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We developed a method to perform direct ink writing (DIW) three-dimensional (3D) printing of milk
products at room temperature by changing the rheological properties of the printing ink. 3D printing of
food products has been demonstrated by different methods such as selective laser sintering (SLS) and
hot-melt extrusion. Methods requiring high temperatures are, however, not suitable to creating 3D
models consisting of temperature-sensitive nutrients. Milk is an example of such foods rich in nutrients
such as calcium and protein that would be temperature sensitive. Cold-extrusion is an alternative
method of 3D printing, but it requires the addition of rheology modifiers and the optimization of the
multiple components. To address this limitation, we demonstrated DIW 3D printing of milk by cold-
extrusion with a simple formulation of the milk ink. Our method relies on only one milk product
(powdered milk). We formulated 70 w/w% milk ink and successfully fabricated complex 3D structures.
Extending our method, we demonstrated multi-material printing and created food with various edible

materials. Given the versatility of the demonstrated method, we envision that cold extrusion of food inks
Received 7th June 2020 il b lied i ti triti d vi n l food ith tential licati .
Accepted 2nd July 2020 will be applied in creating nutritious and visually appealing food, with potential applications in

formulating foods with various needs for nutrition and materials properties, where food inks could be

DOI: 10.1035/d0ra05035k extruded at room temperature without compromising the nutrients that would be degraded at elevated
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Introduction

This paper describes a method to perform 3D printing of milk-
based products using a direct ink writing (DIW) 3D printer by
changing the rheological properties of the printing ink (that we
termed milk inks). We applied this method to 3D-print milk ink
formulated from commercially available milk powders without
additives. The formulated milk inks were in the form of pastes
at room temperature. While previous work has shown 3D
printing of milk with additives such as xanthan gum,* our work
focused on the formulation of 3D printable milk inks with
minimum additives. To this end, the ink studied in this work
entirely consisted of powdered milk and water. We studied the
effect of the concentration of the milk powders on the rheo-
logical properties of the milk inks and the printability of the
milk inks by DIW 3D printing. We successfully 3D-printed
structures with inks containing 70-75 w/w% of milk powders.
3D printing allows layer-by-layer fabrication of 3D structures
using materials specific to the mechanism of printing, ranging
from thermoplastics and hydrogels.>* This technology is
applied across diverse fields of engineering, including bio-

“Pillar of Engineering Product Development, Singapore University of Technology and
Design, 8 Somapah Rd, Singapore 487372, Singapore. E-mail: hashimoto@sutd.edu.sg
*SUTD-MIT International Design Centre (IDC), Singapore University of Technology and
Design, 8 Somapah Rd, Singapore 487372, Singapore

‘Digital Manufacturing and Design (DManD) Centre, Singapore University of
Technology and Design, 8 Somapah Rd, Singapore 487372, Singapore

This journal is © The Royal Society of Chemistry 2020

printing to create new organs,™® metal printing to create aero-
plane parts,” concrete printing to construct houses® and mate-
rials printing to create electronic devices® and microfluidic
devices.""* Food printing is one of the emerging applica-
tions;'>** 3D food printing allows customizing nutrients based
on individual needs,''** fabricating aesthetically pleasing
food,'® and modifying internal structures of the food."” Different
mechanisms of 3D printing have been demonstrated for food
printing; selective laser sintering (SLS) applies a laser to melt
and fuse powder particles. In SLS, the printable materials are
limited to those based on sugars and fats to ensure thermal
fusion by laser sintering.'® Alternatively, extrusion-based
methods have been widely used in food printing because of
their flexibility to dispense liquid-based food materials.'*** Hot-
melt extrusion has been one of the most widely-used methods of
extrusion-based food.?” Methods such as hot-melt extrusion and
SLS are not always suitable to model temperature-sensitive
food, however, because they require the elevated temperature
to melt food samples. For example, milk is rich in nutrients
such as calcium and protein that would be temperature sensi-
tive, and not compatible with the process involving high
temperature.

Cold extrusion requires food additives to alter the rheolog-
ical properties of the food ink.**** In cold extrusion, 3D printing
relies solely on the rheology of ink. The viscosity, yield stress,
and storage modulus of the ink are essential parameters for
DIW to determine the printability and structure integrity of the
printed structures. Additives are commonly included in food
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ink to alter the rheological properties for cold extrusion. In one
work, researchers added xanthan gum and k-carrageenan gum
into mashed potatoes to print self-supporting structures.*
Alternatively, researchers added glycerol, xanthan gum, and
whey protein isolate with milk powder to facilitate printing.!
These works involved the use of additives to maintain the
fidelity of the printed structures. As such, there are increasing
interests to 3D-print temperature sensitive food materials via
cold extrusion. Currently available food inks for cold extrusion
contain multiple additives with pre-identified concentrations,
which entails complexity that requires judicious optimization to
achieve the printability.

To overcome the challenges to 3D-print temperature sensi-
tive food, we demonstrated cold extrusion of food inks via
simple alternation of rheological properties without extensive
use of additives. We selected a milk product as an example of
our demonstration. The formulated milk ink is based on
a single milk-based ingredient that controls the rheological
properties of its own ink. To the best of our knowledge,
demonstration of 3D printing of milk without additional rheo-
logical modifiers at room temperature has not been shown. The
rheological properties of milk ink were modified by adjusting
the concentration of milk powder, which was characterized and
evaluated for the printability. With inks containing 70-75 w/w%
of milk powders, we successfully printed complex 3D structures.
Extending the demonstration, we achieved multi-material
printing with milk ink and other edible inks. The principles
and methods presented here should be applicable to other
edible inks for the DIW 3D printing at room temperature, which
should find a wide range of applications in the customized
fabrication of food products by 3D printing. Our work demon-
strated a simple way to modify the rheology of food inks. We
believe this capability will contribute to unlock full potential of
3D printing of foods such as customization of texture and
personalization of nutrition.

Results and discussion
Rheological characterization of milk ink

3D food printing is commonly demonstrated with the hot-melt
extrusion that requires temperature-sensitive food material such
as chocolate.® In this work, we use milk as an example to
demonstrate cold extrusion (Fig. 1). Understanding the rheology of
the materials is critical to determine the printability of the ink by
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cold extrusion.”” A printable ink should exhibit shear-thinning
behavior, where the viscosity is low at a high shear rate to allow
extrusion of ink from the nozzle. It has been reported that inks
with viscosity more than 100 Pa s were printed using a DIW
printer.”** We initially studied the rheological properties of the
formulated inks. The values of the viscosity of milk ink with
different concentrations (10-75 w/w%, denoting 10 w/w% as M10,
etc.) were plotted as a function of shear rate (Fig. 2A and Table 1).
The addition of milk powder increased the viscosity of the inks
from 0.51 & 0.46 Pa s (M10) to 46 291.77 + 5626.42 Pa s (M75). The
viscosity of M60, M65, M70, and M75 decreased as the shear rate
increased, suggesting that the formulated milk inks were shear-
thinning and pseudoplastic fluids. The yield stress of the ink is
a crucial parameter in DIW 3D printing; it is the minimum shear
stress required to initiate flow; the flow of the ink suggested the
loss of the cohesion among the colloidal particles due to van der
Waals interactions.® As the concentration of milk powder
increased, the yield stress also increased from 0.01 + 0 Pa (M10) to
330.57 £ 23.64 Pa (M75). The increase in yield stress implied that
the colloidal network within the ink was enhanced as the
concentration of milk powder increased. The mesh structures
printed using inks of M10, M60, and M65 spread due to low yield
stress (0.01 £ 0 Pa for M10, 11.15 + 2.21 Pa for M60, 78.23 £ 5.57
Pa for M65) (Fig. 3). The mesh structures printed using inks of M70
and M75 were maintained due to high yield stress (105.95 + 13.21
Pa for M70 and 330.57 + 23.64 Pa for M75) (Fig. 3). These obser-
vations suggested that a high value of yield stress allowed main-
taining the printed structures of the materials.

To understand the degree of non-Newtonian characteristics,
the Herschel-Bulkley model was applied to describe the rheo-
logical behavior of the formulated milk inks.**

o =0y + KY"

logio(0 — ay) = log oK + n logoy

The shear-rate and shear-stress were subjected to curve fitting
to Herschel-Bulkley model to obtain flow behavior index (n) and
flow consistency index (K) where n indicates the degree of non-
Newtonian characteristics of the fluid and K indicates the degree
of viscosity of the fluid. n < 1 indicates that the fluid exhibits shear
thinning behavior, and n > 1 indicates that the fluid exhibits shear
thickening behavior. n = 1 indicates that the fluid is a Newtonian
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Fig.1 A setup for direct ink writing (DIW) 3D printing for cold extrusion. (A) A photograph of a DIW printer used in the experiment. (B) A schematic
illustration of DIW of mesh structure with milk ink onto a glass substrate.
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Fig. 2 Rheological characterization of the milk ink (10-75 w/w%; 10 w/w% was denoted as M10, etc.). (A) Viscosity (u) as a function of applied
shear rate (7). (B) Storage moduli (G') and loss moduli (G”) as a function of applied oscillatory shear stress (a). (C) Thixotropic loop test measuring
the shear stress (g) as a function of increasing (solid symbols) and decreasing (open symbols) shear rates (7). (D) Stress ramp test for ink M60 to

determine its yield stress at 25 °C.

fluid. Yield stress (o) was taken as the intersection point of the two
tangent lines, one in the linear region of viscosity and the other
where viscosity decreased drastically (Fig. 2D). The K and n were
obtained by plotting log;,(¢ — 0,) against log 17 and fitting the
best linear line; the y-intercept of the line was the value of n, and
the gradient was the value of K. The values of n were all less than 1
(Table 1), indicating that all formulated milk inks exhibited shear-
thinning behavior. The values of n of M10 were 0.86 + 0.12; this
value was close to the value of 1, indicating that it had a low degree
of shear-thinning behavior. The low yield stress of ink of M10 (0.01
=+ 0 Pa) caused leakage of ink from the nozzle. As the concentration
of the milk powders increased, K also increased. The increase of K

suggested increased mechanical strength of the ink at rest to hold
the printed structures,* which ensured the printability of the ink.

Oscillation amplitude tests were performed to determine the
storage modulus (G') and loss modulus (G”). These values
allowed us to understand the viscoelastic property of the ink
matrix. We observed that G’ lay on the plateau in the linear
viscoelastic region (LVR) (Fig. 2B). In this region, the colloidal
network within the ink remained intact due to their elastic
behavior. The G’ in this region is a measure of mechanical
strength at rest, which is a critical parameter that determines
the structural integrity of the printed material after deposition.
As the concentration of milk powder increased, G' increased

Table 1 Yield stress and parameters of Herschel-Bulkley model of milk inks with different concentrations. All values were calculated as means

(£standard deviations)

Sample M10 M60

Viscosity u [Pa s] 0.51 =+ 0.46 438.26 + 64.59
Yield stress oy [Pa] 0.01 +0 11.15 + 2.21
Flow behavior index n 0.86 + 0.12 0.35 £ 0.01
Consistency index K [Pa s"] 0.02 + 0.01 37.07 £ 1.46

This journal is © The Royal Society of Chemistry 2020

M65 M70 M75
11 528.53 £ 486.25 19 374.37 £ 1443.11 46 291.77 £ 5626.42
78.23 £ 5.57 105.95 £+ 13.21 330.57 + 23.64
0.56 £ 0.03 0.64 £+ 0.12 0.50 £ 0.07

422.01 £ 56.95 950.10 + 125.06 2702.13 £+ 723.88
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Table 2 Oscillatory amplitude sweep test results tested at 25 °C. All values were calculated as means (+standard deviations)

Sample M10 M60 M65 M70 M75

Storage modulus G’ [Pa] — 187.86 + 105.81 7131.80 + 346.12 18 894.33 + 2942.75 47 843.67 + 11 612.42
Crossover stress G' = G" [Pa] — 56.21 + 31.28 631.23 + 2.68 921.09 + 34.55 3692.31 + 337.39
Critical stress o, [Pa] — 4.10 + 0.09 63.13 £ 0 100.01 4+ 0 251.19 + 0.01

Table 3 Thixotropic parameters for the milk inks with different concentrations tested at 25 °C. All values were calculated as means (+standard

deviations)

M60
165.73 + 57.33

Sample M10
Thixotropic loop area [Pa s~ '] —

from 56.21 + 31.28 Pa (M60) to 3692.31 £ 337.39 Pa (M75)
(Table 2). The higher G’ suggested the stronger bonds and the
higher printability of the ink. The values of G’ were higher than
the values of G” for all milk inks except M10. This observation
indicated that the milk inks possessed solid-like behaviors,
which allowed the printed material to retain its shape.

Finally, thixotropic loop tests were performed to understand
the time-dependent breakdown and recovery of the micro-
structure of the milk inks. The inbound area between the
ascending and descending curve of the thixotropy loop was
measured as the scale of thixotropy (Fig. 2C).** The addition of
milk powder increased the thixotropy loop area from 165.73 +
57.33 Pa s~ (M60) to 16 084.94 + 2145.34 Pa s~ ' (M75) (Table
3). We observed less spreading of printed mesh structures as the
concentration of milk ink increased (Fig. 3). The reduced
spreading of the ink suggested improved recovery of the
colloidal network within the ink, which suggested that the
degree of thixotropy increased with the increase in the
concentration of the milk powder.

Printability of milk ink

In DIW 3D printing, the desirable ink should have two charac-
teristics: (1) exhibiting shear-thinning behavior and (2)

M10

M60

3D Model

S

.=ﬂ

S s s=
= | = |

M65
2701.76 £ 462.77

M70
6027.87 £ 376.78

M75
16 084.94 + 2145.34

maintaining its shape upon deposition. We confirmed that the
values of n of the ink were less than 1 to ensure shear-thinning
characteristics (Table 1). At the same time, the same ink should
have high yield stress and storage modulus to ensure the
printed material to retain its shape and maintaining structural
integrity. In order to verify the printability of the inks, we
printed mesh structures. The low yield stress of ink of M10
caused the ink to yield to the gravitational force, and the ink
leaked from the nozzle without applied pressure. Thus, the ink
of M10 was not suitable to form defined layers and to create 3D
models. The mesh structures printed using inks of M10, M60,
and M65 spread due to low yield stress (Fig. 3). The mesh
structures printed using inks of M70 and M75 were maintained
due to high yield stress (Fig. 3). M70 was less viscous than M75;
under similar printing conditions, M70 was extruded more
smoothly than M75, which was apparent from discontinuous
edges of the printed structures. While this paper focused on
characterizing rheological properties of different milk inks,
other parameters such as (1) dispensing pressure, (2) nozzle
velocity, and (3) nozzle diameter were also essential to deter-
mine the amount of the food inks extruded from the moving
nozzle and achieve the print fidelity.

M70 M75

Fig. 3 Optical images of the DIW 3D-printed models of milk. The effects of the concentration of milk on the spreading of the printed ink were
evident from the printed models. The mesh structures printed with inks of M10, M60, and M65 spread and filled the gaps. The printed mesh
structures were maintained after printing with M70 and M75 (all scale bar: 5 mm).
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These observations suggested that M70 and M75 were the
candidates to perform 3D printing of complex structures
(Fig. 4). We fabricated 3D model of a couch using inks of M65,
M?70, and M75 (Fig. 4A). The structure printed with ink M65 was
not able to hold its shape due to low yield stress and storage
modulus. The structures printed with ink M70 and M75 were
able to hold its shape due to high yield stress and storage

FRONT

3D MODEL

M70

M75
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modulus. Both inks were suitable to create 3D structures, while
the yield stress and storage modulus of M70 were sufficient to
allow the printed structure to hold its shape. We printed other
geometries with the ink of M70, and the structures were able to
support itself without deforming (Fig. 4B-D). We note that M70
required less pressure than M75 for extrusion (because M70 was
less viscous than M75), which would be practically preferred

ISOMETRIC

Fig. 4 Optical images of the 3D printed complex structures. (A) Front, side, back, and isometric views of the 3D models and printed structures
with inks of M60, M70, and M75. (B-D) Printed structures of the fortress, wheel, and cloverleaf, respectively, with the ink of M70 (all scale bar: 5

mm).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 3D-printed multi-food models. (A) Schematic illustration of multi-material DIW 3D printing. (B) 3D structure of a couch printed with milk
and chocolate inks at different layers. (C) 3D printed cone containing liquid chocolate syrup as an internal filling. (D) 3D printed cube with four
compartments containing liquid blueberry syrup, liquid chocolate syrup, milk cream, maple syrup as internal fillings (all scale bar: 5 mm).

when the operation of the instrument was limited to certain
pressure. Overall, the use of milk powder without additional
additive was demonstrated to formulate 3D-printable food inks
via cold extrusion.

Multi-food printing

Finally, we demonstrated multi-material printing using the
DIW printer equipped with two independent syringes. A sche-
matic illustration of the multi-food printing is shown (Fig. 5A).
In multi-food printing, 3D models were was printed using
multiple syringes containing different food inks. We demon-
strated printing a 3D structure of a couch with milk ink and
chocolate inks at different layers (Fig. 5B). The first few layers
were printed with the milk ink, followed by a few layers with the
chocolate ink. The subsequent layers were printed with the milk
ink again. The rheology of the printable chocolate inks were
studied in the previous work.** Alternatively, 3D printing of the
structures containing different fillings was demonstrated
(Fig. 5B and C). In this demonstration, we used the inks of
chocolate, coconut, maple syrup, and blueberry as the internal
fillings. We produced a 3D model with a rigid enclosure and soft
fillings to provide different textures. In this fabrication, we
printed the bottom layers of the 3D structures with voids using
milk ink. Next, the voids were filled with different inks using
other syringes. Finally, the top layers were printed to close the

29826 | RSC Adv, 2020, 10, 29821-29828

voids. All inks used in this demonstration possessed different
rheological properties while we did not perform the rheological
characterization of the food inks that were used as filling. Those
inks were stably enclosed within the patterns created by M70,
the rheology-modified milk ink. Overall, our method of food 3D
printing was readily extended to multi-food printing to create
3D models with materials possessing various rheological
properties.

Conclusions

We discussed 3D printing of milk-based materials using a DIW
3D printer. 3D printable milk inks were formulated without
additional rheological modifiers, and 3D structures were fabri-
cated via cold extrusion using a DIW 3D printer at room
temperature. We performed rheological characterization to
determine (1) viscosity, (2) yield stress, and (3) storage modulus
of the inks. Milk ink with 70 w/w% milk powder was suitable for
DIW 3D printing with a yield stress of 105.95 + 13.21 Pa and
a storage modulus of 18 894.33 + 2942.75 Pa. The formulated
ink was shear-thinning, with n < 1 in Herschel-Bulkley model,
and capable of maintaining structural integrity upon deposi-
tion. We also demonstrated multi-material printing with milk
ink and other edible inks. This method offered an easy route to
formulate other edible inks without additives and fabricate

This journal is © The Royal Society of Chemistry 2020
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a visually appealing meal without temperature control. Our
method has potential applications in formulating foods with
various needs for nutrition and materials properties, where
food inks could be extruded at room temperature without
compromising the nutrients that would be degraded at elevated
temperatures.

Experimental section/materials and
methods
Preparation of milk ink

Materials used were commercially available milk powder
(Fernleaf Family Milk, Fonterra, Malaysia) and deionized (DI)
water. The samples of the milk ink were prepared by adding
milk powder into deionized water at different weight concen-
trations (M10, M60, M65, M70, and M75; 10 w/w% is denoted as
M10 and etc.). The chocolate ink used in multi-food printing
was formulated by mixing 20 w/w% of cocoa powder (Hershey's
Cocoa, Hershey, USA) with chocolate syrup (Hershey's Syrup,
Hershey, USA). Samples were then mixed thoroughly and
degassed with Thinky Mixer (ARE-250, Thinky Corporation,
Tokyo, Japan) at 25 °C. Other materials used in multi-material
printing included maple syrup (Great Northern Pure Organic
Maple Syrup, Foodsterr, Canada), blueberry syrup (Great
Northern Organic Blueberry Maple Syrup, Foodsterr, Canada)
and milk cream (Fresh Cream, Amul, India), all of which were
used as purchased.

Rheological characterization

The measurement of the rheology of the ink was performed with
an oscillatory rheometer (Discovery Hybrid Rheometer DHR-2,
TA Instruments, Delaware, USA). Parallel plates consisting of
stainless steel with a diameter of 40 mm and a truncation gap of
1000 pm were used for all measurements. Viscosity tests were
conducted by applying a stepwise shear rate ramp for 0.1-2000
s . The stress sweep measurements were conducted with
a logarithmically increasing shear stress at a constant frequency
of 1 Hz over the range of 0.1-4000 Pa to determine the visco-
elastic properties of the samples. Thixotropy loop tests were
conducted with a logarithmically increasing shear rate over the
range of 0.0001-10 s * and then returned with a logarithmically
decreasing shear rate to the initial shear rate. Prior to the test,
all excess material outside the plate was removed to prevent the
edge effects. All rheological measurements were conducted at
25 £ 0.1 °C on triplicate samples.

DIW 3D printing

3D printing was performed using a pneumatic DIW printer
(SHOTmini 200 Sx, Musashi Engineering, Inc., Tokyo Japan).
MuCAD V (Musashi Engineering, Inc., Tokyo, Japan) software
was used in conjunction with the DIW printer to control the
toolpath and speed of the nozzle. The DIW printer was enclosed
in a chamber to maintain a sterile environment. 3D models
were obtained from Thingiverse, a public repository of 3D
printable models, or designed on Solidworks (Dassault
Systemes, Waltham, MA, USA). 3D model designed on

This journal is © The Royal Society of Chemistry 2020
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Solidworks was then converted to stereolithography (STL) file
format in the software itself, while the 3D model obtained from
Thingiverse was downloaded in the STL format. The STL model
was imported to Slic3r, an open-source software that slices
model, into 200-500 pm thick layers. The software generated G-
code for 3D printing. G-code was converted to MuCAD V code
via a script written in Python and loaded to the DIW printer. All
samples were loaded into a 50 mL luer-lock dispensing barrel
fitted with the nozzles of the fixed diameters (22-27 G, Bir-
mingham gauge). The barrel was then placed onto the syringe
holder on the DIW printer. The substrates used in this work
were glass substrates. Prior to printing, the standoff distance
between the substrate and nozzle was calibrated to the layer
thickness, 200-500 um, depending on the viscosity of the milk
ink. A height feeler gauge was used to control the standoff
distance accurately. The printer was programmed manually to
lower the nozzle until the tip touched the height feeler gauge.
The printing speed and dispensing pressure were also cali-
brated according to the viscosity of the milk ink. All printings
were performed at room temperature.
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