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3D Printing of Flexible Liquid Sensor Based on Swelling
Behavior of Hydrogel with Carbon Nanotubes

Xiangjia Li, Yang Yang, Benshuai Xie, Ming Chu, Haofan Sun, Siyang Hao, Yiyu Chen,

and Yong Chen*

Flexible sensors with accurate detection of environmental stimuli

(e.g., humidity and chemical substances) have drawn increasing research
interests in biomedical engineering and environmental science. However,
most work is focused on isotropic sensing of liquid occurrence due to the
limitation of material development, sensor design, and fabrication capability.
3D printing is used to build multifunctional flexible liquid sensors with
multimaterials enabling anisotropic detection of microliquid droplets,

and described herein. Electrical conductive composite hydrogels capable etc.
of detecting chemical liquid are developed with poly (ethylene diacrylate)
(PEGDA) and multiwalled carbon nanotube (MWCNT). Due to the absorption
of the liquid droplet and related swelling behavior, the resistance of PEGDA/
MWCNT composite hydrogel increases dramatically, while the resistance of
pure PEGDA hydrogel decreases significantly. Based on the two composite
hydrogels and the related 3D printing method, a mesh-shaped liquid sensor
that can effectively identify the position and volume of liquid leakage in a
short time is developed. Furthermore, a three-layered liquid sensor to enable
bidirectional monitor and detection of the liquid leakage in two different sides
is demonstrated. The 3D-printed liquid sensor offers a distinctive perspective
on the potential applications in various fields for detection of liquid leakage in

accurate position and direction.

1. Introduction

Recently, there has been growing interests in wearable electronics
and flexible sensors due to instrumentation necessities in
engineering subareas, such as transportation, batch manufac-
turing, energy industry, optical metrology, and biomedical
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monitoring.'3] Various kinds of sensors
have been developed to react upon environ-
mental stimuli, for example, the pressure,[*-0]
temperature,>3l motion,” bending,®? gas
flow,'% humidity,'! chemical liquid,[?1¢!
and food safety parameters.l?l Tradition-
ally, most sensors were manufactured by
solution casting,'!l melt spinning,!'*l com-
pression moulding,* solution casting,®!
For instance, the solution-casting
process was employed to fabricate porous
ionic membrane as a humidity sensor,
enabling the measurement of water con-
tents of human skin.'!l However, due to
geometric complexity, material limitation,
and manufacturing restriction, traditional
manufacturing methods are usually insuf-
ficient to the fabrication requirements of
flexible sensors associated with complex
geometric shape and multifunctional
materials.>317] Recently, a variety of 3D
printing methods, such as stereolithog-
raphy (SL),1 inkjet printing,® and directed
ink writing® have been introduced and
applied to fabricate sensors in a faster,
cheaper, and more customized way.>*17]
The development of 3D printing processes
has brought us many opportunities in producing next-genera-
tion flexible sensors with high efficiency and accuracy.!'>16:17]
For instance, a helical-shaped 3D liquid sensor fabricated by
solvent-cast 3D printing process can obtain higher electrical
conductivity and faster response time compared with the tradi-
tional 2D flat surface liquid sensor.'*l In addition, a vast array
of materials, including metal, ceramic, polymer, and multiple
groups of composite inks, can be processed using 3D printing
technologies.>*!71 Among them, hydrogel has got consider-
able interest in the field of flexible sensors, due to its multiple
attractive properties, such as swelling effect, biocompatibility,
stretch ability, and shape forming ability.>1018-2] The swelling
behavior of hydrogel in dry and wetting conditions qualita-
tively shows stimuli-responsive toward chemical liquids.!?%-?!]
After adding conductivity fillers, e.g., ionic compound*?? and
carbon nanotube,?®! into the hydrogel solution, the nonelec-
trical shape changes of the hydrogel can be converted into a
quantitative electrical signal, drastically improving the chemical
sensitivity of pure hydrogel.?!l Therefore, composite hydrogel
with electrical conductive fillers can be a potential candidate
for the development of flexible sensors.>317:21.2226] Although
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composite hydrogels based liquid sensors have already provided
a variety of potential applications, most sensors are isotropic
and have limitations to accurately distinguish the position or
the incoming direction of stimuli.l'>1%%7] In addition, liquid
sensors have to be immersed into the liquid to detect the
volume or distinguish the type of liquid in terms of chemical
substances and is hard to detect microsized liquid leakage
using traditional liquid sensor.[1>15:27]

Notably, nature provides inspirations to the development of
flexible sensor in many ways, such as functional material inves-
tigation, structural design methodologies, and unique sensing
mechanisms.[®28-32 Compared with traditional sensors, the
sensors with special biomimicking design show higher effi-
cient sensitivity and have profoundly enlightened an approach
in the field of smart sensor development.??3°] For example,
animals’ whisker perform as a tactile sensor that can detect
wind from all directions; based on the bioinspired electronic
whisker, a real-time multiple dimensional gas-flow sensor was
developed, which is made by high-aspect ratio elastic fibers
coated with carbon nanotubes and silver nanoparticles.?*
In addition, creatures in nature are able to keep track of the
slight moisture change in the living environment.l?’! The mois-
ture sensitivities of human and animal ultimately attribute to
the tiny hair above the surface of the skin, which are strongly
hygroscopic and can change the shape with the variation of air
moisture accurately.33% For instance, the strands of human
hair can be used as a hygrometer because of its special com-
position called keratins, of which the chemical bonds can
strand its strength response to the humidity change (refer
to Figure 1a).3%%] As the predominant proteins in hair,

www.advmattechnol.de

keratins are easily broken by water due to the interaction of
hydrogen molecules; hence, the hair is lengthened with the
increasing of humidity and shrunk as the water evaporate out
(refer Figure 1b).37:3

Inspired by the humidity sensing of human hair, we devel-
oped composite hydrogel based on poly (ethylene diacrylate)
(PEGDA) and multiwalled carbon nanotube (MWCNT), of
which the electrical conductivity is adjusted by controlling
the swelling behavior of the hydrogel via absorption of liquid.
As shown in Figure 1c, the resistance of the top layer (pure
PEGDA) is reduced due to electron transport by absorbed water
molecules (Figure 1d). However, the resistance of the bottom
layer (PEGDA/MWCNT) is increased due to the incremental
distances between MWCNT by the swelling behavior under
liquid absorbency (Figure 1e). To fabricate liquid sensor in a
highly coherent manner, a multimaterial 3D printing process
was developed based on high-resolution stereolithograpy,*’!
and after the printing process, the conductive PEGDA-based
composite hydrogel was formed into a resistive sensing ele-
ment. The electrical conductivity performance of 3D-printed
spark shaped PEGDA/MWCNT-based hydrogel was studied in
this research. Based on the study, the mesh-shaped sensor was
developed to identify the position of liquid leakage. In order to
produce a bidirectional liquid sensor for microdroplet, a three-
layered artificial hair was further designed with pure PEGDA
and PEGDA/MWCNT composites to distinguish the liquid
leakage from two sides (Figure 1c). Due to the unique direc-
tional sensing, this three-layered liquid sensor has multiple
potential applications, such as disease detection, microfluid
monitor, and multiscale actuator.13341-]
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Figure 1. Schematic representation of hair inspired liquid sensor made by PEGDA/MWCNT composite hydrogel. a) Schematic graph of hairs on the
surface of human skin; b) the work principle of hair used in hygrometer to monitor the humidity; c) diagram illustration of hair inspired three-layered
liquid sensor; d) the conductivity of PEGDA hydrogel by swelling behavior in wetting and drying state; and e) the conductivity of PEGDA/MWCNT
composite hydrogel by swelling behavior in wetting and drying state.
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Figure 2. Schematic representation and fabrication result of three-layered liquid sensor by multimaterial MIP-SL. a) Schematic diagram of multimaterial
MIP-SL printing prototype machine; b) the slicing and printing process of each layer with different material using the multimaterial MIP-SL; and c) the
3D-printed bidirectional liquid sensor with PEGDA/MWCNT-based composite hydrogel as well as the scanning electron microscope images of each

layer of 3D-printed liquid sensor.

2. 3D Printing of PEGDA-Based Composite
Hydrogel

The PEGDA hydrogel is a photosensitive material, whose mono-
mers molecules can form complex polymer chains following
the initiation by the absorption of ultraviolet (UV) light. Here,
a multimaterial mask image projection-based stereolithography
(MIP-SL) 3D printing method (Figure 2a) is used to accurately
cure PEGDA-based composite materials in the corresponding
position with high resolution and fast speed.*6*’] The curing
property of the PEGDA/MWCNT-based composite hydrogel is
shown in Figure Sla in the Supporting Information. The light
penetration depth of PEGDA-based hydrogel is reduced dramat-
ically with the addition of MWCNT, and it takes much longer
time to solidify the composite hydrogel with the high concen-
tration of MWCNT and low concentration of PEGDA (refer to
Figure Sla in the Supporting Information). Thus, 40% PEGDA
hydrogel and 60% PEGDA with 2 wt% (weight percentage)
MWCNT were used in this work to fabricate the liquid sensors.
To demonstrate the ability to fabricate liquid sensors with cus-
tomized and complex shape, a liquid sensor array in the shape
of a cat’s head was designed and fabricated. In the printing
process, the digital model of liquid sensor array was first sliced
into a series of 2D patterned mask images (refer to Figure 2b).
Accordingly, the UV light was projected on the bottom sur-
face of the resin, and the first layer of the liquid sensor was
fabricated using 40% PEGDA hydrogel. In order to generate
a conductive loop of two different connective hydrogels, an
additional layer of PEGDA with the smaller area was designed
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and fabricated. The exposure time when fabricating the first two
layers with 40% PEGDA hydrogel at the thickness of 200 um
was 20 s per layer. At the same layer, the rest area of the sensor
array (refer to Figure 2b) was cured by an electrical nonconduc-
tive material (SIS00 from Envisiontec Inc., Michigan, USA).
Before curing different materials, the residual resin attached
on the precured part need to be cleaned using alcohol.*8] After
cleaning, the printed part was moved into a new material res-
ervoir containing SI500, and a layer of SIS00 at the thickness
200 pm was solidified under sufficient light exposure time of
2 s per layer. Similarly, the third layers of 60% PEGDA/2 wt%
MWCNT with the thickness of 75 um (30s) were built on the
top surface of SI500 layer using the same projection image of
the first layer. Using the 3D printing method, multimaterial
liquid sensors in various shapes and designs (Figure 2c) can be
fabricated into a single component with integrated functions.

3. Results and Discussion

3.1. Liquid Sensitivity of PEGDA/MWCNT-Based
Composite Hydrogel

PEGDA-based hydrogel is a network of polymer chains that
undergoes volumetric change upon solvent absorption and
is capable of accommodating large deformation with micro-
liquid and can swell up to more than five times of its original
volume.*] The resistance of PEGDA hydrogel decreases from
several megohms to thousands of ohms due to the dissolved

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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water-based electrical conductive solvent. For PEGDA/MWCNT
composite hydrogel, the resistance increases with the distance
between each MWCNT because of the swelling of PEGDA
polymer chain. Therefore, the electrical conductivity per-
formance of PEGDA-based hydrogel is mainly determined
by the swelling deformation and absorbency capability. The
swelling deformation of hydrogel is associated with the resist-
ance change at different diffusion level of microliquid, and
the absorbency capability of hydrogel determines its largest
alteration in resistance. In the following study, we presented a
series of experiments to understand the swelling behavior as
well as the electrical conductivity performance of PEGDA-based
composite hydrogel.

3.1.1. Swell Behaviors

PEGDA hydrogel presents the hydrophilicity because of the
presence of hydrophilic functional groups in the polymeric
backbone, and its stability to hold water is due to the crosslinks
established between the network chains.*®U The swelling
deformation of PEGDA-based composite hydrogel was studied
(refer to Figure 3a—f) (see Experimental Section in the Sup-
porting Information). Based on the Flory—Huggins mixing
theory, the isotropic swelling of hydrogel is related to the polymer
crosslink ratio and its mechanical stress.’>*3 Higher concen-
tration of PEGDA in the hydrogel solution results in larger
mechanical stress, and the addition of MWCNT also improves
the mechanical strength (Figure S1b, Supporting Information).
As shown in Figure 3b,c, the microdroplet penetrated through

(®)
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the 3D cross-linked network of PEGDA-based hydrogel from
the top surface of the test bar and caused the deformation of
hydrogel in consequence. The distance between each MWCNT
is increased with the gradient permeation of liquid. The
thickness of the test bar affects the physical deformation of
hydrogel during the swelling process. As shown in Figure 3d,
the deformation of the test bar of the thin film is much larger
than the thick film, since the thinner layer is more prone to
deform under the same bending force. Furthermore, the rela-
tive length change ATl of the test bar is reduced to 0.6-0.8 of

the original value after adding 2 wt% MWCNT, because the
addition of MWCNT introduces more restrictions on the
deformation of hydrogel under the same bending force. With
the decreased loading of PEGDA in the composite hydrogel
solution, the relative length change of the test bar increased
dramatically (refer to Figure S2a in the Supporting Informa-
tion), and the tendency of the relative length change decreases
with the thickness of the hydrogel bar. Since the solvent has
unique Flory interaction parameter, the swelling deformation
of hydrogel is also determined by the type of the solvent (refer
to Figure S2b in the Supporting Information).*¥#l During the
liquid diffusion, the hydrogel transits from unsolvated glassy
or partially rubbery state to a relaxed rubbery state, and it will
change back to glassy state after the absorbed solvent evapo-
rates out.*”) The reversible swelling/deswelling process of
PEGDA hydrogel was demonstrated in the Fourier transform
infrared (FTIR) spectroscopy (Figure S3, Supporting Informa-
tion) and reveals the principle that supports the design of the
liquid sensor.
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Figure 3. The swelling behaviors and electrical conductivity of PEGDA-based composite hydrogel. a) The schematic representation of swelling
deformation of hydrogel; b,c) swelling deformations of 40% PEGDA hydrogel and 60% PEGDA/2 wt%MWCNT hydrogel after absorption of 4 pL
water, respectively; d) the relative length change of PEGDA-based hydrogel after absorption of 4 LL water; €) the electrical resistance change of 40%
PEGDA hydrogel after absorption of three different kinds of liquid (2% salt water, water, and 70% alcohol); and f) the electrical resistance of 60%
PEGDA/2 wt%MWCNT composite hydrogel with different thickness after absorption of 2 pL of water.
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The absorbency capability of hydrogel at equilibrium can be
measured by the weight change ratio of hydrogel Q,, which is
calculated by the following equation:

W, - W

Q=""r— 1)
where W; is the swollen weight and W is the initial weight.
Based on the Flory-Huggins mixing theory, the absorbency
capability of hydrogel at equilibrium is determined by the con-
centration and the crosslink density of polymer.” The absor-
bency capability of hydrogel with low concentration is larger
than the one with a high concentration due to low crosslink
density (Figure S2c, Supporting Information). As a result, 40%
PEGDA hydrogel shows the largest absorbency capability, with
the weight of absorbed water being two times of its original
weight. In addition, the mixture of MWCNT has no significant
effect on the weight change ratio of PEGDA-based hydrogel
(Figure S2¢, Supporting Information).

3.1.2. Electrical Conductivity Performance of PEGDA Hydrogel

The electrical conductivity performance of PEGDA hydrogel
is expected to be enhanced by the absorption of electrical con-
ductive solvent. To verify this hypothesis, the electrical conduc-
tivity of PEGDA hydrogel was tested under different swelling
states (refer to Figure 3e). With gradual diffusion of water
droplet from 0 to 18 L, the resistance of 40% PEGDA hydrogel
decreases sharply, dropping from 38 MQ to 17 kQ. The relative
resistance change R, of PEGDA hydrogel can be calculated by
the following equation:

Rrel = ’ (2)

where R, is the resistance of hydrogel at time t, and R; is the
resistance of hydrogel at the equilibrium state.

3.1.3. Electrical Conductivity Performance of PEGDA/MWCNT
Composite Hydrogel

The electrical conductivity performance of PEGDA/MWCNT
composite hydrogel is opposite to PEGDA hydrogel at the same
stimuli condition. Due to the swelling with solvent absorption,
the distance between MWCNT network in the PEGDA matrix
increases (refer to Figure 3c), resulting in the increment of
resistance. Even though the diffusion solvent is electrical con-
ductive liquid, the resistance of PEGDA/MWCNT composite
is mainly determined by the MWCNT network. The electrical
resistance of PEGDA hydrogel was quartered by adding 1wt%
MWCNT. The resistivity of 60% PEGDA hydrogel reduces from
1.5 kQ'm to 21.6 Q-m by adding 2 wt% MWCNT (Figure 3h).
After the diffusion of 2 pL water, its resistivity increases to
116 Q-m. The resistance change R,,; of PEGDA/MWCNT com-
posite hydrogel is calculated by the equation:

Ru=— (3)
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where R, is the resistance of PEGDA/MWCNT composite
hydrogel at time t, and R, is the original resistance of PEGDA/
MWCNT composite hydrogel after printing. The resistance
change R, of 60% PEGDA/ 2 wi% MWCNT composite pre-
sents declining trend (5.73 for 150 pm thickness to 2.17 for
450 um thickness with 2 pL water) with the increase of its thick-
ness (refer to Figure 3i). This is attributed to the volume change
ratio k, of hydrogel decreases with the increase of thickness
due to Flory-Huggins mixing theory. In addition, the resist-
ance change R, of PEGDA/MWCNT-based composite hydrogel
turns to be smaller with the increase of PEGDA concentration
in the composite hydrogel solution.

3.2. 3D-Printed Liquid Sensor for Microdroplet
3.2.1. 3D-Printed Spark-Shaped Liquid Sensor

Based on the aforementioned conductivity studies of PEGDA
and PEGDA/MWCNT-based composite hydrogels, spark-shaped
liquid sensors was designed and fabricated with 40% PEGDA
hydrogel and 60% PEGDA/2 wt% MWCNT, respectively. The
resistance of spark-shaped liquid sensor made by 40% PEGDA
hydrogel is 3 MQ, resulting in weak current passing through a
connected light-emitting diode (LED) (refer to Figure 4a). After
4 uL water was dropped on the surface of this liquid sensor, the
resistance of 40% PEGDA gradually reduces to 1.17 MQ, allowing
sufficient current within circuit so that the blue LED was flashed,
with the light intensity of LED reaching 28 mw mm™2. After the
internal liquid evaporated out from the polymer network and the
sensor recover to the original state, 8 uL water was then exerted
on this liquid sensor, the resistance declined to 0.477 MQ within
2 min (Figure 4b). The LED turned to be brighter with light
intensity at 60 mw mm~ (Figure 4a). When the volume of water
exerted increases to 12 UL, the resistance drops to 5 kQ with a
resistance change of 600 times as shown in Figure 3b.

The liquid sensing performance of spark sensor made by
60% PEGDA/2 wt% MWCNT is different. The resistance of
spark rises from 770 kQ to 10.3 MQ in 1.2 min with the absorp-
tion of 4 UL water, and as a result the light intensity of blue
LED drops from 10 to 0.05 mw mm™2. Similarly, the resistance
of the third spark strip increases to 17.25 MQ in 1.8 min after
absorbing 8 uL water. When the volume of liquid reaches 12 uL,
the resistance change R, rises from 21 to 33 times and the
LED darkened gradually till fully off. Generally, the 3D-printed
spark-shaped strips made by 40% PEGDA and 60% PEGDA/2
wt% MWCNT hydrogel present opposite performances upon
liquid engagement. That is 40% PEGDA hydrogel presents neg-
ative response (resistance reduction) to the microliquid droplet,
while the 60% PEGDA/2 wt% MWCNT hydrogel shows posi-
tive response (resistance increment) to the microliquid droplet.

3.2.2. 3D-Printed Mesh-Shaped Liquid Sensor
Taking advantage of the liquid sensitivity of PEGDA hydrogel,
a mesh-shaped liquid sensor was 3D printed using 40%

PEGDA hydrogel as shown in Figure 5. This mesh sensor has
the capability of identifying where the microliquid is dropped

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The 3D-printed spark-shaped microliquid sensor with PEGDA hydrogel and PEGDA/MWCNT composite hydrogel. a) The electrical sensitivity
test of spark-shaped microliquid sensor with 40% PEGDA hydrogel; b) the resistance change of liquid sensor made by 40% PEGDA hydrogel; c) the
electrical sensitivity test of spark-shaped microliquid sensor with 60% PEGDA/2 wt% MWCNT composite hydrogel; and d) the resistance change of

liquid sensor made by 60% PEGDA/2 wt% MWCNT composite hydrogel.

on the sensor based on the resistance change of each branch.
To demonstrate the concept, the sensor with three branches in
each direction was designed and fabricated. First, three bottom
branches (4, 5, 6) were printed in the horizontal direction.
Then, we fabricated another three branches (1, 2, 3) on the top
of them in a perpendicular direction (Figure 5a). Similarly, the
stimuli of microliquid wetting on the intersection are easy to
be located with the resistance change of these branches. When
water (4 uL) was dropped on the cross-section of branches
2 and 5, the related resistance of branch 2 first declines from
1.06 to 0.43 MQ. As the water continuously penetrated from
the top layer to the bottom layer, the resistance of branch 5 is
then reduced from 1.176 to 0.621 MQ. Consequently, the corre-
sponding LEDs connected with both branch 2 and 5 are activated
in sequence, and because of the evaporation the blinking LED
connected with branch 2 was also turned off earlier than the
one connected with branch 5, indicating the position and direc-
tion (from top) of microdroplet leakage (Figure 5b). In addition,
this mesh-shaped sensor was tested by dropping microliquids at
the cross-sections of branch 1 and 4 as well as branch 2 and 6,
respectively. The resistance change of branch 2 during the test
is shown in Figure 5c, and the response and recovery time was
close to 1.5 and 3 min, respectively. The resistance change of
the branch that the water first penetrated is slightly higher than
the one that water diffused into (Figure 5d). This is because the
amount of water reduced after penetration into the bottom layer.
The different resistance change of each branch enables the use
of this mesh sensor to quantitatively identify where and when
microdroplet contact the sensor as well as estimate its volume.

Adv. Mater. Technol. 2018, 1800476
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3.2.3. Hair Inspired Liquid Leakage Sensor

In order to detect the bidirectional leakage of microliquid
using a sensor, the hair inspired liquid leakage sensor array
was designed and printed by multimaterial MIP-SL approach
(Figure 6a). In hair inspired liquid sensor, the two outmost
electrical conductive layers were printed using negative liquid
sensitive 40% PEGDA hydrogel and positive liquid sensitive
60% PEGDA/2 wt% MWCNT composite hydrogel, respectively.
To create an electric loop with these two electrical conductive
layers, an insulation layer is added between the pure PEGDA
and PEGDA/MWCNT composites (refer to Figure 1c), and the
current goes through the sensor from the up to the bottom
layer. When the resistance of the hair inspired sensor decreases,
the red LED will be lightened, whereas the green LED will be
turned on when the resistance increases. Spreading 4 UL water
on the top surface of the transparent layer made by 40% PEGDA
hydrogel is performed to test the leakage detection capability.
The results show its resistance reduces from 8.6 to 6.9 MQ,
triggering the red LED to light up and alarm rings (Figure 6b,c).
After the internal water evaporated out, another 4 uL
water was dropped on the bottom side of 60% PEGDA/2wt%
MWCNT composite. The resistance of the hair inspired sensor
dramatically increases to 11.6 M€, and the green LED is light-
ened and the alarm rings (refer to Figure 6b,c). The different
reaction of resistance changes upon water dropping from dif-
ferent sides of the sensor is utilized to indicate the direction
the leakage comes from. The sensor array, consisting a certain
count of the aforementioned sensor unit, is achieved with a

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. The 40% PEGDA hydrogel-based liquid sensor printed by MIP-SL process. a) The circuit diagram of mesh-shaped microliquid sensor;
b) the electrical sensitivity test of mesh-shaped liquid sensor after absorption of 4 LLL water; c) the electrical resistance change of branch 2 after diffusion
of 4 UL water in two tests; and d) the resistance changes of each branch during the electrical sensitivity test.

design inspired by the human hair. Compared with the tra-
ditional sensor, the flexible hair inspired sensor array covers
more area with the same material consumption and accurately
detects a large range of microliquid leakage that spans from
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both directions, revealing potential applications in microfliud
sensing and multiscale actuator.*1=!
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Figure 6. The hair-shaped liquid sensor printed by the multimaterial MIP-SL printing process. a) The microliquid leakage detection circuit with the
hair-shaped liquid sensor, LED, and alarm; b) the microliquid detection of the hair-shaped sensor made by 40% PEGDA hydrogel and 60% PEGDA/2 wt%
MWCNT composite hydrogels; and c) the electrical resistance change of the 3D-printed hair-shaped microliquid sensor after absorption of 4 uL water.
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4. Conclusion

In the paper, we studied the 3D printing of liquid sensors with
the capability of detecting the accurate position and direction
of liquid leakage. The resistance change of PEGDA hydrogel
transformed from negative to positive at the same wetting con-
dition after adding MWCNT in PEGDA hydrogel. In addition,
the response and recovery time of PEGDA/MWCNT-based
hydrogel sensor is associated with the testing solvents. We dem-
onstrated the repeatability and reliability of 3D-printed liquid
sensor for microdroplet, which has a reasonable response time
and apparent resistance change (hundreds of times). Based on
the study, a mesh-shaped liquid sensor made by 40% PEGDA
hydrogel can be used to monitor the wetting condition and iden-
tify the position of microliquid. By taking advantage of different
liquid sensitivities of PEDGA and PEGDA/MWCNT composite
hydrogels, a bioinspired liquid sensor with bidirectional liquid
sensitivity has been demonstrated with high efficiency and
resolution. In the future, 3D structural liquid sensor with the
special distribution of composite hydrogels will designed and
fabricated by the MIP-SL process to detect the microliquid in
3D space, which can potentially extend the bidirectional liquid
sensing to multidirectional detecting.

5. Experimental Section

Materials: To prepare 40% PEGDA (Mw 700, Sigma-Aldrich) hydrogel
solution, the visible light photoinitiator (Irgacure 819, BASF) was
used at a concentration of 0.5% (w/v) to induce chain polymerization
crosslinking of PEGDA hydrogel by the free radicals. First, the
photoinitiator was fully dissolved in the phosphate buffered saline (PBS,
Sigma-Aldrich), and then 40% (w/v) PEGDA was gradually added into
the above PBS. The 40% PEGDA solution was degassed in the vacuum
before usage. 100% (w/v), 80% (w/v), and 60% (w/v) PEGDA solutions
were prepared respectively following above procedures. The 60% (w/v)
PEGDA/2 wt% MWCNT composite was prepared with dispersion of
2 wt% of noncovalent functionalized multiwalled carbon nanotubes
(length (1-5 um) and outer diameter (5-15 nm), Bucky, USA Inc.) into
the 60% (w/v) PEGDA solution. The solution was blended using a global
dispersion method. In this method, a magnetic stirrer was used for
global agitation for 2 h and ultrasonic with a power of 700 W, frequency
of 20 kHz, for 20 min. The composite was degassed in the vacuum
before fabrication. Similarly, the above procedures were followed to
prepare other PEGDA/MWCNT composite solutions.

Multimaterials MIP-SL: The prototype machine of multimaterial
MIP-SL consisted of optical module, material supply module, and motion
module.’} As shown in Figure 2a, the light illuminated and reflected
by the Digital Micro-mirror Device, which contained millions of micro
mirrors. The reflected light went through the optical lens (f:125 mm,
Thorlab) and focused at the bottom surface of the resin tank.[“¢>4 In
the multimaterial MIP-SL, the printing area was 75 X 42 mm?, and the
resolution of curing light was 40 um per pixel.? Using the multimaterial
MIP-SL, liquid sensor array consisted of multiple materials could be
directly fabricated by one printing process. In the fabrication, the digital
model of liquid sensor was sliced into a series of projection mask
images and then based on the material index different kind of materials
could be accumulated to form 3D-shaped sensor.0l

Material ~ Character. The morphology of microstructures was
characterized using scanning electron microscope (JSM-7600F, JEOL Ltd).
The FTIR spectroscopy testing of hydrogel sample bar at three different
states (i.e., normal printed state, dry state, equilibrium swell state) was
conducted by Nicolet 4700 with thermal gravimetric analysis/FTIR
interface. The mechanical strength of PEGDA/MWCNT-based composite
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hydrogel was identified using the tension and compression machine
(Instron 5492 Dual Column Testing systems, Instron, MA, USA). The
swelling tests of PEGDA-based composite hydrogel and the conductivity
tests of printed sensor could be seen in the Supporting Information.

Supporting Information

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