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ABSTRACT

Reversible adhesions have exhibited a great potential in the biomedical field. Here, we designed a reversible
electroadhesion between anionic k-carrageeenan hydrogel and physiological saline-based nonionic poly- acrylamide
hydrogel through the low and controllable ion migration. A robust adhesion was obtained between

the hydrogel pairs via a direct current (DC) of 10 V. Upon the application of a reverse voltage, the pair could be
effortlessly and rapidly detached. We elucidated the mechanism of reversible electroadhesion through electro-
chemical analysis, attributing the adhesion to the formation of double ion layers between the adhesive interfaces
under the electrical field and pH variation. When a reverse voltage was applied, the adhesion strength was
dropped lower than 0.1 kPa and the detachment was occurred due to the disruption of the double ion layer by
ionic migration and even diffusion. Moreover, the adhesion system demonstrated outstanding electrochemical
stability, with less than a 7 % variation in charge storage capability after 1000 cycles. The proposed strategy
paves the way for developing high-performance adhesion hydrogels with electrically controllable functions,

which are indispensable for various emerging fields like tissue repair and soft biomedical applications.

1. Introduction

Reversible electroadhesion is a fascinating phenomenon where the
application of a forward voltage induces adhesion between two com-
ponents, while a reverse voltage facilitates their separation [1]. This
unique property allows for rapid and controlled attachment and
detachment, making it particularly useful in various applications. For
instance, in biomedical scenarios, reversible adhesion can be employed
for temporary attachment to human tissues during medical procedures,

providing both precision and safety [2-5]. Similarly, in the field of ro-
botics, this technology enables climbing robots to adhere to and detach

from walls and other surfaces effortlessly, enhancing their mobility and
utility in complex environments [6]. The versatility and efficiency of
reversible electroadhesion have thus sparked considerable interest and
innovation across both biomedicine and robotics, promising a range of
groundbreaking applications and advancements.

Typically, the process of achieving electroadhesion between in-
terfaces necessitates the application of high voltages, often in the
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kilovolt (kV) range [7]. These high voltages are required to break down
the barrier at the interface and establish an electrostatic layer, which
facilitates adhesion. However, a significant drawback of using such high
voltages is the risk of causing irreversible damage to the materials
involved. This challenge limits the practicality and safety of traditional
electroadhesion methods, particularly in delicate applications like
biomedicine or sophisticated robotics. In contrast, there have been
intriguing reports of successful electro-adhesion between gel materials
using much lower voltages [8-10]. This advancement is noteworthy
because it suggests the possibility of achieving effective electroadhesion
without the associated risks of high-voltage applications. However, the
mechanisms underlying this low-voltage electro-adhesion in gels are not
yet fully understood. A deeper exploration into these mechanisms is
crucial for developing more efficient, safer, and versatile electro-
adhesion technologies. Such understanding could potentially lead to
broader applications and innovations in fields where gentle yet firm
adhesion is required, such as in wearable medical devices or in robotics
where delicate handling is essential.
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Typical adhesion is commonly caused by mechanisms such as the
covalent cross-linking between materials, electrostatic interactions,
hydrogen bonding, and atmospheric pressure [6,11]. These mechanisms
result in adhesion that is difficult to separate once formed, and even
more challenging to achieve controlled reversible adhesion. In this
study, we introduce a reversible adhesion controlled by positive and
negative voltages, enabling controlled adhesion between hydrogels in a
particularly simple manner. By using physiological saline to prepare
polyacrylamide (PAAm) hydrogels, we created a medium that closely
simulates the characteristics of real human tissues. The key to our
approach lies in the use of k-carrageenan (KC), a substance known for its
molecular chains that carry a negative charge [12,13]. The interface
between the two achieved reversible adhesion under low voltage con-
ditions. Subsequently, we employed electrochemical methods to eluci-
date the mechanism behind the formation of reversible adhesion, tested
the voltages required for creating and releasing adhesion, and verified
the stability of the cyclic reversibility. Our studies collectively demon-
strate the potential utility of electroadhesion in biomedical applications.

2. Experimental procedure

2.1. Materials

k-carrageenan (KC) was provided by Solarbio. The monomer acryl-
amide (AAm), crosslinker N,N’-methylenebisacrylamide (MBAA), initi-
ator 2-Hydroxy-4'(2-hydroxyethoxy)-2-methylpropiophenone sodium
chloride (NaCl) and potassium chloride (KCl) were purchased from
Aladdin. All material were used as received. Deionized (DI) water was
used in all experiments.

2.2. Synthesis of k-carrageenan hydrogels

Anjonic KC hydrogels were prepared using the following protocol.

0.2 g of KC, 0.002 g KCl and 10 mL DI water were magnetic vortexed at
60 °C water bath condition for 10 min. In order to remove dissolved gas,
the solution was sonicated by ultrasonic crusher for 3 min. Molds were

made by silicone rubber, and glass plates as the cover, respectively. The
solution was poured onto the mold (4 cm x 6 cm x1 mm) and sealed with
the cover, cooled to room temperature and cured naturally.

2.3. Synthesis of PAAm hydrogels

PAAm hydrogels were prepared by a variation of the method
described by Kim el al [14]. First, preparing 0.9 wt% physiological saline
solution. Next, 5 g AAm, 0.005 g MBAA, 0.004 g initiator were added
into 10 mL physiological saline solution. The mixture was vortexed for 1
min. Molds were made by glass, poured the solution onto the molds and
sealed with the cover. UV light (365 nm, 20W) was irradiated for 1.5 h
for curve.

2.4. Adhesive experiments

To measure interfacial toughness, adhered hydrogels with 10 x 20
mm? were prepared, fixed on the upper and lower fixtures of the tensile
tester (ZQ990, ZhiQu Precision Indus, China) and control the contact
area of two hydrogels to 10 x 10 mmz2. The lap-shear test was used for
adhesive toughness (ASTM F2255) at 20 °C and relative humidity of
40% — 60%. A DC power source (A-BF, model SS-305S, 0-30V, 0-5 A)
and graphite electrodes (from Tianwang, China) were connected to the
DC power and apply voltage to the hydrogel — hydrogel pair. Different
voltages were applied from +10 V to —10 V for 10 s. After energizing,
the two gels were stretched at a speed of 5 mm/min until separation and
the stress—strain curve was recorded. All experiments were repeated at
least three times. The surface morphology after adhesion was observed
by a confocal laser scanning microscope (CLSM, Leica DCM, Germany).

For hydrogel-tissue tests in Table 2, we employed a subjective

evaluation method by two observers to assess the adhesion strength
[10]. The porcine tissues used were provided by the Air Force Medical
University, at least three tissue samples and three KC hydrogels were
prepared. First, we detected the direct adhesion between the hydrogel
and the tissue, and then the adhesion strength between them after

electrification. The adhesion strength is categorized into five levels 0—4,
where 0 =negligible, 1 =weak, 2 =moderate, 3 =strong, and 4 =very

strong adhesion. Two observers independently evaluated the adhesion
strength, and the average of their evaluations was taken as the data in
the Table 2.

2.5. Electrochemistry characterizations

Electrochemical measurements were measured by using an electro-
chemical workstation (ChenHua, CHI660E, China) with Ag/AgCl elec-
trode, Pt plate and adhesive specimen as reference, contour and working
electrodes constituted a three-electrode system in physiological saline
solution. Cyclic voltammetry (CV) tests from —3 V to +3 Vto —3 V at
100 mV/s was tested for 1 cycle, and from —1.5 V to +1.5 Vto —1.5 V at
500 mV/s was tested for 1000 cycles. The Charge storage capability
(CSC) of the sample was calculated from the measured CV results as:

Ve,
csc 4E) e
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Where E; and E; are the potential window, i is the current, v is the scan
rate, and A is the area of the adhesive contact area, respectively.

Electrochemical impedance spectroscopy (EIS) was carried out with
the frequency range of 105 to 10* Hz and voltage was based on open
circuit voltage from +2 V to —0.75 V. Experimental EIS data were fitted
using ZView software.

3. Results and discussion
3.1. Reversible adhesion strength

Initially, the adhesion strength between interfaces was evaluated
using KC hydrogels and PAAm hydrogels under bias voltages (+ 10 V). A
tensile tester was employed to assess the shear strength between the two
hydrogels [10,15] (as Fig. 1 schematic shows), applying stress to the
bonding surface until failure occurred. The stress—strain curves of the
adherent interface at zero voltage and under bias voltage conditions are
presented in Fig. 1A. Here, zero voltage denotes the measurements taken
with the unenergized sample when the two materials are pressed
together, while the positive voltage signifies the PAAm hydrogel con-
nected to the positive terminal and the KC hydrogel to the negative
terminal. The stress—strain curves for forward bias, as shown in Fig. 1A,
extended to higher stresses than those observed for contact adhesion,
indicative of the enhanced adhesion strength provided by the electric
field. Conversely, the adhesion strength significantly diminished when a
reverse bias was applied. The adhesion shear strength between the two
hydrogels was determined with the following equation:

F max

Sh t th =
ear streng WL

where Fna is the maximum force in lap-shear and tensile test, W is
width, L is length.

As Fig. 1B shows, at zero voltage, the shear adhesion strength mea-
sures approximately 3.35 kPa, whereas under forward bias, it nearly
doubles, reaching around 6.2 kPa. Upon testing the failed gel under
forward voltage bias, it was observed that failure typically results from
the breaking of KC, suggesting that the adhesion strength could poten-
tially achieve even higher levels [10]. Under reverse bias, the adhesion
strength was nearly zero. In practical tests, applying reverse bias typi-
cally results in the immediate separation of the interface between the
two materials, leading to a complete loss of adhesion performance
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Fig. 1. (A) Stress-strain curves of shear adhesion under varying voltages. (B) Shear
strength calculated at different voltages.

(Movie S1).

Here, we demonstrate the reversible adhesion properties between
hydrogels, exhibiting nearly a change of 20 times in adhesion strength
under different bias voltages. Lap-shear tests also revealed distinct
fracture elongations associated with adhesive failure, attributed to the
progressive increase in adhesive force during adhesion. Initially, the
hydrogels utilize stretching to overcome the adhesive force, until
reaching the shear strength limit where interfacial sliding occurred and
adhesive failure was happened. Comparing with typical adhesion
mechanisms such as interfacial melting or physical entanglement, the
destruction of the adhesive interface typically results in surface
morphology damage, preventing secondary adhesion. In contrast, the
reversible adhesion we demonstrate allows for numerous cycles of
reversible adhesion without exhibiting melting phenomena. Addition-
ally, utilizing confocal laser microscopy (CLSM), we captured the
interface morphology after ten cycles of adhesion, which remained
remarkably smooth, indicating that the adhesion is not a result of
melting or physical entanglement phenomena (Fig. S1).

3.2. Reversible adhesion mechanism

Due to their high water content, hydrogels are examined using
electrochemical impedance spectroscopy (EIS) to analyses the reversible
adhesion phenomenon occurring during the energization process

Counter electrode (Pt)
Working electrode (sample)

Ref. electrode (Ag/AgCl)
= a

\. S

Fig. 2. Schematic illustration of an electrochemistry setup for adhesion layer.

(Fig. 2). The overall open-circuit voltage was firstly measured, followed
by the application of bias voltages with the open-circuit voltage as the
reference zero potential.

The EIS results of the adhesion interface at zero voltage were initially
examined, as depicted in Fig. 3. Here we design that when voltage is
applied, an adhesion effect is achieved by the formation of a capacitive
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Fig. 3. (A) Impedance Bode plot and fitting circuit at open circuit voltage. (B) Bode
phase plots.



layer at the interface, due the Na* ions in the PAAm migrate to the
interface, the negatively charged carrageenan molecular chains moving
towards the vicinity of the interface, and this simulated circuit demon-
strates exceptional fitting accuracy. This model contains the Ion Double
Layer (IDL) at the interface CPEmwL is attributed to ion migration, the
interfacial ionic current Ry, the resistance of the drift of free ions Rg, the
electrical double layer (EDL) at the electrode/hydrogel interface CPEkpL,
the contact resistance Rc. Based on this assumption, a simulated circuit
was utilized to fit the data and explain the causes of adhesion, as illus-
trated in Fig. 4A. In this simulated circuit, as the voltage increases, the
capacitance may gradually experiences breakdown, resulting in a pro-
gressive decrease in Rr [1]. When all other parameters are held constant
and only the R; value is altered for fitting, the resulting curve is as
depicted in Fig. S2. The fitted results indicate a gradual decrease in
impedance values (|Z|) at low frequency, and the phase angle progres-
sively approaches zero.

To validate the accuracy of this fitting, various bias voltages (from 2
V to —0.75 V) were applied using the open-circuit voltage as a baseline,
and the EIS spectra of the adhesion interface were tested. When a pos-
itive bias voltage is applied, with an increase in voltage, the impedance
values at low frequencies significantly decrease (Fig. 5A). This is
accompanied by the phase angle approaching zero at low frequencies
(Fig. 5B). The Nyquist plot maintains a semi-circle shape, and fitting
using the above circuit shows the interfacial resistance (Ri) (Table 1)
decreases significantly with voltage increase also demonstrates excellent
results. When reverse bias voltage was applied, no significant decrement
of the impedance (|Z|) was observed, however, a noticeable reduction at
low frequency was noted in the phase angle spectra, which means that
the circuit fitting results with the circuit shown in Fig. 4A were not ac-
curate under reversed bias voltage (Fig. 5C), suggesting the possibility of
a novel electrochemical phenomenon. We found that the Nyquist plot
(Fig. 5C) deviated from a circular shape, exhibiting an increase in
impedance values at low frequencies, a phenomenon attributable to ion
diffusion under reverse bias. Under higher voltage, ions in aqueous so-
lution media migrate towards the electrodes, even crossing interfaces,
resulting in the diffusion phenomena observed in the EIS results (-0.75

V).

As Na*ions originating from PAAm and KC chains and migrating
towards the interface under a forward bias, they establish an ionic

CEDL RB CIDL RB CEDL

double layer which facilitate electrostatic interactions and subsequent
adhesion. With the gradual increase in voltage, the capacitance layer is
progressively penetrated, reducing the impedance of the interfacial

double layer (IDL), thus augmenting the adhesive force at the interface.
Conversely, under reverse bias conditions, Cl- ions from PAAm and K*
ions from KC migrate towards the interface, readily forming ion pairs
within the liquid medium. This perspective is further supported by the
observed electrochemical diffusion phenomenon (Fig. 5C, yellow curve)
upon further voltage increase. To clearly verify the diffusion of ions in
KC, we connected KC with Q235 steel and applied electricity. Remark-
ably, the electrolytically generated Fes*ions migrated into the KC so-

lution, resulting in a distinctive brownish-yellow coloration (Fig. S3).
This migration of iron ions, as described, has been previously researched
[16] and similarly was regarded as the robust adhesive forces.

To more accurately track the electrochemical process during the
adhesiveness variation, we acquired the CV curve using a three-
electrode system (potential window, —3.0to 3.0 V). The correspond-
ing CV curve (Fig. 6) shows that the onset potentials of oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER) are 1.50 V
and —0.88 V (versus Ag/AgCl), respectively. The electrochemical ana-
lyses elucidated a pivotal aspect concerning the electrically reversible
adhesion of hydrogels, indicating that the activation of adhesiveness
necessitates voltages surpassing the onset potential of the OER [17,18].
To corroborate this perspective, we detected pH variations at the
interface. Upon applying positive bias voltage, the pH at the KC interface
was transitioned from 7 to 13. While the reverse bias voltage was
applied, the pH value was shifted from 13 to 3. The pH variations
observed at the interface offer additional evidence supporting the role of
electrochemical reactions in adhesion modulation. The transition from
neutral pH to alkaline pH upon application of positive bias voltage in-
dicates the generation of hydroxide ions, likely through the OER.
Conversely, the decrease in pH upon reverse bias voltage suggests the
occurrence of hydrolysis reactions, possibly associated with the reduc-
tion in pH observed during HER [19]. These pH variations corroborated
the involvement of electrochemical processes, in driving adhesion
transitions in hydrogels.

PAAmM

/\__KCchain /" \__PAAmchain ©Anion @ Kation

Fig. 4. Schematic illustration of hydrogel adhesion operating under forward bias voltage (A) and reverse bias voltage (B). (A) Under forward bias, KC is
connected to the negative terminal of the power source, and PAAm to the positive terminal, with the voltage drop across the Interfacial Double Layer (IDL) providing
electrostatic adhesion. (B) Under reverse bias, the kation ions from KC and Anion from PAAm meet at the interface, disrupting the electric field within the IDL,

significantly reducing the adhesive force.
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Table 1 6
Values of electrical parameters obtained by fitting the EIS data for different
coating systems during the immersion in physiological saline. Three-electrode system
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3.3. Electrochemical stability of reversible adhesion :
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To ensure long-term functionality and reliability of bioelectronics |
devices in wet physiological environment, electrochemical stability of :
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conducting polymers on substrates is one of the most critical re- 6 3 2 1 o ] ! 3
quirements. The electrochemical stability and performance of the ad- Potential vs. Ag/AgCl (V)
hesive layer between KC and PAAm were evaluated using cyclic
voltammetry (CV) tests based on physiological saline (Fig. 7A) [20-22]. Fig. 6. Electrochemical CV characteristics of adhesive interface.

The CV curves exhibited minimal change across 1,000 charging and
discharging cycles, with a decrease in charge storage capability (CSC) of 3.4. Adhesion performance at various voltages
less than 7% after 1,000 cycles, indicating the adhesion’s superior

lectrochemical stability (Fig. 7B). -
electrochemical stability (Fig. 7B) The above CV results demonstrated the stability of electron transfer

within the reversible adhesion mechanism. Subsequently, we conducted
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Fig. 7. (A) Long-term CV curves for the adhesive interface between KC and PAAm in physiological saline. (B) Measured CSC versus CV cycle number in physio-

logical saline.

practical assessments to evaluate the reversible stability of the fully
swollen hydrogel (Fig. 8). Under positive bias voltage, the adhesion
strength can be maintained stably around 7 kPa, while under reverse
bias voltage, the adhesion strength is almost non-existent. It is worth
noting that under fully swollen conditions, there was a slight increase in
adhesion strength (Fig. S4). This is attributed to the increased mobility
of ions due to the presence of more water content.

Next, the adhesion strength of the system was evaluated under
diverse voltage conditions, exceeding the OER voltage threshold. As Fig.
9 shows, with the voltage increases, the adhesion strength gradually
intensifies. However, at voltages surpassing 10 V, failure was observed
due to KC fracture, hence adhesion strengths beyond this threshold were
not considered. As the bias voltage increases, there is a marked decrease
in adhesion strength. Specifically, beyond 6 V, it could be considered
that adhesion force is entirely compromised. These voltage-dependent
results align with the electrochemical EIS analysis, where increased
voltage leads to a reduction in impedance at low frequencies, altering
the capacitance value of the ion double layer. Subsequently, we inves-
tigated the correlation between adhesion strength and the duration time
following electrification. As illustrated in Fig. 10, the adhesion strength
exhibited negligible variation over a test duration of up to 5000 s.
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Fig. 8. Cyclic reversible adhesion shear strength test after swelling.
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3.5. Reversible electroadhesion applications

We demonstrated reversible electroadhesion pairs that could with-
stand a shear load of 3.9 kPa at +10 V and 0 V, as shown in Fig. 11 and
Movie S2. KC was affixed to a carbon electrode, and PAAm serving as the
opposite electrode, was connected to a 100 g weight. The contact area
between KC and PAAm was 16 cmz. Prior to lifting the weight, + 10 V
voltages were applied to the contact interface, followed by the use of a
tensile testing machine to lift the weight. When applying a positive bias
10 V voltage, the 100 g weight was easily lifted, whereas in the cases of
no voltage and a negative bias 10 V, detachment occurred quickly,
failing to lift the weight (Fig. 11 and Movie S2). This demonstrates the
effective adhesive strength generated by the described adhesion
mechanism.

Next, we demonstrated the biomedical applications of electro-
adhesion. We applied both electrification and direct adhesion between
KC hydrogel and various porcine tissues. We attempted to separate them
and subjectively evaluated the adhesion strength, rating it on a scale of
0 -4, where 0 =negligible, 1 =weak, 2 =moderate, 3 =strong, and 4 = very
strong adhesion. The adhesion results are presented in Table 2.
Under direct adhesion conditions, KC exhibited negligible adhesion due
to its smooth and low-friction surface. When employing electrified
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Fig. 10. Curve of adhesion strength with time after electrification. The light-
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adhesion, a significant increase in adhesion strength was observed for
most tissues (except fat). Especially in the case of the heart, aorta, and
lungs, detachment from these tissues was particularly challenging. This
demonstrates the capability of KC hydrogel to manifest adhesion on
certain tissues when subjected to electrified conditions.

4. Conclusions

In this study, we present a way to achieve reversible electroadhesion
of hydrogels through low concentration ion migration. We choose
k-carrageenan, which has anionic groups on its molecular chains, and
polyacrylamide, which lacks ionic groups and with the solution of
physiological saline for reversible adhesion. The reported reversible
adhesion has been investigated through electrochemical methods
revealing that adhesion arises from the migration of negatively charged
molecular chains in KC and cations in PAAm towards the interface and

form ion double layer under positive voltage bias. Conversely, adhesion
failure is attributed to the migration of cations in KC and anions in
PAAm to the interface under reverse bias, forming ion pairs or even
disrupting the double ion layer through mutual migration. Simulta-
neously, hydrolysis occurs during the electrification process, inducing
alterations in the pH value at the interface. This adhesion strategy has
resulted in commendable shear adhesion strength and has demonstrated
good reversibility (the charge storage capability less than 7% in 1000
times). Subsequently, the adhesion of KC to biological tissues was
demonstrated through this strategy. This study provides not only a
simple effective method to achieve adhesion but also easily separate. We
expect that this study will find extensive applications in areas such as
biological tissue adhesion and climbing robots.
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