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Phase-Change-Enabled, Rapid, High-Resolution Direct

Ink Writing of Soft Silicone

Yiliang Wang* and Norbert Willenbacher*

Soft silicone is an ideal flexible material for application, e.g., in soft robotics,
flexible electronics, bionics, or implantable biomedical devices. However,
gravity-driven sagging, filament stretching, and deformation can cause inevi-
table defects during rapid manufacturing, making it hard to obtain complex,
high-resolution 3D silicone structures with direct ink writing (DIW) tech-
nology. Here, rapid DIW of soft silicone enabled by a phase-change-induced,
reversible change of the ink’s hierarchical microstructure is presented.
During printing, the silicone-based ink, containing silica nanoparticles and
wax microparticles, is extruded from a heated nozzle into a cold environment
under controlled stress. The wax phase change (solid—liquid-solid) during
printing rapidly destroys and rebuilds the particle networks, realizing fast
control of the ink flow behavior and printability. This high-operating-tempera-
ture DIW method is fast (maximum speed =3100 mm min~") and extends the
DIW scale range of soft silicone. The extruded filaments have small diam-
eters (50 £ 5 um), and allow for large spans (=13-fold filament diameter) and
high aspect ratios (=1), setting a new benchmark in the DIW of soft silicone.
Printed silicone structures exhibit excellent performance as flexible sensors,
superhydrophobic surfaces, and shape-memory bionic devices, illustrating

the potential of the new 3D printing strategy.

1. Introduction

Soft silicone, due to its excellent flexibility, resilience, stability,
and biocompatibility, plays a prominent role in soft robotics,
flexible electronics,>® biomedical devices,”® and bionics.>!
However, its intrinsic viscoelastic softness makes it hard to
fabricate complex 3D structures with traditional methods.
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Additive manufacturing or 3D printing
has become a versatile technology for
rapidly turning computer-aided designs
into complex 3D objects using diverse
polymers,? but the 3D printing of
high-resolution soft silicone is still a chal-
lenge. Nowadays, the 3D printing of soft
silicone  (i.e.,  poly(dimethylsiloxane),
PDMS) comprises two categories: light-
based 3D printing and extrusion-based 3D
printing.[131518 Although the former could
provide a higher printing resolution, it is
limited by the expensive, biohazardous,
photocurable silicone and the compli-
cated printing process. Furthermore, its
multimaterial fabrication is not universal,
and most silicone composites are not suit-
able for light-based printing.'®! Ink-based
3D printing methods, by contrast, own a
simpler printing procedure and can pat-
tern diverse printable inks formed by dif-
ferent kinds of liquid matrix and soluble
materials.

Fused deposition modeling is the
high operating temperature (HOT) 3D
printing technology for thermoplastic
polymers, where the polymeric filaments are melted and
extruded through a heated nozzle, and then solidify as they
cool to low temperature. Although printing at high speed (up
to 500 mm s7') is possible, the high viscosity of the polymer
melt limits the nozzle diameter, and the die swelling of the
melt further reduces the resolution of printed structures.!]
Direct ink writing (DIW) is another important extrusion-based
3D printing method, in which the viscoelastic ink is extruded
through a nozzle and selectively deposited layer by layer. The
stable shear stress in the nozzle applied by mechanical pres-
sure must exceed the ink’s yield stress for achieving the smooth
flow of ink. Once extruded, such viscoelastic fluids should rap-
idly recover or significantly increase their viscosity and moduli,
so the ink takes a gel state to retain the printed architectures,
allowing for high-resolution 3D printing. Generally, this may
be achieved by sudden stress reduction, phase change, solvent
evaporation, gelation, and polymerization of the ink. Unfortu-
nately, for commercial silicone formulations, the most suitable
way is polymerization, which suffers from slow kinetics and
a corresponding slow increase in viscosity, leading to material
flow, poor resolution, and long build time.® Although, many
new printing strategies for soft silicone have been invented,
including capillary-suspension-typel™?) and emulsion-type
inks,1?% as well as tailored printing concepts such as embedded
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printing,?122l multinozzle 3D printing,!®l or other customized

printing methods.""® Nevertheless, the rapid 3D printing
of silicone elastomers with high resolution is still difficult to
achieve, limiting their applications, especially in flexible elec-
tronics®?¥ and smart soft devices.?#?’ Realizing the stable
extrusion of the ink and the fast control of rheological proper-
ties is the key to ink-based 3D printing of soft materials.

2. Results and Discussion

Here, we report the additive manufacturing of high-resolu-
tion soft silicone by using the PDMS/silica nanoparticle/wax
microparticle (PSW) phase change ink and the HOT-DIW!2l
3D printing system (Figure 1a,b and Figure Sla,b (Supporting
Information)). The HOT-DIW system has three control-
lable parameters, including piston pressure (P), printhead
speed (V,), and nozzle temperature (T), which can control
the printing process more precisely than the common DIW
printer. The PSW ink (Figure 1c) can change and recover its
rheological properties rapidly in the printing and the subse-
quent cooling process. The wax microparticles (average size,
3.0 £ 0.8 um, Figure S2a,b, Supporting Information) and
silica nanoparticles (fumed silica, =70 nm) in the ink serve as
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effective rheological modifiers through creating micro- and
nanoscale networks (Figure 1b).2138 PDMS (Sylgard 184) is
a liquid polymer with very low moduli and viscosity (3.5 Pa s)
before curing, which does not have a yield stress. A large
amount of solid particles or fillers is necessary for preparing
printable PDMS inks with distinct yield stress and pronounced
shear-thinning behavior, necessary to enable extrusion and then
maintain the printed structures. However, such a large amount
of particles results in strong aggregation, making it extremely
difficult to pass through thin nozzles (<150 um). For example,
the PDMS/silica nanoparticle (PS) ink has a very low extrusion
rate (<4 mm min™!) at which stable and effect free filaments
can be obtained when a 100 um nozzle is used (Figure Sic,
Supporting Information) at 45 °C with a pressure of 80 bar (the
maximum pressure of our printer), and it cannot be extruded
out of thinner nozzles (e.g., 50 and 80 um). In PSW ink, we
use a combination of wax microparticles (17.6 vol%) and silica
nanoparticles (5.53 vol%) to increase the moduli and yield
stress at room temperature (RT, 20 °C), while enabling a good
flow behavior at higher temperatures, due to the suitable phase
change behavior of the wax (Figure S2¢c, Supporting Informa-
tion). The PSW ink is highly elastic (G’> G, its yield stress?’]
(7, =5745 £ 281 Pa) is substantially higher than that of the corre-
sponding PS ink without wax particles (7, = 4077 £ 211 Pa). The

Figure 1. Phase-change-induced high-resolution 3D printing of soft silicone. a) Schematic illustration of the high-operating-temperature-direct ink
writing (HOT-DIW) process. b) Scheme for the collapse and rebuild of particle networks in the PSW ink during the printing and following polymeriza-
tion. ¢) The photograph of PSW ink. d) Wax particles in PSW ink, which is coated on glass with a squeegee. The top region corresponds to an area
where is film is too thin to include particles. e) The voids in the cross-section of one printed object after removing the wax. f) Yield stress (z) of PS
ink and PSW ink at different temperatures. g) Response of storage modulus (G* for PS ink and PSW ink to the temperature change (20-45-20 °C).
h) Influence of printing speed (V;) and pressure (P) on the diameter of extruded filament. i) The 50 um filaments in a printed silicone object.
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collapse of the wax network at high temperatures above the initial
solid-liquid phase change temperature (38.8 °C), however, enables
the good fluidity of the PSW ink (Figure 1f,g). For instance, the yield
stress values at 45 and 60 °C are 7, =1650 * 109 and 260 + 42 Pa,
respectively, and the shear moduli drop by more than an order
of magnitude upon melting of the wax particles (Figure 1g and
Figure S2d (Supporting Information)). After passing the hot
nozzle, the extruded filament cools down and the networks
rebuild rapidly and the storage modulus (G recovers to the ini-
tial value prior to melting (Figure 1g and Figure S2e (Supporting
Information)) due to the fast liquid—solid phase change of the wax,
and it can retain well at RT until the polymerization of the silicone
happens (=7 days at RT). The decrease and recovery of the shear
modulus during a heating/cooling cycle is more pronounced for
the PSW ink compared to PS ink (Figure 1g), which indicates the
versatile temperature-sensitive flow behavior of PSW ink.

Besides, the wax particles in PSW ink (Figure 1d) are
deformed into flat shapes, as proved by the long and narrow
voids in the cross-section of the printed object shown in
Figure le. To achieve good fluidity as well as fast recovery of 7,
and shear moduli, 45 °C is chosen as the printing temperature
of PSW ink. At this temperature, the PSW ink can be extruded
easily, which enables printing with high speed and excellent
precision. For instance, the maximum speed V., and the
thinnest filament diameter D for printing with 100 um nozzle
at 45 °C are V}, s = 3100 mm min™ and D = 65 + 2 um with
a pressure of 80 bar (Figure 1h). Decreasing nozzle tempera-
ture (35 or 40 °C) shrinks the parameter (P and V;) range for
printing, higher extrusion pressure is required, and the max-
imum printing speed decreases (Figure S2f,g, Supporting
Information). On the other hand, printing at higher tempera-
tures (e.g., 60 °C) is not feasible since the structural recovery
after nozzle passage is too slow and hence severe deforma-
tions happen. Most strikingly, the PSW ink can be printed into
high-resolution soft silicone with D = 50 + 5 pm using a 50 pm
nozzle (Figure 1i) at 45 °C. The rapid printing process is dem-
onstrated in Video S1 (Supporting Information).

Various soft 3D objects with high resolution and shape
fidelity have been printed using the HOT-DIW printing
strategy (Figure 2 and Figure S3 (Supporting Information)).
In Figure 2a, the 4-layer mesh with a filament diameter D of
50 £ 5 um and an aspect ratio (height/diameter) of about 1
(Figure 2b,c) sets a new benchmark for DIW-type printing of
soft silicone. The grid structure is regular (Figure 2b,c), and
owns a very low dimensional change compared with the initial
design (Figure S4a, Supporting Information). The scanning
electron microscopy (SEM) image (Figure 2d) shows that there
are many wax particles on the filament surface, which help to
retain the printed structures. The filaments in different layers
can withstand the gravity-induced deformation very well. It
benefits from the high 7, and stable solid state of PSW ink at
RT, which can be proved further by the high span distance of
the extruded filaments, i.e., the span S, i.e., the gap that can
be bridged by a filament without significant deformation or
breakage, of 100 and 50 um filaments is about 1300 and 700 um
(Figure 2e,f), respectively, i.e., S/D = 13. This is somewhat lower
than the value S/D = 24 theoretically predicted according tol?®l

G’ >1.4pg(S/D)'D )
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where G’is the storage modulus of PSW ink (3 x 10° Pa, RT),
pis the density (1.1 g cm™), g is the constant of gravity, and D is
the filament diameter. We attribute this deviation to the limited
heat transport and finite structural recovery time after nozzle
passage, resulting in an initially lower storage modulus than
given in Figure 1g. As for dense and thick structures, this tech-
nology also shows good performance, for instance, the printed
silicone logo has a small size (8 layers, 10 mm x 6 mm) and
good resolution (Figure 2g and Figure S4b,e, Supporting Infor-
mation). During the DIW printing process, gravity-driven sag-
ging, filament stretching, and deformation at high printhead
speed or when the printhead rapidly changes direction may
induce defects in the printed soft objects, especially for those
structures with sharp corners and thin walls (Figure S3a,b,
Supporting Information). Our method has outstanding per-
formance in printing the hollow and high, thin-walled struc-
tures. As shown in Figure 2h, the printed tiny hollow star has
the same structure as the G-code document (Figure S4c, Sup-
porting Information), and its wall thickness and layer thickness
are about 300 and 47 £ 3 um, respectively. The surfaces and
cross-section of the star have supplied more details (Figure 2h
and Figure S4d (Supporting Information)).

Beyond that, the printed objects can be functionalized easily
without decreasing the resolution. For example, the mesh can
be converted into a hierarchically structured and conductive
mesh after being coated with carbon nanotubes (CNT) and
another kind of silicone (Ecoflex-30) (Figure S5, Supporting
Information). The functionalization process includes the
high shear stirring with CNT, the swelling—shrinking treat-
ment with mineral spirits and ethanol (Video S2, Supporting
Information), and the coating with Ecoflex. During the solvent
treatment, the filaments shrink and a lot of voids are gener-
ated caused by the removal of the wax (Figure 2i). The CNT is
bundled on the filaments by the Ecoflex and forms an =3 pm
conductive layer (Figure 2j). Many CNT aggregations and cracks
can be found in the layer (Figure 2k), creating more micro-
nanostructures that are sensitive to the deformation of silicone
mesh. Besides, the coating process has changed the mesh color
and size (Figure 21).

Flexible and stretchable silicone with rich microstructures
has many applications in flexible electronics, especially when
combined with conductive nanomaterials.?*32 In all reported
works, the geometry of the active layer has significant effects
on the flexible sensor’s performance.?33%33 In our case, the
printed meshes coated with a CNT/Ecoflex layer can be used as
the sensing part of an ultrathin, flexible pressure sensor (thick-
ness is about 300 pum; Figure S6a—c, Supporting Information)
comprised of three layers, where the sensing layer is sand-
wiched by two pieces of Ag/polyimide (PI) films (Figure 3a,b).
Compared with the sensing layer prepared by micropatterning
methods (typically prepared by molding or standard litho-
graphic methods),[%2334 the conductive meshes could control
more geometries, including the layer number L, filament diam-
eter D, and distance d (Figure 3c). These can endow sensors
with a low detection limit (30 Pa), high sensitivity (575 kPa™}),
and a wide working range (0-500 kPa). The high performance
arises from three response stages to the pressure, including the
contact between conductive mesh and electrodes (Section I),
the mesh deformation (Section II), and the contact between two
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Figure 2. Morphology of printed soft objects. a) A 4-layer soft mesh (length and width, 10 150 50 um; T =45 °C, P =70 bar, V, = 800 mm min™).
b) The heightmap image of the mesh. c) The height information of the dashed line in the map (height, 193 £ 10 um). d) SEM image of the mesh.
e,f) Span distance of the PSW ink during printing. The dark parts in the filaments indicate that the top filaments deflect and contact the substrate.
(f) is a magnified image of the marked part in Figure S3h (Supporting Information). g) An 8-layer soft KIT logo (T =45 °C, P =70 bar, V, =750 mm
min"). h) A 30-layer soft hollow star (T =45 °C, P=70 bar, V, =750 mm min™). Every printed layer can be observed clearly in Il (outer surface), and
the thickness is 47 £ 3 um. i) SEM image of the mesh coated by CNT and Ecoflex. j) The cross-section of a filament in the conductive mesh. k) The
magnified image of the CNT/Ecoflex layer. ) Two different meshes stacked on the finger. Note: apart from the object in (e), all silicone structures are

printed by the 50 um nozzle with PSW ink. In (e), (g), and (h), (II) shows the magnified image of the marked section in (l).

electrodes in the mesh pore (Section III). The filament diam-
eter (Figure S6d-f, Supporting Information) and mesh struc-
ture will influence the sensor performances, for example, the
sensor with finer filaments has a higher sensitivity and lower
critical pressure (Figure 3d,e). Increasing the layer number
could increase the sensitivity of Sections II and III, and the crit-
ical pressure (Figure 3f and Figure S7a (Supporting Informa-
tion)). On the contrary, decreasing the filament distance results
in lower sensitivity, i.e., the slope of the AI/I, versus pressure
curve decreases (Figure 3f), which is attributed to the lack of
spaces for contact and deformation. The deforming simulation
of three different meshes under 24 kPa supplies more evidence

Adv. Mater. 2022, 2109240 2109240 (4 of 9)

(Figure 3g). The 50D2L0.2d is pressed into a dense layer (Sec-
tion III), while the 100D2L0.2d and 50D4L0.2d samples have
more spaces for the deformation and are still in Section II.
Besides, the mesh geometries have been supplied in the sensor
names, for example, 50D210.2d means the sensing layer is
printed by a 50 um nozzle (50D), and it has 2 layers (2L) with
0.2 mm apart of filaments (0.2d). Due to the stable and hierar-
chical structure of the conductive mesh, the sensors show good
repeatability for different pressures (Figure 3h), short response
time (72 ms) (Figure 3i), and excellent durability (Figure S7b, Sup-
porting Information), which enable the tracking of blood pressure
on the wrist (Figure 3j and Video S3 (Supporting Information))

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Flexible pressure sensors based on the 3D printed silicone meshes. a) Scheme for the device structure of flexible pressure sensor. b) A flexible

pressure sensor. ¢) Schematic showing

the sensing mechanism, which is influenced by layer number (L), the diameter of filament (D), and the distance

between adjacent filaments (d). d,e) Relative current changes of different pressure sensors under pressure. The sensors (2L0.2d) have 2-layer meshes

with 0.2 mm apart of filaments, which

are printed by different nozzles (50, 80, and 100 um). The critical pressures for the sensors have been marked

by black stars, which are 24, 32, and 59 kPa, respectively. f) Influence of layer number and filament distance on relative current changes. The meshes
are printed by a 50 pum nozzle. g) Deformation simulation of three meshes under the same pressure (24 kPa). The d is 0.2 mm. h) Relative current

changes of 50D4L0.2d sensor (50D m

eans the diameter is 50 um) under different pressures. i) The response time and recovery time of 50D4L0.2d

sensor. j) Arterial pulse signal monitored by the 50D4L0.2d sensor. The right photograph displays the detection process. The left part shows the waves

with “P” (percussion), “T” (tidal), and

and the detection of speaking (Figure S7c, Supporting Informa-
tion). These high-performance pressure sensors can be used in
the fabrication of soft robots, wearable and biomedical devices.7]

Soft silicone also shows the
cate smart soft devices inspired

Adv. Mater. 2022, 2109240

“D” (diastolic) peaks.

printing technology may enable to transform the bioinspired
designs into practical devices and smart materials, such as
superhydrophobic surfaces.?!l According to reported work, the
most critical part of superhydrophobic surface design is the

enormous capacity to fabri-
synergistic action between dual-scale (micro- and nanoscale)

by nature.>!%24 The new 3D
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Figure 4. Bioinspired superhydrophobic devices based on 3D printed silicone objects. a) Photograph of the superhydrophobic bionic Sarracenia surface
(50D4L0.2d), which supports 7 water droplets. b) Static contact angles of water on different silicone samples. 50, 80, and 100 pm represent the silicone
meshes printed by PSW ink with the corresponding nozzles. CNT means the mesh has been coated with CNT and Ecoflex. c) The magnified image of
the contact area between the water droplet and bionic Sarracenia surface. The inset image shows that the vapor is passing through the pores (Video S4,
Supporting Information). d) Schematic illustration of the surface properties of rice leaf. e) 3D printed flexible groove structures inspired by rice leaf
(80 um nozzle, T =45 °C, P =80 bar, V,, = 1500 mm min™). f) Dark-field microscopy image (I) and heightmap image (I) of the printed groove struc-
tures. g) Photograph of the bionic rice leaf with water droplets on the surface. h) Side view images of the bionic rice leaf with big () and small (I1)
water droplets. i) Water transport on the PSW film (1) and the bionic rice leaf (1) (Video S4, Supporting Information). j) Shape-memory property of the
bionic rice leaf. k-m) SEM images of the multiscale surface structures of the bionic rice leaf. Note: the wax still exists in the superhydrophobic mesh

and bionic rice leaf.

structures and the intrinsic material hydrophobicity.?*/ The
printed silicone mesh has been used to fabricate air-permeable,
superhydrophobic surfaces with a fast water harvesting and
transport capability (Figure 4a—c and Video S4 and Figure S8
(Supporting Information)) inspired by the Sarracenia. The CNT-
coated silicone filaments have similar functions as the trichome,
which are needle-shaped fibers (=1500 um in length, 30-55um
in diameter) on the Sarracenia surface.’®l They can capture dew
and condense ambient moisture to form droplets, which will
be transported on the surfaces quickly or drip. In addition, the

Adv. Mater. 2022, 2109240 2109240 (6 of 9)

hydrophobic filaments could support the water droplets and
the pores can keep good air permeability (Figure 4c). Although
PDMS, wax, and CNT are hydrophobic, the contact angle of
water on CNT-treated PSW film is only 126.6° £ 0.7°. With the
same PSW ink, all the 3D printed bionic Sarracenia meshes
are superhydrophobic, and finer filaments would create better
superhydrophobicity, i.e., higher contact angle of water on
that substrate (Figure 4b). Besides, due to the stretchable sub-
strate and CNT/Ecoflex layer, the devices have good durability
(Figure S9, Supporting Information).

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Inspired by the rice leaf (Figure 4d), we printed a soft silicone
film with many grooves (Figure 4e and Figure S8e (Supporting
Information)). Small droplets merge in the grooves formed
by the triangular-shaped veins, resulting in a longitudinal
flow on the rice leaf.’”) Such microscale structures have been
duplicated in our bionic rice leaf with the HOT-DIW printing
strategy (Figure 4f). The superhydrophobicity of the rice leaf is
attributed to the tapered micropapillae and the superficial waxy
nanobumps.3® To obtain a similar performance, we deposited
CNT on the bionic rice leaf without removing the wax, thus
creating a dual-scale structure.'”! The bionic rice leaf shows
a good superhydrophobicity with a contact angle of 160.1° +
2.3° (Figure 4g,h). The array of sinusoidal grooves enables the
longitudinal flow of small water droplets (Figure 4g). Figure 4i
compares the water transport capacity of PSW film and the
bionic rice leaf (Video S5, Supporting Information), the flat
film (I) has to be tilted (=80°) to enable the gravity-driven flow.
By contrast, on the grooved rice leaf (II) flow takes place even
almost horizontally (tilt angle < 5°), which is further evidence
of the advantages of the new strategy in bionics.

Furthermore, the wax in the soft bionic rice leaf could
endow it with a good shape-memory property (Figure 4j and
Video S6 (Supporting Information)). The soft leaf can be trans-
formed into different shapes at a high temperature without
degrading the superhydrophobicity. Another heating treatment
will recover the original shape of the bionic leaf. SEM images
(Figure 4k—m) supply more information about geometric char-
acteristics, which includes the microscale grooves and papillae,
and the nanoscale structures formed by CNT, wax, and Ecoflex.

3. Conclusion

We present a simple and powerful 3D printing strategy for
manufacturing soft silicone objects with high resolution and
good shape fidelity. By constructing temperature-sensitive par-
ticle networks in the ink and adjusting the nozzle temperature,
we can control the rheological properties of viscoelastic ink rap-
idly and avoid the gravity-induced deformation of the printed
structures. A broad range of minimized, bionic, and biocom-
patible silicone architectures can be patterned by the new 3D
printing method, illustrating its capability in the personalized
manufacturing of soft materials. The high resolution and rich
microstructures of printed silicone extend its applications in
flexible electronics, driving the flexible electronics close to the
practical applications and market. In addition, the ease of func-
tionalization and the multimaterial printing of HOT-DIW tech-
nology enables the fabrication of soft bioinspired devices with
spatially varying functions, such as air permeability, superhy-
drophobic, and shape memory. We believe that this technology
will accelerate the fabrication of soft materials with multiscale
structures and the desired functions, thereby leading to more
capable smart devices, soft robots, and flexible electronics.

4. Experimental Section
PDMS-Based Ink Preparation: First, 6 g PDMS part A (Sylgard 184, Dow

Corning), 1.2 g silica nanoparticle (fumed silica, <70 nm, 130-170 m? g7,

Alfa Aesar), and an amount of paraffin wax (Sasolwax 5405, Sasol

Adv. Mater. 2022, 2109240 2109240 (7 of 9)
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Performance Chemicals) were mixed with 3 g cyclohexane (Acros
Organics) in the planetary mixer (SpeedMixer, Hauschild & Co. KG,
Germany) at 3500 rpm for 10 min total (5 times). Then, the mixtures
were stored in a fume cupboard for 48 h to remove the cyclohexane.
Finally, 0.6 g PDMS part B was added to the mixture in the planetary
mixer at 2000 rpm for 2 min. The PS ink was prepared in the same
manner. The formulations of PDMS-based inks were listed in Table S1
(Supporting Information). All the inks were stored at a low temperature
(—20 °C) before printing.

Fabrication of the Nozzle Temperature Control System: A commercial
carbon black/poly(ethylene terephthalate) (PET) electric heater band
was used as the flexible heater. A self-made CNT/silicone elastomer
(Ecoflex 00-30; Smooth-On Inc.) composite was used to fill the space
between the zirconia alumina nozzle (Small Precision Tools Roth AG,
Switzerland) and the heater. A commercial temperature control unit
(XY-TO1, Drok) was used to supply current to the heater based on real-
time temperature data supplied by a thermometer directly mounted
to the heater (Figure Sla, Supporting Information). Besides, the
temperature control system was calibrated using a high-precision
commercial thermometer (TH1, Domotherm).

Printing of Soft Silicone Objects: The 3D printing of PSW ink was
conducted on a high-precision 3D printer (Voxel8 Developer's Kit
printer) in pneumatic mode. Three kinds of high-precision zirconia
alumina nozzles with different internal diameters (100, 80, and 50 um)
were chosen for printing (Figure S1b, Supporting Information). During
printing, the extrusion pressure (P) and printhead speed (V) were set
by the software, while the nozzle temperature (T) was controlled by the
temperature control system. Various configurations of 3D structures
were designed with commercial software (3ds Max) and converted to
the corresponding G-codes by another commercial software (Cura,
Ultimaker). These G-codes were modified with the commercial software
(Repetier, Hot-World GmbH & Co. KG) further. The soft silicone objects
were printed on a PET film and left to cross-link at room temperature for
1 week. Then, they were transferred to an oven (100 °C) for another 24 h.

Preparation of the Sensing Layers for Flexible Pressure Sensors: First,
a certain amount of CNT (TNIM4, Chengdu Organic Chemicals Co.,
Ltd.) and the 3D printed silicone meshes were put in the plastic box for
high shear stirring in the planetary mixer at 3500 rpm for 5 min. This
procedure generated heat sufficient to melt the wax particles partly,
thus enabling the CNT adhesion to the silicone surface. Second, after
cooling to room temperature, the obtained samples were put into
mineral spirits (Sigma-Aldrich, Inc.) for 1 min while slowly stirring.
Mineral spirits swelled the silicone and dissolved the wax particle, thus
creating rough surfaces supporting the adhesion of the CNT. Third, the
meshes were transferred into pure ethanol for removing the mineral
spirits and wax, that shrunk the silicone meshes and created many voids
strengthening the adhesion of CNT. The second and third steps or the
swelling—shrinking process were repeated 3 times (Video S2, Supporting
Information). After removing all the solvents, the treated meshes were
dipped in 10 wt% Ecoflex-30 mineral spirits solution for 10 s and then
transferred onto absorbing paper for removing the excess solution. At
last, the conductive meshes were obtained through a high-temperature
treatment in an oven (100 °C) for 12 h cross-linking the Ecoflex-30.
The preparation process of the sensing layer from the printed silicone
meshes is illustrated in Figure S5 (Supporting Information).

Fabrication of the Flexible Pressure Sensors: First, a designed paper
mask was prepared using a commercial CO, laser cutting machine
(DAJA-DO02, Diaojiang Co., Ltd.). Then, the paper mask was put on
the targeted PI films (Kapton EN 25 um, DuPont), followed by screen
printing of the silver ink (05002-AB, Structure Probe, Inc.). After
removing the mask, the Ag/Pl electrode film was heated at 80 °C for
10 min. Two copper wires were connected to the electrode layer at two
ends with silver paint and tempered at 80 °C for 30 min. The sensing
layer was assembled in the middle of two Ag/PI electrodes. After gluing
the PI films with the biaxially oriented polypropylene tape, the flexible
pressure sensors were fabricated successfully.

Preparation of the Bionic Sarracenia Surfaces and Bionic Rice Leaf:
The bionic Sarracenia surfaces were printed in the same manner as

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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the silicone meshes. For the bionic rice leaf, the PSW ink was used to
print the flexible groove structure with the 80 um nozzle. The printing
temperature, extrude pressure, and nozzle speed were 45 °C, 80 bar,
and 1500 mm min, respectively. The cross-linking process was kept
the same as for the other printed objects. It was noted that only the
high shear stirring and coating processes were needed for the coating
of the CNT/Ecoflex layer. The wax still existed in the bionic Sarracenia
surfaces and bionic rice leaf, which helped to bring about excellent
superhydrophobicity and shape-memory properties.

Device Characterization: The electrical signals of the pressure
sensors were measured using a digital source meter (Keithley 2450) at
a constant voltage of 0.1 V. The pressure loading was performed using
a universal testing machine (TA-XT Plus Texture Analyzer). Before the
tests, 500 training cycles were needed for each sensor to achieve a stable
operational state. For the sensitivity tests and the response time tests,
the loading rates were 0.1 and 10 mm s, respectively. For the detections
of the arterial pulse and sound signals, the sensors were attached to
the wrist and throat, respectively. For cyclic loading-unloading of
pressure, the sensor was placed on the testing system and a preselected
constant pressure was repeatedly applied and released while the
transient electrical signal was recorded. The deformation simulation
of the sensing layers under 24 kPa was performed using the COMSOL
Multiphysics software package (COMSOL Inc., USA).

Rheological Measurements: The rheological properties of the PDMS-
based ink were measured using a rotational rheometer (MCR50T,
Anton Paar GmbH) equipped with a parallel plate (25 mm) fixture, a
gap distance of T mm was selected. To measure the storage modulus
G’ and loss modulus G” at different temperatures (20, 45, and 60 °C),
frequency sweep tests (100-0.01 rad s™') were conducted in the linear
viscoelastic region at a strain of 0.05%. For the yield stress 7, stress
ramps were applied covering the shear stress range of 10-50 000 Pa. The
yield stress was determined from the deformation versus shear stress
curves according to the tangent intersection method.”’! To characterize
the collapse and recovery of the wax network, the three interval thixotropy
test was conducted using the following signal sequence: 120 s at a shear
strain of 0.05% (small amplitude oscillatory shear), 120 s at a shear strain
of 5% (large amplitude oscillatory shear), 360 s at a shear strain of 0.05%
(recovery), in all steps a constant frequency of 10 rad s~ was employed.

Morphological Analysis and Other Characterizations: The morphologies of
the 3D printed objects and the CNT particles were characterized using SEM
(S-4500, Hitachi High-Technologies Europe GmbH) and optical microscopy
(VHX, Keyence). The optical microscope was also used to measure the
diameters of the PSW filaments extruded with different nozzles at several
temperatures. The phase change of wax was characterized by differential
scanning calorimetry (Universal V4.5A TA Instruments) analysis in a range
from —20 to 90 °C with 10 °C min~' heating and cooling rates. Contact
angles of deionized water on 3D printed objects were measured using the
sessile drop method (SCA 20, DataPhysics Instruments GmbH), evaluated
by a numerical Young-Laplace fit. To display the water harvesting of the
bionic Sarracenia surface, a commercial ultrasonic humidifier (SCK-3Q40,
Midea Group) was used to generate vapor. The shape-memory property of
the bionic rice leaf was characterized by an optical microscope combined
with a hot air gun (RT-HA 2000E, ISC GmbH), which enabled the
observation of the shape and recovery.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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