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MATERIALS FOR ROBOTICS

Electrically programmable adhesive hydrogels

for climbing robots
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Although there have been notable advances in adhesive materials, the ability to program attaching and detach-
ing behavior in these materials remains a challenge. Here, we report a borate ester polymer hydrogel that can
rapidly switch between adhesive and nonadhesive states in response to a mild electrical stimulus (voltages be-
tween 3.0 and 4.5 V). This behavior is achieved by controlling the exposure and shielding of the catechol group
through water electrolysis-induced reversible cleavage and reformation of the borate ester moiety. By switching
the electric field direction, the hydrogel can repeatedly attach to and detach from various surfaces with a re-
sponse time as low as 1 s. This programmable attaching/detaching strategy provides an alternative approach for
robot climbing. The hydrogel is simply pasted onto the moving parts of climbing robots without complicated
engineering and morphological designs. Using our hydrogel as feet and wheels, the tethered walking robots and
wheeled robots can climb on both vertical and inverted conductive substrates (i.e., moving upside down) such as
stainless steel and copper. Our study establishes an effective route for the design of smart polymer adhesives that
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are applicable in intelligent devices and an electrochemical strategy to regulate the adhesion.

INTRODUCTION

Climbing robots have been of great interest for fundamental re-
search and for industry or military applications (1-3). A key chal-
lenge for the field of climbing robots is to realize programmable
surface attachment/detachment. Over the past decades, scientists
have attempted to address this issue mainly from the morphological
design of materials or engineering control over robot motion sys-
tems. A representative example of the morphological strategy in-
volves a biomimetic approach inspired by geckos, which is normally
based on the microstructure materials design (4-9). Recent advances
in improving the locomotion performance of biomimetic climbing
robots mainly focus on the integration of both gecko-inspired micro-
structure and material’s inherent adhesive property (10, 11). The
attaching/detaching behavior of these biomimetic robots is pro-
grammed through adjusting the interaction direction between the
robot feet and the substrates or controlling the mechanical property
of the foot materials. Other strategies for climbing robots—including
electrostatic adsorption (12), magnetic interaction (13), and vacuum
adsorption (14)—are based on well-developed engineering routes,
which rely on the advance of motion control systems. In addi-
tion, these strategies often need external assistance such as a high
voltage (=1000 V) generator, a magnetizable substrate, or a pre-
designed surface.

Intrinsically adhesive materials (IAMs), with their intrinsic
adhesive property derived from van der Waals interaction (9), hy-
drogen bonding (15), ligand coordination (16), or host-guest inter-
action (17), have potential applications in the design of motion
systems for climbing robots. Benefiting from the control over materials
composition and microstructure, IAMs with enhanced adhesion
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strength (18-21), excellent stability (22, 23), and wet surface or un-
derwater adaptability (24, 25) have been developed. It is also possi-
ble for IAMs to change their adhesiveness in response to stimuli like
pH (26, 27), pressure (28), water (29), temperature (30, 31), etc. Par-
ticularly, mussel-inspired IAMs using catechol groups as adhesive
promoters have been widely exploited for dry, wet, and underwater
adhesion (32, 33). Catechol groups can bind to various surfaces via
interactions such as ligand coordination, hydrogen bonding, and
electrostatic adsorption (34). Because of the excellent adhesive
properties, catechol-based IAMs show promising applications in
the fields of sensing (35), biomedicine (36), energy (37), and surface
engineering (38).

However, there have been few examples demonstrating the prac-
tical use of IAMs in climbing robots for several reasons. First, a
small subset of IAMs can reversibly and rapidly switch between ad-
hesive and nonadhesive states. Second, the abovementioned adhe-
sion evolution triggers are impractical for climbing robots. For
example, it is hard to precisely control the pH, temperature, and
water content of IAMs or the environment during robot climbing.
Third, many IAMs exhibit stimuli-responsive adhesion to limited
or predesigned substrates. We envisaged that a rationally designed
catechol-based IAM that exposes and shields its catechol groups on
demand could enable programmable adhesion. Moreover, we ex-
pected to trigger the adhesion evolution of IAMs using an electrical
stimulus, because the intensity, frequency, and switch of an electric
field can be readily programmed. To demonstrate this concept, we
designed a hydrogel-type IAM through a borate ester formation re-
action involving boric acid (BA), catechol, and poly(vinyl alcohol)
(PVA). This design was based on the fact that inorganic BA and
organic boronic acids have a high condensation reaction activity
with 1,2-diol or 1,3-diol functionalized molecules or polymers
(39, 40). The as-formed borate esters or boronate esters are cleav-
able in response to acidic pH or guest molecules (41). We anticipate
that water electrolysis at the interface between the hydrogel and the
conductive substrate can change the pH and cause the reversible
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cleavage/reformation of borate ester moiety, thus controlling the
exposing/shielding of catechol groups. Our hydrogels not only
showed characteristics of rapid self-healing, high stretchability, and
ionic conductivity but also exhibited programmable surface attachment/
detachment in response to an electrical stimulus (voltages between
3.0 and 4.5 V). By introducing this electrically responsive hydrogel
into both walking and wheeled robots, we demonstrated an alter-
native strategy for the climbing of robots on vertical and inverted
surfaces.

RESULTS

Physical and mechanical properties

The hydrogel synthesis is straightforward and scalable. As illus-
trated in Fig. 1A, starting from commercial resources of 5,5',6,6'-
tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobiindane (TTS) and BA,
an oligomer cross-linker (denoted as TB) terminated with two
tetrahydroxyborate anions was synthesized in a KOH solution.
Then, the cross-linking reaction between TB and PVA led to the
formation of borate ester hydrogels (denoted as TBVA). The pH of
the hydrogels was controlled at ~8.5, because a weak alkalinity con-
dition could ensure the integrity of cross-linked polymer networks
and the rapid electrical response. Because we intended to apply this
hydrogel in climbing robots, we optimized its mechanical performances
through the cross-linking density control. By changing the TB con-
tent from 1.0, 2.0, 4.0, to 6.0 weight % (wt %), we prepared four

TBV A hydrogel samples named TBVA1, TBVA2, TBVA3,and TBV A4,
respectively. The water content of TBVA1 to TBVA4 was fixed at
~85 wt % because this water content was beneficial to both mechanical
and adhesive properties. The composition and structure of TB and
TBVA hydrogels were characterized. Briefly, in the Fourier trans-
form infrared (FTIR) spectrum of TB, the detection of an absorp-
tion band at 1398 cm™, characteristic of the B—O—C stretching of
borate ester (42), confirms the condensation reaction between TTS
and BA (fig. S1 and table S1). The 'H nuclear magnetic resonance
(NMR) spectrum (fig. S2) indicates that TB is an oligomer with an
average polymerization degree of ~3. The characteristic peaks of both
TB and PVA emerge in the FTIR spectrum of TBVA hydrogels (fig.
S3A). Specifically, the B—O—C stretching signal of borate ester shifts
to lower wave numbers (1385 cm™), because some of the borate
esters are formed between TB and PVA (43, 44). X-ray photoelec-
tron spectroscopy (XPS) results (fig. S3B) further verify the pres-
ence of borate ester and conductive borate salts in TBVA hydrogels.

TBVA hydrogels were processed into square pieces with a flat
surface using poly(tetrafluoroethylene) (PTFE) molds. The as-obtained
hydrogel samples display a nontransparent appearance (Fig. 1B)
and hydrophobic surfaces (Fig. 1C). The contact angles of water on
the hydrogel surfaces are 134.0° + 2° (TBV A1), 139.4° + 3° (TBVA2),
131.9° + 2° (TBVA3), and 121.2° + 3° (TBVA4). A control sample
prepared by cross-linking PVA only with BA (denoted as BVA hy-
drogel) shows a water contact angle of 18.9 + 3° (fig. S4A), demon-
strating a hydrophilic characteristic. These results imply that the
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Fig. 1. Surface and mechanical properties of TBVA hydrogels. (A) Synthetic procedure and molecular structure of TBVA hydrogels. (B) Photograph of a typical TBVA
hydrogel. (C) Photographs of water droplets on the hydrogels shaped with a PTFE mold. (D) Contact angle evolution of a water droplet on TBVA3 over time. (E) Water
contact angles on TBVA3 molded by different substrates. Tensile stress-strain curves (F) and elongations at break (G) of the hydrogels. TBVA is the abbreviation of the
borate ester polymer hydrogels, whereas TBVA3 is the hydrogel sample prepared by using 4.0 wt % of cross-linker. Error bars represent the SD for n =5 measurements at

each data point.
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hydrophobic moiety (derived from TB) can shield the hydrophilic
components (including PVA chains and tetrahydroxyborate anions)
in the polymer networks. The hydrophilic components in TBVA
hydrogels can migrate to the surface in response to a change of
interface environment. For example, the contact angle of a water
droplet on the surface of TBVA3 decreases from 131.0° to 15.8°
(Fig. 1D) with the prolonging of contacting time from 0 to 20 min.
The same phenomenon was observed when molding TBVA hydrogels
with different substrates. Shaping the hydrogels with hydrophobic
molds can maintain or even improve the surface hydrophobicity,
whereas molding the hydrogels with hydrophilic substrates can re-
duce the surface hydrophobicity (Fig. 1E and fig. S4B).

From the tensile tests, TBVA1, TBVA2, TBVA3, and TBVA4
have yield strengths of ~1.2, ~4.2, ~16.8, and ~22.5 kPa and maxi-
mum strengths of ~6.1, ~12.7, ~38.1, and ~60.1 kPa, respectively
(Fig. 1F and table S2). All samples show high stretchability (Fig. 1G).
The elongations at break of the hydrogels are ~2641% (TBVAL),
~3635% (TBVA2), ~2656% (TBVA3), and ~913% (TBVA4). Ap-
parently, increasing the cross-linking density of TBVA hydrogels
can improve the mechanical strength but reduce the stretchability.
The water content of TBVA hydrogels affects their mechanical
properties. For example, TBVA3 with 90 wt % water content only
has a yield strength of ~4.3 kPa, whereas TBV A3 with reduced water
content (80 wt %) maintains a high yield strength of ~17.2 kPa (fig.
S5). The rheological properties of the hydrogels were tested. Hydro-
gels with a large storage modulus (G’) normally have stable cross-
linked polymer networks. In contrast, a high loss modulus (G”) implies
that the polymer chains have excellent mobility, and the hydrogels
exhibit viscous behavior. As illustrated in fig. S6, TBVA1 with the
lowest cross-linking density mainly exhibits viscous behavior, whereas
TBVA2 to TBVA4 display both elastic
and viscous behaviors. The order of G’
value is TBVA4 > TBVA3 > TBVA2 >
TBVAL, which agrees well with the re-
sults of tensile test. For the strain (y)
sweeps of TBVA2 to TBVA4, G’ and G”
start to decrease at y > 30%, implying
that these hydrogels can keep an intact
structure at y < 30%. The dynamical fea-
ture of the hydrogel polymer networks
can be confirmed by the frequency (o)
sweep, because the gaps between G’ and
G" of all samples become larger with the

pieces of TBVA3 together for 2 min, the self-healed hydrogel can
bear 100 g of weight. Optical microscopy images (Fig. 2B and fig.
S7A) indicate that cracks with ~30 um of width can be repaired
completely within 5 min. By combining two pieces of TBVA3 to-
gether for 1 min, the reformed hydrogel can be stretched 400%
(Fig. 2C). With a healing time longer than 0.5 min, all self-healed
hydrogels demonstrate a tensile behavior similar to their corre-
sponding original hydrogels (Fig. 2D). In consideration of the max-
imum strength, the self-healing efficiency of TBVA3 reaches 79, 91,
and 99% within 0.5, 1, and 2 min (Fig. 2E), respectively. In the case
of control sample BVA, the self-healing efficiency within 2 min is
only 45.2% (fig. S7B). Continuous step strain sweep of rheological
measurement further indicates the self-healing characteristic of
TBVA hydrogels. As shown in Fig. 2F, G’ and G” of TBVA3 reduce
by ~95.3 and ~79.1% at y = 80%, respectively, but easily recover
within 2 min at ¥ = 0.5%. This result indicates that the hydrogels
recover their polymer networks rapidly. The self-healing perform-
ance was also confirmed by the conductivity measurement.
From the Nyquist impedance plots (fig. S8A), the conductivities of
TBVAIL, TBVA2, TBVA3, and TBVA4 are ~1.62, ~2.31, ~4.29,
and ~4.00 mS/cm, respectively, implying that the conductivity of
TBVA hydrogels is only at the medium level in terms of hydrogel-
type electrolytes (47). In TBVA hydrogels, the dominant conductive
ions are K" and OH". Besides, K,B40; (as evidenced by the XPS
result in fig. S3B) and tetrahydroxyborate anions may contribute to
the hydrogel conductivity (48, 49). Because most of these ions are
introduced into TBV A hydrogels by the cross-linker TB, it is under-
standable that a higher content of cross-linker leads to an improved
conductivity. However, excessively cross-linked polymer networks
can hinder the ion transfer (50). Thus, TBVA3 with a moderate

increasing of o (45, 46). The tempera-
ture (T) sweep is usually applied to track &
the sol-gel transformation of the hydro- <
gels. During the temperature sweep, G > é 20
G" indicates a gel state,and G’ < G" im- &
plies a sol state. Accordingly, TBVAlisina
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sol state at 25°C < T < 80°C, whereas
TBVA2 to TBVA4 maintain a good gel
state at 25°C < T < 42°C. These results
suggest that TBVA2 to TBV A4 have prom-
ising mechanical performances at room
temperature and under small strains.
TBVA hydrogels also have rapid self-
healing capability. Figure 2A and movie
S1 visually illustrate the self-healing pro-
cess of TBVA3. After connecting four
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Fig. 2. Self-healing performances of TBVA hydrogels. (A) Photographs illustrating the self-healing behavior of
TBVA3; the weight is 100 g, and the sample size is 0.4 cm by 0.1 cm by 3.0 cm. (B) Optical micrographs tracking the
crack recovery on the surface of TBVA3 under ambient conditions. (C) Tensile behavior of self-healed TBVA3; the ex-
periment procedure was set as follows: original TBVA3 — cut — 1 min of self-healing — 100% stretch — 400% stretch.
(D) Tensile stress-strain curves of original and self-healed TBVA3. (E) Tensile strength recovery efficiency of self-
healed TBVA3. (F) Time dependences of storage modulus (G) and loss modulus (G") in continuous step strain mea-
surements of TBVA3. Red samples in the pictures were colored with rhodamine B. Error bars represent the SD forn=5
measurements at each data point.
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Fig. 3. Electrically programmable adhesion of TBVA hydrogels. (A) The adhesiveness of TBVA3 triggered by an electrical stimulus (voltage, 3.0 V; stimulation time,
4 s) can carry 100 g of weight (surface area, 3.14 cmz). (B) Schematic illustration for adhesion test device. The gap between two electrodes (d) is 1.5 cm. (C) Tensile stress-
strain curves of TBVA3 attached to stainless steel under different electrical stimulation times (voltage, 3.0 V). (D) Effect of electrical stimulation time on the adhesion
strength and elongation at detachment of TBVA3 on stainless steel (voltage, 3.0 V). (E) Adhesion strength evolution of TBVA3 on stainless steel versus voltage (stimulation
time, 5 s). (F) Adhesion strength evolution of TBVA3 when switching the electric field direction (voltage, 3.0 V; 2 s for attachment and 3 s for detachment). (G) Proposed
mechanism for the electrically programmable adhesion of TBVA hydrogels. (H) Adhesive/nonadhesive evolution of TBVA3 on different surfaces; experiment procedure:
0V, 5 s for contact - 3.0V, 5 s for attachment — —3.0V, 5 s for detachment. Error bars represent the SD for n =5 measurements at each data point.

cross-linking density exhibits the best conductivity. After combin-
ing two pieces of hydrogels together, the reformed hydrogel recov-
ers its conductivity efficiently (fig. S8B). The self-healing ability of
TBVA hydrogels is attributed to the presence of dynamic borate
ester cross-linking sites, which can be cleaved and reformed under
ambient conditions (39, 51, 52). Also, the high mobility of function-
al groups and polymer chains in TBV A hydrogels can accelerate the
self-healing process.

Electrically programmable adhesion

Under ambient conditions, TBVA hydrogels are not particularly
adhesive to any substrate. However, their adhesiveness can be acti-
vated by electrical stimulation. After comprehensively considering
the hydrogel mechanical and conductive properties, we chose TBVA3
as an example for the adhesion test. As visually displayed in movies
S2 and S3 and Fig. 3A, when a piece of TBVA3 is sandwiched be-
tween two stainless steel electrodes, the adhesion is generated only
at the anode. A device schematically illustrated in Fig. 3B was de-
signed to track the adhesion strength evolution (movie S4). Typical
tensile stress-strain curves of TBVA3 attached to stainless steel
are given in Fig. 3C. The adhesion strengths and elongations at
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detachment are shown in Fig. 3D. Without an electrical stimulus, the
adhesion strength is only ~0.5 kPa, indicating a weak interaction.
Under a 3.0-V electric field, 1 s of stimulation results in ~10.2 kPa
of adhesion strength. Within 5 s, TBV A3 reaches the largest adhe-
sion strength of ~11.5 kPa. Further prolonging the stimulation time
declines the adhesion strength. From the elongation results, 2 s of
stimulation leads to the largest elongation at detachment (3200%),
which is close to the tensile test result of TVBA3 itself.

To attach TBVA hydrogels to stainless steel, the promising volt-
age region is 3.0 to 4.5 V, as the adhesion strength reaches opti-
mized values within 5 s (Fig. 3E). When setting the voltages to 2.7
and 2.5 V, TBV A3 requires 30 and 300 s to generate ~8.5 and ~7.6 kPa
of adhesion strengths, respectively (fig. S9). Electrical stimuli with
voltages lower than ~2.4 V cannot cause the adhesiveness of TBVA
hydrogels. A high voltage is not helpful for adhesion generation. For
example, a voltage of 6.0 V (5 s) only induces ~7.8 kPa of adhesion
strength. When increasing the gap between two electrodes from 1.5 to
2.0 cm, 60 s of electrical stimulation (3.0 V) is needed for the hydrogel
to reach the optimized adhesion strength (fig. S10). We also tested the
influence of water content on the adhesive performance of the hydro-
gels. As shown in fig. S11, TBVA3 with reduced water content (80 wt %)
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generates ~10.8 kPa of adhesion strength after 5 s of electrical stim-
ulation (3.0 V). Under the same condition, TBVA3 with a higher
water content (90 wt %) only shows adhesion strength of ~2.2 kPa.

The adhesion of TBV A hydrogels to stainless steel can be rapidly
switched by simply changing the electric field direction. After ap-
plying a negative electric field (-3.0 V), the hydrogels detach from
stainless steel (cathode) (movies S2 and S5). By programming the
electric field direction, TBV A hydrogels can reversibly attach to and
detach from stainless steel. We also tracked the adhesion strength
evolution of TBVA3 during cycling. The stimulation mode was set
as follows: positive electric field (3.0 V, 2 s) and negative electric
field (-3.0 V, 3 s). With the cycling of the electric field, the adhesive-
ness of TBV A3 hydrogel can be repeatedly switched (Fig. 3F). After
100 cycles, TBVA3 shows ~12.7% decline in adhesion strength,
demonstrating its relatively high cyclability.

Recently, Lee’s group (26, 27, 53) made progress in understanding
the adhesion evolution of catechol-based IAMs. They found that
the pH increase of catechol-functionalized polymer solutions in-
duced by water electrolysis promoted catechol oxidation, thus deac-
tivating the adhesiveness. Also, they explained the relevance between
pH and adhesion of catechol-boronate polymers from the perspec-
tive of dynamic boronate ester. These contributions enlightened us
to find the underlying mechanism for the electrically programmable
adhesion of TBV A hydrogels, through both electrochemical process
and surface composition evolution. We first characterized the cyclic
voltammetry (CV) curves of TTS and TB using a three-electrode
system (potential window, —0.5 to 0.5 V). TTS exhibits a typical redox
activity with oxidation and reduction potentials of ~0.01 and ~-0.13 V
(versus Hg/HgO), respectively (fig. S12A). However, TB does not
have this redox behavior in the electrochemical systems with either
glassy carbon or stainless steel as the working electrode (fig. S12, A
and B). It is likely that concealing the catechol group in the borate
ester can improve its electrochemical stability. In the three-electrode
system with a stainless steel electrode, we also tested the CV curves
of TB using an extended potential window of —3.0 to 3.0 V. In this
case, notable water electrolysis occurred, as evidenced by the bubble
release from the stainless steel electrode (movie S6). The corre-
sponding CV curve (fig. S13A) shows that the onset potentials of
oxygen evolution reaction (OER) and hydrogen evolution reaction
(HER) are ~1.32 and ~-1.41 V (versus Hg/HgO), respectively. To
more accurately track the electrochemical process during the adhe-
siveness variation, we sandwiched TBV A3 between two stainless steel
electrodes and acquired the CV curve using a so-called two-electrode
system (potential window, —3.0 to 3.0 V). Electrochemical signals in
the as-obtained CV curve (fig. S13B) are similar to that of TB (fig.
S13A). However, because these two CV curves were measured by
using different modes, the signal potentials were different. The onset
potentials of OER and HER of TBVA3 system are ~2.33 and ~—2.30 V,
respectively. The redox reaction of catechol group cannot be ob-
served to TBVA3 either.

The above electrochemical results reveal two key points relating
to the electrically switchable adhesion of TBVA hydrogels: (i) this
stimuli-responsive behavior is accompanied by a water electrolysis
reaction, and (ii) the adhesiveness can only be activated at voltages
higher than the onset potential of OER. Because TBVA hydrogels
are alkaline, the water electrolysis reaction reduces the pH of the
hydrogel surface contacting the anode but increases the pH at the
cathode interface. Probably the adhesive activity of TBVA hydro-
gels is essentially controlled by pH. To verify this, we directly
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regulated the acidity and alkalinity of the hydrogel surface by sub-
merging the hydrogel samples in aqueous solutions with different
pH values (fig. S14) and tracked their adhesion evolution to stain-
less steel. As illustrated in fig. S15, the adhesiveness of TBV A hydro-
gels only emerges at a pH range of 2.0 to 6.0, and the largest adhesion
strength appears at pH ~4.0.

We tracked the surface composition evolution of TBVA hydro-
gels during the electrical-response process (fig. S16). Because of the
formation of borate ester, signals of the catechol group in the FTIR
spectrum of TBVA hydrogels were not noticeable. After attaching
to a stainless steel anode (3.0 V, 5 s), characteristic peaks of the cat-
echol group at 1298 and 1508 cm ™' (C—O vibration of catechol and
C=C vibration of aromatic ring) exhibited a prominent intensity
increase. By switching the electric field direction, this hydrogel sur-
face then contacted a stainless steel cathode (-3.0 V, 5 s). Evident
attenuation in signal intensity of the catechol group occurred in the
FTIR spectrum. As a control experiment, we conducted the water
electrolysis reaction in TB solution using two stainless steel elec-
trodes. Electrodeposition only appeared at the anode side (inset of
fig. S17). FTIR spectrum of the deposited layer on the anode shows
characteristic absorption peaks of TTS (fig. S17). In particular, sig-
nals of the catechol group are identifiable. On the basis of the com-
position analysis and electrochemical characterization, we confirm
that the interface pH evolution caused by water electrolysis is the
main driven force for the programmable adhesion of TBVA hydro-
gels. The molecular mechanism for this behavior is the reversible
cleavage/reformation of borate ester, which controls the exposing/
shielding of catechol group (Fig. 3G). Thus, the water electrolysis
efficiency at the hydrogel/substrate interface determines the adhe-
sion strength and response speed of TBVA hydrogels. According to
this mechanism, it is understandable that (i) TBVA hydrogels can-
not generate adhesiveness at voltages lower than the onset potential
of OER; (ii) reducing the voltage or increasing the hydrogel thick-
ness leads to a prolonged stimulation time to produce considerable
adhesion strength; and (iii) a higher water content reduces the ion
concentration and decreases the mechanical strength of the hydro-
gels, therefore weakening the electrically responsive performance.
The weakened adhesiveness of TBVA hydrogels at a high voltage
(such as 6.0 V) or a prolonged stimulation time (>5 s) is due to the
excessive degradation of polymer networks under the strongly acid-
ic condition (as evidenced by fig. S15). We also tracked the mor-
phology and composition evolutions of the stainless steel surface
during hydrogel attachment/detachment. As shown in fig. S18, un-
der the stimulation mode of 2 s for attachment and 3 s for detach-
ment (voltage, 3.0 V), stainless steel keeps an almost clean surface
after 20 cycles of hydrogel attachment/detachment. However, when
prolonging the electrical stimulation time (5 s for attachment and
5 s for detachment; voltage, 3.0 V, 20 cycles), a few hydrogel frag-
ments emerge on the stainless steel surface. These results imply that
the degraded TBV A hydrogels may adhere to the substrate surfaces,
which is an important reason for the declined adhesion strength of
the hydrogels after a long time cycling.

The programmable adhesion of TBV A hydrogels is adaptable to
different situations. For example, they can be attached to different
substrates under the same stimulating mode (fig. S19). Toward car-
bon paper, indium tin oxide (ITO) glass, aluminum (Al), and cop-
per (Cu), TBVA3 generates adhesion strengths of ~12.6, ~12.2,
~12.9, and ~9.7 kPa, respectively, within 5 s of electrical stimulation
(3.0 V). Upon applying a negative electric field (-3.0 V), TBVA3
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detaches from these substrates within 5 s (Fig. 3H). We further
evaluated the self-healing performance of TBVA hydrogels during
attachment/detachment. As shown in fig. 520, surface-cracked TBVA3
exhibits no decay in adhesion strength to a stainless steel anode.
Both response speed and cyclability of the surface-cracked hydrogel
are comparable to that of the original hydrogel. During the attaching/
detaching process, TBVA hydrogels can repair their surface cracks
within 5 min.

Performances of climbing robots

Last, we demonstrate that TBV A hydrogels are applicable in climb-
ing robots to achieve programmable locomotion on both vertical
and inverted surfaces. We first designed a three-foot tethered walk-
ing robot (denoted as robot no. 1) for the climbing experiments
(Fig. 4A). The weight of this robot is ~113 g (details for robot no. 1
can be found in Supplementary Text, table S3, and figs. S21 to $23).
To each foot (foot A x 2 and foot B) of robot no. 1, we fixed a piece
of TBVA hydrogel. The hydrogel sizes were about 6.0 cm by 1.8 cm
by 0.4 cm for foot A and 7.5 cm by 2.7 cm by 0.4 cm for foot B. Carbon
papers (thickness, 0.1 cm) were sandwiched between the hydrogels
and the robot feet to act as current collectors. The circuit of each
piece of hydrogel was independently controlled through a copper
wire connecting the carbon paper to the power source. The voltage
between the hydrogel and the substrate was switched between —3.0

and 3.0 V. A positive voltage meant that the electric current flowed
from substrate to hydrogel; a negative voltage implied that the elec-
tric current flowed from hydrogel to substrate.

The climbing behavior of robot no. 1 was tested on both near-
vertical (inclination, 85°) and inverted substrates. For a typical near-
vertical locomotion cycle (Fig. 4B and movie S7), foot B first
attached to the substrate stimulated with a 3.0-V electric field for
5 s. This meant that the hydrogel on foot B contacted an anode, thus
generating high adhesion strength. Next, foot A took a step forward
and attached to the substrate under the stimulation of a 3.0-V elec-
tric field for 5 s. Then, the electric field applied on foot B was
switched into —3.0 V for 3 s, to make the hydrogel nonadhesive to
the substrate. Thus, foot B detached from the substrate and took a
step forward. After each electrical stimulation, the voltage applied
on the robot feet was set to 0 V. In the case of locomotion on the
inverted substrate (Fig. 4C and movie S8), robot no. 1 took its first
step with foot A and climbed using the control program similar to
that of vertical locomotion. By cycling this locomotion mode, robot
no. 1 can climb on both near-vertical and inverted stainless steel
surfaces, with average locomotion speeds of ~7.5 and ~7.8 cm/min,
respectively.

A defect relating to robot no. 1 is the relatively large center of
mass—to-substrate distance (~2.5 cm), which reduces its motion
stability on vertical surfaces. Thus, we conservatively chose a sub-
strate with an 85° inclination for the
vertically climbing of robot no. 1. This
issue is more obvious for robot no. 1 to
climb on the copper surface, to which
TBVA hydrogels have relatively low ad-
hesion strength. Robot no. 1 often pitches

Fig. 4. Climbing performances of robot no. 1. (A) Photograph and structure of robot no. 1. Foot A and foot B are
equipped with TBVA3 hydrogel. Electrical stimulation modes and photographs of robot no. 1 climbing on near-vertical

(85°) (B) and inverted (C) stainless steel surfaces.

Huang et al., Sci. Robot. 6, eabe1858 (2021) 14 April 2021

/
\\Hydroge| Replaceable,

signed another three-foot tethered walk-
ing robot (denoted as robot no. 2; weight,
~175 g; Fig. 5, A and B) with a smaller
center of mass—to-substrate distance
(~1.4 cm). Details for robot no. 2 can be
found in Supplementary Text, table S4,
and figs. S24 and S25. The sizes of hy-
drogels pasted on the feet of robot no. 2
were about 10.0 cm by 1.6 cm by 0.4 cm
for foot A and 10.0 cm by 3.0 cm by
0.4 cm for foot B. Robot no. 2 adopts
the same control program as robot no. 1.
As expected, robot no. 2 can continu-
ously climb on both a vertical (90°) stain-
less steel surface (Fig. 5C and movie S9)
and a vertical copper surface (Fig. 5D and
movie S10), with average moving speeds
of ~8.1 and ~8.8 cm/min, respectively.
Also, robot no. 2 can climb on an inverted
copper surface (Fig. 5E and movie S11)
at an average speed of ~8.7 cm/min.
We also designed a wheeled robot
(denoted as robot no. 3; weight, ~180 g;
Fig. 5, F and G; Supplementary Text;
and figs. S26 and S27). Seven pieces of
TBVA hydrogels with a size around
4.0 cm by 2.0 cm by 0.4 cm were as-
sembled on each driving wheel of robot

\ :
IE back during climbing. Therefore, we de-
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Fig. 5. Climbing performances of robot no. 2 and robot no. 3. Photograph (A) and structure (B) of robot no. 2.
Photographs taken from the climbing of robot no. 2 on vertical (90°) stainless steel (C) and copper (D) surfaces, as well
as on inverted copper surface (E). Photograph (F) and structure (G) of robot no. 3. A picture showing the climbing of
robot no. 3 on near-vertical (85°) copper surface (H). The feet of robot no. 2 and the wheels of robot no. 3 are equipped

with TBVA3 hydrogel.

no. 3. Carbon papers (thickness, 0.1 cm) were incorporated in the
hydrogels to act as current collectors. The circuit of each piece of
hydrogel was separately controlled. The control program of robot
no. 3 is illustrated in fig. S28. Briefly, with the rotating of the driving
wheels, when the first piece of hydrogel moved down to contact the
substrate, its adhesiveness was activated by an electrical stimulus
(3.0 V, 5 5). Then, the second piece of hydrogel moved down and
attached to the substrate, under the stimulation of an electric field
(3.0 V, 5 s5). At the same time, the first piece of hydrogel detached
from the substrate in response to a negative electric field (-3.0 V,
3 s). Each wheel kept one piece of hydrogel attaching to the substrate,
and the corresponding voltage was set to 0 V after stimulation. By
cycling this motion control mode, robot no. 3 can climb on near-
vertical (85°) copper surface (Fig. 5H and movie S12) at an average
speed of 13.5 cm/min. Theoretically, the contact area between the
wheels and the substrate is limited because of the circular structure
of the wheel. This reduces the attaching capability of wheeled robots
to the vertical surface. Fortunately, the elasticity of TBVA hydrogels
can improve the contacting area, thus ensuring the climbing of robot
no. 3. However, strong shear force also occurs to the hydrogel
during the robot climbing and causes hydrogel deformation. This is
an important reason why we choose a near-vertical substrate for the
climbing of the wheeled robot. In general, by using three simple

Huang et al., Sci. Robot. 6, eabe1858 (2021) 14 April 2021

prototypical robots, we demonstrated the
possibility of using polymeric adhesives
as the robots’ moving parts to climb on
both vertical and inverted surfaces.

DISCUSSION

We have developed a facile and scalable
strategy to fabricate borate ester polymer
hydrogels to serve as programmable ad-
hesives for climbing robots. Under the
stimulation of a mild electric field, this
hydrogel can rapidly and reversibly switch
between adhesive and nonadhesive states.
By simply pasting this hydrogel on the
moving parts of robots, we have realized
the climbing of both walking robots and
wheeled robots on different surfaces.
Our study shows that the challenges in
robot climbing, such as complicated ma-
terial microstructure and device designs,
and the technical threshold for high-
level engineering (3, 54), may be potential-
ly overcome through a polymer network
regulation approach. Programming the
adhesive/nonadhesive evolution based
on the concept of adhesive promoter
exposing/shielding may provide an ave-
nue for engineering adhesive materials.
In addition to the electrical sensitivity, this
hydrogel also demonstrates promising
mechanical strength, easy processability,
and rapid self-healing performance,
making it potentially useful in the fields
of electronic skin (55), wearable device
(56), tissue adhesion (57), sensing (58),
flexible energy storage device (59), and so on.

At present, our stimuli-responsive adhesive hydrogels only pro-
vide a conceptual route for the design of climbing robots. Both the
adhesion strength of the hydrogels and the climbing speed of the
robots failed to surpass other well-developed climbing technologies.
However, our hydrogel has the potential to be broadly applied to
variety of robot designs because it has no specific requirements for
the device structure, power supply, and even locomotion mode.

Rational designs of the hydrogel composition and structure may
potentially enhance the adhesion strength. For example, we have
improved the mechanical and adhesive properties of the hydrogels
through a simple cross-linker structure adjustment (fig. S29). Also,
the climbing robots can be designed with an increased compatibility
with the hydrogels, therefore increasing the climbing speed.

Future research will try to overcome the limitations derived
from the adhesion evolution mechanism, and the intrinsic physical
and mechanical properties of the hydrogels. The first issue is that
our hydrogels seem to have programmable adhesion only on con-
ductive surfaces. Researchers have verified the excellent adhesive
performance of catechol functionalized polymers on nonconductive
surfaces (35, 60, 61). Therefore, the key point for our hydrogels to
work on nonconductive surfaces is to ensure the electrically trig-
gered exposure of catechol groups. We have found that this may be

Climbin,
directi®l
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achieved by embedding an electrode (such as stainless steel mesh)
on the hydrogel surface (fig. S30A). The electrode ensures the effec-
tive water electrolysis reaction, whereas the hydrogel bulging from
the meshes enables good contacts with the nonconductive surface.
With this design, the attaching/detaching behavior of TBVA hydro-
gels also occurs on the nonconductive glass (adhesion strength,
~9.5 kPa; fig. $30, B and C). This is part of our ongoing work to re-
alize robot climbing on nonconductive surfaces.

The second issue relates to the dehydration of the hydrogels. For
example, at room temperature and atmospheric pressure, TBVA3
exhibits ~21.2 and 31.3 wt % of dehydrations after 24 and 48 hours
(fig. S31A), respectively. However, TBVA3 shows enhanced me-
chanical strength after dehydration because of the reduced water
content (fig. S31B). The adhesive and electrically responsive prop-
erties of TBVA3 maintain well within ~21.2 wt % of dehydration,
because 5 s of electrical stimulation (3.0 V) generates adhesion
strength >11.0 kPa on stainless steel (fig. S31C), which is compara-
ble to newly prepared TBVA3. Detailed results are given in the Sup-
plementary Materials. For potentially practical applications, 24 hours
may be enough for a climbing robot to finish one task. Moreover,
TBVA hydrogels are prepared from a straightforward synthetic
procedure, and they are simply pasted on the climbing robots. It is
possible to alternate the TBVA hydrogels once they lose efficacy.
Our ongoing research includes the design of hydrogel composition
and microphase, thus reducing the dehydration speed.

In addition, climbing robots that can work in an underwater en-
vironment are of great practical value. Although many catechol-
functionalized polymers show adhesion to wet surfaces (32, 33, 60),
it remains a challenge to achieve underwater reversible attachment/
detachment. To realize the use of our hydrogels in an underwater
environment, it is important to integrate an electrode on the hydro-
gel surface (fig. S30), thus potentially addressing the problem of
short circuit during electrical stimulation. The borate ester should
be replaced by boronate esters that can be stably bonded onto the
polymer chains, and the conductive ions need to be covalently at-
tached onto the polymer networks. These designs may be effective
in avoiding the leakage of cross-linker and ions from the hydrogels
into water. Also, the pH and ionic strength of the water should be
fully considered when applying the hydrogels in an underwater en-
vironment. Future research will also seek effective ways to extend
this electrically switchable adhesion mechanism to non-water-
containing adhesive materials.

MATERIALS AND METHODS

Materials

PVA (DP, 1700; Mw, ~79,000 g/mol; alcoholysis, 99.8 to 100%), BA,
and KOH were purchased from Aladdin. TTS was supplied by
J&K Chemical. These chemicals were used as received without fur-
ther purification. Substrates (stainless steel, carbon paper, ITO, Al,
Cu, and nonconductive glass) for the adhesion tests or robot climb-
ing experiments were purchased from J&K Chemical. These sub-
strates were thoroughly cleaned by sonication in ethanol and deionized
water, followed by vacuum drying (60°C) overnight.

Hydrogel synthesis

Preparation of cross-linker TB

TTS (0.8 g, 2.35 mmol), BA (0.154 g, 2.50 mmol), and KOH (0.14 g,
2.50 mmol) were introduced into 7 ml of deionized water. After

Huang et al., Sci. Robot. 6, eabe1858 (2021) 14 April 2021

stirring at 90°C for 2 hours, the reaction mixture was cooled to
room temperature and filtrated to remove unreacted TTS. TB pow-
der was obtained after a freeze-drying procedure.

Preparation of TBVA hydrogels

TB was dissolved in water and introduced into a water solution of
PVA (0.2 g/ml). The pH of the reaction system was controlled at
~8.5 by using KOH aqueous solution. The mixture was vigorously
stirred for 1 hour at 90°C and then cooled to room temperature.
After an additional 24 hours of aging procedure, TBVA hydrogels
were prepared. The water content of the hydrogels was fixed at
~85 wt %, whereas the cross-linking density of the hydrogels was
controlled by tuning the content of TB. As a control experiment, we
also fabricated BVA hydrogel by directly cross-linking PVA with
BA using the same procedure. The content of BA in BVA hydrogel
was fixed at 4.0 wt %.

Characterization

FTIR spectra were characterized on a Nicolet Avatar 360. '"H NMR
spectra were acquired on a Bruker Avance 400-MHz spectrometer.
XPS measurement of the freeze-dried hydrogel was conducted on a
PHI Quantum-2000 electron spectrometer. Water contact angles
on the surfaces of the hydrogels molded with different substrates
were measured on an optical contact angle meter (DSA20, KRiiSS).
Substrates including hydrophilic glass, ceramic, poly(methylmeth-
acrylate), copper, PTFE, and hydrophobic glass were adopted to
mold the hydrogels. All tests were repeated at least five times. Mi-
croscopic image analysis system (MF600D-TFBD) was adopted to
track the crack recovery on the surfaces of TBVA hydrogels and
probe the surfaces of the substrates after hydrogel attachment/
detachment. The healing time was statistically calculated from five
parallel experiments. Scanning electron microscopy (SEM) images
and energy-dispersive spectrometer mappings were taken from a
HiTaChi SU-70 SEM instrument.

The mechanical properties of the hydrogels were measured on a
universal testing machine (AGS-X). The stretching speed was fixed
at 10 cm/min. Hydrogels were molded into a size of 3.0 cm by
1.0 cm by 0.4 cm. The rheological behavior of the hydrogels was
characterized on a rheometer (Anton Paar, MCR 302) using a flat
plate mode (the diameter of the upper plate was 2.5 cm and the se-
lected gap was 0.1 cm). The samples were sealed with silicone oil to
reduce water loss. The strain () sweep test was conducted at y rang-
ing from 0.01 to 100%, frequency (f) of 2n rad/s (1 Hz), and tem-
perature (T) of 25°C. The frequency (®) sweep test was conducted
at o ranging from 0.1 to 100 rad/s, y of 0.5%, and T of 25°C. The
temperature (T) sweep test was conducted at T ranging from 25° to
80°C, y of 0.5%, and fof 2n rad/s (1 Hz).

For the self-healing characterization, the hydrogels (3.0 cm by
1.0 cm by 0.4 cm) were cut into two pieces. The two hydrogel pieces
were connected at room temperature. After healing for a certain
time, the tensile test was conducted (stretching speed, 10 cm/min).
Each test was repeated five times by using different samples. To gain
an insight into the self-healing properties of TBVA hydrogels, a
programmed rheological measurement was adopted. Strain (y) and
duration were set as follows: 0.5% (120 s) = 80% (60 s) — 0.5% (120 s)
— 80% (60 s) — 0.5% (120 s) — 80% (60 s). The time dependences
of G’ and G” were recorded during step strain measurements at
o = 2 rad/s (1 Hz) and 25°C. Small strain (0.5%) was set for recov-
ering after inner structure breaking of the hydrogels, and large
strain (80%) was set for breaking the inner structure according to
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the strain sweep. Time for healing was set to 120 s because the
self-healing efficiency reached ~100% in such a time scale, accord-
ing to the tensile test results. Time for breaking was set to 60 s.

Electrochemical test

The electrochemical measurements were performed on an electro-
chemical workstation (CHI 760E). CV curves of TTS and TB were
acquired using a typical three-electrode system. Glassy carbon or
stainless steel was adopted as the working electrode. Pt foil and
Hg/HgO (1.0 M KOH) were used as counter electrode and reference
electrode, respectively. Aqueous electrolytes applied in this measure-
ment comprised 0.1 mmol/ml of TTS or TB. The pH of these elec-
trolytes was adjusted to ~8.5 using KOH. The CV curves of TBVA
hydrogels were characterized by sandwiching the hydrogel samples
(thickness, 0.12 cm) between two stainless steel electrodes.

The electrochemical impedance spectroscopy (EIS) test was con-
ducted on Autolab PGSTAT 302N. Hydrogel samples were shaped
into a size of 1.2 cm by 1.0 cm by 0.12 cm and sandwiched between
two stainless steel electrodes. EIS spectra were recorded with fre-
quency ranging from 0.1 to 10° Hz (voltage amplitude, 5 mV). Each
test was repeated at least five times. The bulk resistances of the hy-
drogels were determined from the intercepts of the semicircle with
the real axis in the Nyquist plots. The conductivity was eventually
calculated using the following equation

L x 1000
= "RxS

where L is the hydrogel thickness (unit, centimeter), S is the elec-
trode surface area (unit, square centimeter), and R is the bulk mem-
brane resistance (unit, ohm).

Adhesion test

The device for the adhesion test is illustrated in Fig. 3B. Hydrogel sam-
ples were molded into a size of 3.0 cm by 1.0 cm by 0.4 cm. One end of
the hydrogel was connected to the substrates (stainless steel, carbon
paper, ITO, Al, Cu, and nonconductive glass); the other end was fixed to
a clamp with a stainless steel mesh as the electrode. The substrate and
electrode were connected to a DC power. The distance (d) between
the stainless steel mesh (lower edge) and the substrate was set to 1.5 or
2.0 cm. This device was fixed on the universal testing machine. Tensile
stress-strain curves of TBVA hydrogels after electrical stimulation were
characterized. All measurements were repeated at least five times.

Locomotion of climbing robots

Robots no. 1 and no. 2 are three-foot tethered climbing robots, and ro-
bot no. 3 is a wheeled tethered climbing robot. The weights of these
robots do not include circuit board, wiring, and battery. The climbing
performances of these robots were tested on near-vertical (85°), com-
pletely vertical (90°), and inverted surfaces. TBVA3 was pasted on the
feet or wheels of the robots. The attachment/detachment switch was
controlled by the electric field direction. Substrates including stainless
steel and copper were adopted. The design, parameters, and logical
control of the robots are described in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/52/eabe1858/DC1
Supplementary Text

Fig. S1. FTIR spectra of the hydrogel cross-linker.

Fig. $2. "H NMR spectra.
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Fig. S3. Hydrogel composition analyses.

Fig. S4. Hydrogel surface properties.

Fig. S5. Mechanical property evolution versus hydrogel water content.

Fig. S6. Hydrogel rheology properties.

Fig. S7. Control experiments for self-healing performance.

Fig. S8. Hydrogel conductivity.

Fig. S9. Hydrogel adhesion performance variation versus stimulation voltage.
Fig. S10. Adhesion performance of the hydrogel with an enlarged sample length.
Fig. S11. Effect of water content on the hydrogel electrical response.

Fig. S12. Electrochemical characteristics of the hydrogel cross-linker.

Fig. S13. Electrochemical characteristics of the hydrogel.

Fig. S14. The method for hydrogel surface pH control.

Fig. S15. Effect of surface pH on the hydrogel adhesiveness.

Fig. S16. Electrically induced hydrogel surface composition variation.

Fig. S17. Electrodeposition of the cross-linker solution.

Fig. S18. Morphology and composition evolutions of the substrate surfaces after hydrogel
attachment/detachment.

Fig. S19. Electrically triggered attachment of the hydrogel to different substrates.
Fig. S20. Hydrogel self-healing during attaching/detaching process.

Fig. S21. The structure of robot no. 1.

Fig. S22. Three-view of robot no. 1.

Fig. $23. The whole circuit for robot no. 1.

Fig. S24. The structure of robot no. 2.

Fig. S25. Three-view of robot no. 2.

Fig. S26. The structure of robot no. 3.

Fig. S27. Three-view of robot no. 3.

Fig. 528. The electrical stimulation mode for robot no. 3 climbing.

Fig. $29. Molecular structure extension of the hydrogel design.

Fig. S30. Attaching/detaching performance of the hydrogel on nonconductive glass.
Fig. S31. Mechanical and adhesion performances of the dehydrated hydrogels.
Table S1. Characteristic peaks of FTIR spectra.

Table S2. Summary of hydrogel mechanical performances.

Table S3. Parameters of servo for robot no. 1.

Table S4. Parameters of reduction motor for robot no. 2.

Movie S1. Self-healing experiment.

Movie S2. Adhesion generation to carry 100 g of weight.

Movie S3. Adhesion generation on stainless steel.

Movie S4. Adhesion measurement on a tensile machine.

Movie S5. Reversible attachment/detachment on stainless steel.

Movie S6. Electrolysis of water in a TB solution.

Movie S7. Robot no. 1 climbing on near-vertical (85°) stainless steel surface.
Movie S8. Robot no. 1 climbing on inverted stainless steel surface.

Movie S9. Robot no. 2 climbing on vertical (90°) stainless steel surface.

Movie S10. Robot no. 2 climbing on vertical (90°) copper surface.

Movie S11. Robot no. 2 climbing on inverted copper surface.

Movie S12. Robot no. 3 climbing on near-vertical (85°) copper surface.
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