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Abstract: Three-dimensional food printing offers the possibility of modifying the structural design, nutrition, and texture of 
food, which may be used for consumers with special dietary requirements such as dysphagic patients. One of the food matrices 
that can be used for liquid delivery to dysphagic patients is food foams. Foams are widely used in different food products to 
adjust food density, rheological properties, and texture. Foams allow the food to stay in the mouth for sufficient time to provide 
hydration while minimizing the danger of choking. Our work studies the foam properties and printability of both egg white 
foams and eggless foams with a strong focus on their foaming properties, rheological properties, printability, and suitability 
for dysphagic patients. Food hydrocolloid, xanthan gum (XG), is added to improve foam stability and rheological properties 
so that the inks are printable. Rheological and syneresis properties of the pre-printed foam inks are examined. The texture 
profile and microstructure properties are studied post-printing. International dysphagia diet standardization initiative tests are 
carried out to assess the inks’ potential for dysphagic diets. Inks with XG performed better with minimal water seepage, better 
foam stability, and excellent printability. This suggests that hydrocolloids lead to more stable food foams that are suitable for 
3DFP and safe for hydration delivery to dysphagic patients.
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1. Introduction
With the introduction of Industry 4.0, additive 
manufacturing has been growing in focus as it opens 
up many possibilities for smart production. It has 
progressed from a mere prototyping tool to a practical 
manufacturing solution[1,2]. The improvements in design, 
materials, hardware, and controller software of additive 
manufacturing printers have resulted in time- and cost-
efficient parts, opening up additive manufacturing to 
various applications for mass customization.

With the advances of three-dimensional (3D) 
printing technology, many different industries are 

increasingly utilizing 3D printing for manufacturing, 
such as aerospace[3], construction[4], dentistry[5], and 
regenerative medicine[6,7]. In the recent decade, there has 
been a rising interest in 3D food printing (3DFP)[8,9]. 3DFP 
provides benefits that include structural design of the 
food[10], customized nutrition[11], modified food texture[12], 
and reduced need for skilled cook[13]. For example, it can 
be used for designing diets for individuals with special 
nutritional requirements such as dysphagic patients[14] or 
athletes[15]. 3DFP may also target prosumers such as high-
end restaurants in producing aesthetically beautiful meals 
and products[16].
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Foams are a type of food that consists of a liquid or 
continuous phase in which air bubbles are dispersed[17]. 
They are widely applied to food products such as ice 
creams, mousse, and baked goods[18,19]. The primary 
purposes for foam products are food density and caloric 
density reduction, modification of texture, and improved 
rheological properties[20]. Foams are also used to enhance 
sensory features, such as enhanced texture and flavors of 
food. More importantly, food foams are used to deliver 
liquid in a more easy-to-swallow form, especially for 
dysphagic patients[21]. For example, the aeration of water 
or milk into foams changes their texture and improves 
nutrients delivery to dysphagic patients. These foods 
could stay in the mouth for a certain duration, thereby 
providing prolonged hydration for dysphagic patients[22].

The main characteristics of food foams are foaming 
ability, foam stability, and water leakage[23]. The foaming 
ability dictates how much the volume increases after 
foaming, and the foam stability measures how long the 
foam maintains its shape without disintegrating. The 
water leakage (syneresis) determines the ability of the 
foam to hold its shape. This provides an early indication 
if the printed part is able to sustain its shape. The criteria 
for the ideal ink for food foam should be decently high 
foaming ability, high foam stability of more than an 
hour (sufficient time for printing), and low/no syneresis. 
Foaming ability indicates whether the food matrix is 
suitable for the creation of food foam. One of the most 
widely studied food foams is egg white (EW) food foam. 
It is the most commercially used foaming ingredient due 
to its high foaming ability and its ability to create an 
irreversible semi-stable foam[24]. Most of the foam-based 
food, such as meringues, pavlova, macarons, and mousse, 
are made from EW food foams[25,26]. 3D printing of EW 
foam was demonstrated by Kouzani et al., achieved 
through printing a pavlova using an EW foam-based 
batter[27]. However, the foam stability and rheological 
properties, which were key properties to the printability 
of foams, were not characterized and controlled. Food 
foams have yet to be studied in depth for 3DFP. Without 
the characterization of foam properties and rheological 
properties, it is unclear if these foams are suitable for 
patients with dysphagia. Therefore, there is a need to 
study the foam inks for 3DFP.

Foam stability is a unique aspect of food foam that 
is different from other types of food matrices and strongly 
influences printability. Unlike other food matrices, the 
thermodynamic instability causes the disintegration of 
foams, and it is vital to ensure that the foam remains 
stable while undergoing printing. Therefore, it is crucial 
to increase the foam stability for 3DFP purposes with 
additives such as hydrocolloids[28,29] while ensuring that 
the texture meets the standard of the dysphagic diet set by 
the international dysphagia diet standardization initiative 

(IDDSI) framework. In addition, food foams generally 
have a lower viscosity, making them harder to print than 
other food matrices.

In this study, we used EW and alternative food 
ingredients, Methocel F50 and Foam Magic, which are 
commercial products available to create food foams. The 
hydrocolloid included in this study is xanthan gum (XG). XG 
is a thickener that is commonly used in food products, such 
as mayonnaise and ice cream[30]. XG provides high viscosity 
even at low concentrations[31]. Its highly shear-thinning 
properties[32] make it an ideal choice as a thickener to improve 
the printability of low-viscosity food foams and enhance the 
stability of foams[33]. XG was added to the foaming agent to 
formulate printable food foam inks. The foam properties, 
such as foaming ability, foam stability, foam density, and 
syneresis, were studied to provide an in-depth understanding 
of how the foam properties affect the printability of the 
respective foam inks. The rheological properties, printability, 
microstructures, and texture profiles of the food foams were 
characterized extensively in this study. IDDSI[34] tests were 
also conducted to examine the suitability of the foam inks for 
hydration to dysphagic patients.

2. Materials and method
2.1. Formulation of foam inks
The materials used were commercially available 
pasteurized eggs from a local supermarket (N & N Egg 
Story, Singapore), Foam Magic from Modernist Pantry 
(SKU:1214-25), Methocel F50 from Modernist Pantry 
(SKU:1056-50), XG from Diabetic Food Delivery 
Singapore - Better4U.sg and Honeydew Extract Powder 
from RunDeKang BioTechnologies.

For the egg-based foams, the EW were separated 
from the egg yolks and weighed. They were then beaten 
using an electronic whip (Kenwood, 800W) for 5 min to 
foam. 12.5 wt% of honeydew extract powder was then 
added, and the mixture was whipped for another minute.

For eggless foams, 2 wt% of Foam Magic and/or 2 
wt% Methocel F50 were added to water, and the mixture was 
beaten using an electronic whip for 5 min. Foam Magic is 
a proprietary formulation of maltodextrin, methylcellulose, 
and XG designed to create foams when whipped with 
either a hand blender or iSi whipper. Methocel F50 is a 
food-grade hydroxyl propyl methylcellulose (HPMC).

The pH of EW is approximately 9.2 in the normal 
state. The EW used in Inks 1 and 2 were not treated; 
therefore, Ink 1 has a pH close to pure EW’s (Table 1). 
The presence of XG brought down the pH of Ink 2. The 
pH of XG in an aqueous solution is 7 which brought 
down the overall pH of the solution. Tap water was used 
to produce Inks 3 – 5. The pH of tap water was tested to 
be approximately 8.40. Therefore, the pH of Inks 3 – 5 is 
approximately similar to that of tap water.
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2.2. Foaming characteristics
(1) Foaming ability

The foams were prepared at room temperature by 
whipping 50 mL of respective suspensions in a 500-mL 
beaker using a multi-quick hand blender (Kenwood, 
800W) at a constant turbo speed for 5 min. The foaming 
ability, which is also known as the overrun, is the 
percentage of volume increase after the whipping process. 
Three replicates were used for each type of foam, and the 
averages from the results were reported.

(2) Foam stability

Foam stability was characterized by the half-life of the 
foam, which was measured as the time required to lose 
50% of the volume of the foam. Three replicates of 30 mL 
of foams were placed in a 50-mL Falcon tube. The volume 
of the foam was recorded over time to determine the time 
required for the volume of the foam to reduce to half. Only 
the volume of the foam, not including the volume of the 
liquid formed as foams burst, was measured in this study.

(3) Foam density

The foams were prepared as mentioned in part (1) of 
section 2.2. Then, 50 mL of each foam ink was placed 
in a 50-mL Falcon tube and weighed using an electronic 
balance. Each ink was measured in three replicates. The 
average density was calculated by dividing the average 
mass from the volume of 50 mL.

(4) Syneresis of foam inks

Syneresis was analyzed by placing 0.2 g of the foam 
ink at the center of a piece of Whatman Grade 4 filter 
paper. The foams were spread evenly to cover a circle 

of 1 cm in radius. The filter paper was left to stand for 
30 min to allow the liquid to spread before the filter 
paper was photographed. The area covered by the fluid 
was measured using a Python program that detects the 
edge of the foam inks and the edge of the spread fluid. An 
1 × 1 cm2 red square was included in the photograph as 
a reference for image analysis. Each sample was carried 
out in replicates of three.

2.4. Rheological characterization of the foams
The rheological properties of the foam inks were tested 
using an oscillatory rheometer (Discovery Hybrid 
Rheometer DHR-3, TA Instruments, Delaware, USA). The 
measurements were conducted using stainless steel parallel 
plates with a diameter of 40 mm and a truncation gap of 
500 µm. Viscosity shear-thinning tests were performed on 
the foam inks by applying a stepwise shear ramp rate from 
0.001 s−1 to 100 s−1. Stress sweep measurements were 
carried out with a logarithmically increasing shear stress at 
a constant frequency of 1 Hz from 0.1 to 2000 Pa to study 
the viscoelastic properties of the inks. A recovery test 
was done to mimic the three phases the ink experienced 
– before extrusion, during extrusion, and after extrusion 
from the nozzle. A multiple stepped flow ramp (peak hold) 
test was conducted wherein the initial shear rate of 0.1 s−1 
– 0.2 s−1 was applied for 20 s, followed by a rapid increase 
in shear rate from 0.2 s−1 to 200.0 s−1 in 1 s. The shear rate 
was held at 200.0 s−1 for 5 s before reducing the shear rate 
from 200.0 s−1 to 0.1 s−1 in 1 s and held for 20 s.

2.5. 3D printing of foams
Wiiboox Sweetin 3D Food Printer (Wiiboox, China), an 
extrusion-based 3D food printer, was used to print the 3D 
samples of different foam inks. The nozzle size used for 
these experiments was 1.5 mm. The foams were printed 
into a six-pointed star with a length and width of 3 cm 
and a height of 0.5 cm to assess its printability. The star 
was used to assess if the ink was able to handle sharp 
curves. Three replicates were printed with each foam ink. 
Photographs of the printed samples were taken after the 
printing and assessed visually. The first three prints of the 
inks were rated visually from 1 (poorest) to 5 (best) on 
two categories, self-supporting structure and shape, with 
a maximum total score of 10. The smallest observation 
for each category was given a score of 1.

The foams were printed at a print speed of 25 mm/s 
with an initial layer thickness of 0.8 mm and subsequent 
layer thickness of 1 mm. The fill density was set to 80% 
with a flow of 80%.

2.6. Scanning electron microscopy (SEM)
The micromorphological structure of the printed parts 
was observed by using SEM. All samples were gold-

Table 1. Formulation for each foam ink

Sample Ingredients pH
Ink 1 • Egg white 87.5 wt% 

• Honeydew extract 12.5 wt% 
9.19

Ink 2 • Egg white 85.5 wt%
• Honeydew extract 12.5 wt%
• Xanthan gum 2 wt%

8.91

Ink 3 • Methocel F50 2 wt%
• Water
• Honeydew extract 12.5 wt%

8.33

Ink 4 • Foam Magic 2 wt%
• Water 
• Honeydew extract 12.5 wt%

8.16

Ink 5 • Methocel F50 2 wt%
• Foam Magic 2 wt%
• Water
• Honeydew extract 12.5 wt%

8.20
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coated with 10 mA current using JEOL JFC-1600 Auto 
Fine Coater machine. The images were viewed and 
taken under 10 – 13 kV condition under a JEOL JSM-
5600LV SEM.

2.7. Texture profile analysis
Texture Pro CT V1.3 Build 15 (Brookfield Engineering 
Labs, Inc) was used for double-cycle compression tests 
to obtain force-time curves. The foams were prepared and 
filled into a 20-mm deep tray of aluminum foil for testing. 
Both as-printed and baked foam inks were tested. The 
baked foam samples were printed and baked at 70°C for 
2 h before being tested at the height of 20 mm. The test 
parameters were as follows: Block probe with a trigger 
load of 5 g, pre-test, test and return speed at 2.0 mm/s, 
and the compressive strain was set to 45% for two cycles. 
Each ink was tested in triplicates. Hardness, chewiness, 
adhesiveness, gumminess, stringiness, and springiness 
were measured. The averages of the three replicates were 
represented in a radar graph. They were also normalized 
to the highest value obtained among the food inks and 
represented in another radar graph for ease of comparison.

2.8. Data analysis
Data were plotted by using the OriginLab software. The 
results were analyzed using unpaired student’s t-test with 
n = 3. The significance of the results is denoted on top 
of the columns where * represents P ≤ 0.1, **P ≤ 0.01, 
***P ≤ 0.001, and ****P ≤ 0.0001. The results were 
compared within the groups of EW and non-EW inks on 
whether XG affects the properties of food foams. The first 
group (EW-based) was compared between Inks 1 and 
2, and the second group (HPMC-based) was compared 
between Ink 3 and Inks 4,5.

3. Results and discussion
3.1. Foam properties
(1) Foaming ability of the inks

Both EW[23] and HPMC[35] are known to have excellent 
foaming abilities. The overrun quantitatively measures 
the foaming ability of each foam ink. Figure 1A shows 
that all the food ink formulations can foam more than 
300% of their original volume.

Ink 1 is based on EW, and Ink 3 is based on 
methylcellulose without the addition of hydrocolloids. 
They were able to foam more than their counterparts with 
added XG. The inclusion of XG makes the foam denser 
and more sticky, thus less able to hold more air bubbles. 
The reduced foaming ability may be attributed to the 
increase in density, as seen from the difference between 
Inks 3 and 4. While Ink 5 contains Methocel F50, a 
component present in Ink 3 which is able to foam to a 

massive extent of over 700% of its original volume, it 
has an overrun that is even lower than Ink 4. While inks 
with XG have reduced overrun, the overall increase in 
Methocel F50 and Foam Magic mass, contributing to the 
increase in density that made it difficult to hold the air 
bubbles without bursting too. The EW foam ink generally 
has a lower overrun compared to the eggless foams.

(2) Foam stability of the inks

The foam inks’ stability is a critical factor as the food inks 
have to retain the foams after being printed. The viscosity 
of the continuous fluid phase is one of the main factors 
affecting foam stability[36]. The higher viscosity of the 
continuous fluid phase delays the movement of the liquid 
through the network of films that enclose the air bubble, 
hence slowing the formation of larger bubbles and the 
liquid drainage.

As shown in Figure 1B, the foam inks without 
XG have much poorer foam stability. The significant 
difference in the half-life of foams shows that XG plays 
an important role in foam stability for both groups (EW 
and HPMC). Ink 3 with only HPMC is unable to retain 
the foam for more than 15 min. The poor foam stability is 
due to the lack of foam stabilizer in the mixture. HPMC 
generally stabilizes the hydration layer when it is heated 
and sets into a gel at a specific temperature. However, 
this ink was prepared at room temperature. Therefore, 
while it was able to foam, it was unable to retain the foam 
and stabilize the foam at room temperature. As for the 
EW-based Ink 1, it has the foam stability of over 80 min. 
While its stability is not as high as inks that contain XG, 
it is stable enough to be printed within a certain duration 
immediately after preparation. EW contains globulins that 
facilitate foam formation, and also contains ovomucin 
that stabilizes the foam[37]. During the whipping, the 
EW proteins adsorb at the interface of air bubbles and 
the liquid through the hydrophobic areas. The partially 
unfolded proteins (denatured through whipping) stabilize 
the protein films formed. The foam collapses when large 
gas bubbles grow at the expense of tiny bubbles. These 
films counteract the growth of the large bubbles, thus 
stabilizing the foam. However, the EW foams, without 
additives, tend to destabilize too[28].

Inks with the inclusion of XG have a significant 
improvement in foam stability of more than 1000% in 
terms of half-life. With the use of Foam Magic which has 
a proprietary mix of HPMC and XG, Inks 4 and 5 have a 
foam stability of 158 min and 104 min, respectively. An 
inclusion of 2 wt% of XG in the EW-based foam allows 
Ink 2 to have long half-life of 1200 min. XG is widely 
used as a food thickener. It thickens the inks and retains 
the liquid phase in foam structures against gravitational 
force[29]. The fixation of the liquid phase due to the 
presence of XG makes it harder for small bubbles to grow 
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into larger bubbles, which stabilize the foams. However, 
the increase in density also makes it harder for the foams 
to form, resulting in a lower overrun.

(3) Foam density

The EW foams (Inks 1 and 2) are generally denser than 
the HPMC foams. The HPMC forms a light foam as a 
result of the large overrun. The XG increases the density 
as shown in Figure 1C, where there is a slight increase in 
density from Ink 1 to Ink 2 and from Ink 3 to Ink 4. The 
density affects the foaming ability inversely; as discussed 
previously, the overrun is lower when the density is 
higher. Ink 5 has a higher density than Ink 3 and 4 as it 
contains more HPMC, thus making it more difficult to be 
aerated and leading to a denser foam.

(4) Water retention

Syneresis refers to the undesired leakage of water from 
food. This study investigates the ability of the foam ink to 
retain water. In the case of foams, the spreading of water 
affects the integrity of the printed structures, causing 
the print to spread and collapse due to instability. In this 
study, the amount of water leakage from the foam inks 
was obtained by measuring the area wetted on a piece of 
filter paper.

Inks that do not have XG (Inks 1 and 3) had a large 
amount of spreading compared to the inks containing 

XG (Figure 1D), and the difference was statistically 
significant. The spreading was caused by both foam 
instability and lack of ability to retain water. XG thickened 
the foams by increasing the viscosity of the liquid phase 
and forming a hydrogel phase[31]. This prevented water 
from spreading on the filter paper, greatly reducing 
water spreading of Inks 2, 4, and 5. Without XG, while 
Ink 1 had the protein films to hold the air bubbles and 
water migrated to the filter paper due to strong capillary 
force. Likewise, for Ink 3, water between the air bubbles 
migrated from the food ink to the filter paper. Over time, 
the area of wetting increased when the foam collapsed. 
For Inks 4 and 5, XG prevented the water from leaking 
onto the filter paper. Over time, water evaporated, thus 
resulting in a slight shrinkage of the area of the foam.

3.3. Rheological properties of the inks
All the five inks displayed a shear-thinning or 
pseudoplastic property (Figure 2A). Shear-thinning 
properties were preferred for extrusion printing as they 
suggested that the food ink could be easily extruded 
and held its shape after extrusion. The printability and 
self-supporting structure depended on the viscosity and 
yield stress, respectively[33]. The low viscosity of the 
inks allowed them to be printed easily through extrusion. 
When the shear rate increased, the viscosity of the ink 
decreased, allowing the ink to flow out smoothly. The EW 

Figure 1. Foam properties (A). The foaming ability of each foam ink based on their overrun. (B) The foam stability of each foam ink. 
(C) The density of each foam ink. (D) The syneresis results of each ink. *P ≤ 0.1, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 for the t-test 
results (n=3).

DC

BA
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inks (Inks 1 and 2) had a higher viscosity than the HPMC 
inks (Inks 3 – 5), which accounted for the slightly better 
foam stability explained in part (2) of Section 3.1. As XG 
allowed the liquid phase to form a hydrogel-like phase 
with increased viscosity, Ink 3 had the lowest viscosity 
compared to the ones with XG. While XG generally 
increases the viscosity of the foam inks, similar to the 
comparison between XG containing HPMC inks (Inks 
4 and 5) and non-XG containing HPMC ink (Ink 3) the 
viscosity of Ink 2 was lower than that of Ink 1.

All foams displayed characteristics of linear 
viscoelasticity at low oscillation frequencies, where 
storage modulus (G’) was higher than loss modulus (G”) 
(Figure 2B). Having a G’ that was higher than the G” 
in the linear viscoelastic range also suggests that the ink 
has the potential to form gel-like self-supporting structure 
after it was printed[33]. In the non-linear range, the G’ fell 
below G”, indicating a more liquid-like behavior. The 
foams tend to flow like liquids, and are easier to extrude.

The average yield stresses of the inks are displayed 
in Figure 2C. Yield stress determined the ability to 
form a self-supporting structure[33]. Higher yield stress 
allowed better self-supporting ability. The EW inks (Inks 
1 and 2) have higher yield stresses than the HPMC inks 
(Inks 3-5). This suggests that they can undergo higher 
stress before plastic deformation. This allowed Inks 1 
and 2 to form better self-supporting structures and higher 
leniency under the pressure used for the extrusion of the 
inks during printing. Ink 3 exhibited low yield stress <10 
Pa. This suggests that the foam from Ink 3 might not 
survive the pressure from extrusion printing. Ink 4 has 
significantly higher yield stress than Ink 3 (P < 0.01). 
XG does not significantly change the yield stress of 
egg-based foam inks but shows a significant effect in 
eggless foams. Inks 1 and 5 have significant errors due 
to the poorer foam stability, which caused some foam to 
collapse in later tests, changing the rheological properties 
slightly.

Figure 2. Rheological properties of the foam inks. (A) Flow ramp study of each foam ink. (B) Stress sweep of each ink in triplicates. 
(C) Yield stress of each foam ink. (D) Peak hold study of each ink simulating before, during, and after extrusion printing. *P ≤ 0.1, **P ≤ 0.01, 
 ***P ≤ 0.001, ****P ≤ 0.0001 for the t-test results (n = 3).

DC

BA
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Figure 2D shows the peak hold study of the inks. 
Under low a shear rate from 0.1 to 1 s−1, all the inks 
gradually reduced their viscosities, which is in line 
with the flow ramp study that depicts the inks as shear 
thinning. When the inks experienced a spike in shear 
rate, the viscosity dropped drastically. This suggests that 
the viscosities of the foam inks reduced during printing, 
and inks flowed effortlessly out of the nozzle, allowing 
smooth printing. Once the shear stress was removed, 
simulating the shear rate after printing, the viscosities 
of the inks recovered quickly. This implies that the inks 
were able to return to their original rheological properties 
after printing and held their structures.

3.4. Printability of the inks
The printability is dependent on the rheology and the 
stability of the inks. Out of all the inks, Ink 3 was not 
printable at all as shown in Figure 3 where the printed 
ink was a pool of liquid and it has an average printability 
score of 2. The foam stability, as described earlier, was 
very low for Ink 3 as it collapsed too quickly. While in the 
foam stability test, the half-life of Ink 3 was 15 min under 
atmospheric pressure, the stability within the syringe and 
during printing was lower due to significantly higher 
pressure. Therefore, Ink 3 was extruded as a liquid instead 
of foams. This was also seen in Ink 1 (Figure S1). While 
it was printable in the first print and was able to form self-

support structures, the foam bubbles grew in size in the 
cartridge and became unstable in the subsequent second 
and third print. Even though the viscosity of Ink 1 was 
the highest amongst all the inks, but its stability was not 
high enough. This was also observed in Ink 5. While the 
first print was good, it was less able to self-support and 
spread more in the later prints. The best prints were from 
Inks 2 and 4 with scores of approximately 9, where they 
consistently presented good self-supporting structures in 
three consecutive prints.

The effect of XG on the printability of the inks 
within the EW and HPMC groups was compared. The 
first three prints of the inks were rated visually from 1 
(poorest) to 5 (best) on two categories, self-supporting 
structure and shape fidelity. The printability of inks with 
XG shows significant improvement regardless of the base 
ingredients. XG is an important factor to achieve a good 
printable structure for the foam inks.

3.5. Microstructure of the baked inks
The scanning electron micrographs in Figure 4 show 
the microstructure of the EW foams and the HPMC 
foams. Only the printable inks (i.e. Inks 1, 2, 4, and 5) 
were assessed. The pure EW or Foam Magic only foam 
samples were included for comparison.

Comparing the foam formed by EW and by Foam 
Magic only (Figure 4A & D), the EW foam had a 

Figure 3. (A) Six-pointed star (first) prints with Inks 1 – 5 with the average score in each frame. (B) The printability scores for each ink. 
*P ≤ 0.1, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 for the t-test results (n = 3).

B

A
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microstructure with thicker films between each bubble. 
It also explains why the EW inks were denser than the 
HPMC inks.

Comparing the EW only foam to Inks 1 and 2, the 
baked EW foam was flakier and had more disconnected 
sections as shown in the blue boxes in column I for A, B, 
and C. The honeydew extract, which contained a large 
portion of small polysaccharide[38], seemed to increase 
the adhesiveness of the liquid phase of the foams. Even 
after the foams were baked, most bubbles retained their 
shapes for Inks 1 and 2. In Inks 1 and 2, thin films 
covered most of the bubbles. More bubbles were intact 
in Ink 2 than Ink 1 (red boxes of B and C in column II); 
suggesting that the XG kept the foams from collapsing, 
especially at elevated temperature during baking, and 
the gas bubbles tend to grow larger. Furthermore, in 
Ink 2, the films over the bubbles were more wrinkled, 
suggesting that the liquid phase with XG was stretched 
when hydrated to prevent the bubbles from bursting and 
the foam from collapsing.

Comparing Control 2 to Inks 4 and 5, the pores in 
Control 2 were larger and exhibited a thinner layered 
interface between pores pointed out in blue arrows 
in column IV. Most of the bubbles in Control 2 were 
torn or burst after being dehydrated by baking. The 
honeydew extract increased the adhesion between each 
bubble and thickened the interfaces. In Ink 4, the film 
over the larger bubbles was intact, whereas the film over 
smaller bubbles was torn slightly as seen in column 
IV (Figure 4E). In comparison, Ink 5 had more burst 
or torn bubbles than Ink 4. Ink 5 also showed more 

small- and medium-sized bubbles than Ink 4 as shown 
in the red box in column IV. This could be attributed to 
the higher density of Ink 5, which made it harder for 
foam formation and reduced its ability to trap air.

3.6. Texture profile of foam inks
From Figure 5A, all the inks have relatively low hardness 
and gumminess ranging from 0 to 2 N. The adhesiveness 
of all inks is below 5 mJ. Adhesiveness helps increase the 
ability of the foam to self-support. A good combination 
of slightly higher hardness and good adhesiveness of Ink 
2 as well as Inks 4 and 5 resulted in better printability 
than inks without XG, such as Inks 1 and 3. While Ink 1 
had a higher hardness, it had poor adhesiveness. Hence, 
while it could be extruded, it was unable to maintain a 
good shape, resulting in poor printability. Ink 5 had a 
lower adhesiveness than Inks 2 and 4 but higher than Ink 
1. This explains the better printability of Ink 5 than Ink 1 
as it can retain shape better than Ink 1.

While Inks 1, 2, 4, and 5 were all printable and 
retained their shapes after baking, Ink 5 could not maintain 
the height of 20 mm after baking and collapsed. Hence, 
it was not included in the texture profile analysis in the 
baked form (B is added to the ink names to differentiate 
baked samples). After baking, all the printed inks 
became meringue-like after dehydration by baking. This 
increased the hardness as reflected in Figure 5C. The 
chewiness of the printed inks increased too. However, 
the springiness and adhesiveness reduced. The other 
parameters remained similar. The lack of water made the 

Figure 4. Microstructure of foam inks after baking for 1 h at 70°C. (A) Control 1: Egg white only foam. (B) Ink 1. (C) Ink 2. (D) Control 
2: Foam Magic only foam. (E) Ink 4. (F) Ink 5.
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inks less sticky and leads to a fall in adhesiveness and 
springiness. In absolute values, Ink 2B and Ink 4B had 
similar performance to Ink 1B. This suggests that the 
XG added to EW foam increases printing performance. 
Furthermore, the use of HPMC inks as a replacement 
for EW foams does not significantly affect the textural 
performance due to the similar texture profiles.

Considering that foams are to be consumed by 
dysphagic patients as a safe way of hydration, IDDSI tests, 
including the fork pressure test (Figure 6A) and the spoon 
tilt test (Figure 6B), was carried out. These two tests were 
recommended test in the IDDSI framework for food of 
level 4-5 (pureed, minced, and moist). The results are 
shown in Figure 6. The fork pressure tests food hardness. 
Inks 2, 4, and 5 show a clear indent pattern, suggesting 
that they are soft enough to be consumed by dysphagic 
patients. For the spoon tilt test, the spoon was tilted and 
flicked once to check if the inks slid off the spoon. It is 
used to determine the adhesiveness and cohesiveness. 

According to the framework, the food is considered safe 
for consumption by dysphagic patients as long as the spoon 
is visible after flicking, even though a thin food film may 
remain on the spoon[34]. Most inks allow a large portion 
of the inks to slide off the spoon, except Ink 5, suggesting 
that most inks would not stick to the oral cavity. Out of all 
the inks, Ink 2 had the best performance.

3.7. Demonstration of 3D-printed food foam
Out of the three inks tested for textural properties, Inks 
2 and 4 had better printability. Both inks were used to 
print various 3D structures. The structures were created 
without overhang or with only small overhang due to 
the lack of support. The four structures printed were an 
octopus, lobster, turtle, and hammerhead shark, as shown 
in Figure 7.

The lighter Ink 4 provided better and smoother 
prints than Ink 2, (Figures 7A and B), with the octopus 
head bearing clunks and a smooth spherical shape as 

Figure 5. Texture profile of the foam inks in (A) absolute values, (B) normalized values and its baked samples (B represents baked), 
(C) absolute values, and (D) normalized values.
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shown in Figure 7A and B. However, these 3D structures 
were larger than the prints used in the printability test. 
The lower foam stability is visible in the one printed by 
Ink 4. The surface of the prints was getting moist and 
shrank over time. The lobster and octopus were printed 
first. Hence, the surfaces were getting watery and causing 
them to lose their structure ahead of all the other prints. 
This suggests that the printed parts of Ink 4 had an even 
lower storage time than the foam stability test’s time, as 
the printing process reduces the stability due to higher 
pressure. It should be served or baked once printed. Ink 2 
was able to produce stable structures with a half-life foam 

stability of 30.6 h at room temperature. When refrigerated, 
it was possible to be stored longer. Ink 2 also performed 
better in the spoon tilt test. These properties suggest that 
Ink 2 is ideal as food foam for hydration delivery.

Most meringues are produced with EW and sugar. 
The presence of honeydew powder was to enhance the 
taste and flavor of the foams. Similar fruit extract powders 
such as strawberry and papaya could be used to achieve 
similar results. Fruits provide a sweet taste that replaces 
sugar as a flavor enhancer[39]. These foams can function 
as a flavor and sensory booster in addition to mere water 
delivery systems to dysphagic patients.

Figure 6. IDDSI tests. (A) Fork pressure test on a 20 × 20 × 10 mm3 sized 3D-printed samples of the foam inks. (B) Spoon tilt test on the 
foam inks.
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4. Conclusions
The structures in Figure 7 show that 3D printing can 
provide more creative and esthetically pleasing, and 
complex structures of food foams by computer-aided 
design (CAD) designs and a 3D food printer. Silicone 
molds cannot accomplish the shaping of foams because it 
is almost impossible to de-mold the foam. 3DFP with foam 
allows artists to freely express their ideas and designs using 
food, enhancing visual appeal of the food, hence, elevating 
palatability. Moreover, 3DFP provides a simple way of 
modifying the food texture, giving chefs more freedom to 
work with the different food and cooking methods. However, 
food foams are volatile and delicate to work with due to 
the instability of foams. In this study, the foam properties 
of the foam inks (with and without XG) proposed were 
investigated. The inclusion of XG in this study stabilized 
food foams for high printability. XG provided additional 
foam stability, which aided in producing better prints and 
permitted longer storage of the printed food, as displayed 
by Inks 2 and 4. The texture properties were also studied to 
understand the difference between the EW foam and HPMC 
foam and their XG counterparts. The improvements to the 
EW ink provide an alternative approach to creating artisan 
meringues. In this case of 3DFP, the sugar is replaced with 
fruit extract to provide a fruity and sweet taste. Several 
3D shapes were printed with the optimal Inks 2 and 4 to 
demonstrate the 3D printing of food foams. This form of 
3DFP may also be used as a flavor and visual enhancer 

as foams are widely used for dish plating. Vegans do not 
consume egg-based products, so the eggless Ink 4 may be 
an alternative to EW in creating 3D-shaped meringues and 
icing. The excellent performance of Inks 1, 2, and 4 in the 
IDDSI tests shows that these food foams (without baking) 
are well suited for medical applications such as hydration 
for dysphagic patients as EW consists of mainly 90% of 
water[40] and the formulation in Ink 4 has approximately 
87% of water. This study has shown the possibility of 3DFP 
of stable food foams and their applications for hydration 
delivery for dysphagic patients. In the future, robotic arm-
based printers may be used over cartesian printers as they 
allow both printings of the foam and assembling the foams 
in 3D, using a similar concept by Awa Taccino machine 
from Takara Tomy[41].
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