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ABSTRACT: While stimuli-responsive hydrogels are now being
widely investigated, such as for additive manufacturing applica-
tions, it remains a challenge to continuously monitor the dynamic
response of their material properties to stimuli using traditional
characterization methods. Here, we report that dynamic-mode
piezoelectric milli-cantilever sensors enable real-time monitoring of
the viscoelastic response of bulk- and layer-by-layer (LBL)-cured
composite poly(N-isopropylacrylamide) (PNIPAM)−alginate hy-
drogel constructs to thermal changes across the 25−37 °C
temperature range. Scanning electron microscopy and sensing studies revealed that the network structure and viscoelastic response
of ionic−covalent entanglement composite PNIPAM−alginate hydrogel constructs are dependent on the hydrogel processing
method. Composite PNIPAM−alginate constructs fabricated using LBL curing exhibited relatively increased responsiveness
compared to bulk-cured constructs in terms of the magnitude of thermal stimulus-driven shear storage modulus change, suggesting
opportunities for additive manufacturing applications. In summary, we show that sensors, in combination with traditional
characterization methods, enable the study of dynamic process−structure−rheological property relations of stimuli-responsive soft
materials and real-time monitoring of material rheological properties using a low-sample volume measurement format.
KEYWORDS: stimuli-responsive hydrogel, composite hydrogel, monitoring, sensing, cantilever

1. INTRODUCTION
Additive manufacturing using stimuli-responsive hydrogels has
enabled emerging applications that require dynamic property
or shape change, including soft robotics and shape memory
actuators.1−3 Hydrogels are viscoelastic materials composed of
a three-dimensional (3D) polymer network that contain high
amounts of water.4 Stimuli-responsive hydrogels exhibit
temporal changes in structure, properties, and shape in
response to environmental stimuli.5−8 Various stimuli have
been examined for actuation of hydrogel response, including
physical (e.g., temperature, electric field, magnetic field, light),
chemical (e.g., pH), and biological stimuli (e.g., affinity ligands,
enzyme substrates). For example, poly(N-isopropylacrylamide)
(PNIPAM)−water mixtures, which exhibit a lower critical
solution temperature (LCST) of 32 °C, are widely investigated
thermo-responsive hydrogels.9 In addition to hydrogels
composed of a single polymer component, composite hydro-
gels have also received considerable attention based on their
unique properties that may arise from interactions among
different polymer species. Understanding of process−struc-
ture−property relations of composite hydrogels remains an
active area of research. Composite hydrogels have been already
utilized in a range of smart applications. Bakarich et al.

fabricated a smart valve of PNIPAM−alginate hydrogels using
microextrusion printing to control water flow rate.10 The valve
closed and opened upon exposure to hot and cold water,
respectively, based on the thermal expansion of the hydrogel
over the 20−60 °C temperature range. To date, various
additive manufacturing processes have utilized PNIPAM and
composite PNIPAM hydrogels to fabricate layer-by-layer
(LBL) constructs in various geometries, such as dumbbell-
shaped structures, flower biomimetics, tubes, and so on.11−15

However, there remains a need to investigate potential
process−material interactions that may affect the quality of
layered hydrogel constructs (i.e., fabricated by LBL curing-
based processing methods, such as additive manufacturing
processes) in terms of resultant properties and stimuli
response. In particular, new methods for real-time monitoring
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of material dynamic response to stimuli could yield new
insights into the design of stimuli-responsive hydrogels.
While a variety of methods have been established to

characterize the structure and properties of hydrogels,
relatively few are able to assess the real-time response of
stimuli-responsive hydrogels. For example, while compressive
testing is commonly utilized for characterization of hydrogel
modulus, the method involves relatively long manual sample
preparation and testing times.16−18 In addition to mechanical
properties, the passive swelling response of hydrogels in water
based on weight or volume change measurements provides a
common method of characterizing hydrogel microstructure,
including the density of crosslinking, average molecular weight
between crosslinks, and mesh size.19−21 Scanning electron
microscopy (SEM) can also provide insight into the micro-
structure and morphology of hydrogels based on image
data.22−24 Another method for characterizing hydrogel
morphology is small-angle neutron scattering (SANS), which
is useful for investigating the phase behavior, such as phase
separation of PNIPAM.25−27 More recently, confocal laser
scanning microscopy (CLSM) has been applied to evaluate the
structure of complex synthetic materials, including hydrogels.28

Fluorescently stained hydrogels can be imaged without the
need for sample freeze-drying, enabling visualization of the
static and dynamic structure via time-lapse CLSM. For
instance, Si et al. studied the effect of acrylic acid weight
percentage on the pore size in poly(N-isopropylacrylamide-co-
acrylic acid) microspheres, and Kubota et al. imaged the pH-
responsive hydrogelation process of a peptide-grafted poly-
mer.29,30 In addition to characterization of hydrogel mechan-
ical properties based on uniaxial testing, characterization of
hydrogel rheological properties is also commonly utilized in
hydrogel materials research. For example, hydrogel rheological
properties provide insight into gelation processes as well as
hydrogel processability. Rheological properties can also
provide insight into hydrogel microstructures.31−33 For
instance, Karvinen et al. quantified the average mesh size,
crosslinking density, and average molecular weight of the
polymer chain between neighboring crosslinks of hydrazone
crosslinked polysaccharide hydrogels by applying amplitude
and frequency sweep measurements obtained by dynamic
mechanical analysis (DMA).34 Despite these advances, the
ability to characterize the real-time response of hydrogel
structure and properties in response to stimuli is still a
bottleneck, especially using measurement formats that involve
minimal sample preparation and small sample volumes.
Unlike the majority of traditional characterization methods,

which are constrained by low throughput and time-to-results
due to intensive manual sample preparation and lengthy
characterization tests, sensor-based material characterization
methods exhibit various advantages, including transducers that
exhibit high sensitivity, continuous monitoring, reduction of
required sample size and preparation time, and potentially
improved reproducibility relative to methods that involve
intensive manual sample preparation.35−37 Quartz crystal
microbalance with dissipation monitoring (QCM-D) technol-
ogy, for example, has been effectively used to characterize the
viscoelastic response and properties of PNIPAM hydrogel thin
films. Changes in temperature-driven frequency and dissipation
factor enabled monitoring of viscoelasticity and structure
response of PNIPAM hydrogels during phase transition.38

However, QCM-D is typically limited to characterization of
thin-film structures. In addition, QCM sensors may exhibit

form factors that are challenging to scale and integrate within
practical material processes (e.g., additive manufacturing
processes) for purposes of online process monitoring and
control. High-speed atomic force microscopy performed by
Matsui et al. was reported to detect the size and morphology
change of PNIPAM at the individual microgel level.39 Haring
et al. showed that dynamic-mode piezoelectric milli-cantilever
(PEMC) sensors enabled characterization of gelatin and
alginate hydrogel viscoelastic properties and continuous
monitoring of sol−gel phase transitions.35 Cesewski et al.
further showed that high-order modes of PEMC sensors near
800 kHz enable sensitive characterization of hydrogel
viscoelastic properties.36 Using cantilever sensors for real-
time monitoring, Singh et al. designed a closed loop to control
the photopolymerization process for the fabrication of
photocurable hydrogels with controlled storage moduli.37

Thus, it is of interest to examine the potential for PEMC
sensors to characterize the real-time stimuli response of bulk-
cured vs layered PNIPAM-based hydrogels
Here, we show that dynamic-mode PEMC sensors facilitate

real-time monitoring of multistep composite ionic−covalent
entanglement (ICE) PNIPAM−alginate hydrogel gelation
processes and composite hydrogel response to temperature
change. We further compare the difference in the network
structure and viscoelastic properties of composite hydrogels
fabricated by bulk- vs LBL-curing processes. Hydrogel
viscoelastic properties obtained by sensor data and cantilever
fluid−structure interaction were benchmarked against DMA.

2. MATERIALS AND METHODS
2.1. Materials. Alginic acid sodium salt (AlgNa), 2,2-dimethoxy-2-

phenylacetophenone (DMPA), calcium chloride (CaCl2), N-isopro-
pylacrylamide (NIPAM), and N,N′-methylenebisacrylamide (MBAA)
were purchased from Sigma-Aldrich. Lead zirconate titanate (PZT-
5A, 72.4 × 72.4 × 0.127 mm3) with nickel (Ni) electrodes was from
Piezo Systems (Woburn, MA). Glass cylinders and ethanol (200
proof) were from Fisher Scientific. Polyurethane (Fast-Drying) and
epoxy (EA 1C-LV) were from Minwax and Loctite, respectively.

2.2. Fabrication of Piezoelectric-Excited Millimeter Canti-
lever Sensors. PEMC sensors (n = 5) were fabricated from Ni-
electroded lead zirconate titanate (PZT) as described in our other
studies.35,36,40 Briefly, PZT sheets were diced into chips (5 × 1 ×
0.127 mm3; American Dicing, Liverpool, NY). Insulated wires (30-
gauge; copper) were soldered to the top and bottom faces of the Ni
electrodes on the distal end of the PZT layer. The soldered distal end
of the chip, including solder points, was then potted in a glass cylinder
(6 mm diameter) with a nonconductive epoxy, resulting in a
cantilever geometry (3 × 1 × 0.127 mm3). Additional epoxy was
applied on one side of the PZT to create an asymmetric anchor.40 The
sensors were subsequently coated with polyurethane via brush coating
and allowed to cure at room temperature. Following polyurethane
coating, the sensors were then coated with parylene C (∼10 μm
thick) following vendor protocols (PDS 2010 Labcoter 2, Specialty
Coating Systems; Indianapolis, IN). Following parylene C coating, the
sensors were annealed for 1 h at 75 °C.

2.3. Real-Time Sensor-Based Monitoring of Hydrogel
Gelation and Thermal Response. The precursor solution for the
composite ICE PNIPAM−alginate hydrogel was prepared by
vigorously mixing alginate stock solution (2 wt % of AlgNa/water),
NIPAM, MBAA, DMPA stock solution (1 wt % of DMPA/ethanol),
and deionized water. The concentration of alginate and NIPAM in the
final solution were 1 and 8 wt %, respectively. The concentration of
DMPA and MBAA in the final solution were 0.15 and 0.5%,
respectively, with respect to the NIPAM monomer concentration.
The solution used for NIPAM hydrogels exhibited the same
formulation but did not contain alginate.
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Gelation studies were performed in a custom aluminum mold
(length × width × height = 39 × 21 × 13 mm3; see Figure S1). The
mold was immersed in a water bath (20 °C) for temperature control.
Prior to all experiments, the sensor was positioned 0.2 mm from the
bottom of the mold using a manual micromanipulator. The sensor
resonant frequency ( f) and phase angle at resonance (ϕ) were
continuously monitored and acquired with a vector network analyzer
with the impedance option (E5061b-005; Keysight) and a custom
MATLAB program. The phase angle of the PEMC sensor, which is
defined as ϕ = arctan[Im(Z)/Re(Z)], where Z is the electrical
impedance of the piezoelectric layer of the PEMC sensor, should not
be confused with the phase lag associated with the viscoelastic
response of the surrounding material. The phase angle of a resistor−
capacitor (RC) circuit is between −90 and 0°, since the reactive
capacitance (XC) is often defined as a negative value by convention
(i.e., XC = −1/(ωC), where ω is the angular frequency and C is the
capacitance). Thus, since the phase angle is negative, the current leads
the applied voltage in an RC circuit. As discussed, the phase angle of
the PEMC sensor is different than the phase lag (δ) between applied
stress and resultant strain in the surrounding viscoelastic material that
results from the oscillating cantilever, which is defined as δ =
arctan[Im(G*)/Re(G*)] = arctan[G″/G′], where G* = (G′2 +
G″2)0.5 is the complex shear modulus of the surrounding material,
here, a polymer solution or hydrogel. While the phase angle of an RC
circuit, such as a PEMC sensor, ranges from −90 to 0°, δ ranges from
0 to 90°. While ϕ and δ are different physical quantities, as discussed,
the change in ϕ is governed by the motional changes in the circuit
resistance, capacitance, and inductance, which are dependent on the
surrounding material’s viscoelastic properties (and thus, δ). Thus, it is
possible to characterize changes in the surrounding material’s
viscoelastic properties (a mechanical system), by measuring changes
in the frequency response of the electrical circuit formed by the
PEMC sensor (an electromechanical system) that is mechanically
coupled to the sensor through fluid−structure interaction effects.41

Electrical impedance analysis was performed using a stimulus
amplitude of 100 mV alternating current (AC) and zero direct
current (DC) bias across a frequency range ( f ± 10 kHz).

Following stabilization of the sensor signals, bulk-cured hydrogels
were prepared by adding 1 mL of precursor solution to the mold.
Bulk-cured composite PNIPAM−alginate hydrogels were prepared by
first photocuring NIPAM for 30 min (365 nm; UVGL-58; UVP) to
form the PNIPAM network. The alginate network and resultant ICE
composite PNIPAM−alginate hydrogel was subsequently formed by
ionic crosslinking by depositing a 100 μL droplet of calcium chloride
(500 mM) on the surface of the material approximately 5 mm from
the submerged sensor. PNIPAM and alginate hydrogels served as the
negative controls and were synthesized by the same methods. Four-

layer LBL-cured composite PNIPAM−alginate hydrogel constructs
were prepared by LBL photocuring (250 μL per layer) over the
course of 80 min. Following the photocuring of each layer, the
alginate network was ionically crosslinked by depositing a 100 μL
droplet of calcium chloride (500 mM) on the surface of the multilayer
construct approximately 5 mm from the submerged sensor. For
investigation of hydrogel thermal response, the hydrogels were cycled
from 25 to 37 to 25 °C.

2.4. Data Analysis. The resonance amplitude, A, (i.e., peak
height) was calculated as the difference between the phase angle at
resonance (ϕ) and the baseline phase angle off-resonance (ϕ0). For
example, the resonance amplitude of the cantilever sensor in air was
given as AAir = ϕAir − ϕ0. Thus, AAir, ASolution, AUV, and ACaCld2

represented the change in ϕ relative to the baseline value in air
associated with the precursor solution, photocured hydrogel, and
chemically-crosslinked hydrogel, respectively. To describe the
PNIPAM gelation process, the percent change of the resonance
amplitude caused by photocuring was calculated by ΔAUV = (AUV −
ASolution)/ASolution × 100. Similarly, the percent change of resonance
amplitude caused by calcium chloride crosslinking was ΔACaCld2

=
(ACaCld2

− ASolution)/ASolution × 100. The composite PNIPAM−alginate
hydrogels required two sequential reactions for preparation. For
comparison of composite PNIPAM−alginate and alginate hydrogels,
the percent change of the second step (CaCl2 crosslinking) relative to
the first step (UV curing) was calculated as ΔACaCld2

= (ACaCld2
− AUV)/

AUV × 100%. We also define ΔAUV = (AUV − AAir)/AAir × 100% when
comparing the gelation of bulk- vs LBL-photocured hydrogels, given
the absence of ASolution for the reaction. Significance testing was
performed using a Student’s t-test (Microsoft Excel).

2.5. Characterization of Hydrogel Low-Frequency Viscoe-
lastic Moduli via Dynamic Mechanical Analysis. Character-
ization of hydrogel low-frequency compressive storage and loss
moduli (E′ and E″, respectively) was done using a dynamic
mechanical analyzer (Q800; TA Instruments). Hydrogel specimens
were prepared using a custom mold (diameter = 10 mm; height ∼ 5
mm). All measurements were acquired at 25 °C by application of a 15
μm periodic displacement at a constant frequency (1 Hz) and 5 mN
preload force in the compression mode. The compressive moduli
were converted to shear moduli (G′ and G″ at 1 Hz) using the
relation G = E/[2(1 + ν)], where ν is the Poisson ratio assuming ν =
0.5, which is a reasonable assumption for hydrogels.42,43

2.6. Characterization of Hydrogel High-Frequency Viscoe-
lastic Moduli via Sensor Data and Fluid−Structure Interaction
Models. While low-frequency G′ and G″ (i.e., G′ and G″ at 1 Hz)
can be obtained from a dynamic mechanical analysis, G′ and G″ at f
can be obtained from cantilever fluid−structure interaction theory and

Figure 1. Schematic of a PEMC sensor (A) and measurement format (B) for real-time monitoring of ICE composite PNIPAM−alginate hydrogel
assembly, gelation, and viscoelastic property response. (C) Crosslinking process and network structure associated with ICE composite PNIPAM−
alginate hydrogels.
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experimentally measured f and quality factor (Q) response. A detailed
description of the fluid−structure interaction model and underlying
assumptions for piezoelectric milli-cantilever sensors can be found in
our previous work.35

2.7. Characterization of Hydrogel Network Structure via
Scanning Electron Microscopy. The network structures of the
swollen hydrogels below and above the volume phase transition
temperature (VPTT) of PNIPAM were characterized using variable-
pressure scanning electron microscope systems (Hitachi SU-5000 and
Hitachi SU-6600). Prior to mounting the membranes, each sample
was first hydrated in deionized water for at least 24 h. To image the
network structure above the VPTT, the hydrogels were heated to 55
°C in a water bath for 4 h before being flash-frozen using liquid
nitrogen; samples below the VPTT were not heated but were
subjected to the same flash-freezing procedure as those samples that
were. All hydrogels (samples 5 × 15 × 20 mm3) were then dried by
lyophilization for 24 h at −105 °C; (FreeZone; Labconco). Prior to
inserting samples into the SEM, the samples were attached by
conductive adhesive tape to an aluminum specimen holder and
sputter-coated with a thin layer of platinum (∼3 nm; Anatech LTD
Hummer 6.2).

3. RESULTS AND DISCUSSION
3.1. Real-Time Sensor-Based Monitoring of ICE

Composite PNIPAM−Alginate Hydrogel Gelation. Sche-
matics associated with the PEMC sensor design, measurement
format, crosslinking steps, and network structure of ICE
composite PNIPAM−alginate hydrogels are shown in Figure 1.

As shown in Figure 1A,B, hydrogel viscoelastic property
monitoring is performed by continuous monitoring of
resonance in submerged piezoelectric milli-cantilever sensors.
Sample (precursor solution) volumes of 250−1000 μL were
used in this study. NIPAM monomer was first photocured to
form a PNIPAM network. The alginate network was
subsequently formed by chemical crosslinking with calcium
chloride solution to create an ICE PNIPAM−alginate network
(see Figure 1C). We note that other calcium-containing salts,
which may exhibit different crosslinking rates and resultant
hydrogel properties and characteristics (e.g., sample homoge-
neity), can also facilitate alginate crosslinking.44 Here, we
utilized calcium chloride based on its extensive use in additive
manufacturing applications.45 No phase separation was
observed during reactions. The resultant composite PNI-
PAM−alginate hydrogels were transparent. We found that in
the absence of temperature control (e.g., via the water bath)
that maintains the temperature below LCST, hydrogels
appeared opaque due to the heat released during polymer-
ization.
Given that composite PNIPAM−alginate hydrogels are

formed by interpenetrating networks of PNIPAM and alginate,
PNIPAM and alginate hydrogels served as controls for the
study. As shown in Figure 2A−C, PEMC enabled character-
ization of NIPAM, alginate, and composite PNIPAM−alginate
hydrogel gelation, respectively, via phase angle response over

Figure 2. PEMC sensor impedance spectra (phase shift) in air, solution, and hydrogel for PNIPAM (A), alginate (B), and composite PNIPAM−
alginate (C) precursor solutions and hydrogels. Real-time monitoring of PNIPAM, alginate, and composite PNIPAM−alginate hydrogel gelation
via continuous tracking of phase angle at resonance (ϕ) (D−F) and associated real-time change in high-frequency shear moduli (G′, G″) at the
resonant frequency ( f) (G−I).
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the 15−55 kHz frequency range ( fair = 40.75 kHz).
Submersion of the sensor in precursor solution caused a
significant decrease of the ϕ, Q, and f based on a combination
of fluid added mass and damping effects ( fsol = 31.7 kHz).
Gelation of the precursor solution by photocuring or chemical
crosslinking resulted in a significant change in ϕ (i.e.,
resonance amplitude), while only a minor shift in f was
observed. This result is consistent with our previous study of
sensor-based monitoring of alginate gelation.35,36 Real-time
monitoring of the composite PNIPAM−alginate hydrogel
gelation process via continuous tracking of ϕ in comparison
with control PNIPAM and alginate hydrogels is shown in
Figure 2D−F. The f and Q responses are provided in
Supporting Information Figure S2. The formation of the
PNIPAM network caused a relatively smaller ϕ change than
alginate network formation (19.2 ± 1.3 vs 52.7 ± 3.5%; n = 5;
p = 0.05). As shown in Figure 2G−I, the real-time sensor data
( f and Q, which is correlated with ϕ) facilitates real-time
monitoring of the hydrogel viscoelastic property changes
during the two-step reaction based on a fluid−structure
interaction model of Mather et al.35−37,41

= + [ + +

+ + + ]

g
b G

b b a G G G

a b G G G

2 4 2
( )

( )

1
2

1 2
2 2

2 1
2 2 (1)

= + + [ +

+ + +

+ ]

g a b b
G b

b a

G G G a b

G G G

4 2 4 2
( )

( )

2 1
2

2 2 1 2

2 2
2 1

2 2 (2)

=
+

g b
c

b L4
( )

m m
Q

1
2

( )
i

2
4

c A

(3)

=
( )

g b
b4

4 1

2
2

2

o
2

2

i

k

jjjjjjjjjjjj

y

{

zzzzzzzzzzzz (4)

where L is the cantilever length, μ = ρcbt is the cantilever mass
per unit length, ρc and t are the respective cantilever density
and thickness, Q0 and ωo are the respective quality factor and
resonant frequency in the absence of fluid damping (i.e.,
resonating in vacuum with only internal damping effects
present), mc = ρcbtL is the cantilever mass, mA = ρπb2LΓ′/4 is
the added mass, Γ′ is the real part of the hydrodynamic
function, and ci = mcωo/Q0 is the internal damping coefficient.
Due to the scale of the cantilevers (L = 4.1 mm,) the internal
damping was not negligible and was subtracted from the
measured value (as described in the term ci in eq 3). In the
calculation of ci, ωo and Q0 were approximated as ωo ∼ 2πf n,air
and Q0 ∼ Qn,air, which were reasonable assumptions as
discussed in the following sections. The hydrodynamic
function was approximated using the relation Γ′ = a1 + a2 δ/
b, where δ = [2η/(ρω)]1/2 is the thickness of the thin viscous
layer surrounding the cantilever in which the velocity has
dropped by a factor of 1/e and η is the viscosity of the fluid.
Given the significant change in resonance amplitude associated
with gelation, this study focused on characterization of ICE
hydrogel gelation based on real-time monitoring of ϕ, G′, and

G″. In Figure 2G−I, G′ and G″ at f increased throughout the
gelation process, similar to the trend of low-frequency
viscoelastic moduli.46

Having established the measurement principle and format
associated with PEMC sensor-based real-time monitoring of
composite PNIPAM−alginate hydrogel viscoelastic properties,
we next examined the effect of hydrogel composition on the
sensor response and associated viscoelastic properties. A
comparison of the change in resonance amplitude (i.e., peak
height = ϕ − ϕ0) associated with PNIPAM and alginate
network formation during composite gelation is shown in
Figure 3A using PNIPAM and alginate as negative controls

(i.e., gelation in the absence of the other species). We found
that both the change in resonance amplitude and viscoelastic
properties caused by both PNIPAM and alginate network
formation were lower in the composite PNIPAM−alginate
hydrogel than in pure control hydrogels. For example,
photocuring of NIPAM solution in the absence of alginate
resulted in a 19.2 ± 1.3% decrease of the resonance amplitude,
while photocuring of NIPAM solution that contained alginate,
which we refer to as the composite hydrogel precursor
solution, decreased to a lesser extent (15.55 ± 1.05%).
Similarly, chemical crosslinking of alginate solution in the
absence of PNIPAM caused the resonance amplitude to
decrease by 52.7 ± 3.5%, while chemical crosslinking of the
composite PNIPAM−alginate hydrogel caused a decrease of
41.1 ± 1.4%. This result suggests that the presence of the
additional macromolecular component potentially affected the
network structure relative to that achieved in hydrogels that

Figure 3. (A) Comparison of the resonance amplitude change (i.e.,
peak height change) at each step of the gelation process. (B)
Comparison of shear moduli (G′, G″) at the resonant frequency ( f)
obtained by sensing with G′ and G″ at 1 Hz obtained by DMA,
assuming Poisson ratio (ν) = 0.5 for PNIPAM, alginate, and
composite PNIPAM−alginate hydrogels (NIPAM G″ data not visible
on scale; ** and *** indicate p < 0.01 and p < 0.001, respectively).
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involve a single macromolecular component (e.g., pure
PNIPAM and alginate hydrogels). This is a reasonable
observation, given the remaining free volume within the
network in the case of the composite systems, which can be
occupied by an interpenetrating network. The total decrease in
the resonance amplitude caused by composite PNIPAM−
alginate hydrogel gelation (50.2 ± 1.3%) was comparable to
that achieved by pure alginate hydrogels (52.7 ± 3.5%). A
comparison of shifts in f and Q caused by gelation is provided
in Supporting Information Figure S3.
In addition to the change (decrease) of resonance

amplitude, real-time monitoring of ϕ also provided insight
into dynamic processes, such as the reaction kinetics (e.g.,
photopolymerization reaction) and mass transfer processes
(e.g., monomer or crosslinker diffusion) that drive the gelation
process. A comparison of the data shown in Figure 2D−I
shows that alginate gelation was slower in the presence of a
crosslinked PNIPAM network compared to the absence of
PNIPAM (i.e., for pure alginate hydrogels). This observation is
consistent with the decreased diffusivity of Ca2+ ions through a
polymer network relative to the solution. Thus, these results
suggest that PEMC sensors provide a useful analytical platform
for investigating the dynamic processes that drive hydrogel
property response to external stimuli.

It is well established that G′ scales as ω0.5 for many
crosslinked polymers near the gel point, such as biomate-
rials.47−49 In the gel phase, the increase in G′(ω) at high
frequencies is because the bond lifetime is now longer than the
typical motion due to thermal fluctuations; thus, the system
shows the typical increase in elasticity, as the system cannot
relax fast enough.48 However, while this is a general scaling law
for biomaterials, previous research has shown that G′ may also
exhibit power-law relations across the 1−104 rad/s angular
frequency range.48 A comparison of G′ and G″ at 1 Hz and f
(∼30 kHz) obtained by DMA and the PEMC sensor,
respectively, among the different hydrogels, is shown in Figure
3B. The G′ at f was larger than the G′ at 1 Hz by greater than
one order of magnitude among all hydrogels, ranging from a
factor of ∼10 to 30. These observations are not unreasonable
when we consider the magnitude of f compared to the inverse
of the surrounding material relaxation time, which is relatively
slow.50 The ratio of G′ at f to G′ at 1 Hz obtained by DMA and
sensor data in this study agree reasonably with microrheology
studies, which reported G′(2πf = 30 kHz)/G′(2πf = 1 Hz)
ranged from ∼10 to 100 for water and DNA hydrogels across
the 20−50 °C temperature range.48 The G′ obtained by sensor
data were 42.1 ± 18.9, 159.8 ± 24.2, and 188.4 ± 34.7 kPa for
PNIPAM, alginate, and composite PNIPAM−alginate hydro-
gels, respectively. The corresponding G″ were 32.2 ± 10.8,

Figure 4. PEMC sensor impedance spectra (phase shift) in NIPAM (A), alginate (B), and NIPAM−alginate (C) hydrogels at T = 25 and 37 °C,
and after one heating−cooling cycle. Real-time monitoring of phase angle (ϕ) (D−F) and shear moduli (G′ and G″) at the resonant frequency ( f)
(G−I) throughout a heating−cooling cycle of PNIPAM, alginate, and composite PNIPAM−alginate composite hydrogel.
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145.9 ± 33.5, and 160.2 ± 34.8 kPa for PNIPAM, alginate, and
composite PNIPAM−alginate hydrogels, respectively. In
comparison, the G′ obtained by DMA were 1.2 ± 0.2, 11.8
± 4.3, and 17.3 ± 4.1 kPa for PNIPAM, alginate, and
composite PNIPAM−alginate hydrogels, respectively. The
corresponding G″ were 0.06 ± 0.01, 2.2 ± 0.9, and 1.5 ±
0.3 kPa for PNIPAM, alginate, and composite PNIPAM−
alginate hydrogels, respectively. Importantly, G′ and G″ at f
obtained by sensing are correlated with G′ and G″ obtained by
DMA for composite PNIPAM−alginate hydrogels. In addition
to understanding the dependency of G′ on f (i.e., ω), we next
compared results obtained by DMA and PEMC by examining
the effect of the frequency on δ and |G*|. High-frequency
rheology data obtained by MEMS-based techniques, such as
QCM-based methods, have also been validated previously by
comparison with low-frequency rheology data obtained by
dynamic mechanical analysis.51 In that study, the resonant
frequency changes associated with the first three odd resonant
modes were utilized to characterize the high-frequency
viscoelastic properties. Validation of QCM data against DMA
data was previously done by comparison of δ vs |G*| obtained
under the same conditions. Here, we found that δ and |G*| at 1
Hz obtained by DMA for the alginate, PNIPAM, and alginate−
PNIPAM hydrogels were 2.9, 10.6, and 5.0° and 1.2, 12.0, and
17.4 kPa, respectively; δ and |G*| at ∼30 kHz obtained by
PEMC for the alginate, PNIPAM, and alginate−PNIPAM
hydrogels were 37.4, 42.4, and 40.4° and 53.0, 216.4, and 247.3
kPa, respectively. Thus, δ obtained at high-frequency was
relatively increased than that observed at low frequency by
DMA for similar |G*| across the materials investigated. This
result is consistent with previous QCM-based studies, which
showed that the viscoelastic phase lag of the third mode of
QCM near 15 MHz was relatively increased in polybutadiene
and styrene−butadiene compared with that observed by
DMA.51 Differences in the change of δ between low- and
high-frequency in this study and the aforementioned QCM-
based study are attributed to differences in the range of the
complex moduli investigated (kPa vs MPa−GPa, respectively)
and mode type used for rheological characterization (second-
order bending mode near 30 kHz vs third-order shear mode
near 15 MHz, respectively). While PEMC and QCM provide a
sensor-based characterization of high-frequency viscoelastic
properties that are consistent with DMA, PEMC sensors
exhibit several advantages, particularly associated with the
sensor form factor. One significant challenge in the materials
science and engineering is the ability to characterize small
sample volumes. Similar to QCM, which exhibits a surface area
∼1 cm2, PEMC sensors also facilitate characterization of
droplets by deposition on the top face of the cantilever (∼1
mm2). However, the millimeter-scale dipstick-based form
factor offers unique advantages over planar centimeter-scale
QCM geometry in terms of accessibility to small sample
containers through vertical submersion. For example, PEMC
sensors are 1 mm in width, which enables submersion in a
variety of plastic- and culture-ware, including microcentrifuge
tubes and 96-well plates, which are commonly utilized in
materials science and additive manufacturing applications.
Thus, we next examined if the dynamic response of composite
hydrogel viscoelastic properties could be continuously
monitored during material stimulation to further support
their use in future process monitoring applications.
3.2. Real-Time Sensor-Based Monitoring of ICE

Composite PNIPAM−Alginate Hydrogel Thermal Re-

sponse. At present, while image-based methods facilitate real-
time monitoring of stimuli-responsive hydrogel and LBL-cured
construct geometry change under various stimuli, few methods
enable real-time monitoring of construct property response to
stimuli, such as dynamic response of viscoelastic properties.
Thus, we next characterized the real-time viscoelastic property
response of composite PNIPAM−alginate hydrogel constructs
to thermal stimulation. Sensor-embedded PNIPAM, alginate,
and composite PNIPAM−alginate hydrogels were heated from
room temperature (25 °C) to body temperature (37 °C) and
then cooled to 25 °C. The range was selected based on the
potential biomedical applications. Figure 4A−C shows the
effect of temperature on the sensor resonance amplitude when
surrounded by the various hydrogels. The continuous ϕ
responses to the temperature cycling (i.e., raw sensor time-
series data) are shown in Figure 4D−F. The f and Q responses
are provided in Supporting Information Figure S4. The sensor
responses exhibited profiles associated with the conductive
heating and cooling processes used for temperature control.
The PNIPAM, alginate, and composite PNIPAM−alginate
hydrogels stabilized at 16.6 ± 3.6, 18.1 ± 1.7, and 16.9 ± 1.0
min following the temperature step change from 25 to 37 °C,
respectively. The dynamic response of the composite
PNIPAM−alginate viscoelastic properties vs the control
hydrogel responses based on the real-time sensor data and a
fluid−structure interaction model are shown in Figure 4G−
I.35,36 The effect of temperature change on the hydrogel
viscoelastic properties was significantly higher in PNIPAM and
composite PNIPAM−alginate hydrogels relative to alginate
hydrogels. The viscoelastic property response of PNIPAM to
temperature cycling also exhibited two maxima of G′ at f
during the heating and cooling phases (see Figure 4G). A
similar trend in G′ was also present for the composite
PNIPAM−alginate hydrogel (see Figure 4I). We note that this
trend was not observable in the alginate hydrogel response
(Figure 4H), suggesting that it may be associated with the
thermal response of the PNIPAM network in the pure and
composite hydrogel systems.
As shown in Figure 5A, the extent of change in the

percentage of peak amplitude (i.e., ϕ) was dependent on the
hydrogel type. PNIPAM exhibited the most extensive relative
thermal response based on ϕ change, which decreased by 67.3
± 4.4% upon heating from 25 to 37 °C. The composite
PNIPAM−alginate hydrogels exhibited the second largest
response to the thermal stimuli, which caused a decrease of the
resonance amplitude by 20.7 ± 2.7%. The alginate hydrogel
exhibited the smallest response to thermal stimuli (2.4 ± 4.7%
decrease of resonance amplitude). This trend agrees with
previously reported temperature response data.52,53 For
example, Safakas et al. found the thermo-induced response of
alginate-g-PNIPAM hydrogels shifts according to the content
of NIPAM. It is also well established that PNIPAM hydrogels
exhibit relatively large changes in shape and properties upon
temperature change, which is not the case for alginate. Thus,
the composite PNIPAM−alginate hydrogel exhibited dynamic
viscoelastic property changes that were intermediate of the
single-component hydrogels.
Figure 5B provides a comparison of the temperature

dependence of the viscoelastic properties of PNIPAM, alginate,
and composite PNIPAM−alginate hydrogels. The G′ at 25 °C
was 42.1 ± 18.9, 159.8 ± 24.2, and 201.6 ± 24.0 kPa for
PNIPAM, alginate, and composite PNIPAM−alginate, respec-
tively. The temperature increase to 37 °C caused a significant
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increase in G′ of PNIPAM to 241.1 ± 57.2. In contrast, the
temperature increase caused a small decrease in G′ of alginate
(146.7 ± 5.2 kPa). Similar to the PNIPAM hydrogel, the
temperature increase from 25 to 37 °C was associated with an
increase in G′ of the composite PNIPAM−alginate hydrogel
(290.5 ± 5.5 kPa). The sensor responses for PNIPAM
hydrogels subjected to multiple temperature cycles are
provided in Supporting Information Figure S5. Thus, the
observed changes are consistent with the established knowl-
edge of alginate and PNIPAM hydrogels, which further
validated the use of PEMC sensors for real-time monitoring
of stimuli-responsive hydrogel structure and properties.
As shown in Figure 6, the network structure of the

composite PNIPAM−alginate hydrogels was significantly
different below and above the VPTT (∼32 °C), which
supports the sensor data. PNIPAM hydrogels also exhibited
significantly different network structures below and above the
VPTT of PNIPAM (∼32 °C; see Figure S6). Specifically, these
SEM images capture the transition of the PNIPAM network
structure from an expanded, open state with pores much larger
than 100 μm to a tighter, collapsed network with pores on the
order of 10 μm. The PNIPAM−alginate hydrogel constructs
exhibited similar mesh sizes to neat PNIPAM hydrogels, which
exhibited pore sizes on the order of hundreds of micrometers,
below the VPTT of PNIPAM (see Figure S7).54 Note that no
pores smaller than those on the order of tens of micrometers
were observed at higher magnification.
A similar transition in the network structure of the bulk-

cured composite PNIPAM−alginate hydrogels was observed,
where a tighter, more well-defined network structure with pore
sizes on the order of tens of micrometers was observed for
these materials once the samples were subjected to temper-
atures above that of the VPTT of PNIPAM (Figure 6A vs
Figure 6C). The changes in the network structure captured by
these SEM images help to elucidate the mechanism behind the
enhancement in the storage moduli shown in Table 1, where,

Figure 5. (A) Decrease of resonance amplitude (i.e., the difference
between the phase angle ϕ at resonance and baseline value) after
heating of PNIPAM, alginate, and composite PNIPAM−alginate
hydrogels from 25 to 37 °C. (B) Storage modulus (G′) at the
resonant frequency ( f) of PNIPAM, alginate, and composite
PNIPAM−alginate hydrogels at 25 and 37 °C (* and *** indicate
p < 0.05 and p < 0.001, respectively).

Figure 6. SEM of bulk- and layer-by-layer (LBL)-cured composite PNIPAM−alginate hydrogels below and above the VPTT of PNIPAM (scale bar
= 100 μm).
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for example, the storage modulus of the bulk-cured composite
PNIPAM−alginate hydrogel increased from 201.6 ± 24.0 to
290.54 ± 54.6 kPa, below and above the VPTT, respectively.
However, the pore structure of these soft composites was more
uniform, with smaller pore sizes than that observed for the neat
PNIPAM samples (Figure 6C vs Figure S6B).
No well-defined network structure was observed on LBL-

cured PNIPAM−alginate hydrogels above the VPTT, where
only an apparent variation in the surface morphology was
observed (Figure 6B vs Figure 6D). In fact, above the VPTT of
PNIPAM, the soft composite appeared to phase-separate,
creating a PNIPAM-rich phase with a web-like network
structure and an alginate-rich phase with no apparent pores.
The formation of this web-like structure by the PNIPAM
provides physical insight into the mechanism of increased
storage modulus and dynamic viscoelastic property response.
Further, the fact that the PNIPAM phase-separated from the
alginate may help to explain the larger increase in storage
modulus below and above the VPTT for LBL-cured composite
PNIPAM−alginate hydrogel (246.6 ± 67.6.0 to 408.2 ± 110.9
kPa) when compared to bulk-cured composite PNIPAM−
alginate hydrogel (201.6 ± 24.0 to 290.54 ± 54.6 kPa), where

the PNIPAM is prevented from phase-separating due to the
fabrication method for these hydrogels.

3.3. Real-Time Monitoring of Composite PNIPAM−
Alginate LBL Construct Gelation and Comparison of
Bulk- vs LBL-Cured Construct Dynamic Viscoelastic
Property Response. Stimuli-responsive hydrogels have great
potential applications in additive manufacturing based on their
ability to change shape and properties upon stimulation after
fabrication. While a considerable number of studies have been
reported on additively manufactured constructs, which utilize
LBL deposition and curing processes, few studies and methods
have characterized the real-time material assembly or dynamic
response of bulk vs LBL-cured PNIPAM−alginate constructs.
Thus, having monitored the real-time response of bulk-cured
composite PNIPAM−alginate hydrogels to thermal stimuli, we
next examined the assembly (gelation) and stimuli response of
LBL-cured composite PNIPAM−alginate constructs to under-
stand the potential impact of the fabrication (i.e., deposition
and curing) approach (bulk- vs LBL-cured) on the network
structure and dynamic viscoelastic response to thermal stimuli.
An illustration of the LBL composite PNIPAM−alginate
construct fabrication, which resembles an additive manufactur-
ing process, is shown in Figure 7A. The average layer thickness
was 0.6 mm based on the commonly used layer spacing in
microextrusion 3D printing applications. Figure 7B highlights
the effect of layer-curing of the impedance spectra of the
PEMC sensor. Deposition of the polymer solution around the
sensor caused a significant shift in both f and ϕ. Subsequent
photocuring of each layer resulted in a continuous change of ϕ,
as observed previously during the fabrication of bulk-cured
composite PNIPAM−alginate hydrogels (see Figure 2). A
significant decrease in ϕ was observed upon final chemical
crosslinking of the four-layer LBL-photocured composite
PNIPAM−alginate construct with CaCl2. Figure 7C shows
the real-time ϕ response during the LBL composite

Table 1. Storage Modulus (G′) at the Resonant Frequency
( f ∼ 30 kHz) of PNIPAM Hydrogels, Alginate Hydrogels,
Bulk-Cured Composite PNIPAM−Alginate Hydrogels, and
Layer-by-Layer (LBL)-Cured Composite PNIPAM−
Alginate Constructs at 25 and 37 °C Calculated from Sensor
Data and Cantilever Fluid−Structure Interaction Theory

hydrogel G′-25 °C (kPa) G′-37 °C (kPa)

PNIPAM 42.1 ± 18.9 241.1 ± 57.2
alginate 159.8 ± 24.2 146.7 ± 5.2
bulk-cured PNIPAM−alginate 201.6 ± 24.0 290.5 ± 54.5
LBL-cured PNIPAM−alginate 246.6 ± 67.7 408.2 ± 110.9

Figure 7. (A) Schematic illustrating the LBL fabrication process (deposition and curing) associated with the LBL-cured composite PNIPAM−
alginate constructs. (B) Phase angle spectra from the cantilever sensor obtained at various times throughout the gelation process (dotted and solid
lines indicate the sol and UV-cured gel state of each layer, respectively). (C) Real-time monitoring of LBL composite PNIPAM−alginate construct
fabrication via continuous tracking of cantilever ϕ response.
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PNIPAM−alginate construct gelation process, which was
composed of four subsequently photocured layers followed
by a final chemical crosslinking of the LBL-cured construct.
The real-time sensor response associated with the LBL
processing is shown in Supporting Information Figure S8.
Having monitored the fabrication of LBL-cured composite

PNIPAM−alginate constructs, we next compared their gelation
and stimuli response with the previously examined bulk-cured
samples. As shown in Figure 8A, the curing method had a
significant effect on the change in ϕ (i.e., the expected change
in G′ associated with crosslinking). For bulk-cured composite
PNIPAM−alginate hydrogels, the changes of ϕ caused by UV
curing and CaCl2 crosslinking were 36.0 ± 3.3 and 41.1 ±
1.4%, respectively. However, for LBL-cured composite
PNIPAM−alginate constructs, the changes of ϕ associated
with UV curing, CaCl2 crosslinking, and the total change were
39.1 ± 3.5, 46.4 ± 3.5, and 67.3 ± 3.6%, respectively.
We then compared the real-time thermal response of bulk-

and LBL-cured hydrogels via continuous monitoring of ϕ
response. Figure 8B shows the percent change of ϕ upon
heating the composite PNIPAM−alginate hydrogels from 25
to 37 °C, indicating 20.7 ± 2.7 and 41.9 ± 12.8% change for
the bulk and LBL-cured composite hydrogels respectively (p =
0.022). Similarly, the bulk- and LBL-cured composite hydro-
gels exhibited significantly different percent changes in f from
heating of 1.0 ± 1.8 and 4.6 ± 2.0% (p = 0.016). Next, we
compared G′ of bulk- and LBL-cured composite PNIPAM−
alginate constructs at 25 and 37 °C (see Figure 8C). LBL-
cured composite PNIPAM−alginate constructs exhibited a
significantly larger G′ change compared to bulk-cured
constructs (p = 0.04). Thus, these studies suggest that the
magnitude of dynamic viscoelastic property response of
composite PNIPAM−alginate constructs is dependent on the
processing method (e.g., material deposition-assembly and
curing processes).

4. CONCLUSIONS
In this work, dynamic-mode piezoelectric milli-cantilever
sensors were utilized to monitor the real-time gelation and
thermal response of ionic−covalent entanglement composite
PNIPAM−alginate hydrogel, a widely investigated stimuli-
responsive hydrogel system. The dynamic response of
composite PNIPAM−alginate viscoelastic properties during
network formation and thermal stimulation were monitored in
real time based on sensor data and established fluid−structure
interaction models. Trends in shear moduli at the resonant
frequency obtained by sensing correlated with compressive
moduli data obtained by DMA. SEM captured the transition of

the network structure of PNIPAM−alginate composite hydro-
gels below and above the VPTT of PNIPAM, which was
quantitatively supported by changes in values of storage
modulus with temperature. We also showed that the
magnitude of dynamic viscoelastic property response in
composite PNIPAM−alginate hydrogels is dependent on the
fabrication method based on the comparison of bulk- and
layer-by-layer constructs. In summary, piezoelectric milli-
cantilever sensors are a useful experimental tool for character-
ization and real-time monitoring of hydrogel response to
stimuli in practical low-volume measurement formats.
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