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Stimuli-responsive polymeric materials have attracted significant
attention due to their ability to change properties in response to
various external stimuli. Using an electric field as the stimulus is of
particular interest as it possesses the potential for seamless inte-
gration of materials with electronic systems. While many materials
with electric field responsive actuation have an associated mechan-
ical property change, it is beneficial to develop materials that
exhibit mechanical property changes without accompanying signi-
ficant shape deformation. To address this challenge, here we
designed a semi-interpenetrating polymer network (semi-IPN)
hydrogel system containing both polyelectrolytes and salt ions,
which enables electric field induced changes in mechanical proper-
ties while minimizing actuation. We first successfully verified the
viability of our design by removing salt ions through a diffusion-
only method where we witnessed the stiffness increased to
4.5 times the initial value while still being highly deformable. After
this, we applied an electric field to transport the salt ions out of the
hydrogel, as shown by both Raman spectroscopy and scanning
electron microscopy. We were able to show a time-dependent
stiffness increase, the maximum of which was 5 times the original
stiffness. We quantified ion transport and water-splitting in the
hydrogel by both experiments and simulations. Following this, we
showed functional system reversibility by reversing the direction of
the current to reinject salt ions into the semi-IPN hydrogel and
reducing its stiffness to below the initial value. It's worth noting that
our simulations enable us to understand the governing mechanisms
behind ion generation and salt transport that leads to mechanical
property changes. Finally, we were able to fabricate a spatially
variable stiffness haptic interface with our hydrogel, with demon-
strated reversibility and cyclability. This research can possibly find
applications in soft robotics and haptics and also inspire the devel-
opment of bio-compatible electronics related devices.
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New concepts

We present a novel concept for dynamically controlling mechanical
properties of polymers via an electric field. Specifically, we use ionic
current, stimulated by the electric field, to transport dissociated salt ions
out of a polymer gel. The gel has bond strength diminished by ionic
interactions, so salt removal results in a 5x stiffness increase with
negligible dimensional change. Further, we show that this process is
reversible; we restore the stiffness to its initial value by flowing the ions
back into the gel. Finally, we demonstrated spatial controllability, rever-
sibility, and cyclability by making devices with haptic interfaces. This
work differs substantially from the now common electrically actuated
polymers that primarily change shape and/or size, with property changes
as a secondary effect. While we demonstrate this concept in an inter-
penetrating polymer network, it is quite general. We could vary the
crosslinked gel, the polyelectrolyte type, and/or the salt type. Even more
exciting, there are numerous interactions used to control polymer stiff-
ness that are strongly influenced by ions, like metal-ligand coordination
and cationic-aromatic interactions. This concept could influence materi-
als science more broadly - all it requires is a matrix sufficient to maintain
structural stability with an ion-sensitive stiffness regulating component.

1 Introduction

In recent decades, stimuli-responsive polymeric materials'™

have emerged as a compelling and rapidly evolving area of
study within materials science. These materials respond to
changes in the environment, including temperature,*® pH,*®
light,” " humidity,""? solvent,"*"® magnetic fields,"®'” and
electric fields,'®'® with property changes like mechanical stiff-
ness,"™?° solubility,"”"® conductivity,”*** shape,**** color,'*?>
fluorescence,*>*” permeability,”®*® and so on. These features
support various applications in controlled release,**°*! adaptive
surfaces,"®*? soft robotics,>*** and wearable electronics.>*™”
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Our lab previously reported a novel metal-ligand coordinated
polydimethylsiloxane (PDMS) surface that undergoes a dramatic
transformation from hydrophobic to hydrophilic upon contact
with water droplets.® Aubrecht et al successfully synthesized
biomimetic polyelectrolytes containing a geminal cation-aromatic
group and demonstrated that such polymers exhibit diverse phase
separation behaviors and tunable stiffness in response to specific
ion interactions.” Cheah et al. fabricated a conducting polymer
hydrogel composite material with poly(3,4-ethylenedioxythio-
phene) (PEDOT) and gelatin methacryloyl (GeIMA) and achieved
controlled release of a model protein bovine serum albumin
(BSA) over extended time periods up to 21 days, with the ability
to modulate release rates using electrical stimulation.”’ Among
the different stimuli listed, an electric field is of particular
interest, as it allows us to easily interface polymeric materials
with the ever-developing electronic world, which can be easily
combined with cutting-edge technologies. Moreover, we can
manipulate the amplitude, phase, and frequency®® of an electric
field, and all these can possibly lead to a change in the response
of the material.

One of the earliest electric-field-responsive polymer exam-
ples was piezoelectric polymers,*® most notably polyvinylidene
fluoride (PVDF).*>*' Following that, there were breakthroughs
made in the fields of liquid crystal elastomers (LCE),">** ionic
metal composites (IPMC)**™* and dielectric
elastomers.*®" Hydrogels have also found applications as
electric-field-responsive materials."®*> From these previous
works, it is apparent that having charged or partially charged
polymers within the material is a promising route for realizing
electric-field stimulated response. One thing worth noting is
that many of these materials demonstrate mechanical property
changes in association with actuation. Developing materials
that undergo mechanical property changes independent of
actuation would be beneficial.

One application combining the use of polyelectrolytes and
an electric field without mechanical actuation, happens in the
field of adhesion. For example semi-interpenetrating polymer
network (semi-IPN),>® where densely charged polyelectrolytes
are inserted into a covalently crosslinked polymer network
enable polyelectrolytes to interact with electric fields through
ion migration,”” while the covalent network holds the structure
together. Asoh and coworkers successfully induced electro-
phoretic adhesion between two semi-IPN hydrogels by applying
an electric field across them, one containing cationic polymers
and the other having anionic polymers.*® Further studies were
conducted with microbead adhesion®® and alternating current.®®
However, these studies® focus on adhesion while there is a lack
of research on changing the bulk mechanical properties of the
material. Layer-by-layer (LBL) assembly®*®° uses both cationic
and anionic polymers to form a bulk material, and it is common
to use an electric field to assist the assembly process.®” ®°
Following these two material concepts (polyelectrolyte semi-IPN
and LBL), incorporating polyelectrolyte complexes (PEC),”*"*
which are materials composed of both cationic polyelectrolytes
and anionic ones, into semi-IPN seems to be an interesting
possibility. PECs already have wide applications in drug/DNA

polymer
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deliveries’* and tough hydrogels.”*”” Highly-stretchable polymers
inspired by PEC structure also show that ionic bonds among
polymer chains can increase the stiffness and strength.”®”” More-
over, the morphologies and mechanical properties of PEC are
responsive to the amount of salt doping, (i.e. saloplasticity).”®”®
PECs show a continuous spectrum of states from solid to liquid
as salt concentration increases. If we can use a covalent network
to hold a PEC together, ensuring its integrity under high salt
concentration, it is possible to use salts to modulate the mechan-
ical properties of these semi-IPN hydrogels, while the concen-
tration of ions is controlled by electric fields. The viability of
fabricating semi-IPN containing PEC was confirmed by work from
Li and coworkers® as well as Pruthi et al.® Furthermore, Sayed
et al. showed that such PEC-based semi-IPN hydrogels can
experience a stiffness drop when immersed in a water bath with
higher KBr concentrations,®" though the effect of salt ions is still
debatable as their swelling ratio increases.

Here, we present our novel idea of electric field induced
modulation of the mechanical properties of a hydrogel without
coupling to shape or size change. Specifically, the electric field
drives electrodialysis of salt ions from a semi-IPN polyelectro-
lyte hydrogel. To start, we conducted a water-content-controlled
study on how salt (NaCl) ion concentration would change the
mechanical properties of the semi-IPN by simply letting salt
ions diffuse into a water bath. The effect of molecular weights
of the polyelectrolytes was also demonstrated. After that, we
investigated how an electric field induced ionic current chan-
ged the NaCl content and distribution, the mechanical proper-
ties, and the ionic interactions of semi-IPN. We reinjected salt
ions back into the semi-IPN to investigate whether this process
is reversible. A newly developed equivalent ionic circuit model
was used to support understanding of the time-evolving gov-
erning mechanisms. Finally, a spatially variable stiffness haptic
interface was fabricated with demonstrated reversibility and
cyclability. This research will offer insights into the develop-
ment of novel stimuli-responsive materials with tunable char-
acteristics for diverse applications.

2 Results and discussion
2.1 Hydrogel system design

The semi-IPN hydrogel was prepared using a one-pot procedure
as described in the ESIL.{ A large amount of sodium chloride
was added to the mixture prior to the addition of polydiallyl-
dimethylammonium chloride (PDADMAC) and poly(sodium
4-styrenesulfonate) (PSS) to prevent the formation of PEC
precipitation. We designed two different pathways to transport
the salt ions (sodium cations and chloride anions) out of the
semi-IPN hydrogel (Fig. 1). In the first path, termed diffusion,
the semi-IPN specimens were submerged in deionized (DI)
water so that the salt ions diffused into the water surrounding
the hydrogel, thus transporting salt ions out of the hydrogel.
Due to water absorption during this process, the water content
in the hydrogel specimens dramatically increased compared to
their as-prepared state. To return the water content to the same
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Fig. 1 Material preparation. Top: In the gel preparation step, acrylamide monomers, crosslinkers, NaCl, polyelectrolytes, and initiators were mixed and
injected into molds with two different thicknesses. The molds were kept in an oven at 50 °C for polymerization. Bottom left: After the gel was solidified,
the thinner gel underwent a diffusion process (path 1), where the gel was submerged in DI water and the counterions within the gel diffused into water.
After this step, the gel was exposed to air to removed excess water so that the gel weight remained the same as before diffusion. In the final step, the gel
was kept in a humidity chamber to be equilibrated. Bottom middle: The thicker gel underwent an electrodialysis process (path 2), where it was
sandwiched between polyacrylamide gels and ion-exchange membranes to have the counterions removed with currents induced by an electric field.
Right: We propose that during gel preparation, limited interchain ionic interaction exist due to salt ion screening; after salt ions are removed, ionic bonds

are formed among oppositely charged polyelectrolytes.

as the as-prepared semi-IPN hydrogel, the swollen hydrogel
specimens were exposed to air to let the water evaporate until
the mass reached its pre-soaked value. After this, the hydrogel
specimens were placed in a humidity chamber (humidity set at
100%) so that they could equilibrate to avoid serious surface-
bulk inhomogeneity. The second path is electrodialysis, the
core of this paper. In this path, the semi-IPN was sandwiched
between ion-exchange membranes and polyacrylamide (PAam)
hydrogels. On the one side of the semi-IPN hydrogel, a Cl-form
anion exchange membrane FAA-3-PK-75 was placed, followed

5390 | Mater. Horiz., 2025, 12, 5388-5399

by PAam hydrogel and a platinum electrode, which was con-
nected to the positive side of the power supply. A Na-form
cation exchange membrane Nafion 117 was put on top of the
other side of the semi-IPN hydrogel, then a PAam hydrogel, Pt
electrode, and the negative side of the power supply. The idea
behind the design is that, when the electric field is activated, Cl
ions can travel through the anion exchange membrane into
the PAam hydrogel and are stored there, while the hydro-
nium ions generated from water splitting are blocked by the
membrane from transporting back into the semi-IPN hydrogel.

This journal is © The Royal Society of Chemistry 2025
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Similarly, the Na ions can be transport across the Nafion
membrane and then stay in the PAam hydrogel while hydroxyl
ions are prevented from injecting into the semi-IPN. We propose
that during the gel preparation process and in the initial semi-
IPN gels, interactions among oppositely charged polyelectrolytes,
PDADMAC and PSS, are limited because of the ion screening
from the abundant presence of the salt ions. After salt ions are
removed through either diffusion or electrodialysis, ionic bonds
are formed among PDADMAC and PSS chains thus changing the
mechanical properties of the semi-IPN hydrogel.

2.2 Verifying salt-based stiffness modulation via the diffusion
path

We first investigated how NaCl content in the semi-IPN hydro-
gel would affect its mechanical properties when the water
content is constant, and how the molecular weight (MW) of
polyelectrolytes would play a role in this process with two
available polyelectrolyte pairs, 70 k MW PSS and 100 k MW
PDADMAC (noted as IPN*), and 200 k MW PSS and 200 k MW
PDADMAC (noted as IPN). Please note that when we talk about
semi-IPNs, we are referring to the material microstructure
design, which is a covalently crosslinked structure blended
with PECs. When we use “IPN”, we are specifically referring
to this material, PAam with 200 k MW PSS and 200 k MW
PDADMAC. The diffusion path was used to control the NaCl
content. To demonstrate the effect of NaCl leaving the semi-IPN
hydrogel, IPN specimens were prepared and soaked in DI water
for different time, ranging from 10 s to 300 s (Fig. 2a).
We discover that when the time of IPN specimens in the DI
water increases, the turbidity of the specimens increases, and
the size also increases due to swelling. This trend matches the
prototypical transition pattern of PECs in a salt solution with
different salt concentrations, where at higher concentration the
PEC acts as a homogeneous solution while at lower concen-
tration the PEC behaves like a solid.”® Following this discovery,
we set three different levels of NaCl concentration in the semi-

Soak time (s)
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IPN hydrogel as one variable, crossed with two pairs of poly-
electrolytes with different MW (see ESIT for procedure).
Critically, we maintained water content across the specimens,
such that salt content is the controlling factor in mechanical
properties. Salt removed from the semi-IPN hydrogels was
calculated by measuring ionic conductivity of the removed salts
dissolved them in DI water (Fig. 2b). High-NaCl is not plotted as
the removal ratio is merely 0 according to the mentioned
definition. As can be seen from the plot, there is a clear
distinction in the amount of removed NaCl across three differ-
ent NaCl levels. At medium-NacCl level, 35% of the initial NaCl
are removed from IPN and 24% from IPN*, while at low-NaCl
level almost all the initial NaCl are diffused out of the hydrogel.
This result evidently demonstrates the viability of using the
diffusion path to remove NaCl from the initial semi-IPN hydro-
gel in a controlled manner. Following this, monotonic tensile
tests were performed to investigate how the mechanical proper-
ties change when NaCl leaves the hydrogel (Fig. 2c, modulus in
Table S5, ESIt). Of the six sample preparations with varied MW
and NaCl content, four are highly stretchable and were still
intact when the travel limit of our universal tester was reached.
The other two exceeded strains of 500% before breaking.
At high NaCl content, both the IPN* and the IPN samples
exhibit a more compliant behavior compared to the reference
PAam hydrogel (Fig. S7, ESI}). This finding matches the result
shown by Li et al.® Interestingly, the salt PAam hydrogel, which
has the same NaCl content as the high NaCl content IPN gel,
shows a slightly higher stiffness and lower maximum strain
than the PAam hydrogel (Fig. S7, ESIt). Therefore, if there is a
stiffening effect when NacCl is removed from the IPN, its origin
is the polyelectrolytes rather than NaCl interactions with PAam.
Indeed, as the NaCl content decreases to medium and then low
level, the IPN hydrogel becomes stiffer and less stretchable,
showing that the removal of salt ions and the formation of ionic
crosslinks among polyelectrolyte chains can indeed stiffen and
strengthen the hydrogel. This is similar to our previous finding
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Fig. 2 Dependence of semi-IPN hydrogels on NaCl content, obtained via path 1: diffusion. Three different levels of NaCl content were investigated,
noted as high, medium and low. Two pairs of polyelectrolytes with different molecular weights (MW) were used. IPN contains 200 k MW PSS and
200 k MW PDADMAC while IPN* has 70 k MW PSS and 100 k MW PDADMAC. (a) A photo showing the increase in turbidity of IPN hydrogels as they were
stirred in DI water for a longer period of time, ranging from no soaking at all to 300 s. (b) NaCl removal ratio from IPN and IPN* at two different NaCl
content levels, assigned as medium and low. Note that high level NaCl content is not plotted here, because it is the initial level, meaning there is no NaCl
removed. (c) Stress—strain curves from monotonic tensile tests of IPN and IPN* hydrogels with three different levels of NaCl content.
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about ionic crosslinks in elastomers.”®””

The response of the
IPN* sample to NaCl content shows the same trend, but is
muted in magnitude. The stress—strain curve of the medium
NacCl level overlaps that of the high NaCl level. A larger change
in stiffness and strength can be seen at low NaCl level. Given
the relative salt dependence of IPN and IPN*, we have chosen
the 200 k-200 k MW polyelectrolyte pair (IPN) for our electric
field response study. Based on our data for this system, we
expect that a stiffness change ratio of 4.5 is achievable with an

electric field.

2.3 Stiffening by an electric field

After our investigation utilizing diffusion (path 1), we moved
onto proving that electrodialysis (path 2) could realize a similar
effect. For forward operation, a device was assembled in the
fashion shown in Fig. 1, and the current across the gels was
manually kept at 100 mA by adjusting the output voltage of the
power supply. This current level was determined based on
consideration of time and heat generation. In short, a higher
current can save time, which prevents excessive water evapora-
tion, but it also generates more heat, which enhances water
loss. The voltage required for our device was around 5 V when
the current was stable, which corresponds to a power of 0.5 W.
The total thickness of our device is around 9 mm, which gives
us an electric field of 5.6 V. em™". The voltage we used is in
the relatively low regime of hydrogel-based actuators, which
typically operate in ranges from 2 V to 20 kV. As a comparison, a
reverse operation was also employed where the direction of the
current was reversed relative to the normal operation, simply by
swapping the connections between the Pt electrodes and the
power supply (Fig. S3, ESIt). We have discovered that after a
forward operation, the two ion exchange membranes were
strongly adhered to the IPN and peeling them off seriously
deformed the gel. Therefore, all compression tests were done
with both the membranes on the hydrogels. We can calculate
the small strain elastic modulus of the hydrogel from the
stiffness of the stack since the membrane thickness and stiffness
values are known (see ESIt Calculations section). Comparison of
the compression stress-strain curves of the as-prepared initial
IPN, the hydrogel after 30 min of forward operation, and the one
after 30 min of reverse operation is shown in Fig. 3a. Evidently,
the IPN becomes stiffer after 30 min of forward operation, which
supposedly transports salt ions out of the IPN across the ion-
exchange membranes, resulting in increased ionic bond for-
mation in the PEC structure. The IPN after reverse operation
becomes more compliant than the initial IPN. This also makes
sense as the salt ions are blocked by ion-exchange membranes
from traveling into the PAam buffer hydrogels on the sides,
while hydronium and hydroxyl ions generated from water split-
ting are allowed to migrate into the IPN across the membranes,
after which they recombine and become water, thus swelling the
IPN. To support our mechanistic assumptions, we measured
the weight change of the IPN involved in the process before and
after drying, and calculated the salt ion and the water content
change (Fig. 3b). A 62% drop in NaCl content can indeed be seen
after 30 min of forward operation. Water content also decreases

5392 | Mater. Horiz., 2025, 12, 5388-5399
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by 26%. To eliminate the possible effect of water content drop
on stiffening of the hydrogel, IPN with matching lower water
content were prepared by evaporating water from the as-
prepared initial IPN and tested (Fig. S8, ESIt). No significant
change in mechanical properties were detected, with only a 7.6%
increase in modulus detected. As for the IPN after 30 min reverse
operation, the water content has increased by 33%, which
should be the probable cause of the softening. To investigate
the effect of water content increase on the stiffness, IPN with
33% more water were prepared by placing the original IPN in a
humidity chamber set at 25 °C and 95% for 4.5 h and then tested
under compression. This time we witnessed a significant drop in
modulus to 8.6 kPa, similar to the modulus of IPN after reverse
operation. Interestingly, NaCl content also drops by 11%, show-
ing that there is still some ion leakage across the ion-exchange
membranes, yet the leakage is very limited relative to the forward
operation.

Scanning electron microscopy - energy-dispersive X-ray spec-
troscopy (SEM-EDS) was used to find additional evidence of salt
ion removal from the hydrogel (Fig. 3c). In the as-prepared initial
IPN, there is an abundant distribution of small crystal-like
objects across the whole scanned area of the dried hydrogel,
which have both sodium ions and chloride ions confirmed by
EDS. In the IPN after 60 min forward operation, only a few of
these objects can be seen. This is clear evidence that salt ions are
indeed removed by electrodialysis while there is limited change
in the microstructure of the IPN.

To gather more evidence of salt removal and to check the
consistency between the diffusion path and the electrodialysis
path, Raman spectra of the IPN were collected (Fig. 3d). A peak
at around 983 cm™ ' can be identified in the as-prepared (high
salt) IPN, for specimens used in both electrodialysis and diffu-
sion. This peak corresponds to PDADMAC ring deformation
and C-N bond stretching.’> Meanwhile, this peak is much
smaller in the IPN after a 60 min forward operation. The same
finding applies to the low salt NaCl IPN obtained via the
diffusion path. This similarity also confirms that both the
diffusion path and the electrodialysis path reach the same goal,
which is removing salt ions in the IPN to drive polyelectrolyte
ionic crosslinking.

Next we investigated how the duration of the forward
operation will progressively change the properties of the IPN.
We have observed that as the forward operation time increases,
the turbidity of the IPN increases (Fig. 4a), which matches our
findings from the diffusion path, showing an increasing degree
of salt ion removal. The current-voltage-time plot of the device
is shown in Fig. 4b. As we can see, the current is very low at the
beginning due to the lack of mobile charge carriers in the PAam
buffer gels. As more charge carriers are generated by water
splitting and salt ions moving into the PAam buffer gels, the
current gradually increases. To keep the current at around 100
mA, output voltage from the power supply also drops and
therefore, the voltage across the device gets lower. After this
stage, the resistance is stable and both the current and voltage
are kept at a relatively constant level. In the final stage, as salt
ions are gradually depleted from the IPN, the resistance goes up

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Comparison of IPN hydrogels under path 2 electrodialysis in three different conditions: forward operation, reverse operation, and initial state.
(a) Stress—strain curves from compression tests of IPN hydrogels, including initial IPN, IPN after a 30 min forward operation electrodialysis, and IPN after a
30 min reverse operation. Note that these compression tests are performed with the thin and relatively rigid ion exchange membranes still attached.
(b) Amount of NaCl and water remaining in the IPN after a 30 min forward or reverse operation, shown as fractions of the initial composition. Note that
the water content in the IPN after a 30 min reverse operation increases from the initial state. (c) SEM images of initial IPN and IPN after a 60 min forward
operation. EDS mapping of Na and Cl shows that the latter contains a much less NaCl. (d) Raman spectra of IPN with high and low NaCl content used in
the diffusion path, and as-prepared initial IPN (high-NaCl) and IPN after a 60 min forward operation (low-NaCl) used in the electrodialysis path. The

arrows indicate the peak of interest around 983 cm™
normalized to the respective highest peak.

and the voltage has to be tuned up again. The operation comes
to a stop when we can no longer keep the current at 100 mA
level (due to the absence of ion conductors in the IPN) as the
power supply reaches its output limit. We would like to point
out that the output voltage of the power source was manually
controlled by turning the adjustment knob, which caused sharp
changes in both current and voltage during adjustment. Based
on this plot, we chose three time points to compare: 15 min,
which is around the beginning of the stable stage; 30 min,
which is in the middle of the stable stage; and 60 min, which is
the end of the operation. Compression test results (Fig. 4c)
show that the semi-IPN hydrogel is the most stiff after 60 min
operation, followed by 30 min, 15 min, and then the initial IPN.
The modulus of the semi-IPN hydrogel is approximately 5x that

This journal is © The Royal Society of Chemistry 2025

, which corresponds to PDADMAC ring deformation and C—N bond stretching. All spectra are

of the initial gel, analogous to the long duration diffusion
result. This result again confirms our design of removing salt
ions from the IPN to enhance its stiffness. NaCl content change
is confirmed by calculation based on weight measurements,
and the salt ion content drops as the operation time goes longer
(Fig. 4d). We also measured the amount of acid generated in
the FAA-3-PK-75 membrane side PAam buffer gel and base in
the Nafion 117 membrane side PAam buffer gel (Fig. 4e).
In forward operation, hydrochloric acid should be generated
in the FAA-3-PK-75 side PAam gel while sodium hydroxide
should be formed in the Nafion side. As expected, more acid
and base are generated as operation time increases. The
amount of acid is also slightly higher than the amount of base.
pH can affect the behavior of polyelectrolytes. The IPN after a
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Fig. 4 Comparison of IPN hydrogels with different forward operation time. (a) A photo showing the increase in turbidity of IPN hydrogels as the forward
operation time increased. (b) A current—voltage—time plot of both the experimental data and the simulation result of the stacked-gel device throughout a
60 min forward operation. Note that during the experiment, the current was manually controlled at around 100 mA by adjusting the voltage output from
the power supply, while in the simulation the current was set at 100 mA. (c) Stress—strain curves from compression tests of IPN hydrogels with different
forward operation time, ranging from no operation to 60 min. (d) A plot showing both experimental data and simulation results of how sodium ion
content and chloride ion content in the IPN hydrogel change during a 60 min forward operation. Note that experimental data was calculated based on
the assumption that the number of sodium ions in IPN is the same as the number of chloride ions. (e) A plot showing both experimental data and
simulation results of how much acid and base were generated in PAam buffer hydrogels during a 60 min forward operation. Acid is in anode side PAam

buffer gel and base is in cathode side PAam buffer gel.

60 min forward operation was immersed in 20 mL water over-
night and the pH was measured to be 5 by pH strips. Since the
acid form of PSS is a strong acid®** and charges on PDADMAC
are independent of pH values,® the PEC formed by PSS and
PDADMAC should show minimal response to pH values,®®
meaning the stiffening effect should primarily come from salt
removal.

To further understand the ion transport in the stack-
hydrogel structure, we adapted a recently developed equivalent
ionic circuit model®® to simulate ion concentration change
during the operation (see ESIT Simulation section). Using the
model, we are able to have continuous time varying predictions
of voltage and current of the device, as well as concentrations of
ion species present in the hydrogel, including sodium ions,
chloride ions, hydroxyl ions, and hydronium ions. In Fig. 4b,
the simulation result is plotted along with the experimental
result, showing a good match, meaning we are able to capture
the effective resistance change in the device with our model.
In Fig. 4d, the salt ion concentration change in the IPN from

5394 | Mater. Horiz., 2025, 12, 5388-5399

the model is also in good agreement with the experimental
measurements. The model also predicts the acid and base
generation reasonably well (Fig. 4e), though it does slightly
over-predict quantities at long times, possibly due to the acid or
base starting to react with PAam at very high concentration, or
the PAam gel not being in equilibrium with the water in the vial
by the end of the acid/base extraction process.

2.4 Reversibility

Finally, we investigated whether we could reinject salt ions into
the IPN by reversing current after a forward operation to return
the gel to its initial mechanical properties (Fig. 5a same-buffer).
The current was again kept at 100 mA level by manually
adjusting the output voltage of the power supply. Interestingly,
the voltage required to maintain this current starts lower
than the steady-state forward voltage, increases gradually to
above this value over approximately 10 min, and then gradually
decreases over the next 20 min until we end the process
(Fig. 5b). The simulation also shows this increase and decrease,

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Reinjection of sodium and chloride ions into IPN hydrogels after a 30 min forward operation on IPN. (a) Scheme showing two different paths to
reinject sodium and chloride ions into IPN after the forward operation. In the “same-buffer” path, the direction of the current was simply reversed. In the
“"new-buffer” path, in addition to reversing the direction of the current, the PAam buffer gels on both sides were swapped with PAam gels having high
NaCl content. (b) A current—voltage—time plot of both the experimental data and the simulation result of the stacked-gel device during a 30 min same-
buffer reinjection operation. (c) A plot showing both experimental data and simulation results for how sodium ion content and chloride ion content in IPN
hydrogel change during a 30 min same-buffer reinjection operation. (d) Stress—strain curves from compression tests of the initial IPN, IPN undergoing the
“same-buffer” path for 30 min, and IPN undergoing the “new-buffer” path for 30 min. (e) A current-voltage—time plot of both the experimental data and
the simulation result of the stacked-gel device during a 30 min new-buffer reinjection operation. (f) A plot showing both experimental data and
simulation results for how sodium ion content and chloride ion content in IPN hydrogel change during a 30 min new-buffer reinjection operation. Note
that experimental data was calculated based on the assumption that the number of sodium ions in the IPN is the same as the number of chloride ions.

although the predicted changes are reduced in magnitude and
slower (peak at 15.5 min). The simulation indicates that the
PAam buffer gel on the FAA-3-PK-75 side switched from acidic
to basic, and vice versa for the buffer gel on the Nafion 117 side
at this peak position (Fig. S11, ESIt). Experimentally, we see an
increase in the salt fraction in the IPN from 0.38 up to 0.76 of
the original value over the 30 minutes (Fig. 5¢). Interestingly,
the simulation predicted salt fraction change over time exhibits
a peak at the same time as the voltage peak. To gain insight into
this peak we plotted the flux of ions across the membranes (Fig.
S12 and S13, ESIt) and found out that after the turning point,
there is an increasing flux of hydroxyl ions across FAA-3-PK-75
into the IPN and the flux of chloride ions decreases quickly.
There is still a leaking flux of chloride ions across Nafion 117.
These factors in combination lead to a drop of chloride ion
concentration in the IPN. The deviation of simulation results
from experimental measurements could be due to higher salt
ion leakage flux across membranes in simulations, meaning
the exclusion effect of membranes are under-estimated in our
simulations. We measure the mechanical behavior of the gel at

This journal is © The Royal Society of Chemistry 2025

this time and find that the stiffness has decreased below the
original stiffness (Fig. 5d), even though the salt has not fully
been restored. This decrease in stiffness beyond the starting
point is possibly due to an increased water content in the IPN,
which was 117% of the initial water content (Fig. S10, ESIT).
Our model predicts the pH in the IPN to be 13.4 consistent with
a simple titration measurement result of 13.6. Since under such
basic conditions PSS is fully ionized while PDADMAC is not pH
sensitive, the over-softening should be due to higher water
content.

To examine what would happen if we fully restore the salt,
we replace the original PAam buffers with high-NaCl-content
PAam hydrogel of the same dimensions prior to applying the
reverse direction current (Fig. 5a new-buffer). Again, we kept
the current at 100 mA by manually adjusting the output voltage
of the power supply. We see both from experiments and
simulation that we are able to maintain this current with a
voltage that starts at the steady state value of the forward
process and only slightly decreases throughout the 30 min
(Fig. 5e). For this approach, we see that the salt content in

Mater. Horiz., 2025, 12, 5388-5399 | 5395
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the IPN increases monotonically over the full time period (Fig. 5f).
Experimentally, at the end of this process we restored 98% of the
salt ions in the IPN and the water content was 0.96 of the original
amount, meaning this approach nearly fully restored both the
salt and the water content. Similarly to reversing current with the
original buffer, this new-buffer approach yields a stress-strain
response less than the initial IPN. Our model predicts the pH in
the IPN to be 0.32, while a simple titration measurement gave us
0.08. Under such strong acidic conditions PSS should be in its
acid form, losing the charges and thus weakening the interactions
with PDADMAC, making the IPN less stiff, which explains why the
IPN here is less stiff than the original even with full water and salt
restoration.

2.5 Spatially variable stiffness haptic interface

To demonstrate potential application for our electrically modu-
lated IPN hydrogel, we have designed a customized 3D-printed
device which resembles the previous experimental setup but
also allows direct pressing or indentation onto the hydrogel,
which in principle works as a haptic interface with spatially
variable stiffness. For each 3D-printed device (Fig. S15, ESIT), a
piece of Pt electrode was placed in the back that was covered
with copper tape. The inside of the device was filled with 0.1 M
NaCl aqueous solution while PAam hydrogels with low salt
content were fabricated in the windows of the device, blocking
the solution from leaking out. These two parts together work as
the buffer gels from the previous setup. A piece of ion-exchange
membrane (Nafion 117 or FAA-3-PK-75) was placed on top of
the PAam hydrogel at the window on the side with an electrode
while a piece of polytetrafluoroethylene (PTFE) film was put at
the window without an electrode, acting as insulation. The IPN
was placed on top of the membranes, and during an operation
with current going through, it was sandwiched between two
identical devices (the ion-exchange membranes are different).
We first conducted cyclic indentation tests with a spherical
indenter before any current operation to obtain a baseline of
the IPN’s mechanical response (Fig. 6b and Fig. S16, ESIT). The
area on top of the left window and the right window exhibit the

5396 | Mater. Horiz., 2025, 12, 5388-5399

current cycles and “r” represents reverse current.

same mechanical response. Although the IPN shows residual
strain at the unloading process, the maximum force of the
second loading cycle is the same as the first one, showing that
the residual strain at unloading is likely due to viscoelasticity
rather than plastic deformation. We then assembled the setup
and applied a 25 V voltage for 5 min. Visually the IPN had a
spatial specific look - the area on top of the left window had
higher turbidity, matching our findings earlier. A subsequent
indentation showed that this area with current applied across it
gave a maximum force response approximately 2x the original,
while the one without current applied across it remained the
same as before. To investigate if this design can also demon-
strate reversibility, we applied a reverse voltage of 25 V until the
current-time integral was approximately the same as the for-
ward bias (Fig. S17, ESIt). Similar to previous results, the IPN
showed a softened response compared to the original state.
We further investigated the cyclability of our design by applying
the forward-reverse bias cycle multiple times (Fig. 6¢). Within
the 5 cycles we tested, the IPN successfully demonstrated a
strengthened-softened behavior corresponding to forward-
reverse bias, with the maximum force of the strengthened
status being 2 to 3 times higher than that of the softened status.

3 Conclusions

In this work, we successfully developed a multi-layer stacking
structure with highly deformable semi-IPN hydrogels contain-
ing both PECs and salt ions that exhibits electric field regulated
mechanical properties, achieving a five-fold increase in stiff-
ness of the hydrogel. We confirmed that the cause of this effect
is removal of salt ions via (1) mechanical tests of semi-IPN
hydrogels with salt ions removed by a diffusion process where
we witnessed a 4.5 times increase in stiffness, and (2) SEM-EDS
and Raman spectroscopy offering evidence of salt ion removal
and ionic crosslink formation. We have also shown that this
stiffening effect is reversible by simply reinjecting salt ions back
into the hydrogel. In addition to experiments, we also devel-
oped a model to simulate ion concentrations in the stacking

This journal is © The Royal Society of Chemistry 2025
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hydrogels, which enables us to investigate the continuous
change of ion concentration in the gels, helping us develop a
deeper understanding of ion generation and transport mecha-
nism during the electrodialysis process. With this hydrogel, we
were able to create a haptic interface with reversible, spatially
variable stiffness. This device also highlights tunability of system
timescale through geometry, showing changes on a 5 minute time
scale similar to those of the 15 minute timescale in the original
geometry. More work can be done in investigating how to achieve
a more drastic stiffness change in a shorter period of time, for
example by using a more compliant host matrix and by using
thinner gels. Using lower initial salt concentration and choosing a
material system that can dissipate heat faster will also help with
realizing swifter response, as we limited the current magnitude in
this study to prevent overheating. Other mechanical properties
like strength and toughness are also tunable, though we would
need to design distinct experiments to characterize these changes.
What’s more, future researchers may use the simulation tool in
this work to first screen potential material and device structure
candidates before actual fabrication, thus accelerating new mate-
rial development. The findings of this work can potentially expand
beyond polyelectrolytes, as there are many other polymer interac-
tions that are strongly influenced by ions, for example metal-
ligand coordination and cationic-aromatic interactions. This
work can possibly lead to applications in soft robotics and inspire
materials design for bio-compatible electronic related devices.
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