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Abstract: We developed a method to perform direct ink writing (DIW) three-dimensional (3D) printing of coconut-based
products with high oil content by varying compositions of the coconut oil and the coconut cream. The addition of oils is
particularly crucial in providing energy, developing neurological functions, and improving the palatability of food. Despite
the potential merits of high oil-content foods, there have been limited studies on 3D printing of high oil-content foods. In
particular, the effect of oil content on the printability of food inks has not been studied to date. 3D printing of food inks with
high oil contents is challenging due to oil separation that leads to unpredictable changes in rheological properties. In this work,
we surveyed the behavior of the mixture of the coconut oil and the coconut cream and identified the appropriate conditions for
the food inks that show the printability in DIW 3D printing. We initially formulated coconut cream inks added with coconut
oil that did not exhibit oil separation, and characterized the rheological properties of such inks. We successfully 3D-printed
coconut cream with additional coconut oil and successfully fabricated 3D structures with inks containing 25% water with an
additional 10% (w/w) of coconut oil. Texture profile analysis (TPA) suggested that the hardness index and the chewiness index
of mesh-shaped 3D-printed coconut cream decreased due to an increase in the water content of the ink. Overall, this study
offered an understanding of the stability of the food inks and demonstrated the fabrication of 3D colloidal food with controlled
oil content, which can be applied to formulating foods with tunable oil content to cater to individual nutritional needs without
compromising the stability of the inks.
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the printability of food inks. Oil is often added to food
ink to achieve desired texture, flavor, and functions, but
the high oil content of the food would alter the property
of food inks by reducing the viscosity and causing phase
separation!”!. In this work, we studied the property of food
ink added with oil to achieve key rheological properties
and 3D printability.

3D printing is a method to fabricate 3D models

1. Introduction

This paper describes a method to perform three-
dimensional (3D) printing of food inks with high oil
content using a direct ink writing (DIW) 3D printer.
We applied this method to 3D print coconut cream
with additional coconut oil and successfully fabricated
3D structures with inks containing 25% water with an

additional 10% (w/w) coconut oil. While previous works
focused on 3D printing of starch-based!*! and fiber-based
inks®®, our work focused on the effect of oil content on

consisting of various materials deposited in a layer-by-
layer manner, and it is applied across multiple fields
to fabricate metal aerospace parts™, living organs®!%,
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electronic devices!", and fluidic devices!'>!l, DIW
3D food printing is an emerging field!"'%), which
allows customization of nutrients based on individual
needs!'®l, fabrication of aesthetically pleasing food!'”,
and customization of food texturel. Extrusion-based
methods, such as hot-melt and cold extrusion, have
been widely used in food printing because of their
flexibility to dispense liquid-based food materials!'$2,
However, hot-melt extrusion is not always suitable to
print temperature-sensitive food because they require
an elevated temperature to melt food materials. As such,
there are increasing interests in 3D-printed, temperature-
sensitive food materials through cold extrusion that relies
solely on the rheology of ink?'??, Several foods such
as chocolate-based ink™?, milk-based ink®!, vegetable-
based ink®!, and gelatin®! have been used to demonstrate
3D food printing. For example, the addition of xanthan
gum and k-carrageenan gum has been demonstrated
to make mashed potatoes to form self-supporting
structures adequate to maintain 3D structures!'!. Printable
chocolate inks were achieved by altering the rheological
properties of chocolate ink by varying the cocoa powder
and chocolate syrup™. These demonstrations have
highlighted the importance of the rheology of the food
ink to achieve extrusion-based 3D printing.

Foods commonly comprise multiple constituents
such as carbohydrates, proteins, fats, small molecules,
and water. The interactions among different food
constituents would affect the rheological properties and
stability of inks®. The protein in the food is known to be
amphiphilic that holds the hydrophobic and hydrophilic
aggregates in the food matrix, and acts as an emulsifier
that reduces the surface tension between two immiscible
materials such as oil and water. The presence of an
emulsifier hence permits different constituents to mix°.
Starch is a polysaccharide carbohydrate consisting of
multiple glucose units joined together by glycosidic
bonds®?”), which can form entanglements networks to
control the rheology of the food®®. The stability of the
ink, where no oil separation occurs, is crucial to prevent
rancidity, degradation of vitamins, and formation of
potentially harmful compounds®!. Moreover, the
printability of ink would be affected due to the change in
phase which would alter the rheological properties of the
ink. Hence, the control of the interactions among protein,
carbohydrate, and oil is important to control the stability
of the edible colloidal system!®®.. Despite the increasing
interest in 3D food printing, there are limited works
on the effect of oil content on the printability of food
inks to date. 3D printing of food with high oil content
is challenging due to the occurrence of oil separation
and poor rheological properties. The addition of oils is
particularly crucial in providing energy and improving
the palatability of food®!. Moreover, it is important in

neurological development especially in infancy and early
childhood as it provides medium for absorption of fat-
soluble vitamins A, D, E, and K21,

To bridge the gap, we demonstrated the extrusion of
oil-based food ink through simple alteration of rheological
properties with different concentrations of water and
oil (Supplementary Figure 1). We first conducted oil
separation tests by varying the concentration of water
and additional coconut oil to determine the limits of the
amount of oil present in the inks; the stability of the ink
was crucial to ensure the smooth extrusion of material
and the maintenance of the printed structures. Three
inks with different water and oil contents were selected
to characterize the rheological properties; the viscosity,
yield stress, and storage modulus of the ink are important
parameters for DIW to determine the printability and
structure integrity of the printed models?>*)., Mesh
structures were printed with all three inks to observe
the spreading of inks to determine printability. We also
performed texture profile analysis (TPA) for the printed
mesh structures using inks with varying contents to assess
the capability to achieve desired textural properties.
Extending the demonstration, we printed various 3D
structures with suitable ink that did not exhibit oil
separation and spreading of ink. The knowledge we
developed here should be useful to fabricate other food
structures with high oil content such as sesame paste!**!
and peanut butter®, which should find a broad field of
applications in the healthcare and food industries.

2. Materials and methods

2.1. Preparation of coconut cream ink

The base material used was commercially available
coconut cream powder (Kara Coconut Cream Powder,
PT Pulau Sambu, Riau, Indonesia) that contained coconut
extract, hydrolyzed starch, and milk protein. Other
food materials used were coconut oil (Benefit Coco,
Singapore) and pandan extract (Bake King, Singapore).
The samples were first prepared by adding coconut cream
powder into deionized water, with 0.2% w/w pandan
extract for color and flavor enhancement, at different
weight concentrations. Samples were then mixed
thoroughly for 5 min at 2000 revolutions per minute
(rpm) with a planetary centrifugal mixer (Thinky ARE-
250, Thinky Corporation, Tokyo, Japan), at 25°C (room
temperature). Finally, coconut oil was added at different
weight concentrations (5-30% w/w). The mixture was
homogenized again using a planetary centrifugal mixer
for 5 min at 2000 rpm.

2.2. Characterization of oil separation

The oil separated from the ink was collected by filtering
the ink with a sieve immediately on preparation of the
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ink. The mass of the collected oil was weighed using a
weighing balance. All measurements were conducted in
duplicates. The formula of oil separation ratio used was
as follows:

Oil separated

Oil separationratio =
Amount of oil added

2.3. Rheological characterization

Rheological measurements of coconut cream inks were
conducted using an oscillatory rheometer (Discovery
Hybrid Rheometer DHR-2, TA Instruments, Delaware,
USA) with stainless steel parallel plates with a diameter
of 40 mm at a truncation gap of 1000 mm. Shear-thinning
tests were conducted by applying a stepwise shear rate
ramp of 0.01-100 s™'. Stress sweep measurements were
conducted with a logarithmically increasing shear stress
at a constant frequency of 1 Hz over the range of 0.1-
2000 Pa. Excess food material was removed before the
measurements to prevent edge effect. All rheological
measurements were conducted at 25+ 0.1°C in triplicates.

2.4. DIW 3D printing

An extrusion-based DIW printer (SHOTmini 200 Sx,
Musashi Engineering, Inc., Tokyo, Japan) was used
to perform 3D printing. The printer was placed in an
enclosed box to maintain a sterile environment. All 3D
models were obtained from a public repository of 3D
printable models, Thingiverse, and imported to Slic3r"*
for slicing of the model into layers and generation
of G-code. The generated G-code was converted to
MuCAD V (Musashi Engineering, Inc., Tokyo, Japan)
code through a written Python script and loaded to the
DIW printer. All food inks were loaded into a 50-mL luer
lock dispensing syringe fitted with 22 G (Birmingham
Gauge) nozzle. The standoff distance between the nozzle
and substrate was adjusted to the layer thickness, 0.2 mm,
with a height feeler gauge. Both printing speed and
dispensing pressure were kept constant at 15 mm/s and
0.050 MPa, respectively, throughout the printing process.
All printings were conducted at room temperature.

2.5. Texture profile analysis

The texture profile analysis (TPA) was conducted on the 3D
printed samples using a 10-kg load texture analyzer (CT3
Texture Analyzer, Brookfield, USA). The printed samples
were placed at the center of the fixture base table before
the measurements. All TPA measurements were conducted
with a probe with a diameter of 38.1 mm at pre-test speed
of 2.0 mm/s, test speed of 2.0 mm/s, post-test speed of
2.0 mm/s, trigger force of 5.0 g, and compression strain
of 45% to determine the following textural properties: (i)
Hardness, (ii) adhesiveness, (iii) cohesiveness, and (iv)

chewiness index. All TPA measurements were conducted
at 25 + 0.1°C on duplicate samples.

2.6. Statistical analysis

All experimental data were expressed as mean + standard
deviation with triplicate measurements. Data were
subjected to one-way analysis of variance (ANOVA)
through Tukey’s test at 5% significance level using
statistical software (Minitab, Pennsylvania, USA).

3. Experimental design

3.1. Selection of materials

We selected coconut cream and coconut oil as an example
of our demonstration. Coconut cream contains both
coconut oil and protein which provide good nutritional
value to human health®®!. The proteins present in coconut
cream act as an emulsifier that allows the dispersion of
oil in the food system. Coconut oil, in contrast, contains
primarily saturated fatty acids that is 70% medium-chain
fatty acids (MCFA), which are metabolized differently
compared to long-chain fatty acids (LCFA) commonly
found in human diets such as vegetable oils and dairy fat®"!.
Consumption of LCFA would lead to the accumulation
of fatty deposits within the artery walls that increase the
risk of hypertension and cardiovascular diseases®*. The
metabolism of MCFA is quicker than that of LCFA. The
metabolic process converts fats into energy; the reduced
deposition of fats in the body tissues decreases the risk
of heart diseases™. It was also reported that coconut
oil possesses antioxidant properties that could boost the
immune system as well as prevent and treat infections?.
Coconut cream and coconut oil also serve as good
alternatives to existing vegetable oils such as canola oil.
As such, coconut oils and creams are expected to offer
potential advantages in healthcare. Despite potential
advantages in healthcare, to the best of our knowledge,
3D printing of coconut cream has not been shown in the
previous studies.

4. Results and discussion

4.1. Phase separation of coconut cream ink

Initially, we studied the phase separation of the mixture
of the coconut cream and the coconut oil. We formulated
the coconut cream base with coconut cream powder with
different weight concentrations of water, and pandan
extract (Figure 1A). A fixed concentration of pandan
extract (0.2% w/w, with respect to coconut cream
powder) was added to the mixture to color the sample and
observe the phase separation of the oil. Then, we added
varying weight concentrations of coconut oil (% w/w,
with respect to coconut cream base) to the base. The oil
separated from the mixture was collected and weighed. As
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Figure 1. An overview of the formulation of coconut cream inks added with coconut oil, and results from oil separation test. (A) Coconut
cream base was initially formulated by mixing coconut cream powder with different water concentrations (20, 25, and 33%) and fixed
concentration of pandan extract at 0.2%. Next, different weight concentrations of coconut oil (% w/w, with respect to the weight of the
coconut cream base) were added to the coconut cream base to observe the occurrence of the oil separation. (B) A plot showing oil separation
ratio as a function of oil concentration. (C) A diagram showing inks that exhibited or did not exhibit oil separation at different oil and water

content.

expected, the oil separation ratio increased as the amount
of oil separated increased (Figure 1B). Oil separation
occurred in inks containing 20% (w/w) water content with
additional oil content >5% (w/w), inks containing 25%
(w/w) water content with the additional oil content >10%
(w/w), and inks containing 33% (w/w) water content with
the additional oil content >15% (w/w) (Figure 1B). As
the water content increased from 20% to 33% (w/w), the
tendency for oil separation to occur decreased. The oil
separation ratio increased from 0.10 (10% w/w oil) to
0.80 (30% w/w oil) for inks containing 20% water, 0.01
(12.5% w/w oil) to 0.50 (30% w/w oil) for inks containing
25% water, and 0.01 (20% w/w oil) to 0.35 (30% w/w
oil) for inks containing 33% water. As expected, the oil
separation became prominent at high concentrations of
the oil. With the increase in water content, the amount
of dispersed water also increased!! which allowed the
emulsifier to achieve continuous interface between water
and oil without phase separation. However, the increased
water content decreased the viscosity of the overall ink,
which would affect the 3D printability of inks. Overall,
we selected three samples (Ink A contains 25% water
with 10% (w/w) oil, Ink B contains 25% water with
12.5% (w/w) oil, and Ink C contains 33% water with
10% oil (w/w)) for the characterization of the rheological
properties to ensure the 3D printability by cold extrusion.

International Journal of Bioprinting (2021)—Volume 7, Issue 2

4.2. Rheological characterization of coconut
cream ink

Next, we studied the rheological properties of the inks.
Rheological properties such as yield stress and storage
modulus (G’) are important to determine the printability
of ink™!. The yield stress of the ink is the minimum
shear stress needed to initiate flow in DIW 3D printing.
G’ is a measure of mechanical strength at rest condition
which determines the structural integrity of the printed
material after deposition. The rheological properties were
determined using the same method described in previous
work™l, All inks displayed shear thinning property,
where the viscosity decreased from an order of 10° to 10°
Pa-s with increasing shear rates between 0.01 and 100 s™!
(Figure 2A). Shear-thinning properties are desirable for
the extrusion of ink from the nozzle on applied pressure.
The increase in water content from 25 to 33% (w/w)
resulted in a reduced viscosity due to the weakened
colloidal network caused by lower ratios of emulsifier.
Similarly, the increase in the oil content from 10 to 12.5%
(w/w) led to a decreased viscosity. We also observed mild
oil separation in Ink B presumably due to the weakened
colloidal network within the ink.

The previous studies have suggested that the inks
with the yield stress of 106-330 Pa and the storage
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Figure 2. Rheological characterization and printability of coconut cream ink (Ink A contains 25% water with 10% (w/w) oil, ink B contains
25% water with 12.5% (w/w) oil, and ink C contains 33% water wi 10% (w/w) oil. (A) Viscosity as a function of applied shear rate.
(B) Storage moduli (G’) and loss moduli (G ”) as a function of applied oscillatory shear stress. (C) Top and front views of printed cube.

(Scale bar: 5 mm).

modulus of 167049000 Pa were printable using a DIW
printer!'222241 The addition of oil led to a decrease of
yield stress from 216 Pa to 160 Pa while the addition of
water led to a decrease from 216 Pato 53 Pa (Table 1). The
decrease in yield stress implied that the particle network
within the ink was weakened. A sufficiently high value of
yield stress allowed to maintain the material in its shape
and position after being printed without lateral spreading.
The yield stress of Ink C did not meet the yield stress from
the previous work?!; it was hence not deemed printable,
which was subsequently experimentally confirmed.

The values of G’ were higher than the values of G”
in the linear viscoelastic region for all coconut cream inks
which indicated that the inks have solid-like behaviors.
They allow the deposited inks to self-support themselves
(Figure 2B). Ink C exhibited the lower G’ than Inks A
and B (Table 1); this difference suggested that the bond
strength within the ink matrix was the weakest and would
not be able to hold its shape as much as the other two inks.
The high values of G’ suggested strong intermolecular
bonds within the ink that permit to hold the structures of
the printed inks. Both G’and G ” started to deviate from
linearity due to the deformation of the bonds within the
ink, suggesting the flow of the ink. In this observation,
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Table 1. Rheological properties of coconut cream inks. All values
were calculated as means (+ standard deviations).

Sample Yield Storage
stress (Pa) modulus (Pa)

25% water with 216 £35° 2520 £ 122¢°

10% (w/w) oil (Ink A)

25% water with 160 + 442 2750 +23°

12.5% (w/w) oil (Ink B)

33% water with 53 £ 20 1320 £ 65¢

10% (w/w) oil (Ink C)

+b¢ Means that do not share a superscripted letter are significantly different
at p<0.05

all Inks A, B, and C possessed solid-like behaviors which
would allow the printed materials to retain their shapes.

4.3. 3D printability of coconut cream ink

A printable ink should display shear thinning behavior
and no spreading of ink that allows the printed material
to retain its shape. We printed mesh structures (20 mm
x 20 mm x 20 mm) with Inks A, B, and C to verify the
ability of the inks to self-sustain the printed structures with
fidelity (Figure 2C). In this design of the 3D model (i.e.,
mesh grid), the spreading of inks results in the reduction
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in the space surrounded by the printed ink. Based on the
rheological characterization, Ink C exhibited the lowest
yield stress and storage modulus; Ink C exhibited more
lateral spreading than Inks A and B. In crucial constant,
no lateral spreading of ink was observed for structures
printed with Inks A and B; the printed structures were well
maintained. Despite the good printability, we observed
the phase separation of the oil from the structures
printed in Ink B over time, which was also previously
characterized (Figure 1). While the current study focused
on characterizing the rheological properties of different
coconut inks for their printability, other parameters
such as dispensing pressure, nozzle velocity, and nozzle
diameter would affect the dimension of the printed inks,
which is essential to achieve print fidelity*. Overall,
we identified that Ink A was the promising candidate to
perform cold extrusion to create complex 3D structures.
Finally, we demonstrated the fabrication of various
3D structures with Ink A using the DIW printer. All printed
structures are shown (Figure 3). The deposited inks
exhibited structural integrity, and all printed structures
were self-supporting. In this demonstration, we also
printed a humanoid structure with overhang features and
the deposited material was able to maintain the structure

Figure 3. DIW 3D printed models with coconut cream ink A. (A)
humanoid, (B) wheel, (C) pyramids, and (D) dragon (All scale
bars: 5 mm)

without any support. Thus, it is important to ensure that
the yield stress and storage modulus are sufficiently high
to allow the ink to self-support themselves on deposition.
These observations confirmed the printability of Ink A
that was suitable to create 3D food structures.

4.4. Texture profile analysis

We characterized the textural properties of the inks. We
printed mesh structures with the dimensions of 20 mm x
20 mm x 20 mm with Inks A, B, and C and performed
a double compression test to mimic the biting behavior
of humans. The hardness decreased from 0.60 N (Ink
A) to 0.35 N (Ink C) and the chewiness also decreased
from 0.33 (Ink A) to 0.14 (Ink C), which correlated to
the increase in water content (Table 2). As the oil content
increased, there was no significant change in hardness
and chewiness between Ink A and B. There were no
significant changes in adhesiveness and cohesiveness
of the inks in response to the addition of neither oil nor
water for the range of parameters we investigated.

TPA suggested that hardness and chewiness could
be varied by adding water. However, the rheological
properties of the inks would be simultaneously
compromised, which affected the printability of the inks.
For example, the hardness of structures printed with Ink C
was lower than that of Ink A but the rheological properties
of Ink C were not adequate for 3D printing, which
caused the inks to spread on deposition (Figure 2C). The
previous studies reported that textural properties could be
controlled by varying geometrical and process parameters
such as infill density and nozzle diameter™!. Overall, the
desired textural properties should be achieved by altering
material properties as well as designing the structures of
the printed material, which are under investigation.

5. Conclusions

This paper discussed the 3D printing of coconut
cream added with coconut oil using a DIW 3D printer.
3D-printable coconut cream inks were formulated with
additional coconut oil without causing oil separation,
and 3D structures were fabricated at room temperature.
We conducted oil separation tests to determine the limits
of the amount of oil that could be added into the inks at
different water concentrations because the stability of the
ink was crucial to ensure smooth extrusion of material.

Table 2. Texture profile analysis of coconut cream inks. All values were calculated as means (+ standard deviations).

Sample Hardness (N) Adhesiveness (mJ) Cohesiveness Chewiness Index
25% water with 10% (w/w) oil (Ink A) 0.60 +0.022 2.95+0.35° 0.48 +£0.02° 0.33+0.01*
25% water with 12.5% (w/w) oil (Ink B) ~ 0.51 0.08® 2.30 + 0° 0.46 + 0.03 0.23 + 0.06%
33% water with 10% (w/w) oil (Ink C) 0.35+0.02° 2.25+£0.21° 0.42 £ 0.06 0.14 £ 0.04°
abcMeans that do not share a superscripted letter are significantly different at p<0.05
International Journal of Bioprinting (2021)—Volume 7, Issue 2 119
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The oil separation ratio increased as the concentration
of the oil increased. Rheological characterization of the
selected formulation of the coconut inks was performed
to determine the yield stress and storage modulus
of the inks. The textural properties of the inks were
characterized to determine the hardness, adhesiveness,
cohesiveness, and chewiness indexes. Coconut cream
inks of 25% water content with 10% (w/w) added coconut
oil did not exhibit oil separation and were suitable for
DIW 3D printing with a yield stress of 216 Pa and
storage modulus of 2520 Pa. Using the ink, we fabricated
various 3D structures, and all printed structures were
able to maintain its shape.

The nutrients of coconut cream are considered
to be advantageous to human health. The antioxidant
properties of coconut cream boost the immune system
that could prevent and treat infections. Coconut oil serves
as an alternative source of oil that reduces the risk of
cardiovascular disease. This method offered a simple route
to control the rheological properties and stability of the
food inks and fabricate 3D colloidal food with personalized
oil content. Our study demonstrated 3D printing of high-
oil-content foods, which offers potential applications in the
personalization of foods tailored for individual nutritional
needs and preferences through 3D food printing.
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