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In order to improve the sensitivity of hair cell sensors for fluid flow detection, poly-ethylene oxide acrylic
macromonomer is used as a crosslinkable photo-patterned material capable of being swollen into
a hydrogel of different shapes and sizes. We demonstrated that simple arrays of various hydrogel
structures can be synthesized by photopatterning with photomasks. The mechanical properties of the
hydrogel materials were measured to be in the range of 5–100 Pa under varying crosslinking conditions.
Additional support for these high-aspect ratio hydrogel structures was provided with electrospun
polycaprolactone microfibers that were deposited onto the microfabricated hairs. These fibers served as
scaffolding to support the swollen hydrogel. This approach looks to integrate several key design
components in order to create a highly sensitive flow sensor.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

An understanding of biological systems and the mechanisms of
these systems allows us to build artificial devices that mimic
natural systems [1,2]. For example, snake and beetle thermal
receptors have been mimicked for design of flexible freely-sus-
pended membrane for photothermal cells [3–7], gecko feet
provided inspiration for designing universal dynamic adhesives
[8,9], and biological lubricants and surface topographies of snake
skin and lotus leaves for low friction, self-cleaning, and super-
hydrophobic surfaces [10–13]. Among some of the recent intriguing
biological examples, highly developed sensing systems seen in fish
such as arrays of hair cells to detect mechanical motion for navi-
gation in the surrounding environment have attracted significant
attention [14–17]. The detection of these mechanical signals allows
the fish to sense the intensity and direction of an incoming fluid
vibration through the arrangement of hairs within the lateral lines.

Particularly, the microscopic hair receptors within superficial
and canal neuromasts located on the head and along the length of
fish are of interest for mimicking flow detection [18]. Fig. 1 shows
the SEM image of biological cupula with a neuromast that is
composed of clusters of microscopic hair cells [19,20]. Hair clusters
are encapsulated in a hydrogel-like structure called cupula as
: þ1 404 385 3112.
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presented in corresponding schematics (Fig. 1). Although biological
hair receptors such as these have been studied for many years, only
recently microfabrication technology has enabled the practical
development of artificial sensors that are able to mimic the func-
tions of such natural systems [21].

Passive sensing technology based upon hair arrays is appealing
for use in submersible micro-vehicles as a flow detection method
because it allows the vessel to monitor the environment without
relying on the transmission of signals, from active sensors like
SONAR. Environmental information is collected as the hairs are
displaced from drag forces created by vibrations in the water. This
allows a submarine equipped with these sensors to detect and
follow the vibrations and flow fields in the water produced by
another ship [21]. Much like the biological analogue, hair cell flow
sensors can be enhanced by covering the sensitive hairs with
a protective cupula that improves directional sensitivity and
provides information about the surrounding environment [19]. In
our previous paper, we have reported that such an increase in
sensitivity is approximately 10–30 times higher with the addition
of a cupula compared to the naked hair. It has also been shown
that fish are capable of filtering ambient noise from the
environment for greater focus on the object of interest [22].
Measurements of Young’s modulus of the fish cupula made by
McHenry and van Netten indicate that the cupula is composed of
a very soft material with moduli on the order of 10–100 Pa for
superficial cupulae and several kPa for canal structures [23].
Additional structural support for the cupula with high-aspect ratio
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Fig. 1. Schematic of biological hair cells covered by flat, broad cupula for enhanced directional sensing (left). Optical micrograph of fish neuromast after the cupula was pulled-off
fish scale (right).

K.D. Anderson et al. / Polymer 49 (2008) 5284–5293 5285
(height much larger than diameter) utilizes vertical fibrils (Fig. 1).
These fibrils function as scaffolding structures to support the
viscous hydrogel that stands several times higher than the hair cell
itself in the completed system. By supporting the hydrogel, the
aspect ratio of the hair cell is greatly increased, which can enhance
the sensitivity of the sensor.

For the creation of these capped artificial sensors, a process is
shown in Fig. 2a that was proposed in our recent study and
subsequently modified to incorporate the electrospun fibers [19]. A
small SU8 hair on a movable diving board cantilever forms the basis
of the device; the part that will transmit the motion to the electrical
system was capped with a dome-like hydrogel structure. Poly-
(ethylene glycol) (PEG) was used in this study as its mechanical
properties are comparable to in-canal fish cupula (8–10 kPa as
measured by AFM) [24,25]. The macroscopic properties of PEG
hydrogels can be tailored based on the chemistry and crosslinking
density that forms the network of the hydrogel [26]. This allows for
control over the cupula stiffness, which is expected to increase the
sensitivity of the system.

Shape control is essential to the fabrication of artificial cupulae
along with the ability to pattern arrays of many cupulae. Shape
Fig. 2. Process for creating artificial cupula on sensor hair cell. 1) Deposit PEG polymer sol
crosslinked network in combined step with patterning. 3) Sensor placed in water to swell
control of the hydrogels must be achieved to meet several essential
criteria. First, the shape must reproduce the natural pattern,
showing a structure that has similar dimensional ratios in the x–y
directions, thus retaining the same footprint. Second, the swelling in
the z direction must be controlled to tune the aspect ratio of the
hydrogel. By patterning the shaped hydrogel, we can rapidly create
artificial cupula on sensor arrays that have high-aspect ratios and
directional sensitivity. Incorporating a similar shape control design
for sensors arranged in different orientations along the surface of an
underwater vehicle can be used for enhanced directional sensitivity
of hydrodynamic information and flow fields.

Here, we focus on the fabrication of simple arrays of hydrogel
microstructures with pre-determined shapes (dome-like, elliptical,
and crescent) by using patterned photopolymerization to control
the lateral dimensions. This approach is combined with utilization
of electrospun vertical microfibers to enhance vertical dimensions
and create hydrogel structures with high-aspect ratios. We
demonstrate the components necessary for construction of the
arrayed hydrogel microstructures with well-controlled shapes and
mechanical properties, which are necessary for fabricating a viable
bio-inspired flow sensor system.
ution with photoinitiator on hair cell with electrospun fibers. 2) UV exposure creates
cupula to full size.
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2. Experimental

2.1. Hair cell

All sensor hairs, from SU8 (epoxy-containing phenylene oligo-
mers) photoresists, utilized for testing were manufactured and
provided by the Liu group according to their fabrication procedure
[21]. The hairs used were made from SU8, deposited on the surface
of a silicon cantilever, with an average height of 500 mm and
a diameter of 80 mm.
2.2. Hydrogel fabrication

All hydrogel microstructures were fabricated from poly-
ethylene oxide acrylic macromonomer with Mw¼ 18,000 from
Polyscience Inc (Scheme 1). PEG was dissolved in methanol and
vortexed to ensure homogeneity. Photoinitiator, 2,2-dimethoxy-2-
phenylacetophenone dissolved in 1-vinyl-2-pyrrolidone (600 mg
in 1 ml), was then added by weight percent (1–10%) to the PEG
solution and thoroughly mixed to ensure uniform distribution.
Silicon wafers were cleaned in piranha solution (Caution! 3:1 conc.
H2SO4 & 30% H2O2) for 1 h and then rinsed with Nanopure water
(18 MU cm, Nanopure). The surface was functionalized by immer-
sion in [3-(methacryloyloxy) propyltrimethoxysilane] dissolved in
toluene overnight prior to use to form a self-assembled monolayer
(SAM) to control dewetting and allow for uniform photo-
crosslinking within limited surface areas [27]. The PEG solution was
then deposited onto the functionalized surface and exposed to
ultraviolet light at 365 nm light with an intensity of 1 mW/cm2 for
6 min (PET Photoemission Tech Inc, Accucure UV100). After expo-
sure, the hydrogel was allowed to dry slightly before being placed
in Nanopure water overnight for swelling.
Focusing
Voltage
Source

Electrospinning Voltage Source
2.3. Shape control and patterning

For shape control and arraying, PEG was dissolved in methanol
(20% by wt.), and the photoinitiator described above was dissolved
in to the polymer solution (w5% by wt). Several drops of a PEG
monomer–UV initiator solution were deposited on a functionalized
silicon surface and allowed to briefly dry. Shape control was per-
formed during UV photopolymerization, where a photomask (silver
pattern on glass, Liu group) placed between the UV source and the
sample was used to pattern cupulae of various shapes, as well as
arrays of controlled dimensions and other structures. The polymer
solution was exposed as described with the UV photomask sus-
pended between the polymer and the light source. The silicon
substrate and crosslinked polymer were submerged in Nanopure
water and allowed to swell overnight. Upon immersion in water,
only the photo-crosslinked polymer in the exposed area swelled as
a hydrogel, while the rest of the uncrosslinked polymer dissolved in
solution. This technique was applied to generate both single
cupulae and patterned arrays. These samples were then stained
PEG-TA (Mn=18,000)
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Scheme 1. Chemical structure of PEG macromonomer used for the fabrication of
hydrogel structures. Crosslinking sites are marked by circles.
with methylene blue dye for better optical imaging and evaluation
of the final shape and dimensions.
2.4. Electrospinning

Electrospinning was used to generate polymer nanofibers by
electrostatically ejecting a polymer solution from a capillary tube
under an applied electric field to create long fiber like coatings
around the hair cell, along with fibers with diameters as low as
100 nm [28–32]. However, electrospun fibers tend to form
complicated structures as they reach their target, making it
difficult to cover the hair sensor with a uniformly repeatable
structure. To achieve deposition control, a focusing ring was used
to help narrow the region where the fibers would be deposited
[33]. By applying a voltage to the focusing ring, an additional
component of the electric field is created that uniformly directs
the jets onto the target. The charged jet will follow a path through
the electric field to minimize electrostatic interactions and
provide means for growth of vertically-oriented microfibers as
will be discussed below.

Electrospun nanofibers were formed by inserting an electrode to
a solution of polycaprolactone (PCL) in acetone (17.5 wt.%), which
was held in a Pasteur pipette (0.5 diameter tip) shown in Fig. 3, [34].
Two positive high voltage sources and a target connected to ground
were used. A CircuitSpecialist CSI 300 3� 5 DC Regulated Power
Supply was used in conjunction with a Gamma High Voltage
Research HV Power Supply (UC5-10R) as the high voltage source to
create an electric field to eject a thin polymer fiber from the
capillary and directs it to the collection plate [28]. A voltage of 12 kV
was applied for typical fiber spinning, by inserting an electrode into
the PCL capillary tube [35]. Slight air pressure was applied to the
pipette to begin flow of the polymer. The applied electric potential
continued to propel the solution toward the target. The solvent in
the solution evaporated as the polymer traveled to the target,
leaving only a continuous polymer fiber collected around the hair.
The PCL was passed through a single 5 cm diameter copper
focusing ring used to prevent excessive lateral motion of the jet by
creating a focusing electric field. The ring was positioned to direct
the trajectory of the polymer fiber to the target hair cell. The copper
ring was attached to a second voltage source and biased slightly
less (at 10 kV) than the polymer solution. The bias of the copper
ring was sustained below that of the polymer solution to maintain
an effective bias toward the collection plate.

The target hair structure was sputtered with gold so that the
specimen would be conductive, and the specimen was positioned at
the collection plate 35 mm from the pipette such that fibers would
PCL

Focusing
Ring

Spun Fibers
Hair Cell

Fig. 3. Electrospinning apparatus used to create the PCL fibers that assist in supporting
the hydrogel cupula.
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collect on the hair. After the fiber was spun on the hair to the
desired height, PEG solution was drop-cast over both the electro-
spun fibers and hair structure. The hair cell with the polymer was
then exposed to the UV light to activate the crosslinking of the
polymer. The entire hair assembly was then immersed in Nanopure
water overnight for swelling. Parameters such as the applied
voltage to the PCL solution and the focusing ring, target separation
distance and polymer viscosity were varied to produce optimal
shapes of electrospun fibers for high-aspect ratio cupulae.

2.5. Mechanical properties

All samples for rheological properties testing were prepared
using approximately 200 ml of PEG-photoinitiator solution dropped
on a silicon wafer listed above to adhere the hydrogel to the
substrate. The hydrogel was swollen in Nanopure water overnight
and then removed from the silicon substrate before being placed
onto the rheometer. All rheological testing was done on an Anton
Parr MCR 301 rheometer using parallel plates 25 mm in diameter in
oscillatory mode with 1 mm gap. The hydrogel completely filled the
space between the plates and any excess was removed prior to
testing so that all samples tested were of the same size. A strain
sweep from 0.01% to 1000% strain was performed to determine
a linear region of strain response in the material. Frequency sweeps
of 100 Hz to 0.1 Hz were applied to the sample at constant strain of
100% to obtain the shear modulus. All optical images of the hydro-
gels and electrospun fibers were captured with a KSV Cam 101
imaging system or with a Leica DM4000 Fluorescent Microscope.

3. Results and discussion

3.1. Shape control

Shape control of the hydrogel was achieved by using UV poly-
merization of photo-crosslinkable PEG monomer placed under
0.5 mm
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Fig. 4. Optical images of (a) Side view of elliptical hydrogel, (b) End view of elliptical hyd
elliptical shaped hydrogel with methylene blue dye added for optical observations.
a photomask printed with the desired shapes as shown in Figs. 4–6.
The polymer has been modified slightly from standard PEG to
contain sites for photocrosslinking as shown in Scheme 1. These
sites also serve to promote adhesion to the functionalized surface
and PCL fibers and to SAM-modified silicon substrate. Through this
fabrication technique, we were able to achieve excellent micro-
scopic shapes of the hydrogels using the photomask exposure
system. Our objective was to determine the optimal exposure
conditions and polymer and initiator compositions to use in the
system that would create a stable, yet flexible hydrogel for use on
the hair sensor. The hydrogel must be shown to have a stable and
reproducible shape along with uniform heights after swelling, for
consistent fabrication of arrays of sensors. The polymer solution of
30 wt.% PEG in methanol with 5 wt.% initiator was found to yield
the best stability and repeatability.

The polymerized PEG swelled to a hydrogel with dimensional
ratios virtually identical to that of the photomask aperture used
during photopolymerization, as seen in Fig. 4. The long oval shape
was retained from the photomask pattern to the hydrogel but
expanded outward (y direction) more than it extended lengthwise
(x direction). This type of swelling was seen in all samples because
they are more likely to swell along the direction with less restric-
tion, which is outward in the case of the elliptical pattern. This
shows that the PEG hydrogel will swell as intended when the shape
is symmetrical and also when the shape is asymmetrical, indicating
that it is possible for other complex shapes to be created using this
technique.

The swelling ratio is measured as the final dimension of the
swollen shape divided by the dimension of the same feature of the
photomask pattern. For the crescent moon sample seen in Fig. 5,
the swelling ratio for x–y dimensions is consistently between two
and three. However the ellipse in Fig. 4 shows a slightly more
distorted ratio with the x (long) direction ratio being around the
expected value of two but the y (short) direction swell was greater
with a ratio of about five. This greater swelling ratio in the y
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rogel, (c) Photomask used for exposure of elliptical shaped hydrogel, (d) Top view of
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Fig. 5. Images of (a) Crescent moon photomask used to pattern PEG during UV light exposure, (b) Side view (height) of swollen hydrogel, (c) Dimensions (width and thickness) of
swollen hydrogel sample, (d) Image of dyed hydrogel sample for optical observation of final shape.
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Fig. 6. Images of (a) Patterned photomask for creation of multiple cupula at once, (b) Exposed and swollen hydrogels for multi component patterning.
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direction is most likely due to unrestricted expansion along the
lateral dimension of the hydrogel, whereby the polymer could swell
unhindered by its own expansion as happens in the swelling in the
x direction. There is a larger surface edge area that can expand
outward allowing the hydrogel to become much wider. This pattern
indicates that as the hydrogel is swollen in water, it will expand
more in any direction where there are no constraints placed on its
expanding edge.

After swelling, the hydrogel was stained with methylene blue
(Figs. 4–6) for optical contrast that emphasized the shape retention
of the swollen polymer in comparison to the photomask. During
the photo-exposure of the hydrogel, the UV light exposed a slightly
larger area of the hydrogel than intended, due to scattering effects
caused by the glass of the photomask. Additionally, since there was
a slight separation between the mask and the sample, the exposed
area was seen to be slightly larger than the printed shape from this
Fig. 7. Optical images of (a) Hair sensor with large cupula support structure from spun fib
cupula attached; (d) overall view on total hydrogel structure.
as well. These systemic artifacts can be corrected by creating
photomask patterns that are slightly smaller than the desired final
size so that the correct area will be exposed, noting the separation
distance between the photomask and substrate.

In addition to the single shape control shown, patterned shape
control is also possible. This is done by using a single photomask to
crosslink and shape several areas of hydrogel in an array during
a single UV exposure. Arrays of various shaped cupulae were
generated. The long and thin geometries are especially applicable
for directional sensing, as shown in Fig. 6. The arrayed hydrogel
structures demonstrated would allow for rapid manufacturing of
these sensors with precise control of the shape for directional flow
sensing.

Overall, dimensional ratios of the aperture geometry proved
stable and were reliably maintained in the swollen hydrogel
cupulae, which are essential to the repeatable construction of the
ers; (b and c) Hair sensor with middle electrospun fiber cupula support and hydrogel



Fig. 8. Hair sensor with only small fibers attached. These fibers were spun without the
use of the focusing ring where the majority of the fibers lay flat on the surface and do
not form the tall structure needed for hydrogel support.
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Fig. 9. Strain sweep of hydrogel by rheometer showing linear behavior over a large
range of strain percentage.
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sensors. The shapes of the hydrogels have remained simple thus far,
circular or elliptical, with the most complex being the crescent
moon shape. More complex shapes can be created as long as the
expected swelling ratios are accounted for when designing the
pattern. This should allow many other shapes to be created as
needed, but the shapes will typically be limited to rounded, coarse
geometries for the time being as sharp features are difficult to
control due to the nature of hydrogel swelling. The UV-photoli-
thography process demonstrates a quick and reliable method for
creating many different shapes and sizes of hydrogels as needed.
This approach has been used to create simple shapes for use as
cellular scaffolding or micro-hydrogel particles for biomedical and
drug delivery applications [36–38]. It is also essential to the
manufacturing process to control the x–y dimensions and the
aspect ratio (height) of the hydrogel. Shapes such as the ellipse and
crescent moon are a focus of our attention since they show promise
for being directionally sensitive to fluid flow, enhancing sensitivity
by greater than one order of magnitude as shown in our previously
reported work [19]. The primary benefit from the incorporation of
the hydrogel structures into the microfabricated hairy sensor
system is the dramatic increase in sensitivity.

3.2. Electrospinning and aspect ratio

The electrospinning process was used to create the additional
vertical fibrillar structures to support the hydrogel cupula and to
increase vertical stability of the hydrogel to achieve the high-aspect
ratio cupula geometries (up to 5–10). Electrospinning relies on the
application of a high voltage potential to a polymer solution sus-
pended in a capillary tube. The electrical forces in the polymer
solution overcome the forces of surface tension at the capillary tip
[39–41]. This system was optimized to create an array of small
fibers oriented vertically in the vicinity of both the hair and the
surrounding substrate that acts as a support structure for the
hydrogel. One copper focusing ring was necessary to achieve this
for our system to direct the ejected polymer jet through a 35 mm
trajectory. The use of focusing rings to better control the trajectory
of the ejected polymer was described by Deitzel et al. [33]. The
focusing ring helped to prevent the jet from coiling as it traveled to
the target and formed the tall, thin structures that were necessary
for support of the high-aspect ratio cupula.

Organized vertical fibrous structures were difficult to create
even with the addition of the focusing ring. Most of the fibers were
deposited on the substrate. Only a fraction of the fibers draped over
the end of a hair sensor (Fig. 7a). In Fig. 8, PCL microfibers were
created directly on and around the hair sensor when no focusing
ring was used, with all other microfibers distributed and adhering
flat to the surface. By using the focusing ring, the tall, microfibers
can be spun with uniform vertical orientation (compare Figs. 7a and
8) that helped to shape the hydrogel structure created around these
microfibers (Fig. 7b and c). This structure supported the high-
aspect ratio cupula with the hydrogel gradually swelling around
electrospun fiber (Fig. 7b).

Controlling the trajectory of the polymer with an additional
electric field was critical to the generation of the fibrous support
structures directly on the hair sensor. The fibers were more uniform
and linear after deposition as opposed to when the PCL was
deposited without the use of a focusing ring. To take full advantage
of the focusing ring, alignment of the electrospinning deposition on
the hair sensor was critical. By precisely setting the focusing ring,
the PCL was deposited on the previous layers to build up the tall
fibers used as support structures for the hydrogel. Creation of
vertical fibrous structures taller than 30 mm was possible, however
structures that were 10 mm tall or less were generated for support
of the deposition of PEG monomer solution (Fig. 7a). Fibrous
structure of 0.5–2 mm was typically used in the final sensor
structures since they were more robust under PEG deposition and
UV exposure than taller fibers, while still providing an increased
aspect ratio. By extending the functional length of the sensor hair
with the electrospun fibers, the hydrogel cupula was able to be
extended to about 3 times the height of what an unsupported
hydrogel cupula would be able to swell to. This support allowed for
an aspect ratio of the hydrogel cupula as large as 5, which is
a necessity for increased sensitivity of the system, making the
sensors as sensitive as biological cupulae.

3.3. Mechanical properties

The mechanical properties of the hydrogel materials were
characterized by the shear modulus, G0 (both storage and loss) and
the complex viscosity, both measured at various frequencies. A
strain sweep was preformed on the material to determine the
strain region that the material behaved linearly as shown in Fig. 9.
We observed that there was linear behavior over the entire tested
strain range, so a strain of 100% was used to ensure that there was
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sufficient torque applied to the sample to obtain reliable values of
the modulus. Even with the high applied strain there was little
change in absolute values of the elastic moduli indicating minor
time-dependence of the mechanical response in the frequency
range studied here (Fig. 10). For this plot, the shear modulus was
converted to elastic modulus values using E¼ 3G [42]. This data
demonstrates that hydrogel synthesized here is extremely
compliant material with the storage elastic modulus varying from
10 to 50 Pa and slightly higher elastic modulus values at higher
frequencies are a general trend for modest viscoelastic materials far
from glass transition temperature [43]. The loss modulus follows
the same trend but with much lower values ranging from 2 to 15 Pa
(Fig. 10). The ratio E00/E0 is fairly constant, close to 30% within the
entire frequency range, indicating modest viscous contribution and
predominant elastic response even in the highly swollen state. The
data shows that the hydrogels with less photoinitiator had a lower
modulus than the samples with a greater amount of photoinitiator
(see discussion below). Finally, the complex viscosity decreases
linearly with frequency (Fig. 11) due to the known thinning
phenomenon related to the dynamics of the mechanical energy
dissipation in entangled networks [44].

The elastic modulus of the hydrogel arises from the molecular
crosslinked network that is created during the photo-initiation [45].
From the chemical structure of the PEG macromonomer (Fig. 2b), the
molecular weight between anticipated crosslinks (between end group
and central acrylate group) is estimated to be about 8900 g/mol. To
calculate experimental values of the molecular weight between
crosslinks, the volume fraction of polymer materials into hydrogel and
the elastic modulus can be used in accordance with known procedures
[46–48]. In this evaluation, first the volume fraction of polymer in the
hydrogel was determined from Eq. (1) [46]:

F2 ¼
md=rd

md=rd þmw �md=rwater
(1)

where md is the mass of the dried hydrogel, mw is the mass of the
wet hydrogel and rd and rwater are the densities of the dry hydrogel
and water respectively. To determine these masses, the hydrogel
was swollen and weighed, then placed in a vacuum oven and dried
thoroughly and weighed again to obtain the dry mass. The volume
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fraction of polymer determined this way was 5%� 0.5% and this
average value was used for all calculations. Next, ne, the effective
crosslink density, was determined from the polymer volume frac-
tion and the measured elastic modulus, E0, from Eq. (2) [46]:

ne ¼
E

3F1=3
2 RT

(2)

where R is the gas constant and T is the temperature. From this
equation, the molecular weight between crosslinks can be calcu-
lated by Eq. (3) [46]:

Mc ¼
Mnrd

MnF1=3
2 ne þ 2rd

(3)

where Mn is the number average molecular weight of the segments.
The calculated Mc varies within 8600–8900 g/mol as summarized
in Table 1. From the calculated results for Mc, it is apparent that
the expected value of 8900 is in agreement with the value
determined from mechanical measurements indicating high
efficiency of the photopolymerization with the vast majority of
photoactive groups within PEG macromonomers undergoing
photoinitiated crosslinking.

As is clear from Table 1, adding more photoinitiator results in
increasing crosslinking density causing a higher modulus (compare
data in Fig. 10). The overall trend seems to saturate at 10% of
initiator for all frequencies studied here (Fig. 12). This is expected
considering that the molecular weight between crosslinks at this
point is below the theoretical possible limit for 100% crosslinking
(8900) and thus no other reactive groups are available for further
crosslinking. However, if the lower amounts of initiator in the
hydrogels are stable and their mechanical properties are repro-
ducible over a large number of samples, the repeatable fabrication
hydrogels become more difficult as the initiator amount is
increased to 10%, as indicated with large error bars in Fig. 12. At this
high concentration of the initiator, the uniform distribution within
Table 1
Calculated molecular weight between crosslinks.

Initiator (%) E (Pa) Mc (g/mol)

1 8.5 8910
5 36.3 8650
10 41.6 8600
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the macromonomer becomes problematic and thus the overall
hydrogel material becomes non-uniform and it is difficult to
reproduce the same morphology. For this reason, we suggest that
using a lower amount of initiator, ranging from 1 to 5%, is appro-
priate for the macromonomer utilized here to fabricate hydrogel
materials with the elastic modulus which can be reproducibly
tuned from 5 to 50 Pa.

The elastic moduli of the hydrogels can be controlled in a rela-
tively wide range (5–50 Pa), which can be adjusted as needed for
best performance in the flow sensors mimicking the properties of
the fish cupula. Recent studies reported elastic moduli of fish
cupula, which varied greatly from the low tens of Pa range for
superficial cupulae [23,49] to the kPa range for in-canal cupula
structures [19,50]. Our hydrogel materials display an adjustable
modulus based on the crosslinking characteristics in combination
with the controlled shape (lateral dimensions and heights) on
microscopic and millimeter scales. The measured moduli fall
within the range of elastic moduli considered to be optimal for
superficial cupulae and will be further explored as bio-inspired
flow sensor arrays. As will be demonstrated in our forthcoming
publication, the sensitivity to the fluidic flow of hair sensors cap-
ped with these hydrogel structures increases by about two orders
of magnitude [51].

4. Conclusion

We demonstrated simple patterned arrays of hydrogel micro-
structures with pre-determined shapes (dome-like, elliptical, and
crescent) by applying patterned photopolymerization to control
the lateral dimensions. This approach, combined with the utili-
zation of electrospun vertical microfibers, enabled the fabrication
of hydrogel structures with high-aspect (height to diameter)
ratios. Hair sensors capped with photopolymerized hydrogel
structures of varying stiffnesses can be used to create arrayed
systems similar to the lateral lines of fish, giving the sensing
system a greater dynamic range. More complex 2D and 3D
compliant polymeric microstructures (pillars, sculptured arrays,
multilayered networks) can be directly constructed onto micro-
fabricated substrates with holographic interference lithography to
accommodate large-scale arrays similar to those already
demonstrated in recent publications [52–54]. The approach
demonstrated here may have many other potential applications
besides mimicking sensory cupulae, such as serving in drug
delivery and as medical implants.
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