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Abstract
Direct ink writing (DIW) holds enormous potential in fabricating multiscale and
multi-functional architectures by virtue of its wide range of printable materials, simple
operation, and ease of rapid prototyping. Although it is well known that ink rheology and
processing parameters have a direct impact on the resolution and shape of the printed objects,
the underlying mechanisms of these key factors on the printability and quality of DIW
technique remain poorly understood. To tackle this issue, we systematically analyzed the
printability and quality through extrusion mechanism modeling and experimental validating.
Hybrid non-Newtonian fluid inks were first prepared, and their rheological properties were
measured. Then, finite element analysis of the whole DIW process was conducted to reveal the
flow dynamics of these inks. The obtained optimal process parameters (ink rheology, applied
pressure, printing speed, etc) were also validated by experiments where high-resolution
(<100 µm) patterns were fabricated rapidly (>70 mm s−1). Finally, as a process research
demonstration, we printed a series of microstructures and circuit systems with hybrid inks and
silver inks, showing the suitability of the printable process parameters. This study provides a
strong quantitative illustration of the use of DIW for the high-speed preparation of
high-resolution, high-precision samples.

Keywords: direct ink writing, extrusion mechanism modelling,
computational fluid dynamic (CFD), printability process parameters, high-resolution printing

1. Introduction

Material extrusion-based direct ink writing (DIW) is one of
the most versatile additive manufacturing techniques because
of its advantages including ink material compatibility [1, 2],
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simple operation, and ease of molding [3, 4]. The range of
inks used for DIW printing is wide, with the main ink materi-
als including conductive pastes [5–8], hydrogels [9–11], liquid
crystal elastomers [12, 13], and shape memory alloys [14, 15].
This wide range of printing materials makes DIW a potential
3D printing method with applications in flexible electronics
[16–18], biomedical engineering [19, 20], soft robotics [21,
22], and 4D printing [23].

Figure 1(a) schematically depicts the experimental setup
of a standard DIW platform. DIW is an ink extrusion-based
additive manufacturing printing method, and the ink is a print-
able non-Newtonian fluid with organic solvents and additives.
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Figure 1. Diagram of DIW print system and dispensing process. (a) Schematic of the extrusion-based 3D printer experimental setup,
including print thinned-inks, an extruder (a pressure controller, syringe barrel, and a micro-nozzle), and a three-axis moving platform.
(b) Image of self-built DIW experimental platform. (c) Structure view of the syringe and the velocity distribution curve of the different fluid
properties. (d) Diagram of the shear thinning process of ink extrusion from a micro-nozzle.

During the DIW pneumatic extrusion process, non-Newtonian
fluid is extruded from the micro-nozzle by shear thinning and
deposited as a customized pattern under the motion of the print
substrate [24, 25]. The accuracy of the printed structure and
the effectiveness of extrusion are limited by the characterist-
ics of the ink itself, because low viscosity inks that are suit-
able for extrusion always result in poor extrusion formabil-
ity. At the same time, the micro-nozzle extrusion process is
subject to shear stress, the flow field directly affects the ink
extrusion deposition. During this process, therefore, the qual-
ity and property of the printed samples are affected by com-
plex factors. For example, the ink extrusion velocity along the
nozzle directly impacts the DIW’s efficiency; the uniformity
of the extrusion velocity distributions determines the structural
integrity of printed objects [26]. In addition, other parameters
(ink rheological properties, nozzle diameter, applied pressure)
affect themicrostructural resolutionmorphology of the printed
samples [27].

Over the past few decades, some pioneer works have been
conducted to explore the underlying mechanisms to improve
the printability of DIW. For instance, to explore the impact
of printing inks, the DIW printable ink quality is evalu-
ated based on the two criteria by using rotational rheology
experiment and capillary experiment [28]. The influence of

ink rheological properties on the stretch effect of extruded
fibers is studied to print high-resolution fibers [29]. In addi-
tion, the flow field characteristics are also essential for DIW,
which not only affect the DIW printing efficiency, but also
determine the extruded fiber deposition and particle align-
ment. The particle alignment dynamics are created to analyze
the influence of shear stress on particle alignment deposition
during DIW printing [30]. The extrusion velocity distribu-
tion and the flow state of the ink in the flow channel are
investigated to guide the modeling of the extrusion mechan-
ism of the ink [31]. The extruded viscoelastic ink is stretched
based on mechanical analysis to print high-resolution fibers;
the whole process is achieved by matching the printing speed
to the extrusion velocity to stretch the viscoelastic ink [32].
This new strategy is only applicable to inks with a storage
modulus large enough to support the stretching effect. How-
ever, this research has mostly focused on the influence and
printability of single process parameters, and systematic eval-
uation of the printability of DIW process parameters has rarely
been reported. As a consequence, the underlying mechanisms
of these key factors on the printability and quality of DIW
technique remain poorly understood, which is unfavorable
for realizing high-resolution, multi-component, and complex
geometries.
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Therefore, in this study, to address the aforementioned
constraints of DIW technology, we quantitatively and sys-
tematically investigated the printability of the DIW tech-
nique by the combination of extrusion mechanism modeling,
computational fluid dynamics (CFD) finite element simula-
tion, and DIW printing experiment (self-built DIW experi-
mental platform, as shown in figure 1(b)). Non-Newtonian
fluid inks with shear thinning characteristics are prepared, and
a rotational rheometer tests the rheological properties of the
inks to gain insight into the ink characteristics for DIW techno-
logy. The effect of process parameters, including ink rheology
characteristics, applied pressure, and printing speed on ink
extrusion velocity and print filament resolution, is analyzed
to deeply understand the high-efficient and high-resolution
printable range of DIW technology. Moreover, the influence
of extrusion swelling on the print filament diameter during
ink extrusion is also discussed to precisely control the resolu-
tion of the print filament diameter. By optimizing the printing
parameters and obtaining the range of printable process para-
meters, efficient and stable manufacturing of high-resolution
samples can be achieved in preparing DIW printing samples.
The applicability of the printable parameters is demonstrated
through the manufacture of 2D and 3D demonstrative mod-
els and printed circuit systems. The proposed DIW 3D print-
ing process study provides an efficient, simple, and low-cost
manufacturing approach for preparing high-resolution, high-
precision complex shapes, which may open up new prospects
for efficiently manufacturing high-resolution models for prac-
tical applications in various fields [33, 34].

2. Materials and methods

2.1. Design and characterization of hybrid ink material

2.1.1. Materials preparation. To research the appropriate
range of process parameters, the non-Newtonian fluidic hybrid
silicone ink was designed for DIW printing in this study. Six
distinct weight ratios of silicone elastomers, SE1700 (Dow
Corning), and Sylgard184 (Dow Corning) were combined
(10:0, 9:1, 8:2, 7:3, 6:4, and 0:10, where the control sub-
jects were designated 10:0 and 0:10) to form DIW 3D prin-
ted viscoelastic ink. More specifically, both SE1700- and
Sylgard184-base materials were initially fixed in a 10:1 (base:
curing agent) weight ratio andmixed thoroughly using an elec-
tronic mixer (GZ120-S, BaoLi, CHN) in a closed 20 ml cent-
rifugal tube. To configure a fully cross-linked ink, SE1700
and Sylgard184 were extensively combined in the electronic
mixer at 2000 rpm for 20 min to obtain a fully cross-linked
ink mix. Finally, the mixed ink was poured into a 3 cc syringe
barrel and then centrifuged at 6000 rpm for 3 min (TG16G,
KaiT, CHN) to eliminate air bubbles and form 3D print-
able viscoelastic ink. The entire ink preparation process was
carried out at room temperature. All inks are used within
2 h at room temperature to ensure that the ink viscosity
does not change to guarantee the consistency of experimental
results.

2.1.2. Measurement of ink rheological characterizations. A
hybrid rheometer (Discovery HR-3, DHR) fitted with a par-
allel plate (diameter = 60 mm) was used to test the rheolo-
gical parameters of the inks. The gap between the plate and
the rotating sensor was fixed at 1 mm. The mixed-ink density
ρ was calculated by experimentally measuring the mass and
volume of samples. Before measurements, inks were allowed
to stand at 25 ◦C for 5 min. Ink shear viscosity experiments
were performed in steady-state flow mode. Measurement of
ink viscosity by rheometer rotary test, where the shear rate
increases from 0.01 to 1000 s–1. A data point’s duration was
reduced logarithmically from 30 to 2 s.

Small-amplitude oscillatory frequency sweep mode was
used to describe the dynamic viscoelastic characteristics.
Measurement of storage and loss modulus of ink by oscillat-
ory stress logarithmic sweep mode, where the shear frequency
is 1 Hz, and a shear strain increases from 0.01% to 100%.

To further characterize the thixotropy of inks, viscosity
change wasmeasured at different shear strain intervals. Firstly,
a steady shear frequency of 1 Hz and a constant shear strain of
0.01 s−1 determined ink viscosity at a period of 0–40 s. Next,
ink was measured at a shear strain of 300 s−1 for 15 s. Finally,
the recovered viscosity of the ink was measured immediately
at 0.01 s−1 shear strain. All rheological experiments were car-
ried out at a temperature of 25 ◦C.

2.1.3. Hybrid ink constitutive modeling. The interaction
between the various components within the ink results in a
non-Newtonian system with complex rheological behavior.
The rheological properties of this non-Newtonian system dir-
ectly affect the ink extrusion of the DIW printing system.
Therefore, strict control of ink rheology is essential for suc-
cessful printing of the hybrid ink. If the rheological charac-
teristics of the hybrid ink are known, the shear rate profile
of the printing nozzle cross-section can be derived from the
shear stress profile. In our analysis, in order to systematically
study the hybrid ink extrusion process, a constitutive model is
developed to describe the non-Newtonian rheological proper-
ties of the hybrid ink. The ink flow state of the DIW printing
technology is described using a classical non-Newtonian fluid
constitutive model combined with a micro-channel ink extru-
sion model.

Experimental ink shows a dynamic yield value followed by
a shear-thinning behavior. The Herschel–Bulkley constitutive
model may be used to characterize the rheological properties
of non-Newtonian fluids, which takes the yield stress as an
explicit fluid property. Therefore, the flow curve can be ana-
lyzed by using the Herschel–Bulkley equation [35]:

τ = τy+ kγ̇n, (1)

where τ is the ink shear stress in the flow channel, τy is
the mixed-ink shear yield stress, k is the viscosity coef-
ficient, γ̇ is the shear rate, and n is the shear thinning
index. When n= 1, the ink exhibits Newtonian fluid prop-
erties and the parabolic velocity profile as illustrated in
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figure 1(c, i). When n< 1, the ink displays non-Newtonian
fluid properties and shear-thinning flow behavior, correspond-
ingly, the velocity distribution characteristics are shown in
figure 1(c, ii) (τy = 0, power-law fluids) and figure 1(c, iii)
(τy > 0, yield stress fluids). In addition, the ink flow forms
a solid plug flow when there is a large wall slip, no velo-
city gradient exists in the plug flow area, and the whole ink
flows at a constant velocity in every part of the capillary
(figure 1(c, iv)) [31]. When n> 1, the ink exhibits the shear-
thickening property of non-Newtonian fluid. When τ < τy,
the ink has zero velocity throughout the runner and no flow
occurs.

In the process of extruded ink under pressure, as shown in
figure 1(d), the ink is extruded in a solid (gel core)-fluid shell-
sliding layer microstructure. The three-zone velocity profile
must be considered when considering the rheology of the
ink: (1) a thin sliding layer on the inner wall of the nozzle
(figure 1(d, i)); (2) surrounded by a yielded (fluid state, velo-
city v= v(r)) shell experiencing laminar flow (figure 1(d,
ii)); and (3) a constant-velocity unyielded (gel state) core
(figure 1(d, iii)) [4]. High viscosity gel inks are easily extruded
from the micro-nozzle and deposited onto the substrate in fine
filaments. This implies that the ink viscosity decreases dur-
ing the shearing process (which is essential for ease of extrud-
ing from the micro-nozzle), but recovers when the shearing
process is finished (high-viscosity inks help the extruded fila-
ments to form the desired shape on the substrate, i.e. formab-
ility). Each of these processes requires accurate control of the
rheological characterization.

Compared to inkjet printing, DIW printed samples offer
superior formability. More specifically, the distinctive fea-
ture of the printed samples is that the extruded fibers quickly
recover their high viscosity and remain filamentary. That
is, the ink flows at a low viscosity under shear stress (loss
modulus G ′ ′ > storage modulus G ′) but quickly recov-
ers its mechanical properties (G ′ > G ′ ′) when the shear
stress is removed. The relationship between the G ′ ′ and G ′

directly reflects the shear thinning process and formability
of the fibers. Herein, the characteristic parameter tanδ is
used to describe the loss modulus in relation to the storage
modulus:

tanδ =
G ′ ′

G ′ . (2)

When tanδ = 1, ink corresponds to the yield stress point
and the solid–liquid critical state. When tanδ < 1, the shear
stress applied to the ink has not reached yield stress, and the
ink is in a solid-like initial state. When tanδ > 1, the τ exceeds
the τy, and the ink undergoes shear thinning behavior in the
liquid-like phase. The classical constitutive model is used to
guide the selection of material parameters for the hybrid ink
during the finite element analysis. This classical constitutive
model provides support for the CFD flow field analysis
below.

2.2. Micro-nozzle flow field modeling and finite element
simulation

2.2.1. DIW extrusion mechanism modeling. We utilized the
rheological properties of the ink to the non-Newtonian fluid
extrusion model to comprehend the extrusion mechanism dur-
ing the DIW 3D printing procedure, as shown in figure 1(c).
The differential equation of fluid motion for the DIW 3D print-
ing extrusion model was established. Then the distribution
states of the pressure field, shear stress field, and extrusion
velocity field during the printing process were analyzed.

Themass conservation equation, or the continuity equation,
is used to describe the fact that the mass of the ink does not
change during the printing process. The differential equation
of mass conservation is expressed as:

∂ρ

∂t
+

∂ (ρvx)
∂x

+
∂ (ρvy)
∂y

+
∂ (ρvz)
∂z

= 0, (3)

where ρ is the fluid density and v is the fluid velocity field.
According to the principle of mass conservation, the mass of
fluid flowing in per unit time equals to the mass flowing out.

The momentum conservation equation (Navier–Stokes
equation) is expressed as:

ρ

(
du
dt

+u •∇u
)
= ρg−∇p+ η∇2u, (4)

where p is the ink pressure in the flow channel, η is the

fluid dynamic viscosity, and∇=
(

∂
∂x ,

∂
∂y ,

∂
∂z

)
is the Hamilton

count. The fluid velocity distribution field can be calculated
from the momentum equation.

Neglecting air pressure losses and assuming that the pres-
sure at the barrel inlet equals to the applied pressure. The pres-
sure at different locations along the extrusion element can be
calculated by Bernoulli’s energy conservation equation. For
viscous fluids, the ink consumes mechanical energy to over-
come the viscous resistance in the flow channel. Thus, the
Bernoulli equation for a viscous incompressible fluid along a
flow line is as follows.

ρgh1 +α1
ρV2

1

2
+P1 = ρgh2 +α2

ρV2
2

2
+P2 + hwρg, (5)

where α1 and α1 is the kinetic energy correction factor on the
cross section, which can usually be approximated as 1; hw is
the flow resistance losses.

hw =
∑

hf+
∑

hj =
∑

λ
l

2Rf

vf2

2g
+
∑

ζ
v2j
2g

, (6)

where λ and ζ are both resistance coefficients.
The maximum extrusion velocity vmax at this location can

be calculated from the pressure distribution at different loca-
tions:

vmax = vy (r= 0) =

(
−dp
dy

)
R2

4η
. (7)
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Therefore, the average velocity vavg of different section
along the extrusion direction can be calculated by the follow-
ing equation:

vavg =
1
A

ˆ
vydA=

1
πR2

ˆ R

0
vmax

(
1− r2

R2

)
2πrdr

=
vmax

2
=

(
−dp
dy

)
R2

8η
. (8)

For incompressible flow in this study,∇•V= 0.
For a fixed control volume, the law of conservation of mass

can be expressed in terms of the fact that the masses enter-
ing and leaving the control volume in a steady flow must be
precisely balanced. Therefore, we have a steady flow:

Outflow = Inflowˆ
∂ρ

∂t
dV+

∑
i

(ρiAiVi)out −
∑
i

(ρiAiVi)in = 0.
(9)

Since the incompressible fluid density does not change, the
term ∂ρ/∂t≈ 0, so the density integral in equation (9) can
be neglected. By simplifying the constant density, the above
equation can be simplified as follows:∑

i

(AiVi)in =
∑
i

(AiVi)out. (10)

or, ∑
Qin =

∑
Qout, (11)

where Qi = ViAiis the volume flow.
The average velocity of capillary flow is specified as vavg.

The average velocity and cross-sectional area allow the calcu-
lation of the volume flow in the flow channel. Therefore, the
volume-average velocity can also be calculated as follows:

vavg =
Q
A

=
1
A

ˆ
(V ·n)dA. (12)

Combined equation (8) with equation (12), the volume flow
Q can be obtained by:

Q=

ˆ
vydA=

ˆ R

0
vmax

(
1− r2

R2

)
2πrdr= πR2vavg

=
πR4

8η

(
−dp
dy

)
=

πR4∆p
8ηL

. (13)

where− dp
dy =

∆p
L , and∆p is the pressure drop along the entire

length L of the syringe.
The distribution of the shear stress field in capillary flow

is an important indicator to judge if the material has reached
yield and is ready to flow. The shear stress distribution τwall
can be calculated by the following equation:

τwall = η

∣∣∣∣∂vy∂r

∣∣∣∣
r=R

=
4ηvavg
R

=
R
2

(
−dp
dy

)
=
R
2
∆p
L

, (14)

The shear rate distribution γwall of non-Newtonian fluid extru-
sion flow can be calculated as:

γ̇wall =
dV
dr

=

(
1
k

) 1
n
[(τwallr

R
− τy

) 1
n

]
=

(
1
k

) 1
n

[(
∆pr
2L

− τy

) 1
n

]
, (15)

According to the flow field calculation in the above equation,
the flow field distribution is only related to the radius of the dif-
ferent cross sections of the circular tube and the inclined syr-
inge nozzle. Therefore, the DIW extrusion modeling applies
to both the circular tube and the inclined nozzle models.

2.2.2. CFD simulation analysis of ink flowing in micro-nozzle.
Finite element fluid flow simulations were conducted by
ANSYS 2021 R2 CFD, and the extrudate swell study was sim-
ulated by ANSYS POLYFLOW. In order to improve the effi-
ciency of the calculation, the following assumptions were pro-
posed to simplify the complex ink flow status.

(1) An incompressible, highly viscous, non-Newtonian shear
thinning fluidmodel was utilized to simplify the flow beha-
vior of mixed ink materials.

(2) The mixed ink is evenly filled in the flow channel, and it
is isothermal, steady, and laminar in flow during the ink
printing process. Reynolds number Re is used to determ-
ine the type of ink flow (Re= ρvd

µ = 1196×0.1×0.000 21
10 =

0.002 5116< 2300, when Re< 2300, the pipe flowmodel
is laminar.).

(3) Considering the high-viscosity inks have a large viscos-
ity force, the inertial and gravitational forces are much
less than the viscous forces, and therefore the gravity is
neglected.

(4) For highly viscous flow, a non-slip boundary condition is
used, i.e. there is no relative sliding of the ink against the
inner wall of the flow channel.

For micro-nozzle flow velocity calculation studies, the wall
slip velocity has an effect on the calculation results when the
nozzle diameter is very small [36, 37]. Therefore, for small
nozzle sizes below 100 µm, the effect of wall slip on flow rate
prediction should be considered [38]. The density ρ, and the
yield shear stress τy were obtained by experiment. The shear
thinning index n, and the viscosity coefficient k were obtained
by fitting the experimental data with the Herschel-Bulkley
model.

2.3. DIW printing experiment

2.3.1. DIW printing of viscoelastic ink. Self-designed DIW
3D printer experimental platform based on air pressure-driven
extrusion. The DIW experimental platform is constructed with
three main components: (i) a pressure controller, (ii) pneu-
matically driven extrusion components, (iii) and an X-Y-Z
three-axis moving stages. The pressure controller provides the
extrusion force of inks, and the extrusion velocity of inks is
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controlled by the applied pressure and the characteristics of
the inks. The printed samples were drawn using the struc-
tural design software AutoCAD and converted into G-code
for reading by the control. The pressure control system drives
the air pump for the regulation of the applied pressure. The
configured inks were deposited onto the substrate by extru-
sion through nozzles of different diameters. Nozzles with dif-
ferent structures and diameters used in the experiments were
purchased commercially.

2.3.2. Measurement of printing extrusion velocity and printed
filaments diameter. The weighing method is used to meas-
ure the weight of extruded ink within 30 s, and then calculate
the extrusion flow rate and average extrusion velocity. The
fiber structure of extruded inks was observed by an optical
observation camera (acA1920-50gm, Basler, SGP), and the
diameter of printed filaments was measured using an optical
microscope (acA2500-14gm, Basler, SGP).

3. Material characterization and CFD results

3.1. Rheological behavior of the hybrid ink

Ink rheological characteristics are an essential indicator of the
printability of DIW3Dprinting technology [39]. The inks used
for DIW 3D printing should meet two requirements: shear-
thinning properties and self-healing formability. More spe-
cifically, shear thinning behavior means that the ink has a suf-
ficiently low shear viscosity at high shear stress to ensure that
the ink is steadily extruded from the micro-nozzle without
clogging. On the other hand, self-healing formability means
that the printed fibers have a high strength and storage modu-
lus to ensure that the printed pattern retains its original shape.

Static rheology tests are used to characterize the viscosity
properties of inks, and to reflect the viscosity variation law and
shear-thinning behavior [40]. Some pioneer works have been
conducted to explore particular ink systems to optimize inks
for various applications [41, 42]. This paper uses this proven
ink formulation to investigate the effect of ink characteristics
on the quality of printed samples during the DIW printing pro-
cess. Figure 2(a) indicates the shear rate effect on the viscosity
of various PDMS hybrid inks. Hybrid ink viscosity decreases
logarithmically with increasing shear rate, and the viscosity of
pure Sylgard184 is constant and barely varies with the shear
rate. The ink has an initial high viscosity of 105 Pa·s at the low
shear rate (10−2 s−1), and the shear viscosity has dropped to
5 Pa·s at the high shear rate (103 s−1). The above phenomenon
clearly demonstrates the shear thinning behavior of the hybrid
inks. Figure 2(b) shows the variation of shear stress with the
shear rate of the prepared inks. The shear stress of pure Syl-
gard184 ink is linearly related to the shear rate (i.e. Newtonian
fluid). The constitutive model of equation (1) can be obtained
for the formulated ink by fitting the experimental shear stress
to shear strain relationship. The experimental data and the
fitted curves are shown in figure 2(c), and the figure shows
that the Herschel–Bulkley constitutive model can excellently
characterize the rheological properties of the hybrid inks. The

specific parameters of the fitted general for each formulated
ink are shown in table 1.

The self-healing formability of the ink can be character-
ized by dynamic rheology, which studies the oscillatory shear
characteristics of fluids subjected to periodic stresses by apply-
ing periodic effects to the material [43]. Figure 2(d) shows
the storage (G ′) and loss (G ′ ′) modulus of various hybrid
inks in relation to shear stress. The G ′ of the hybrid ink is
much bigger than G ′ ′ before reaching the shear yield stress,
which shows that the hybrid inks for printing exhibit a stable
solid-like phase. When the shear stress is greater than the
shear yield stress, the G ′ and G ′ ′ sharply decrease and G ′

is less than G ′ ′, which means that the hybrid inks exhibit a
flowable liquid-like phase. The storage modulus G ′ increase
with increasing SE1700 content in the hybrid ink, and the G ′

and G ′ ′ for Newtonian fluid pure Sylgard184 ink are con-
stant. Figure 2(e) shows the characteristic parameter tanδ
(equation (2)) as a function of shear stress. Section 2.1 shows
that tanδ = 1 is the critical point of solid–liquid transition,
and the intersection with each ink corresponds to the shear
yield stress τy of the hybrid ink. The top half shows the liquid-
like phase after the shear shinning of the hybrid ink, and the
bottom half shows the unyielding solid-like phase. When the
shear stress exceeds the yield stress, the ink changes from a
solid-like phase to a liquid-like phase, facilitating the flow of
ink from the micro-nozzle. The shear yield stress τy (65.12,
154.70, 232.48, 592.68, and 719.23 Pa) increases with increas-
ing SE1700 content in the hybrid ink.

To further characterize the thixotropy of hybrid inks,
figure 2(f) has described the dependence of hybrid ink viscos-
ity on time at various shear rates. The thixotropic ink behaviors
of the DIW 3D printing process have three stages, including
the initial shear rate (0.01 s−1) during the ink store segment,
the shear rate (300 s−1) as the ink extrusion from the nozzle,
and the minimum shear rate (0.01 s−1) after the ink has been
extruded. At the first phase of the thixotropic experiment,
the initial viscosity of the solid-like ink was measured at 104

Pa·s. In the second stage, when the ink is extruded from the
nozzle, the shear viscosity drops significantly to 10 Pa·s when
the shear rate suddenly increases to 300 s−1. Subsequently,
the hybrid ink recovery viscosity of 104 Pa·s when the ink is
extruded, and the shear rate falls back to 0.01 s–1. Because
hybrid ink can maintain high viscosity under low shear stress,
it has improved storage and shape retention capabilities.While
the extremely low hybrid ink viscosity under high shear stress
promotes smooth ink extrusion during printing. The hybrid
inks exhibit excellent shear thinning and viscosity recovery
properties that are suitable for high-resolution sample prepar-
ation using DIW 3D printing technology.

3.2. Flow field distribution in the DIW 3D printing extrusion
process

The ink flow field distribution of DIW printing technology dir-
ectly reflects the flow condition of the printing ink and has
a significant impact on the shape and quality of the printed
sample. As a result, to examine the effect of process para-
meters on the quality of printed samples more objectively, we
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Figure 2. Rheological properties analysis of PDMS resin inks 10:0, 9:1, 8:2, 7:3, 6:4, and 0:10. (Where the inks Ink10:0 and Ink0:10 were
used as control groups). (a) The shear rate effect on the viscosity of various PDMS resin inks. (b) Variation of shear stress with the shear
rate. (c) Experimental results for shear stress vs. shear strain, and the Herschel-Bulkley constitutive model were obtained by fitting the
experimental data. Detailed data of the constitutive model are shown in table 1. (d) Storage (G ′) and loss (G ′ ′) modulus of PDMS resin inks
in relation to shear stress. The hybrid ink yield stress points at the intersection of storage modulus and loss modulus. (e) Variation of
characteristic parameters tanδ with the shear stress in oscillatory shear experiments. (f) Viscosity characteristics with time in thixotropic
experiment, where the shear rate is abruptly increased from 0.01 s−1 to 300 s−1 at 50 s and returned to 0.01 s−1 at 65 s.
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Table 1. Fitting Herschel–Bulkley constitutive model coefficients from experimental data.

Mixed inks Yield stress τy (Pa) Viscosity coefficient k (Pa·s) Shear-thinning Index n Correlation coefficient R2

10:0 719.23 ± 71.82 630.82 ± 64.01 0.202 ± 0.066 0.95649
9:1 592.68 ± 44.88 391.70 ± 41.23 0.220 ± 0.052 0.96685
8:2 232.48 ± 37.54 204.56 ± 22.46 0.240 ± 0.037 0.99782
7:3 154.70 ± 14.14 92.86 ± 16.07 0.276 ± 0.032 0.99778
6:4 65.12 ± 5.65 43.26 ± 6.42 0.324 ± 0.030 0.99893

explored the influence of flow field distribution on the quality
of printed samples at various process parameters. Figure 3(a)
depicts the pressure distribution along the flow channel as cal-
culated by the finite element method with a 300 kPa inlet
pressure. Figure 3(b) indicates the detailed static pressure
distribution curve along the flow channel axis under differ-
ent applied inlet pressures. The pressure remains consistent
with the applied inlet pressure value during the ink store seg-
ment, and then drops sharply to 0 kPa in the shear section
of the flow channel. The considerable pressure drop in the
flow channel results in a significant increase in the ink shear
force, which directly increases the extrusion velocity of the
hybrid ink.

Generally, velocity and shear stress distribution fields
are essential factors affecting DIW printing. Studying
axial (Y-axis) velocity distribution is vital for DIW high-
speed printing. The velocity distribution field, as shown in
figure 3(c), depicts the velocity of ink extrusion from the
micro-nozzle, which directly affects DIW printing efficiency.
The ink extrusion velocity in the syringe barrel is quite low,
and no significant change in the velocity gradient. However,
there is a considerable gradient increase in velocity at the
nozzle outlet. Figure 3(d) indicates the radial section velo-
city profile at various distances from the nozzle (0, 0.5, 1, 2,
and 8 mm from the outlet). It is found that the velocity at the
flow channel’s central axis is substantially larger than at the
flow channel’s edges in the same horizontal section. The ink
velocity on the central axis increases significantly with the
narrowing of the flow channel in the extrusion direction. The
study found that the velocity distribution curve of the non-
Newtonian fluid shows a nonlinear gradient change, which
is consistent with the results of the velocity field analysis in
section 2.2.

As illustrated in figure 3(e), the local shear stress is highest
near the flow channel wall, and the nozzle’s local shear stress
is higher than that of the syringe barrel. The local shear
stress in the central axis remains constant. Then the local
shear stress increases continuously in the extrusion direction
and reaches the maximum at the nozzle outlet. Figure 3(f)
shows the detailed wall shear stress distribution curve along
the nozzle axis under different applied inlet pressures. From
the velocity field distribution (figure 3(c)), it is found that
the larger wall shear stress corresponds to faster changes in
ink extrusion velocity. The ink extrusion velocity is posit-
ively correlated with the wall shear stress. According to the
shear thinning characteristics of hybrid ink, the larger the local

wall shear stress, the lower the viscosity of the material. The
lower viscosity ink facilitates the extrusion from the micro-
nozzle and enables the high-precision forming of the fine
filaments.

The pressure drop causes a tendency for the ink to flow
from high to low pressure. When the maximum shear stress
applied to the ink within the flow channel is less than the yield
stress of the hybrid ink, a plug flow zone occurs, which is the
unyielding zone that results in constant velocity. If there is a
wall shear stress τwall > τy at a certain radius, Poiseuille flow
[44] is generated; otherwise, it will not flow. According to the
above simulation analysis, the pressure field and shear stress
distribution directly affect the ink extrusion state. Therefore,
the micro-nozzle flow field distribution analysis through the
CFD method is of great significance for further study of the
DIW 3D printing process.

3.3. Finite element simulation reliability verification

The reliability of the proposed extrusion mechanism model
and CFD simulation results were verified by comparing
the simulation and experimental results of different inks.
Figure 4(a) depicts the distribution of the various ink pressure
fields calculated using the TT160 nozzle. The pressure field
drops sharply to 0 through the transition section of the flow
channel. The distribution of the different ink shear stress fields
along the flow channel is illustrated in figure 4(b). Higher shear
stress at the outlet facilitates ink extrusion from the micro-
nozzle. Due to the high viscosity ink storage modulus and
shear yield stress being larger, the wall shear stress of high
viscosity ink is larger.

The simulation and experimental results of the ink extru-
sion velocity are shown in figure 4(c). It can be found that the
extrusion velocity increases with the applied pressure, and the
extrusion velocity of high viscosity ink is smaller due to the
higher shear yield stress. Figure 4(c) shows that the exper-
imental results agree well with the simulated results at low
pressures, while at high pressures, the experimental results are
smaller than the simulated results due to the elevated chan-
nel resistance (channel resistance hw increases with increas-
ing velocity). The DIW device nozzle connection errors lead
to fluctuations in experimental results. Overall, our proposed
extrusion mechanismmodeling and CFD flow field simulation
method can effectively evaluate the DIW extrusion process,
and the simulation results can provide guidance for optimiz-
ing printable parameters.
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Figure 3. CFD flow field results of the tapered tips nozzle (TT nozzle) along the nozzle channel. The diameter of the TT nozzle is 160 µm,
and the hybrid PDMS resin ink is Ink8:2. (a) Pressure distribution in the flow channel. (b) The static pressure distribution diagram of the
simulated fluid flow along the channel in the same TT nozzle with the various applied inlet pressure. (c) Velocity distribution in the flow
channel. (d) Velocity images at different sections in the flow channel. (The legend shows the distance from the tip of the nozzle along the
y-axis, and the circular velocity cloud diagram indicates the radius direction cross-section, and the arrows correspond to the legend position
speed). (e) Wall shear rate distribution in the flow channel. (f) The wall shear stress distribution diagram of the simulated fluid flow from
CFD analysis along the channel in the same TT nozzle with the various applied inlet pressure.
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Figure 4. CFD simulation results verification (using TT160 nozzles, the diameter of tapered tips nozzle is 160 µm). (a) The static pressure
distribution of the simulated fluid flow along the flow channel at different inks (Ink9:1, Ink8:2, Ink7:3, and Ink6:4). (b) The wall shear stress
distribution diagram of the simulated fluid flow from CFD analysis along the channel (applied pressure 300 kPa). (c) The extrusion velocity
comparison diagram under various PDMS resin inks.

4. Experimental results

4.1. Process tests and simulation analysis of extrusion
velocity

The mass of extruded ink was measured under different
experimental conditions according to the weighing method.
By altering the value of applied pressure, material viscos-
ity, and micro-nozzle diameter, the mass of the extruded ink
was measured for 30 s in different process parameters. Vari-
ations of ink density can be ignored based on the assump-
tion that the ink is incompressible. Therefore, the average
velocity of extruded ink can be calculated by the following
equation,

vaverage =
m
ρtA

, (16)

where vaverage is the extruded average velocity,m is the mass of
material extruded from the nozzle, ρ is the density of printed
material, t is the extruded time of the mass m, and A is the
nozzle outlet’s cross-sectional area.

The influence of micro-nozzle structure on the DIW 3D
printing extrusion velocity is depicted in figures 5(a)–(c). The
axial (Y axis) wall shear stress field indicates that the shear
stress of the inclined nozzle (TT110, TT160, and TT210)
is much greater than that of the straight nozzle (ST160 and
ST260) under the same applied pressure (figure 5(a)). The
simulation (figure 5(b)) and experimental (figure 5(c)) results
of the average extrusion velocity show that the micro-nozzle
with high shear stress field corresponds to a larger extrusion
velocity. The diameter of the micro nozzle directly affects the
extrusion velocity, the average extrusion velocity increases as
the micro-nozzle diameter grows. The ink is easily extruded
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Figure 5. The results of CFD simulation and experimental results under different printing process parameters. (a) The wall shear stress
distribution diagram of the simulated fluid flow from CFD analysis along the channel (applied pressure 300 kPa, micro-nozzle TT110, the
diameter of tapered tips nozzle is 110 µm. ST160, the diameter of the straight nozzle is 160 µm). (b) The nozzle outlet average velocity vs.
applied inlet pressure from the CFD simulated fluid flow in the flow field, and (c) the DIW experimental results under the various nozzle
type. (d) The wall shear stress distribution diagram of the simulated fluid flow from CFD analysis along the channel (applied pressure 300
kPa, micro-nozzle TT110). (e) The nozzle outlet average velocity vs. applied inlet pressure from the CFD simulated fluid flow in the flow
field, and (f) the DIW experimental results under the various PDMS resin inks 9:1, 8:2, 7:3, and 6:4. (g) The static pressure distribution
diagram, and (h) the wall shear stress distribution diagram in the flow channel (applied pressure 300 kPa, ink Ink9:1). (i) The nozzle outlet
average velocity vs. applied inlet pressure from the DIW experimental results under the various PDMS resin inks and the nozzle types.

and does not clog the micro-nozzle due to the steady lower-
ing of the inner diameter of the tilted nozzle. The inclined
nozzle requires only a small amount of applied pressure to
ensure the high-precision forming of DIW printing. Therefore,
we take the inclined nozzle as the main research object in the
subsequent research. Figures 5(d)–(f) illustrate the influence
of ink rheological properties on the DIW printing extrusion
velocity. Because the shear yield stress of high viscosity ink is
large, high viscosity inks require higher shear stress, and the
extrusion velocity is smaller.

Figures 5(g) and (h) illustrate the pressure and wall shear
stress fields for the three nozzles. The pressure field demon-
strates that the smaller diameter nozzle has a larger high-
pressure area, but the wall shear stress is lower. Figure 5(i)
shows the experimental results of extrusion velocity with dif-
ferent nozzles by using various prepared hybrid inks. There is a
crossover between the extrusion velocity of different nozzles,
which may be attributed to the connection error between the
nozzle and the channel, and the machining error of the nozzle
itself. The extrusion velocity distribution provides guidance
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for studying the optimization of DIW 3D printing process
parameters.

4.2. Analysis of extrudate swell and adjustment of swelling
ratio

Extrusion swelling phenomenon (i.e. Barus Effect) demon-
strates that when non-Newtonian fluid is extruded from small
holes, capillaries, or slits, the diameter of the extrudedmaterial
at the outlet is usually larger than the diameter of the flow path.
The extrusion swelling is a common phenomenon in the extru-
sion of non-Newtonian fluids. In most theoretical models, it is
assumed that the diameter of the extruded fiber is considered
to be identical to the inner diameter of the micro-nozzle. How-
ever, the influence of extrusion swelling reduces the precision
of the printed model significantly during the actual printing
process. Therefore, the influence of the extrusion swelling on
the precision of the extruded fibers must be considered. For the
DIW printing extrusion process, the accurate prediction of the
extruded fiber diameter directly determines the model’s accur-
acy and the printed sample’s quality. In this study, the swelling
ratio is introduced to quantify the impact of extrusion swelling
on the DIW 3D printing process. The swelling ratio B quanti-
fies the extruded swelling phenomena, which is defined as the
ratio of extruded fiber diameter Dextrudate to nozzle diameter
Dnozzle following extrusion stabilization [45].

B =
Dextrudate

Dnozzle
, (17)

where Dextrudate is the diameter of printed filament, and Dnozzle

is the inner diameter of micro-nozzle.
Based on the original CFD simulationmodel, the hybrid ink

extrusion process simulation from the micro-nozzle has been
conducted. As shown in figure 6(a), the fibers extruded from
different micro-nozzles all exhibit the swelling phenomenon
of increasing diameter. As a result, when the fibers exit the
nozzle, the diameter swelling ratio increases rapidly at first,
then gradually increases to a constant value after 5 mm from
the nozzle outlet. Figure 6(b) depicts the evolution of fiber dia-
meter swelling at various micro-nozzle sizes. In a subsequent
study, the nozzle extrusion swelling ratio is obtained by meas-
uring the experimental extruded fiber diameter.

Figure 6(c) compares the variation of extruded fiber swell-
ing ratio with inlet applied pressure for different micro-nozzle.
The swelling ratio can increase rapidly with applied pressure
and gradually stabilize. The increased applied pressure leads
to increased ink extrusion velocity, which shortens ink resid-
ence time in the flow channel. Therefore, the elastic storage
energy of the ink extrusion is not fully released in the shear
section, resulting in an increasing ratio of extrusion swell-
ing. As micro-nozzle diameter increases, the extrusion swell-
ing ratio decreases. Figure 5(g) shows that the high-pressure
area has a greater impact with the small nozzle configura-
tion. The elastic storage energy of the ink in the high-pressure
area increases, resulting in an increasing ratio of extrusion
swell. Figure 6(d) indicates the experimental results with dif-
ferent micro-nozzle. The experimental results of the swelling

ratio are slightly greater than the simulated results because
of the ink surface tension in actual operation. The swelling
ratio firstly increases quickly until the applied pressure of 400
kPa, and then decreases slowly. This is because the effect
of gravity is more pronounced with the extrusion pressure in
the test. Figures 6(e) and (f) show the simulation and experi-
mental results for the variation of extruded fiber swelling ratio
with the applied pressure under different ink formulations.
It is found that as ink viscosity increased, the swelling ratio
dropped. Besides, gravity affects the extrusion swelling ratio
of the experimental results during high-speed extrusion.

4.3. Printability process tests of viscoelastic inks

Printing performance and fiber accuracy in the DIW 3D print-
ing method is primarily governed by process factors such
as ink rheological characteristics, applied inlet pressure, and
printing speed. When the ink formulation is selected, the res-
olution of the printed filament can be adjusted by varying the
applied pressure and substrate move speed. This study invest-
igated various applied pressure and printing speed ranges to
optimize the printing process parameters for the four inks and
the different micro-nozzles. Figure 7(a) depicts the fluctuation
in tracewidth of printed fiber lines with respect to variousDIW
printing speeds. The applied pressure is set as 300 kPa, and
the Ink8:2 is used for printing. Under the micro-nozzle dia-
meter of 210 µm, ink accumulation occurs at printing speeds
range of 1–30 mm s−1, resulting in the width of printing
fiber (>300 µm) being much larger than the micro-nozzle dia-
meter. The width of the printed fibers becomes narrower as
the printing speed increases in the range of 30–80 mm s−1.
This is because the printing speed does not match the extru-
sion velocity, making it difficult for the extruded hybrid inks
to be deposited simultaneously, so the lines are stretched and
gradually thinner. If the printing speed surpasses 80 mm s−1,
the fiber lines appear discontinuous or even broken. This is
because the printing speed has exceeded the critical printable
speed, resulting in discontinuous printing lines that severely
affect the quality of printed samples. Different print nozzles
correspond to the printable range. Figure 7(b) depicts the trace
width and morphology of 2D planar fibers printed under dif-
ferent micro-nozzle diameters. The printing applied pressure
is set as 300 kPa, and the printing speed of 30 mm s−1 is used
to print Ink8:2 prepared ink.

The applied pressure is another process parameter affect-
ing the printed fibers’ accuracy. The applied pressure mainly
affects the extrusion velocity of ink, and then affects the
volume of ink extruded per unit time. Figure 7(c) shows the
variation of the printed line width with applied pressure at dif-
ferent printing speeds (10, 20, and 30 mm s−1). The micro-
nozzle with a diameter of 110 µm is selected for DIW print-
ing. And it turns out that as the applied pressure increases,
the volume of ink extruded in the same amount of time also
increases, resulting in an increase in the line width. When the
applied pressure is less than 100 kPa and the printing speed
is 10 mm s−1, discontinuous printing can occur due to insuf-
ficient applied pressure. This is because the applied pressure
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Figure 6. The FEM simulation results and experimental results of extrudate swell characteristics under different printing process
parameters. (a) FEM simulation diagram ((b), experimental microscope images) of inks extrusion swell in the same inlet pressure of
300 kPa using Ink9:1. (c) FEM simulation diagram ((d), experimental results) and a folded line graph of inks extruded swelling ratio at
different applied inlet pressure. (e) FEM simulation results ((f), experimental results) of extruded swelling ratio vs. applied inlet pressure
under the various PDMS resin inks.

does not provide a sufficiently stable working pressure drop,
which makes it difficult for the printed fibers to be depos-
ited consistently on the substrate. When the applied pressure

exceeds 400 kPa, the printing speed of 10 mm s−1 is too low,
causing ink accumulation on the print line. Figure 7(d) shows
the 2D fibers with excellent print sample quality.
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Figure 7. Wire trace characteristics under various process parameters. (a) Printed fiber trace width at various printing speeds.
(b) Microscope images of printed lines for Ink8:2 in the same inlet pressure of 300 kPa under 30 mm s−1. (c) Printed fiber trace width under
varied applied pressures. (d) Microscope images of printed lines for Ink8:2 in the same print speed of 20 mm s−1 by using TT110.
(e) Printed fiber trace width with varying ink rheological properties. (f) Printed diagram of the various PDMS resin inks 9:1, 8:2, 7:3, and
6:4 based on the TT210 nozzle.
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Figure 8. DIW 3D printing phase diagram of PDMS resin inks solution at 25 ◦C. (a) Experimental data was plotted in the phase image
under different applied inlet pressure and printing speed. (b) Empirical data was plotted in the phase image under different applied inlet
pressure and the various PDMS resin ink (SE1700 weight/total weight). Dots represent experimental data (the red dot is the printable
parameters, the white dot is the no ink flow, and The blue dot parameters cannot print a controlled pattern). The dotted line and block area
represent the theoretical prediction.

Figure 7(e) shows the variation of the printed line width
with printing speed at different ink formulations. The print-
ing applied pressure is set as 300 kPa, and the micro-nozzle
with a diameter of 110 µm is used to print. The volume of ink
extruded per unit time increases as the ink viscosity decreases
at the same applied pressure. Therefore, low viscosity inks
print wider lines under the same conditions. The width of
printed fibers decreases as the printing speed increases, and
then discontinuous print lines when printing speed exceeds the
printable critical speed. Figure 7(f) shows the morphology of
extruded fibers printed with each ink formulation at the same
micro-nozzle (210 µm). It can be seen from section 3.1 that
the Ink9:1 prepared ink has highmodulus and recovery viscos-
ity, which facilitates the self-healing formability of the printed
structures.With the decrease of ink viscosity and storage mod-
ulus, the formability of printed fiber decreases. For example,
the fibers printed with Ink6:4 prepared ink were unable to

support the 3D structure, resulting in the collapse of the
printed sample.

5. Applications and discussion

It is well known that the printability of the DIW 3D printing
process is ultimately determined by the printed samples’ struc-
tural integrity and morphological resolution. Based on above
systematic study of process parameters, including ink rheolo-
gical properties, applied pressure, and printing speed, we have
completely evaluated the printability of DIW 3D printing.

We found that the Ink8:2 formulation ink can be printed
into continuous fibers when the printing speed is 5–70 mm s−1

and the applied pressure exceeds a certain threshold, as
shown in figure 8(a). Ink accumulation happens as a result of
printing speeds less than 5 mm s−1, making it hard to print
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Figure 9. DIW printing application of solid structures under different printing process parameters. (a) 2D patterns printed by PDMS resin
inks under different DIW printing processes. The upper figures are CAD models and the lower figures are the corresponding entities. (b) 3D
structures, after heat curing, printed by DIW using PDMS resin inks. (c) The DIW printed LED light array device with serpentine lines.
(d) Image of an LED circuit fabricated by DIW 3D printing, in which surface mounted electrical components are interconnected with
printed silver paste wires on the substrate.

a controllable design pattern. If the printing speed is higher
than 70 mm s−1, it is difficult for the printed fibers to deposit
onto the substrate due to the high printing speed. And when
the applied pressure is less than a certain level, the shear stress
is insufficient to drive the flow behavior of the ink, and no ink
flows out of the micro nozzle. The right side of figure 8(a)
shows the printed fiber profiles corresponding to each print-
ing condition. When the ink concentration is between 50%
and 100 wt%, and the applied pressure is higher than a cer-
tain level, continuous lines can be printed under the TT110
micro-nozzle, as shown in figure 8(b). The formability of high
concentration inks allows 3D models to be printed, while low
concentration inks are in droplet form and cannot support the
line structures. The applied pressure increases as the ink con-
centration increases. When the applied pressure is insufficient,
unstable flow or even no ink extrusion occurs. The phase dia-
gram predictions can effectively guide experimental print pro-
cess parameter selections, and the results indicate the validity
of the DIW 3D printing process research.

To demonstrate the printability of the process paramet-
ers in this study, we printed several samples with the optim-
ized parameters, as displayed in figure 9. Figure 9(a) shows
the 2D patterns printed on the acrylic plate using a TT110

micro-nozzle and Ink8:2 PDMS hybrid ink. The printing speed
is 20 mm s−1, and the applied pressure is 200 kPa. It is
seen that the printed lines demonstrate excellent resolution
and smooth contour, which provides a reliable technology for
the application of printed circuits. Figure 9(b) shows the as-
printed multilayer 3D samples. It can be observed that the 3D
structural models remain structurally intact without any col-
lapse. These complete 3D models demonstrate the formability
and stable printability of high elasticity modulus hybrid inks.

Additionally, we have prepared flexible LED light arrays
based on the DIW 3D printing process study. Curved wires
are printed on a flexible substrate to link the LEDs, and these
curved leads provide good electrical and mechanical proper-
ties. Figure 9(c, i) shows the printed serpentine circuit with
good resolution, and the printed wire has a smooth profile. As
shown in figure 9(c, ii), the LEDs can be illuminated stead-
ily when the 6 V supply is switched on. To further demon-
strate the quality stability of DIW 3D printable circuits, we
prepared complex patch circuit systems by DIW 3D printing.
Figure 9(d, i) shows the complex patch circuit with good res-
olution and flatness. We prepared a flat LED flowing light,
which includes a CD4017 chip, a control chip, and fifteen
SMD (ten LED lights, two 1 µF capacitors, and three resistors

16



Int. J. Extrem. Manuf. 5 (2023) 035002 Q Zheng et al

with resistance values of 2.2, 10, and 50 kΩ, respectively).
Figure 9(d, ii) shows the printed circuits on PDMS substrates
with conductive silver paste which was cured at 120 ◦C for
30min to obtain complex SMD circuit devices. All LEDs flash
continuously when the supply is switched on, proving that the
printed circuit can provide a reliable electrical connection.

6. Conclusion

In summary, to facilitate the widespread application of DIW
3D printing technology, we systematically investigated the
extrusion mechanism of DIW 3D printing and the influence
of process parameters on the quality of printed samples. The
range of applicability of different process parameters for the
printability of the samples was obtained through the com-
parative analysis of CFD finite element simulation and DIW
printing experiments. The Ink8:2 preparation ink and 110 µm
micro-nozzle used in this study enable rapid (>70 mm s−1),
high-resolution, micron scale (<100 µm) models. The print-
ability process parameters, including ink rheology, applied
pressure, and printing speed, is determined by the resolution
and morphological structure of the printed sample. The results
show that some exemplary micro-mold geometries were prin-
ted using these optimized printable process parameters, and
a printed circuit system with reliable electrical connections
was successfully demonstrated. Although our demonstration
focused on hybrid silicone materials and commercial silver
paste, this systematic study towards DIW 3D printing pro-
cess provides insights into the printing of different inks, thus
enabling a wider range of applications for DIW 3D printing
technology, such as flexible electronics (i.e. conductive inks),
soft robotics (i.e. composite gel inks), biomedical devices
(i.e. biocompatible viscous inks) and 4D printing structures
(i.e. shape-memory polymers inks, etc.).
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