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Despite recent advancements in 3D printing, the fabrication of three-dimensional tubular structures with soft
materials remains challenging due to the difficulty of maintaining shape fidelity in the printed structures.
Here, we designed and printed porous tubular structures based on Liquid-Liquid Phase Separation (LLPS) in a
tertiary system via Direct Ink Writing (DIW). The main highlight of this work lies in the approach that incurs
the 3D printing of soft polymers in the solution phase in a liquid bath that is miscible with the solvent ink but
immiscible with the polymer. This leads to spontaneous solidification, resulting in structures with hierarchical
internal porosity using different polymer concentrations. A ternary phase diagram was established to determine
the solvent-polymer-nonsolvent composition that can potentially undergo a phase separation during the process
of printing. Further to the selection of composition, rheological analysis of the solution corresponding to the
composition was performed to understand their suitability for printing. The ternary diagram also helped in
choosing the appropriate composition for obtaining the necessary pore characteristics of the printed structures.
The idea of omnidirectional printing inside a suspension gel medium also helped to fabricate free-form complex
shapes without any additional physical support. This work, therefore, provides a simple route to fabricate 3D
free-form structures of a soft polymer, which can serve as a useful technique for DIW-based fabrication of soft
robotic components and flexible wearable devices, as well as in-vivo organ and scaffold printing.

drugs [11]. Porosity in tissue engineering affects cell adhesion, mi-
gration, and proliferation, as well as the mechanical integrity of the

1. Introduction

Additive manufacturing, or 3D printing, has evolved into a versatile
technique for creating complex, functional 3D structures from a variety
of materials, including metals [1], ceramics [2], and polymers [3].
The advancement of 3D printing technology has made it possible to
directly manufacture functional soft structures, particularly for soft
polymer materials with complex polymerization properties [4]. How-
ever, 3D printing and the use of soft polymers are still in their infancy.
Previous research has identified a number of challenges including a lim-
ited choice of printable materials, poor printing resolution and speed
for direct-ink writing, and inferior functionalities [5,6]. Therefore,
new emerging approaches must be developed to release the enormous
potential of 3D printing of soft polymers.

Soft polymer structures with tailored porous architecture have
unique advantages for developing a variety of applications including
lightweight structures [7], vibration-absorptive materials [8], cata-
lyst supports [9], tissue scaffolds [10] and for controlled release of

tissue scaffolds [12,13]. Highly porous structures are crucial as they
support and facilitate the uniform distribution of cells. However, it
reduces the overall strength of the scaffold [14-16]. Therefore, it is
necessary to optimize the mechanical strength and porosity to achieve
an optimal balance. Apart from conventional techniques (phase sepa-
ration, freeze-drying, salt leaching, emulsification), several strategies,
including some basic methods (control over sol-gel and post-processing
strategies) and various templating methods, have been reported to
fabricate porous structures [17]. These methods have been useful for
fabricating materials with a wide range of porosity from 1 pm to 100 pm.
However, fabricating intricate architecture using the above methods
requires the design and fabrication of complex moulds. Furthermore,
the parameters of these moulding techniques exhibit complex relations
with the porosity that is not practical to engineer the desired porous
structure easily.

* Corresponding author at: Department of Applied Mechanics and Biomedical Engineering, Indian Institute of Technology Madras, Chennai 600036, India.

E-mail address: pijush@iitm.ac.in (P. Ghosh).

https://doi.org/10.1016/j.jmapro.2024.11.065

Received 2 September 2024; Received in revised form 24 October 2024; Accepted 21 November 2024

Available online 12 December 2024

1526-6125/© 2024 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training,

and similar technologies.


https://www.elsevier.com/locate/manpro
https://www.elsevier.com/locate/manpro
https://orcid.org/0000-0002-1156-3154
https://orcid.org/0009-0001-0934-3988
https://orcid.org/0000-0002-7976-952X
https://orcid.org/0000-0002-6077-6498
mailto:pijush@iitm.ac.in
https://doi.org/10.1016/j.jmapro.2024.11.065
https://doi.org/10.1016/j.jmapro.2024.11.065
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmapro.2024.11.065&domain=pdf

S. Parimita et al.

Although studies have demonstrated that porous structures may be
created directly through the 3D printing process [18], these pores are
often macroscopic, which further restricts the control over the total
porosity. Alternatively, a creative approach to get around the above
problem and get porosity over multiple length scales is to print com-
posites packed with removable particles/components and then remove
these sacrificial components. However, the removal of these sacrificial
components is a challenge for geometrically complex structures.

Liquid-Liquid Phase Separation (LLPS) is one of the various pro-
cesses available for designing and developing porous polymer films em-
ploying soft polymer materials [19,20]. This process is easier, quicker,
less expensive, and more adaptable in terms of material selection and
control over the shape of the porous polymer matrix. The LLPS tech-
nique involves maintaining a homogenous polymer-solvent-nonsolvent
combination at a fixed temperature and humidity for complete diffusion
of both solvent and nonsolvent. Generally, the mixture is selected such
that the rate of diffusion of solvent is faster than that of nonsolvent.
This leads to an increase in the concentration of nonsolvent in the mix-
ture. As a result, two different phases emerge: the polymer-rich phase
and the polymer-lean phase. While the polymer-lean phase, which is
rich in nonsolvent, creates pores in the matrix, the polymer-rich phase
forms the solid film or matrix [21]. Depending on combinations of
mixture and environmental conditions, a polymer matrix with varying
pore morphologies can be obtained [22]. Structures with asymmetric,
symmetric, and hierarchical pores can be prepared using this technique.
This technique has been widely exploited for casting thin films/ mem-
branes for applications in photonics [23], cell cultivation [24], energy
storage and conversion [25], and drug delivery [26].

Direct Ink Writing (DIW)is one of the versatile LLPS-based 3D
printing techniques for fabricating soft structures. Attempts have been
made in the recent past to print complex structures in a suspension
bath medium using embedded ink writing [27,28]. It is of interest to
understand the mechanism of 3D printing of soft polymers using LLPS
and for further exploration to fabricate complex structures.

This work presents the application of direct ink writing 3D printing
utilizing LLPS. A suspension medium (bath) in DIW 3D printing was
employed to solidify the printed ink by extracting the solvent through
LLPS, resulting in porous structures. We performed DIW 3D printing of
TPU with DMF as a solvent in a water-based suspension media (as a
non-solvent). A detailed study was investigated using a ternary phase
diagram to understand the influence of polymer-solvent-nonsolvent
composition on the printability of ink. The printability of different
architectures was analysed by varying the concentration of TPU. This
method is a one-step fabrication process to achieve complex hierar-
chical porous structures embedded in TPU. The mechanical strength
of the structures can be modulated by the inclusion of pores within a
single material system and also finds application in cell culture [12,
13], tissue engineering scaffolds [14-16], and components for EMI
shielding [29,30]. This study provides insight and guidelines to identify
different processing parameters required for the successful 3D printing
of complex architectures from soft polymer based on LLPS.

2. Materials and methodology

The thermoplastic granules with shore hardness 92 A (LARIPUR LPR
9020) were purchased from Anoopam India Pvt. Ltd. All the chemicals
and reagents, i.e., N, N- Dimethyl formamide (DMF) and carboxymethyl
cellulose powder were purchased from SRL Chemicals Pvt. Ltd.

2.1. Preparation of printing inks

The ink was prepared using different compositions (10 to 70 w/v
% with a regular interval of 10) of thermoplastic polyurethane (TPU)
granules in N, N- Dimethyl formamide (DMF) as solvent. The TPU
granules were added to DMF solvent and mixed homogeneously for 4 h
using a mechanical stirrer at a temperature of 80 °C. The TPU ink was
centrifuged at 3000 rpm for 15 min to remove the air bubbles. The
acrylic colour was added to the ink for better visibility during printing.
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2.2. Preparation of supporting media (bath)

To improve the efficiency of 3D printing of soft polymer, a sus-
pension media was used for under bath printing of low viscous ink.
Water and water-based suspension media were used as non-solvent for
the TPU-DMF model ink. DI water was used as a suspension medium
for rapid curing action. The polymer-solvent(TPU-DMF) demixing in
the polymer-solvent-non-solvent(TPU-DMF-water) was analysed using
titration method and explained using a ternary phase diagram. The
carboxymethyl cellulose(CMC) gel was prepared as supporting media
by adding different compositions(1%—-6% w/v) of CMC in DI water. The
desired concentration of CMC powder was added to deionized (DI) wa-
ter. The dispersion was then mixed homogeneously using a mechanical
stirrer at 1000 rpm to completely wet the CMC particles. The gel was
then degassed to remove the air bubbles. The vat containing supporting
media was kept in a desiccator, and a negative pressure was applied for
2-3 h to remove the air bubbles.

2.3. Viscoelastic characterization of printing inks and supporting media

Rheological characterizations were conducted to study the printabil-
ity of the TPU ink in suspension media. The viscosity of the polymer
inks was determined using a rotational rheometer (MCR301, Anton
Paar, Austria) using a 25 mm parallel plate with a measurement gap
of 1 mm. To study the shear-thinning property, the viscosity of the
tested TPU ink was measured at shear rates ranging from 0.1 to
1000 s~1. DI water and CMC gel were used as suspension media. A
rheometer was used to characterize the steady-state shear viscosity (as
explained above). Strain sweeps from 0.1% to 1000% at a frequency
of 1 Hz was performed to determine the storage and loss moduli. All
rheological characterization was carried out at ambient temperature
(25 °C) and under atmospheric pressure (the working temperature of
the 3D printer).

2.4. Set-up for rapid liquid printing in supporting medium

A custom-built design direct-ink writing(DIW) 3D printer was used
for printing the samples. The flatbed was replaced with a vat containing
the supporting media for the under-bath printing (as shown in Fig. 1).
The TPU ink of different concentrations were loaded into a 50 ml
syringe and mounted to the printer head. A 15G nozzle with an inner
diameter of 1.5 mm and 50 mm gauge length was used for printing
inside the supporting media.

Two printing strategies were adopted, layer-by-layer and free-form
building. The former approach utilized ‘SolidWorks™ to build the
part geometry and ‘Ultimaker Cura’ to slice the layers. The free-form
printing is continuous wherein the printing trajectories were generated
using ‘SolidWorks™’. These trajectories were discretized into points and
constructed to G-code using ‘Matlab™ software.

2.5. Evaluation of printed ink patterns in suspension medium

The performance was studied by printing a 20 mm straight line with
different concentrations of TPU ink inside the suspension medium. A
parametric study was performed, the details of which are tabulated in
Table 1. The parametric range in Table 1 is based on successful printing
during preliminary studies. The interface bonding between multiple
layers was evaluated by printing a grid-like structure. All the printing
was independently repeated at least three times. All images and videos
of the experiments were captured in real-time (using a 64megapixel
camera, resolution of 1440 * 1440 and at a rate of 30 fps).

After printing, the structure was immersed in the supporting media
for 30 min to guarantee that the solvent from the polymer ink had been
entirely removed. The residence duration of the printed object in the
supporting media was measured by manually monitoring its solidifica-
tion at various time intervals and characterized by thermogravimetric
analysis (TGA)(explained in supplementary section S2). The printed
samples were washed with DI water and dried for further analysis.
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Fig. 1. A schematic representation of the custom-built design direct-ink writing(DIW) 3D printer for rapid liquid printing in supporting medium.
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Fig. 2. Schematic illustration of printing the structure inside a suspension bath medium using a direct-ink writing 3D printer.

Table 1

Optimized printing parameters for printing TPU structures in suspension media.
Parameter Value Unit
Concentration of TPU, TPU, n = 20,30,40,50,60 %(w/v)
Concentration of CMC, CMC, n = 1.0,2.0,3.0,4.0,5.0,6.0 %(w/v)
Extrusion pressure, P 1,2,3,4,5 bar
Printing speed, S 1,2,3,4,5 mm/s
Diameter of a nozzle, d 1.5 mm

2.6. Pore characterization

A field emission scanning electron microscope (Inspect F50 from
FEI) operating at 5 kV was used to analyse the microscopic morphology
of the 3D printed samples. The sample specimens were sputter coated
with a thin gold layer using an ion coater (Hitachi E-1300) for 120 s
prior to SEM analysis.

3. Results and discussion
The goal of this research is to create a simple method for fabricating

porous freeform objects out of soft thermoplastic polymer. The sus-
pension media applied in this method acts as a chemical environment
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for the rapid solidification of the 3D structures, as well as it provides
physical support to the free-form structures. The rapid solidification
is achieved by Liquid-Liquid Phase Separation (LLPS). The process
of rapid solidification also leads to hierarchical 3D porous structures,
which can be engineered, as explained later. As schematically repre-
sented in Fig. 2, ‘A1’ represents the polymer ink, which is a mixture
of TPU (polymer) and DMF (solvent). Once ‘A1’ is extruded into a sus-
pension medium (‘B1’) consisting of water (non-solvent), ‘A1’ solidifies
to ‘A2’ through the mechanism of LLPS. After the phase separation, the
component ‘B1’ transforms to a mixture (‘B2’) of both DMF and water.
The component ‘A2’ contains a mixture of ‘polymer-rich’ and ‘polymer-
lean’ phases, whose mechanism is explained in detail in the next
section. Upon extraction of solvents from ‘A2’, the solidified component
‘C’ is obtained. Manipulation of ‘polymer-rich’ and ‘polymer-lean’ phase
composition along with phase kinetics leads to different characteristics
of ‘C’, as elaborated in the subsequent section.

3.1. Exploring the role of phase separation in 3D printing

Liquid-liquid Phase Separation(LLPS) is considered to be the driving
mechanism for the rapid solidification process of the polymer ink ‘A’
to obtain the solidified printed strand ‘C’ as shown in Fig. 2. The
mechanism of rapid solidification is well explained through the phase
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Fig. 3. Schematic illustration of liquid-liquid phase separation mechanism resulting in rapidly cured porous structures.

separation in the literature [31]. Phase separation technique has been
frequently used to form polymer thin films and membranes [32]. In
phase separation, a polymer is fabricated from a solution state to
a solid state in a controlled way. In this work, the LLPS technique
was employed, as the ink and suspension media are categorized as
Newtonian or non-Newtonian fluids, respectively. Phase separation in
LLPS occurs in a ternary mixture composed up of non-solvent, solvent,
and polymer. The polymer film/matrix experiences a diffusion-driven
exchange of solvent and non-solvent due to the miscibility of the
non-solvent with the solvent of the polymer solution. At a certain
non-solvent concentration, the polymer solidifies (the solid structure is
termed as matrix in the rest of the manuscript) as illustrated in Fig. 3
and in supplementary video SV1.

The mechanism responsible for the matrix formation is governed by
a number of parameters [31]. Using a ternary diagram created with the
help of the extended Flory-Huggins theory, Denolf et al. [32] demon-
strated how different factors interact to cause phase separation, and
then experimentally validated using the titration method. A calculation
of the molar Gibbs free energy of mixing for ternary systems was made
using this theory:
4G,
Ry = Mot mine, +n3Ines + g @ + 213193 + 123103

@

where R(J/mol*K) is the universal gas constant, T(K) the absolute tem-
perature, and the volume fraction and number of moles are represented
by ¢, and n; respectively, with i referring to nonsolvent(1), solvent(2)
or polymer(3). In Eq. (1), the binary interaction parameters are g;,
between the solvent and the nonsolvent, y,; between the nonsolvent
and polymer, and y,; between the solvent and polymer. It was assumed
that only g;, is concentration dependent, expressed as a function of
u, = @,/(@;+9,), while 5 and y,; was considered constant. Moreover,
123 represented the ternary interaction parameter between the three
system components. This parameter was used to characterize non-
trivial phenomena, such as the polymer’s solubility being higher or
lower than predicted based on binary interaction parameters. It was
reported that the binodal curve moves towards the polymer—solvent
axis when g;, decreases or when y;; or y,; increases. An increased
affinity between the solvent and the nonsolvent resulted in a narrower
single-phase region. In contrast, an increased affinity between the
polymer and the solvent or nonsolvent resulted in a larger single-phase
region.

+ 212311 P293

1199

This study provided insights into the selection of suitable solvents
and non-solvents for phase separation. Therefore, it is evident from the
study that the concentration and interaction parameters of polymer,
solvent, and nonsolvent play a significant role in the phase separation
mechanism.

The morphology of the polymer matrix is influenced by the vary-
ing interactions of solvent/non-solvent. Increasing the ratio of wa-
ter/PMMA at the point of phase separation resulted in an increase in
porosity. While the porosity decreased with an increase in tempera-
ture [19]. Even the morphology could be tailored from non-porous film
(60% RH) to porous film with an increase in relative humidity (74%
RH). The concentration of polymer and nonsolvent had a significant
influence on the pore size, as reported elsewhere [33].

The polymer solution becomes thermodynamically unstable upon
exposure to the non-solvent. Two coexisting liquid phases that are
in thermodynamic equilibrium separate from the polymer solution.
The polymer-rich phase eventually solidifies to create a solid matrix,
whereas the non-solvent-rich polymer-lean phase finally forms the
pores in the matrix. The steps of the LLPS of a polymer/solvent/non-
solvent system are illustrated in Fig. 3. Step 1 represents a system ‘A1’
containing a mixture of TPU (polymer)and DMF (solvent). When the
system ’Al‘ comes in contact with system ‘B1’ containing non-solvent
in step 2, an exchange of solvent and non-solvent between ‘A1’ and
‘B1’ happens. This results in a decrease in the concentration of the
solvent and an increase in that of the non-solvent in the system ‘A1’(as
shown in step 3). This causes the polymer solution to split into two
phases at equilibrium: a rich polymer phase and a poor or lean polymer
phase. Upon evaporating/volatilizing the solvent and non-solvent from
system ‘Al’(shown in step 4), the polymer-rich phase solidifies to a
stable structure ‘C,” and the polymer-lean phase results in the formation
of pores in the system ‘C’. This results in the formation of a porous
membrane structure, as shown in step 5.

This method of forming stable solid structures is used in 3D printing
of porous structures using LLPS. The selection of a solvent-non-solvent
system, the composition of the polymer solution, the composition of the
coagulation bath, and the printing parameters are the main variables
that affect LLPS 3D printing. The choice of the solvent-nonsolvent
system have an influence on the morphology of the printed structure,
mechanical properties, and interlayer characteristics. The polymer must
be dispersible in the solvent of choice, and the solvent and nonsolvent
must be soluble. More solvent and non-solvent miscibility increases
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Non-solvent induced
phase-separation

Fig. 4. (a) Process layout to obtain cloud point using titration method, (b)The phase diagram of TPU-DMF-H,O system at 25 °C, the cloud-points are represented using solid
circle. A binodal curve was obtained using a solid line connecting the cloud points. The single-phase region was represented by shaded lines, and the two-phase region was at the
right of the binodal curve. The cloud points could not be determined experimentally for the region above the horizontal dotted line with polymer concentrations above 50% due

to their high viscosity.

the likelihood of instantaneous demixing, which creates a more porous
structure. When mutual affinity is low, an asymmetric structure with a
dense, non-porous top layer is most likely formed. In LLPS, the polymer
chosen restricts the solvents and non-solvents that may be employed
in the phase separation process. Furthermore, the solvent, along with
polymer concentration, plays an important role in the development
of printed structures. The polymer concentration in the solution is a
critical parameter affecting the morphology of the printed structures.
At the non-solvent interface, the concentration of polymers increases
as the polymer concentration in the solution increases. This indicates
lower porosity as polymer concentration reduces the rate of phase
separation.

3.2. Development and application of ternary phase diagram

A ternary phase diagram was constructed for the TPU-DMF-H,0
system. Fig. 4a shows the steps followed to obtain cloud point using

1200

titration at 25 °C, and Fig. 4b illustrates the phase diagram obtained
thereof. For this purpose, TPU in DMF solutions with concentrations
ranging between 1 and 50% w/v were prepared by mixing a necessary
amount of TPU granules and DMF in a beaker. Deionized (DI) water
was then added dropwise with a micro syringe into the beaker until the
solution became turbid. The rate of non-solvent addition to the solution
was regulated until the solution became homogenous between two
successive additions. The turbid solution was gently agitated for several
hours until phase separation was achieved. Finally, gravimetry was
used to determine and report the composition of the turbid solution.
Under this condition, the solution turned milky upon further addition
of non-solvent, and the separated phases became substantial, signifying
entry into the two-phase region.

The vertices of the phase diagram (Fig. 4b) represent the three
components. The ternary system is a component of two-phase fields;
single and two-phase regions. In Fig. 4b, the single-phase region where
the mixture is in the solution state is represented by the shaded area.
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Fig. 5. (a) The extrusion of low-viscosity inks of TPU did not form continuous filaments but formed droplets in the air, (b)whereas the same ink formed a continuous filament

in water (the composition corresponds to point R2 in the phase diagram).
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Fig. 6. A printable TPU-DMF ink showing shear thinning ability.

The phase field boundary delimiting the liquid-liquid demixing is
known as the binodal curve [21]. The solid circles (in black) in the
phase diagram represent the cloud points (obtained from the titration
experiment) that form the binodal curve between single and two-
phase regions. According to Denolf et al. [32], the binodal curve gives
information on the minimal theoretical amount of polymer, solvent,
and nonsolvent needed to start precipitation, assuming equilibrium
conditions. Different compositions of TPU from 0.5%-70% w/v were
explored to analyse the matrix formation. The construction of the phase
diagram was limited to 50% w/v TPU, as the viscosity of the solution
> 100000 mPa s, was too high to measure the cloud point through
titration. A detailed study was carried out by arbitrarily choosing
different combinations of polymer and solvent systems from the ternary
phase diagram to explore the printability of the ink through phase
separation in the next section.

3.3. Printable ink for LLPS

In order to relate the printability with the phase separation mech-
anism, four arbitrary points (with different compositions of ink) were
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chosen from the ternary phase diagram. It was well understood that
the phase separation rate and the solidification rate during printing can
be altered to fabricate structures with different pore sizes and porosity
by altering the polymer and solvent concentration. The composition
(20,70,10)(R1 in Fig. 4) cannot be printed as it lies in the single-phase
region. Selected compositions (R2, R3, R4, R5, and R6) lying in the
two-phase regions were evaluated for printability. Point R2 (20,40,40)
contains enough non-solvent for the phase separation and can be used
for 3D printing. Although R3 (2,68,30) lies in the two-phase region, it
was difficult to print due to very low viscosity, which resulted in the
formation of discontinuous filaments upon extrusion in a water bath.
Point R2 (20,40,40) formed discontinuous filaments in the air whereas
formed continuous filaments in the water bath(shown in Fig. 5(a)).

Although points R4 (30,50,20), R5 (40,10,50), and R6 (60,10,30)
are in the two-phase region, the printability is governed by rheological
characterization.

The rheological behaviour of TPU ink from 10%-70% w/v (10%
w/v TPU is represented as TPU10 and the same for other composi-
tions) was studied from the steady-shear plots. The plot displayed a
Newtonian behaviour for TPU10 and TPU20, while a shear-thinning
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Fig. 7. (a)(i)Porous 3D printed grid-like structure, (a)(ii) SEM morphology of the cross-section of the 3D printed structure showing the dense non-porous interface and finger and
sponge-like porous internal structure, (b) SEM images of the microstructure of the fracture surface of TPU printed structures by LLPS for varying concentration of TPU in DMF

(20, 40, 60% w/v) with their pore size distribution and porosity analysis.

behaviour was observed for TPU30 to TPU70, as shown in Fig. 6, the internal microstructure varied from finger-like cavities (macrovoid)
characterized by the decreasing viscosity over the increasing shear to spherical (sponge-like) interconnected pores (as shown in Fig. 7a).
rate. The viscosities of the polymer inks varied in the range of 1- The fingers formed were not uniform in their size, shape and physi-
1000000 mPa s, which is lower compared to the ink used in DIW in cal dimensions. The difference in the microstructure was due to the
air [4]. The ink with TPU compositions from 20%-60% w/v was used liquid-liquid phase demixing rate (LLDR) at different positions of the
for printing different structures in our work. extruded filament [21]. The duration between submerging the polymer
ink in a coagulation bath and the point at which the solution becomes

3.4. Porous structures opaque was used to calculate the LLDR. Finger-like macrovoids were
Interestingly, this method of 3D printing resulted in strands with formed at Fhe circumference _Of the filament due 'to higher LIfDR as

a result of instantaneous demixing. Whereas spherical sponge-like (or

internal hierarchical pores. Fig. 7 summarizes the porous structures
achieved by LLPS-3D printing. The porosity could be tailored by vary-
ing the polymer concentrations. The solutions of TPU in DMF (20%—
60% w/v) were 3D printed at room temperature inside water.

The printed samples were treated with liquid nitrogen so as to
fracture the structures at the cross-section. The cross-section of the
printed structure revealed dense pores near the circumference, while

cellular-type) porous structures were obtained towards the centre of the
filament due to delayed demixing (or phase separation) as evidenced
by lower LLDR. The evolution of porous microstructure in the printed
polymer structure was due to nucleation and growth of non-solvent
droplets through LLPS. As discussed earlier, the aqueous TPU solution
and water come into contact after the extrusion of the ink into the bath.
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Fig. 8. The plot showing the pore characteristics of the printed strands with varying polymer concentration.

Due to the high miscibility of solvent and non-solvent, the mass transfer
between the solvent and the non-solvent occurs at the interface.

The diffusion occurs radially from the outer surface to the centre
of the filament. As the outer surface (point Q1 in Fig. 7(a-ii)) of
the polymer filament was exposed to a higher quantity of water, the
diffusion rate is higher compared to the centre. The higher diffusion
in the periphery enhances the nucleation rate, leading to vitrification
and crystallization over a shorter time period. As we move radially
towards the centre (point Q2 and Q3 in Fig. 7(a-ii)), the nucleation
rate is less, whereas the growth of nuclei formed is facilitated by
continuous diffusion. Thus, the nucleation and growth does not occur
at the outer surface of the printed structures. Hence, the outer surface
of the structures was non-porous and dense. Phase separation is caused
by the nucleation and development of the non-solvent droplets, and the
non-solvent concentration in the TPU filament gradually increases on
the inner surface (points Q2 and Q3 in Fig. 7(a-ii)). Because of this,
the inner surface was porous while the outside surface was dense. In
point Q2 of Fig. 7(a-ii), the size of the pores was found to be larger,
suggesting the presence of a gradient in the pore size towards the
centre. This implies that as the TPU volume increased, phase separation
caused the water droplets to coalesce and grow larger as the diffusion
of water into the outer surface (point Q1) was restricted. Hence, the
pores generated near the surface point Q2 of the filament are bigger.

In general, the average porosity (effective volume fraction of pores)
is influenced by the composition, particularly that of polymer. As
the fraction of polymer composition decreases, the solvent/nonsolvent
reaction is enhanced, resulting in increased porosity. The pore volume
fraction corresponding to the selected composition in Fig. 4 is shown
below, which conforms to the above assertion. R4 resulted in spheri-
cal (sponge-like) interconnected pores (as shown in Fig. 7(b), on the
other hand, R2 showed that TPU structures have round sponge-like
holes together with tapering and finger-like cavities (macrovoids). The
distribution of porosity sizes in the printed TPU structures is depicted
in Fig. 7. The equivalent diameter of the pores was calculated using
the estimated area of the strands from the SEM image. A circularity
of 0.6—0.9 was maintained throughout the image analysis using the
ImageJ. The ink compositions that corresponded to point R2 yielded the
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strands with larger pores, whereas point R6 yielded the smallest pores.
The Fig. 7b displays the cross-sectional scanning electron microscope
(SEM) image of 3D printed TPU strands that were obtained using
the ink composition in the regions R2, R5, and R6. Pore images at
greater magnification are displayed in the insets of S2, S5, and S8.
From these images, it is evident that TPU structures with distinct pore
sizes were formed. Though the pore morphology in the strands with
higher magnified regions look similar, spherical open cellular type (as
shown in Fig. 7b for S2, S5, and S8), however, the pore size and pore
density were different. Fig. 7b displays a comparison of the porosity
and pore size (diameter) for the TPU strands that were produced by
taking printing solutions with compositions in R2, R5, and R6. Pore
size distribution was obtained from several SEM images of the cross-
section of the printed strands, as shown in Fig. 7b S2, S5, and S8. While
porosity was obtained by liquid displacement method using ethanol
as solvent (explained in supplementary section S3). It was observed
that printed strands from region R2 have pores of 6.617 + 0.077 pm
average diameter, with 50% porosity. On the other hand, structures
from region R5 have smaller sizes (3.897 +37.442 pm) and less porosity
(~ 33.33%) compared to structures prepared from ink in R2. However,
the printed structures made from the ternary solutions corresponding
to the area R6 showed pores of the smallest size (1.891 + 42.555 pm)
with denser (porosity~ 24%) structures. It was observed that the pore
size and porosity decreased upon increasing the polymer concentration,
as summarized in Fig. 8.

Uniaxial tensile tests were performed in a 1ST Tinius Olsen UTM
(1kN). The tests were performed at a crosshead speed of 15 mm/min.
All the experiments were repeated three times, and the average value
was taken. The tensile strength was found to be 3, 3.49, 4, 4.96,
and 8.32 MPa for 20%-60% w/v of TPU, respectively (see Fig. 9).
The presence of in situ pores resulted in variations in the mechanical
properties of the samples. With increase in polymer concentration, the
tensile strength of the printed structures increased due to decrease in
porosity. This type of soft and porous structure could find suitable ap-
plications in cell culture [12,13], tissue engineering scaffolds [14-16],
and applications for EMI shielding [29,30]. The flexibility in altering
the mechanical properties and microstructures is further helpful in
designing complex structures for various applications.
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Fig. 9. Stress-strain curves of 3D printed TPU samples.

4. Application of printing under suspension media

In this work, two different printing strategies were analysed i.e.,
layer-by-layer approach and free-form building. DI water was used as
suspension media for the former approach, and CMC gel was employed
for the latter one, which served as a non-solvent for the TPU ink.
The significance of the interfacial energy between the ink and the
media (non-solvent) for LLPS-3D printing was emphasized by Karyappa
et al. [27]. The capillary effect in the air caused the extrusion of TPU
inks with low viscosity (like TPU20) to be discontinuous. However,
with DI water, the same ink created a continuous filament (as explained
in Section 3.3). The dispensing of the ink and the attachment of
the printed filaments were unaffected by water, a Newtonian fluid.
Structures printed in a DI water bath helped to achieve a buildability
of 15 mm using soft polymer ink by rapid solidification of the ink.
Different structures with varying layer heights were printed in water
using TPU inks ranging from 20-50 %w/v. Grid or scaffold-like struc-
tures were printed with varying infill density and patterns (as shown in
Fig. 10 and supplementary video SV2 & SV3). The printability studies
correlate well with the single filament experiments discussed in the
previous sections. A weak interlayer adhesion was observed with a low
concentration of TPU (point R2 in Fig. 4b)) ink due to faster phase
separation in non-solvent media. The interlayer adhesion increased
with an increase in the concentration of TPU(>T PU30, i.e., for the
regions R2, R4, R5, and R6 in Fig. 4(b)) as expected due to lesser
LLDR. Slowing down the rate of solidification provided better adhesion
with the subsequent layer. Therefore, all the scaffold-like structures
were printed with TPU50 ink, and the structures exhibited good shape
fidelity in water (shown in Fig. 10 and movie SV3).

Deformation of soft structures upon layer-upon-layer addition is a
major difficulty in the layer-by-layer technique used in conventional
DIW-3D printing. Therefore, these are generally inadequate for fab-
ricating free-form structures due to the low structural integrity with
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poor printing resolution in the z-direction. This necessitates the need
for support structures in free-form constructs. The removal of the sup-
port structure, especially when printing soft materials, can potentially
damage the structure.

Therefore, omnidirection printing was employed for continuous
path printing of different helical structures (shown in figure S6). This
method can overcome the above limitation by eliminating the necessity
of support structures. To print a free-form structure, the suspension
bath should exhibit certain characteristics. In addition to composition,
the rheological characteristics of the medium should be compatible
with the mixture.

However, the challenge in free-form 3D printing is the tuning of
the rheological behaviour of the suspension media. The yield stress o,
of the media should be sufficiently high to hold the extruded features.
Similarly, the o, should not be high enough to resist the dispensing of
the material from the nozzle. Another important rheological property of
the media is the thixotropic time (usually <1s), i.e. the time scale of the
reversible transition between the solid-like and liquid-like behaviour.
The CMC gel offered a practical solution as suspension media as they
behave as elastic solids at rest and exhibit shear-thinning behaviour
under dynamic conditions. The shear-thinning behaviour of the gel was
sensitive to the concentration of CMC powder from CMC1.0 to CMC6.0,
as shown in Fig. 11 (CMC1.0 denoted 1w/v% of CMC, and the same
nomenclature was used for other concentrations of CMC). Figure S3
shows that the CMC gel had finite yield strength and provided physical
support for the printed structure. As the concentration of the CMC
increased from CMC1.0 to CMC6.0, both ¢, and E, linearly increased
from 0.75 to 0.05 Pa and from 1.0 to 50 Pa, suggesting CMC6.0 as
a good candidate to be used as suspension media for free-form struc-
tures. When low viscosity inks, like TPU20 and TPU30, are dispensed
in low yield stress media, like CMC1.0 and CMC2.0, the dispensed
ink adheres to the nozzle tip right away as the nozzle moves inside
the bath. The supplementary video SV5 illustrates that the attached
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Fig. 10. (a) A star with 10 and 15 layers printed with TPU30 inside water without collapsing, (b) A square with 20 layers printed with TPU40 inside water without collapsing,
(c)A grid-like structure printed with TPU50 with strong bonding at the junctions, (c) A scaffold structure printed in water (scale bar-1 cm).
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Fig. 11. A CMC gel showing shear thinning ability which acts as a supporting medium for free-form structures.

ink did not separate from the nozzle due to insufficient yield stress
characteristics (o, and E,) of CMC1.0 and CMC2.0. To resume printing
in these situations, the collected ink had to be physically removed.
The above problem was fixed once the ink and media’s yield stress
characteristics were increased (as shown in supplementary movie SV6).
The printing parameters, along with the rheological characteristics of
the media, were studied and optimized by printing a straight line
in different media at a finite depth of the nozzle from the bottom.
Different helical geometries were constructed under a suspension media
as demonstrated in figure S3 and supplementary video SV7, SV8 & SV9.
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5. Conclusions

The development of suspension bath 3D printing presents an inno-
vative pathway in the fabrication of complex free-form architecture
using soft materials. We demonstrated a 3D printing strategy using
liquid-liquid phase separation for rapid curing of the polymer ink to
develop porous structures. We are able to show the printability with the
choice of different concentrations under equilibrium using the ternary
phase diagram. In this work, water was used as a source of non-solvent
for rapid solidification of TPU-DMF polymer ink. This method helped
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to enhance the buildability of the printed structures. A viscous gel
medium of CMC was employed for omnidirectional 3D printing of
free-form constructs. This method served as a single-step fabrication
process to achieve complex structures with internal hierarchical pores
embedded in TPU. It was concluded that the mechanical properties of
the structures could be modulated by altering the porosity. This work
sheds light on the various processing factors needed for the effective 3D
printing of intricate architectures from soft materials based on LLPS.

6. Abbreviations

TPU—Thermoplastic Polyurethane
DMF—Dimethyl Formamide
EMI—Electromagnetic Interference
DI—De-ionized

SEM—Scanning Electron Microscope
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