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Abstract

®

CrossMark

The unique ability to combine versatile materials via additive manufacturing greatly enhances
the functionalities of soft machines. However, manufacturing for multi-material devices often
involves complex and redundant procedures. Herein, we develop a multimode coaxial direct ink
writing method for efficient 3D printing of multi-material filaments in the form of core-shell
material distribution at millimeter scales. Through simulations and experiments, essential
printing parameters, such as extrusion pressure and deposition speed combinations, are
investigated to control compositions simultaneously. As exemplars, we fabricate soft lattices
presenting tunable mechanical responses by printing soft and tough silicone in a single pass. We
also demonstrate bio-mimetic potentials by fabricating soft fingers and magnetic shape-shifting
structures with multiple functional materials. Our method is expected to provide a new
paradigm for designing and manufacturing the rapid prototyping of soft functional

machines.

Supplementary material for this article is available online

Keywords: coaxial 3D printing, functional soft materials, bioinspired soft machine

1. Introduction
Soft materials, with natural flexibility and biocompatible prop-
erties, are increasingly relevant to emerging technologies in

medical devices [1-3], wearable textiles [4—7], soft robotics
[8-11] and bionic technology [12—14]. Moreover, there have

* Authors to whom any correspondence should be addressed.

1361-665X/24/015003+10$33.00

been a great number of studies in soft functional materi-
als have demonstrated their applicability on sensing [15-17],
luminescence [18], and shape-shifting [19, 20], showing
extraordinary advantage and performance [21, 22]. Although
plenty of manufacturing methods such as cutting, casting
[23, 24], bonding [25], folding [26], knitting and weaving
[27-29] or combinations [12, 30, 31] allow to obtain soft
device with exquisite details, manufacturing procedures still
are time-consuming, complex and redundant for shapes or
materials diversity.

© 2023 IOP Publishing Ltd
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Figure 1. Illustration of the mcDIW including the extrusion process, methodology based on that and applications. (a) Schematic diagram of
multimode coaxial extrusion actuated by pneumatic waveform using functional multiple inks. (b) Direct 3D printing or weaving based on
multimode extrusion and multi-material sample exhibition such as tube, graded cubic, yin—yang pattern or magnetic sheet unit, scale bars:
10 mm. (c) Applications of multi-material objects, such as tunable stiffness lattice and magnet-driven architecture.

Recently, 3D printing has attracted tremendous attention
in patterning a broad palette of high-performance materials
[32, 33], which can build the interior structures [34, 35] in the
assembly-free approach [36-39]. Direct ink writing (DIW),
an extrusion-based 3D printing technique, is facile and com-
patible for soft devices addressing gel-like materials [40—
42]. Nevertheless, challenges, such as low efficiency during
switching nozzles or ink [40, 43] or long material transitions
of online mixing [44—46], are still remaining. Multi-material
DIW based on fluidic strategy is executable. But due to com-
plex extrusion control [5, 47-50], it presents limitations on
producing functional filaments or products with complicated
shapes.

Herein, as illustrated in figure 1, we have innovatively
developed a novel multimode coaxial DIW (mcDIW) method
with a multi-channel printhead (see figure S1), of which out-
lets is in concentric form. Such printhead is capable of depos-
iting two functional materials, each of which flows through the
individual channel, which is connected to the ink reservoir that
can be individually actuated by digitally controlled pneumatic
pressures. The core-shell or segmented filaments, whose com-
positions are determined by specific pressure combinations,
can be produced in one pass deposition. Furthermore, we have
demonstrated that the mcDIW is able to print multimaterials
objects or unit for other technology e.g. weaving. To demon-
strate the scalability of the method, soft, tough and magnetic
silicone inks are utilized to construct lattices having tunable
stiffness or bioinspired architecture such as soft finger or mag-
netic driven shape shifting sheets, respectively.

2. Experimental section

2.1. Printing system and processes

The printhead was built using an SLA printer (form 3,
Formlabs, USA) load with High Temp V2 resin, the detailed
design drawing is presented in figure S1. This printhead fea-
tures a standard Luer lock for connection with syringe and
mounting holes to install upon motion stage. Pneumatic pres-
sure was adjusted by an electronic pressure valve (SMC
ITV2050, Japan). All printing trajectories and procedures
were generated using self-defined Gcode executed with
LabVIEW and C#. Samples were printed on glass substrates,
followed by a thorough cleaning with ethanol and subsequent
drying. Then 3D printed samples were cured in an oven at
90 °C for 2 h.

2.2. Materials

In the validation experiments, the ink was SE1700 (Dow
Corning, USA), prepared by mixing the base agent and
catalyst agent in a weight ratio of 10:1 using a planetary
mixer (ZYMC-180 V, ZYE Technology Co., Ltd) operated at
2000 r.p.m. for 3 min. To distinguish the ink from the differ-
ent channel, core ink was dyed with a red pigment. As for
the application experiments, the softer ink was a silicone for-
mulated by homogeneously blending fumed SiO, (Aladdin
Biochemical Technology Co., Ltd, Shanghai), Ecoflex 30 Part
A and Part B (Smooth on, USA), and a red pigment at a
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weight ratio of 0.18:1:1:0.1 using a planetary mixer operated
at 2000 r.p.m. for 3 min. The tougher silicone used was
abovementioned SE1700. The magnetic ink was formulated
by mixing the following components at a weight ratio of
10:1:4:25: (1) SE 1700, (2) SE1700 cure agent, (3) Ecoflex
30 Part B, (4) NdFeB microparticles having an average dia-
meter of 25 pm (Ax-Y4, Qinghai Tairui Mining Co., Ltd).
The blender then was magnetized by impulse magnetic fields
(5.7 T) generated by a magnetizer (MA-3030, Shenzhen
JIUJUOK Industrial Equipment Co. Ltd) to impart polarities
on ferromagnetic particles. All printable inks were centrifuged
at 5000 r.p.m. for 5 min to defoam in syringe before printing.

2.3. Characterizations

The rheological properties including viscosity and modulus of
the inks were assessed via a rheometer (DHR-2, TA instru-
ment). The testing fixture adopted was a cone plate with a cone
angle of 2° and a 40 mm in diameter. The gap distance between
the cone and substrate was set as 200 um. The viscosity-shear
rate relationship was determined by the ‘Flow Sweep’, where
the range of shear rate was set as 0.1-1000 s~!. The modulus-
shear stress relationship was obtained by applying stress from
0 to 1000 Pa, with the oscillation frequency set at 1 Hz. The
characterization and measurement of geometry dimensions
of printed samples were conducted on an optical microscope
(DVM6 A, Leica Microsystems GmbH). A universal testing
machine (QinglJi QJ211, Shanghai) was used for mechanical
testing. A handheld gauss meter (KT-101, Shenzhen Aokete
Technology Co., Ltd) equipped with a Hall sensor detector was
used to quantify magnetic field strength. Permanent magnetic
prisms with dimensions of 40 mm x 10 mm x 5 mm were util-
ized to generate magnetic fields for orientation of the NdFeB
and driving inchworm-like robots and shape-shifting sheets.

2.4. Finite element simulation method

To explore coaxial flow behavior, a computational model
was developed using COMSOL Multiphysics 5.5. Here, the
two-phase flow, phase field coupling feature set was used,
which enables volume and velocity tracking of two flows.
Meanwhile, Herschel-Bulkley model was utilized to capture
the non-Newtonian viscoelastic flow properties, of which
parameters such as density, fluid consistency coefficient (m),
flow behavior index (m), yield stress (1) were listed in table
S1. Mechanical simulation of filaments (see figure 6(a)) and
soft robots (see figure 6(b)) were conducted using COMSOL
as well, while simulation of the soft lattice (figures 5(b) and
(c)) was experimented with Abaqus because of its explicit
algorithms for improved convergence. The constitute model
of silicone was fitted using the Mooney—Rivlin constitutive
whose two parameters (Cjo and Cy;) were fitted by uniaxial
test data of printed Ecoflex 30/SiO, and SE1700 standard
specimens (see figure S5 and table S2). The dimensions of
simulations in software closely matched those of the actual
objects.

3. Results and discussions

3.1. Switchable extrusion mode and deposition

At first, simulations are conducted to gain a deeper
understanding of coaxial extrusion. To enhance the efficiency
of the investigation, as depicted in figures 2(a) and (b), the
rotational symmetry model around outlet is set up. As shown
in figure 2(a), Pj, and P, denote applied pressure on core
and shell inks, respectively. The desired indices, such as velo-
city and volume proportion, are exacted from the result in
2nd outlet plane. As a result, generally, core/shell width ratio
rises as the Pj, increased at each fixed Pyy, as well as Py
decreased at each fixed Pj,. Shell width is mainly decided
by dimension of 2nd outlet, while core width is related to
pressure combinations. Interestingly, this ratio exhibits an
initial increase followed by a decrease, as Py sore from 0
to 30 kPa when keep unchanged Pj, at low values, e.g. 8 or
10 kPa. We infer that the phenomenon occurred because the
core ink would be pushed from inner channel then slowed
down and accumulated in the zone between 1st and 2nd out-
let. Then, as Py, increased during initial stage, shell ink with
slow flow rate would aid in moving core ink, but reversely
blocked core ink as flow rate of shell ink reached a high level.
From figure 2(d) that presents the flow rate result with dif-
ferent pressure combinations, it is evident that both P, and
P;, are positively correlated with flow rate, with Py, having
a more significant effect. In addition, figure 2(e) provides
insight into ink volume fraction and velocity distribution at
the specific pressure combination (marked in figures 2(c)
and (d)), offering more detailed results regarding the inter-
action of multiple materials. The simulation data suggests
that controlling multi-materials extrusion through pneumatic
manipulation is feasible. However, due to the lack of whole
extrusion system’s simulation, it should be noted that the pres-
sure used in simulation only serve as references for further
experiments.

For further verification, SE1700 and dyed SE1700 were
coaxially printed in the concurrent mode, in which both the
inner and outer channels are simultaneously pressurized. In
the section, the filament is collected by fixing the printhead
at a high enough level to avoid pressing filament between the
printhead and substrate. As depicted in figures 3(a)—(c), seg-
mented filaments were printed in the alternating mode, altern-
atingly pressurized according to the pressure waveform (see
figure 3(a)) with the same period (T'1 = T2) (see video S1). As
aresult, there were red and translucent filaments whose length
of each segment could be regulated by changing the period T';
or T, respectively. As shown in figure 2(c), the segment length
determined by pressure duration 7 from 50 to 500 ms ranged
from 1 to 8 mm. However, it must be pointed out that when T is
less than 300 ms (corresponding to a segment of ~3 mm), the
neighboring red segment was not well separated. We deduce
that the original ink occupies the zone between two outlets
of the channel, which would result in such a phenomenon
that the segment volume became lower than the zone volume.
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Figure 2. The simulation for multimode coaxial extrusion. (a) The rotational symmetry model for simplification, with dimensions matching
the experimental printhead. (b) The illustration graph of the outlets for core/shell width and indices. (c) The relationship between core/shell
width ratio and pressure combinations. (d) The relationship between the flow rate and different pressure combinations. (e) Diagram of fluid
volume and flow rate distribution at the specific pressure combination, indicated by a triangle in (c) and (d).

Thixotropy of ink (shown in figure S4) suggested that the
ink could not bear impacts caused by high-frequency pressure
switching, which led to unstable rheological states. This delay
reaction further caused mismatches in the deposition of mater-
ials from the designed position, which could be compensated
by alerting pressure in advance.

As shown in figures 3(e)—(g), the concurrent mode print-
ing forms coaxial filaments, where the red ink from the inner
channel is embedded in the translucent ink from the outer
channel. Figure 3(e) shows that increasing the pressure of the
inner channel (Py,) from O to 300 kPa when fixed Pout at
200 kPa, induces that in core (red) with diameters d ranging
from 0 to ~1000 pm and shell with a fluctuating diameter D
around 1100 pm, respectively. The photographs in figure 3(f)
show the side view (top row) and cross-sections (bottom row)
of three coaxial filaments (top row) under P, of 0, 100,

and 310 kPa, respectively, when at fixed Py, of 200 kPa.
It is confirmed that the pressure combinations determine the
core/shell width ratio, while D is determined by the size of the
printhead outlet, which coincides with the simulation result.
The deposition process is more complicated compared to
extrusion since the collapse of inks between the printhead and
substrate have to be considered. In the main, the dimensions of
the printed filament are influenced by several factors, includ-
ing standoff distance, printing speed and pneumatic pressure.
Therefore, considering the mass equation, the line width of the

printed filament is related to the formulation [51], D = 4/ % ,

where D denotes the shell width, v is the deposition speed,
Q) corresponds to the flow rate which is severely determined
by the applied pressure. As shown in figure 3(g), we carried
out experiments that changing the speed from 6 to 9 mm s~!
and applied outer channel pressure from 80 to 110 kPa at
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(e) the relationship between pressure and line width. (f) Photographs of coaxial filaments with side and cross section view, scale bar:
500 pm. (g) The shell width as a function of Py pressure and deposition velocity without Pjy.

fixed standoff distance of 1.1 mm resulting in filaments with
their widths ranging 0.8—1.8 mm. Specifically, the printhead
with a high deposition speed dragged the viscoelastic ink
to thin the filament. Nevertheless, discontinuity in printed
filament occurred when pressures set lower than 80 kPa,
leading to insufficient ink even at the speed of 6 mm s~!.
Conversely, high flow rate caused by bigger pressures and low
deposition speed would cause accumulation of ink to enlarge
filament width. Summarily, parameters of applied pressure
and speed could regulate dimensions of the shell width
as prediction according to pre-experiments before formal
printing.

3.2. Metamechanical design

In this section, two types of silicone inks were used, with the
tougher one being SE1700 (undyed) and the softer one Ecoflex
30 (dyed red). SE1700 is a type of PDMS, while Ecoflex
is platinum-catalyzed silicone, and the PDMS, Ecoflex, or
blender are often utilized as a matrix for functional soft
materials [52-55]. Hence, we have taken those silicone inks
with different mechanical properties than the two building inks
for the filament. Using mcDIW, we deposited several filaments
for material gradient lattices for tunable stiffness elastic lattice,
soft pneumatic fingers. Shown in figure 4, we conducted both
simulations and tensile experiments on four types of filaments
with different material distribution, i.e. (1) tough, (2) soft, (3)
soft core and tough shell, (4) segmented tough and soft, each

measuring 20 mm in length and 1.1 mm in shell width. Both
simulated and experimental results revealed that mechanical
behavior of filaments could be tailored at millimeter scale
through segmented and coaxial multi-material distribution,
which could guide further structure design.

As illustrated in figure 5(a), we constructed simple five
types of cubic (SC) woodpile structures [56, 57] which was
engineered to investigate the impact of the material distri-
butions. The odd layer (along the x-axis) and even layer
(along the y-axis) were placed orthogonally to form identical
architecture. Notably, for convenient representation, blue lines
denote the tough segment (SE 1700), red lines correspond to
the soft segment (Ecoflex/SiO2), the orange lines represent
segments with core-shell structures. The lattice samples pos-
sess dimensions of 30 x 30 x 9 mm?>, where each layer is
precisely printed with a height of 0.9 mm, filament width of
1.1 mm and spacing distance of 3 mm. As shown in figure 5(b),
the behaviors of samples under tension are mainly determined
by filaments along the tensile direction. Specifically for the
type 2 sample, the soft filament along the x-axis introduced a
lower reactive force than the tough filaments along the y-axis
because filament align tension direction undertook most of
strain and stress. The compressive behaviors of these lattices
in figure 5(c) revealed three typical stages and feature paramet-
ers (i.e. €1, €2, 015, E1, E2) [58] in the strain-stress curves. We
demonstrated that the capability of mcDIW can adjust those
parameters via materials distribution. According to simulation
results, the column consisting of intersecting nodes along the
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filaments. (a) Simulation result; (b) experiment result.

vertical direction (z-direction) attributed to the linear deforma-
tion and buckling, corresponding to the linear (up to strain )
and plateau (from ¢; to ;) region of the stress—strain curve
shown in figure 5(c).

As for the third stage corresponding to densification stage
that strain is beyond e, all parts of the lattice resist the
indenter consistently so the stress—stran curves presented non-
linear upward trends. Furthermore, we found similar result
along experimental strain—stress curves, pressenting tunable
stiffness lattice via mcDIW to change compression paramet-
ers. Additionaly, the type 1 and 5 samples had similar linear
and plateau stages but the latter exhibited the lower stress dur-
ing densification stage since that tougher segments in type 5
sample were placed on internode position, while the softer
segments offer less stress in densification stage than that in

type 1.

3.3. Soft biomimetic application

In this section, we presented potential of mcDIW in biomi-
metic field. For instant, four gear-rack like soft fingers are fab-
ricated by our mcDIW with SE1700 and Ecoflex/SiO, inks
shown in figures 6(a) and (b). Furthermore, their entire teeth
were printed in (1) with a tough material and (2) with a soft
material, (3) the upper half of teeth printed with a soft mater-
ial and the lower half a tough material, and (4) the upper half
of teeth printed with a tough material and the lower half a soft
material. While applying a pressure of 30 kPa (see video S4),

those printed teeth made soft fingers bend with different travel
and motion patterns, which is in good agreement with simula-
tion results.

According to figure 6(c), the general fabrication process of
the soft magnetic device are classified as five steps: (1) blend
silicone matrix and NeFeB particles to form uniform ink, (2)
use high impulse magnetic impulse field (5.7 T) to magnet-
ize particles inside ink; (3) print the predefined samples; (4)
orientate particles inside the structure by an external magnetic
field (e.g. 100 mT); (5) cure specimen in oven at 90 °C for
1.5 h. As shown in figure 6(d), printed magnetic parts com-
posed of coaxial printed filaments while link line was pure sil-
icone using a other parameter to form saparation between each
line. (SE 1700). It should be noted that in step (5), i.e. orient-
ation, shell ink restricted the magnetic particles from moving
too much thus the filament no longer formed straight line (see
figure S7).

As shown in figure 6(e), we fabricated a simply soft
inchworm-like robot that could crawl via the motion of mag-
netic parts serving as ‘legs’ under extra magnetic field. The
parts at the two ends of the sheet were magnetized as the S
pole that is facing outward, while the one in the middle was
magnetized revesely. The other parts as ‘body’ linking the
‘legs’, was printed as separeted lines for flexibility in all mov-
able directions and further weaving method. As indicated in
figure 6(e), about 5 mm march of the robot in an attempt to
crawl was achieved under rotation and translation of magnetic
filed.
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Additionally, as demonstrated in figure 6(f), these sheets
with magnetic components, taken as block units, can be
intricately woven together to construct soft devices. The top
row in figure 6(f) shows the woven structure including mag-
netic parts where could be set pole orientation independently.

Consequently, the two side columns initiated an inward bend-
ing motion when subjected to a magnetic field of 50 mT. As
increasing a magnetic field to 200 mT, the structure completely
grasped as shown in bottom row of figure 6(f). A detailed visu-
alization of this grasping process can be observed in video S3.
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pneumatic input pressure of 30 kPa. (c) The ink preparation, magnetization, printing, orientation and curing process for fabricating magnetic
sample. (d) Linear sheet units for assambly of more complex structures, containing megnetic part and saparated linking line. (e) A
photograph of a live inchworm (1st row) and crawing of the sheet unit with three magnetic parts, whose specific pole is facing outward and
are marked. The sheet unit crawls (3rd to 5th rows) under an applied magnetic field (f) the 2D strcuture weaved by sheet units, is able to
shape shifit when applied magnetic filed. The pole of each magnetic part is signed in first row graph.

4. Conclusion

In summary, we have presented a multi-material 3D print-
ing approach, i.e. mcDIW, for constructing soft functional
devices. Our method can readily control material distribu-
tions in millimeter level for 3D-printed filaments, avoiding
the frequent switching of printheads and/or inks in con-
ventional methods. More specifically, multi-material fil-
aments can be defined as core/shell or segmented struc-
tures with the proposed concurrent and alternating modes.
High manufacturing efficiency and accurate registration
of the segments are established for meta-mechanical
and biomimetic applications. By integrating printheads
with other composites, this multimode extrusion method
can be utilized for creating complicated soft functional
devices.
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