-cooked pillars.
Water oven-cooked 3D-printed square pillars might be prone to higher densification than
steam-cooked pillars because of the absence of water.

An earlier study reported that steamed rice starch 3D-printed foods exhibited a softer
texture than roasted or microwaved foods [24], a finding that contrasts with the results of the
present study, in which steam-cooked 3D-printed foods demonstrated a harder texture than
water oven-cooked foods within the linear elastic region. Given the inherent complexity in
comparing studies due to the differences in food materials and their compositions, cooking
processes and their cooking times, as well as the methods of texture analysis applied, it
becomes challenging to ascertain the underlying cause of this observed difference.

3.5. General Discussion and Future Prospects

In general, during WOC, the loss of water resulted in a greater decrease in the weight
and shrinkage of the 3D-printed square pillars. Furthermore, it induced the formation of
cracks on the surface. In contrast, during SC, lower water loss resulted in less shrinkage and
a smaller decrease in weight. In addition, the steam-cooked 3D-printed square pillars had
a better appearance, because cracks were not formed on the surface. Similar results were
found by Theagarajan et al. [24], where the formation of cracks and higher shrinkage were
observed in microwaved square pillars made of rice starch compared to steamed ones. Kozu
et al. [10] also reported shrinkage of 3D-printed foods after WOC. Because the temperature
of gelatinization of starch shifts to higher temperatures under conditions of limited water
availability [37], the temperature of gelatinization of the starch contained in the water oven-
cooked square pillars might have increased, leading to lower gelatinization and weaker
structure formation in comparison with the very well-gelatinized steam-cooked square
pillars. This behavior might also have led to more homogenous steam-cooked square pillars
than water oven-cooked ones. However, the steam-cooked multi-material square pillars
were harder than the water oven-cooked multi-material square pillars. The steam-cooked
3D-printed square pillars made of rice starch were softer than the microwaved ones [24].
The presence of CP in the middle of the 3D-printed square pillars may have influenced this
result. Overall, the SC process may be more convenient because the appearance, size, and
weight of the 3D-printed square pillars were not significantly affected.
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In the future, analysis of the microstructure of the cooked 3D-printed square pillars
through microscopic techniques, including scanning electron microscopy, may help elu-
cidate the effects of cooking processes and food composition on the surface morphology
of the 3D-printed foods. Furthermore, it is important to investigate the impact of cooking
processes and food materials on the nutritional properties of 3D-printed foods. This can
be achieved through proximate analysis, digestibility studies, and the identification of
noteworthy nutrients, including proteins, to understand their interaction with consumers.
Additionally, as this study only evaluated a single condition of time and temperature dur-
ing the cooking process, a more comprehensive analysis employing different temperatures
and cooking times could determine optimal conditions for WOC and SC. Moreover, sensory
evaluation, with a particular emphasis on the texture and appearance of 3D-printed foods,
can offer insights into consumer preferences and acceptability. Finally, the inclusion of
other cooking processes, such as frying or baking could provide valuable insights into the
changes undergone by 3D-printed foods during the cooking processes.

4. Conclusions

In this study, multi-material 3D-printed foods using NCD and CP were success-
fully produced using extrusion-based 3DFP with two nozzles. The results showed that
Y%oHreduction and %Leduction Were not affected by the type of material used in the 3D-printed
square pillars (NCD or NCD + CP). Nevertheless, the %W, force at 40% strain, and
force at 80% strain were affected by the type of material used, where 3D-printed square
pillars made of NCD + CP produced less %Wy and a higher force at 40% strain and
80% strain in comparison with the 3D-printed square pillars made only using NCD. Less
%Wi]ess in the 3D-printed square pillars made of NCD + CP might have occurred because
of the lower water content compared to the 3D-printed square pillars made of only NCD.
Furthermore, the presence of CP, with different hardness values due to protein gelation
and starch gelatinization in the mid-section of the multi-material 3D-printed foods, might
have led to a higher force at 40% and 80% strain. Regarding cooking processes, higher
water loss during WOC resulted in higher %Wqes and %L edquction in comparison to SC. In
contrast, SC produced harder 3D-printed square pillars at 40% strain owing to the presence
of water in the steam-cooked 3D-printed square pillars compared to the water oven-cooked
pillars, where the water inside their structure is replaced by air. However, the force at 80%
strain was not affected by the cooking process because the water oven-cooked 3D-printed
square pillars might be prone to higher densification owing to the absence of water in
comparison to the steam-cooked ones. In general, SC was found to be the most suitable
cooking process because the appearance, size, and shape of the 3D-printed foods were not
significantly affected.

From an application and technology viewpoint, the findings obtained in this study
suggest the possibility of producing 3D-printed foods using two food materials, NCD
and CP, and improving their appearance and texture, as well as maintaining their 3D-
shape stability through cooking processes including WOC and SC. These findings are
expected to be useful for the innovative design of chickpea- and corn-based multi-material
3D-printed foods.
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