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The development of mechanically robust super-lubrication hydrogel materials
with sustained lubricity at high contact pressures is challenging. In this work,
inspired by the durable lubricity feature of the earthworm epidermis, a mul-
tilevel structural super-lubrication hydrogel (MS-SLH) system, the so-called
lubricant self-pumping hydrogel, is developed. The MS-SLH system is manu-
factured by chemically dissociating a double network hydrogel to generate
robust and wrinkled lubrication layer, and then laser etching was used to
generate cylindrical texture pores as gland-like pockets for storing lubricants.
The surface of MS-SLH system shows ultrafast hydration characteristics and
reversible pore-closing and pore-opening behavior. The current MS-SLH sys-
tem shows excellent SL features, as follows: a very low COF (-0.0079) at high
contact pressure condition (P:11.32 MPa); a stable and robust SL lifespan (COF:
~0.0028, P: 8.48 MPa, 100k cylces) without surface wear; and a sustained
lubricity period (3700 cycles) with limited lubricant volume (5 pL) in air. The
robust and sustained lubricity of the MS-SLH system is likely attributed to the
synergy from the strong electrostatic repulsion effect at the sliding interface,
the robust but compliant modulus of the dissociation lubrication layer, and the
self-pumping lubricant release from the gland-like pocket of the texture pores
during the dynamic shearing process. The demonstration experiments based
on self-built equipments intuitively exhibit durable SL behavior of MS-SLH
system. This work provides an easy strategy for the large-scale manufacture of
high-performance water-lubrication coatings suitable for high-end medical
devices or moving parts.

Wet, soft, and slippery features are typical characteristics of biological
tissues and organs and involve relative motion. Meanwhile, hydration
lubrication is a necessary performance at sliding tissues and organs
interfaces.”” For example, a healthy natural cartilage exhibits very low
coefficient of friction (COF, ~0.001 to -0.03) for long service lifetimes

(decades) under high contact stress condition (1-20 MPa).>> Hydrogel
material systems are potential candidates for simulating those natural
tissues and organs to reproduce their lubrication functionality.*™ In
the past 30 years, scientists have developed numerous methods to
construct robust lubricious hydrogel materials as artificial
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replacement for damaged tissue or organs." ™ In addition, the lubri-
cation and load-bearing mechanisms of synthetic hydrogel materials
have been systematically studied in order to obtain more realistic bio-
design principles.”” According to the classic definition, when the
surface COF of synthetic hydrogels is less than 0.01, they are often so-
called super-lubrication hydrogels, with the expectation of achieving
ultralow wear.

In recent decades, great progress has been made in the prepara-
tion of robust super-lubrication hydrogels,”>° as well as friction-
responsive hydrogel materials.**° Especially, the application
exploration of super-lubrication hydrogels coating in the field of
medical devices has received unprecedented attention.***° According
to the application scenarios of medical devices, the stress tolerance
conditions of super lubricating hydrogel coatings are usually different.
Currently, the application of super-lubrication hydrogels coating is
focused mostly on medical models, catheters and guide wires, and the
contact stress is usually very low (below 0.1 MPa). However, for high-
end instruments such as artificial joints, the development of matching
hydrogel super-lubrication coating is challenging but urgent research
topic since the interface contact stress can reach as high as -10 MPa.
Even though tough hydrogels or lubricants-integrated hydrogel sys-
tems have been developed, the load-bearing capacity of the current
supper-lubrication hydrogel systems for maintaining stable lubricity is
still less than 3 MPa, and the lubricity lifespan has not yet exceeded
100,000 cycles. Moreover, due to the inherent dehydration char-
acteristics of hydrogel materials, attaining super-lubrication behavior
usually depends on the lubricant bath, while concerns on the lubricity
sustainability for a limited number of lubricants in quasi-wet environ-
ments have not yet been addressed. Therefore, considering their real
application potential as artificial joint coatings, the most urgent chal-
lenge of super-lubrication hydrogel systems is to simultaneously
achieve ultralow friction, ultrahigh load-bearing and ultralong life-
spans with limited lubricant amounts.

In this work, inspired by the durable lubricity feature of earth-
worm epidermis, a multilevel structural super-lubrication hydrogel
(MS-SLH) system, the so-called lubricant self-pumping hydrogel, is
developed. The core concept of this system is to create a partially-
closed gland-like lubricant pocket to simulate the continuous lubricant
migration behavior of epidermis skins and the cartilage layer to
achieve dynamic lubricity maintenance. This system successfully rea-
lizes robust super-lubrication behavior under high contact pressure
conditions (>11MPa), ultra-long SL lifespans (100,000 cycles), and
sustained lubricity in a quasi-wet environment assisted by a trace
amount of lubricant (5 pL). This is an excellent SL system, and it pro-
vides a key strategy for the large-scale manufacture of high-
performance water-lubrication coatings suitable for high-end medi-
cal devices and moving parts.

Results

Design concept and preparation of MS-SLH

In nature, earthworms are able to move freely within soil under a
squeezing and shearing environment based on the super-slippery
epidermis feature, which is closely related to their wrinkled surface
microstructures (annuli/microripples) and the continuously secreted
aqueous-viscous lubricant from the glands to the epidermis (Fig. 1a),
enabling the formation of a typical self-lubrication interface.”°** More
importantly, this super-slippery feature has considerable robustness
and long durability. Inspired by this, a mechanically robust MS-SLH
system is manufactured. The specific preparation process of MS-SLH is
shown in Fig. 1b. Typically, the double network hydrogel of poly(-
acrylamide-acrylic acid)/Fe** (P(AAm-AA)/Fe) with high mechanical
modulus is firstly prepared as mechanically robust matrix (Supple-
mentary Fig. 1). Then, poly(acrylic acid) (PAA) as chemical etchant is
used for dissociating the tough network to manufacture the surface
lubrication phase (i). Along with the formation of soft dissociated

lubrication phase, a periodic but non-regular wrinkled morphology is
formed on the surface because of the rising stress difference.” As a
result, the layered super-lubrication hydrogel (SLH) has been engi-
neered. Next, the lubrication phase is exposed to air and undergoes
local dehydration, and then laser etching across the lubrication phase
(h;) and substrate matrix (/) is used to generate cylindrical texture
pores. The manufactured sample is immersed into lubricant bath to
allow sufficient swelling and hydration of the dissociation layer (iii).
During the dynamic swelling process of the surface dissociation phase,
the lubricant (water or macromolecules) spontaneously migrates into
the gland-like pocket of the texture pores, accompanied by shrinkage
and partial closure of the pores. Finally, the earthworm-inspired MS-
SLH sample is successfully prepared. As expected, the wrinkled lubri-
cation phase of MS-SLH could generate a strong hydration layer to
decrease the local interface friction force, whereas lubricant confined
within the pores maintains the lubricity lifespan of the system under
the dynamic shearing process. As a concept demonstration, an artifi-
cial SLH earthworm with a length of 36 cm is manufactured (Fig. 1c),
while the fluorescence imaging clearly reveals the existence of a
hydrated dissociation lubrication phase, and the wrinkled pattern is
clearly observed. Interestingly, the manufacture of SL wrinkled pat-
terns can be completely controlled by using a designed mask to
selectively dissociate the lubrication phase (Fig. 1d). Our current MS-
SLH system shows excellent SL features, such as a very low COF
(-0.0079) at high contact pressure (P) condition (11.32 MPa), a stable
and robust SL lifespan (COF: ~0.0028, P: 8.48 MPa, 100 k cycles)
without surface wear, and a sustained lubricity period (3700 cycles)
with a limited lubricant (5 L) in air.

Characterizations of SLH

The generation of a dissociation layer causes the original double-
network hydrogel to appear as opaque along with the decrease of
transmittance (Fig. 2b), while the symbolic formulas, logos, and land-
scapes are not clearly observed (Fig. 2a). Compared with the dense
network of the original double-network hydrogel (Supplementary
Figs. 2-4), the dissociation layer exhibits a typical porous structure
(Fig. 2¢). The dissociation layer and substrate phase are tightly com-
bined to form a typically layered structure (Fig. 2d), and the SLH
sample is successfully obtained. The generation of the dissociation
layer is dominated by a weak acid-assisted de-coordination strategy
(Supplementary Fig. 5). Specifically, with the erosion of the PAA
polymer chains, the strong coordination bonds between the carbox-
ylate ions and iron ions (-COO—Fe*) within the double-network
hydrogel are disrupted. At the same time, the dissociated H" ions from
PAA is likely exchanged with the de-coordinated carboxylate ions
(-COO0") to form carboxylate groups (-COOH). This deduction can be
confirmed by observing the enhanced carbon (C) and oxygen (O)
elements signals as well as the weakened iron (Fe) element signals via
energy-dispersive X-ray spectroscopy (EDS) mapping (Supplementary
Figs. 6-7). Due to its porous structure, the SLH sample shows excellent
surface hydration capacity and demonstrates good anti-fouling func-
tionality. In typical cases, the as-manufactured artificial SLH earth-
worms show low adhesion for the dyed vegetable oil (Fig. 2e), whereas
the viscous heavy oil adhered onto the surface can be easily washed
away by water (Fig. 2f). The strong hydration capacity of SLH can be
further confirmed by the dynamic wetting process of the water droplet
(Fig. 2g). Compared with control sample, water droplet can fully
spread on the surface of the dissociation layer for SLH sample
within 30 sec.

Lubrication performance of SLH

The wet morphologies of the periodic wrinkles on the surface of the
dissociation layer evolve dynamically with increasing PAA mass con-
centration and dissociation time (Supplementary Figs. 8, 9). The
thickness of the dissociation layer can also be precisely tuned by
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Fig. 1| Preparation of multilevel structured super-lubrication hydrogel (MS-
SLH). a Lubrication secrets of earthworms: the surface is coated with a lubricating
layer in the soil (left), which is composed of hydrated viscous protein molecules
secreted from cells or glands (right). b Manufacturing process of MS-SLH: (i) for-
mation of a wrinkled lubrication phase on the surface of a mechanically robust DN-
hydrogel, (ii) partial dehydration and laser-assisted manufacturing of a surface
cylindrical texture array (h = h; + h,, hy represents the etching length of the lubri-
cation phase, h, represents the etching length of the robust DN-hydrogel matrix),

and (iii) sufficient swelling in the lubricant bath and formation of a gland-like pocket
for sealing the amount of lubricant. ¢ Manufacturing of artificial MS-SLH earth-
worms: (i) real photograph (top) and fluorescence image (bottom, scale: 4 cm) of
the MS-SLH earthworms and (ii) optical microscope images showing the local (top,
scale: 4 mm) and enlarged (bottom, scale: 200 pm) wrinkled micromorphology of
the MS-SLH earthworms. d Manufacture of the MS-SLH patterns (dot array, strip
array, square, elephant symbol, “lubrication” word); the scales for all patterns are
the same (4 mm) on the surface of the mechanically robust DN-hydrogel.

controlling the PAA mass concentration and dissociation time (Sup-
plementary Figs. 10, 11). As the dissociation time increased, the thick-
ness of the dissociation layer initially increases and then decreases, and
a maximum is reached at 10% PAA concentration (Fig. 3a). Corre-
spondingly, the change of elastic modulus shows an opposite trend to
that of the thickness evolution (Fig. 3c). As the dissociation time
increases, the thickness and network pore size of the dissociation layer
gradually increases (Fig. 3b), whereas the elastic modulus of the dis-
sociation layer gradually decreases (Fig. 3d). Furthermore, the contact
angle, water content, surface roughness and single island area from

wrinkles of dissociation layer for the SLH samples are measured
(Supplementary Figs. 12-21), for which follow the similar evolution
trend as that of thickness and elastic modulus. Also, it is found that the
dissociation layer exhibits fast hydration process and the entire
hydration/dehydration process is completely reversible (Supplemen-
tary Fig. 22). These results indicate that dissociation is a dynamic
swelling and hydration process of the original double network
hydrogel substrate, and a decrease in the mechanical modulus is
observed because of the increased network pore sizes (Supplementary
Figs. 23, 24). Considering the balance between hydration degree of the
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a

Fig. 2 | Characterizations of SLH. a Photographs of mechanically robust DN-
hydrogel (top) and SLH (bottom) samples covered with different labels (i-formula,
ii-logo, iii-Lanzhou Zhongshan Bridge; scale bars: 4.0 mm, 4.0 mm, and 4.0 mm).
bTransmittance curves of control (mechanically robust DN-hydrogel) and SLH
samples. ¢ Local (left, scale: 100 pum) and enlarged (right, scale: 50 um) surface SEM
images of MS-SLH. d Local (left, scale: 100 pm) and enlarged (right, scale: 50 um)
cross-sectional SEM images of SLH. e Demonstration showing the anti-fouling

100

Control
Sample

80

60

Transmittance (%)

600
Wavelength

800

performance of artificial SLH earthworms upon immersion in a dyed vegetable oil
bath. f Demonstration showing the anti-fouling performance of artificial SLH
earthworms upon immersion in a dyed heavy oil bath and rinsing with water.

g Dynamic wetting process of a water droplet (10 pL) on the surface of a
mechanically robust DN-hydrogel (top) and an SLH sample (bottom) recorded by a
high-speed camera.

dissociation layer and its load-bearing capacity, the optimal conditions
for manufacturing layered super-lubrication hydrogel (SLH) are
determined (dissociation concentration: 10%, dissociation time: 2 h).
Next, the lubrication feature, load-bearing capacity, and lifespan
of the SLH are systematically evaluated by employing a typical face-to-
face contact mode under with a reciprocating sliding style (Experi-
mental methods: 3.7). The test results show that the friction coeffi-
cients of the SLH samples are both less than 0.01 (super-lubrication:
SL) for dissociation concentrations of 10% and 20% (Fig. 3e), whereas
the similar SL behavior is observed when the dissociation time is less
than 8 h (Fig. 3f). The lowest friction coefficient is attained as low as

~0.003 for the SLH sample under optimal conditions (dissociation
concentration: 10%, dissociation time: 2h) and reaches as low as
~0.003. Subsequently, the load-bearing capacity of SLH is system-
atically investigated (Fig. 3g). The average friction coefficient of opti-
mal SLH sample is always below 0.004 when the normal load does not
exceed 60N (contact pressure: 8.48 MPa). When the normal load
increases to 70 N (contact pressure: 9.90 MPa), the friction coefficient
slightly increases to 0.006. However, the SL behavior of SLH sample
can still be observed at high normal load conditions (80 N, contact
pressure: 11.32 MPa). To the best of our knowledge, the SLH system has
the highest load-bearing capacity and lifespan among all of the
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Fig. 3 | Control of the dissociation-layer thickness, mechanical strength and
lubrication performance of SLH. a Evolution of the dissociation layer thickness
with the PAA concentration at a certain treatment time of 8 h. b Evolution of the
dissociation layer thickness with the PAA treatment time at a certain concentration
of 10%. ¢ Evolution of the dissociation-lubrication layer modulus with the PAA
concentration at a certain treatment time of 8 h. d Evolution of the dissociation-
layer modulus with the PAA treatment time at a certain concentration of 10%.

e Evolution of the surface friction coefficient for the dissociation layer with the PAA
concentration at a certain treatment time of 8 h. f Evolution of the friction coeffi-
cient for the dissociation layer with the PAA treatment time at a certain

concentration of 10%. g Changes in the surface friction coefficients and contact
stresses for the dissociation layer under different normal loads. h Comparisons of
the friction coefficient and contact pressure between the reported lubricous
hydrogels and those used in this work. i Real-time and long-period (100,000 cycles)
friction coefficient curve for the SLH sample under a high contact pressure of
8.48 MPa (treatment time: 2 h, PAA concentration: 10%). Note: for all box plots, the
horizontal line within box represents the data value located in the middle sequence
number, the upward bar represents the maximum data value and the downward bar
represents the minimum data value, solid dot within box represents the aver-

age value.
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reported SL hydrogel material systems (Fig. 3h), including entangled
hydrogel,* lipid hydrogel,* anti-fatigue hydrogel,*® layered hydrogel,'®
nano-array hydrogel,* anisotropic hydrogel,” renatured hydrogel,*’
DN hydrogel,** cartilage hydrogel,*® Hb-En hydrogel.*” Correspond-
ingly, the lubrication lifespan of the SLH sample is evaluated. Within
100,000 testing cycles, the friction coefficient is always maintained at
0.003 under a high contact pressure of 8.48 MPa (Fig. 3i), and only
slight surface wear is observed in the testing area (Supplementary
Fig. 25), indicating the very strong SL robustness of our SLH system.

The mechanisms responsible for robust SL behavior can be ana-
lyzed as follows. First, when two pieces of hydrogel samples slide
against each other, the existing typical microstructures of periodic but
non-regular wrinkles prevent the mechanical interlocking of two slid-
ing surfaces in the shearing process, which may reduce the real contact
areas to achieve a low friction force contribution. Second, the carboxyl
groups (-COOH) on the surface of the SLH sample dissociate to pro-
duce a large number of carboxylate ions (-COO"), endowing the two
sliding substrates with strong negative charges (Supplementary
Figs. 26-27). The strong electrostatic repulsion effect at the sliding
interface is a prerequisite for achieving ultralow friction coefficient,
which can be effectively explained by current models.”*** Third, the
large thickness of the dissociation lubrication layer ensures a strong
surface hydration degree,”**¥, and its excellent mechanical properties
ensure good wear resistance. Fourth, the porous feature of the dis-
sociated lubrication layer ensures the rapid formation of a continuous
lubrication phase during dynamic shearing processes.””?°** In addition,
due to its typical soft-hard composite characteristics, the SLH sample
shows the extraordinary mechanical load-bearing capacity from the
cartilage-like stress buffering effect under high contact pressure
conditions,’® which is the key to achieving a long lifespan of SL beha-
vior. However, due to the friction complexity of the soft elastomers,'
the durable SL behavior of the current system may be attributed to a
combination of interfacial interactions, hydration effects, contact
mechanics, rheology, and soft matter tribology.”>*

Characterization and lubricity evaluation of MS-SLH

To imitate the sustained lubricity feature of earthworm skin in the quasi-
wet state environment, cylindrical texture pores are manufactured on
the surface of the SLH sample by laser etching to function as gland-like
pockets for storing lubricants, and then a multilevel structural super-
lubrication hydrogel (MS-SLH) sample is successfully prepared. As
observed from the optical microscopy results, the sufficient swelling of
the dissociated-lubrication layer of MS-SLH in water induces the evident
shrinkage of the texture porthole, resulting in the formation of a bio-
mimetic gland-like structure in earthworms (Fig. 4a-left). However, the
size of the texture porthole increases obviously when the dissociated-
lubrication layer is in a “dry” state (Fig. 4a-right), resulting from partial
dehydration. Accompanied by the occurrence of dehydration process,
the size (radius) of the texture porthole gradually increases and remains
unchanged after 10 min later (Fig. 4b). The results from the surface
white-light 3D imaging system further verify this dynamic process
(Fig. 4c). Importantly, this swelling and dehydration-induced behavior
between closed pores and open pores is completely reversible (Fig. 4d).
The real-time cross-sectional morphology evolution of the cylindrical
texture porthole for the MS-SLH sample during the dynamic dehydra-
tion process is successfully captured (Fig. 4e). In the complete hydra-
tion state, the dissociated-lubrication layer generates sufficient swelling
to close the pores. With the ongoing of dehydration, the thickness and
volume of the dissociated-lubrication layer both decrease, and the
pores gradually open.

As deduced, due to the spatial confinement effect, these pores are
able to effectively prevent water evaporation during the dynamic shear
process, and thus a longer lubrication lifespan is attained. Corre-
spondingly, MS-SLH samples with different surface texture pore ratios
are manufactured, while the sustained lubricity lifespans of them are

evaluated systematically under a limited lubricant (water, 5pL)
(Fig. 4f). Compared with the non-textured SLH sample (0% pore ratio),
increasing the pore ratio of surface pores is highly beneficial for
achieving a longer SL period (Fig. 4g). Typically, the average duration
of super-lubrication of the SLH sample is only 980s, whereas this
duration is extended 2700 s for MS-SLH sample with a 20% pore ratio
(Fig. 4h). Furthermore, 5 pL of three kinds of lubricants with different
viscosities, including water, hyaluronic acid (HA) and sodium alginate
(SAA) are used to explore the duration of the super-lubrication state
for the MS-SLH samples with 20% pore ratio (Fig. 4i, j). Notably, when
5L of SAA is used as a lubricant, the duration of super-lubrication
state can reach as long as 3900 s (Fig. 4k). These results indicate that
the manufacture of lubricants with high pore ratios and the use of high-
viscosity water-retaining lubricants are suitable to attain a longer
super-lubrication lifespan in earthworm-like quasi-wet environments.
This phenomenon is also closely related to the shear-thinning char-
acteristics of the lubricants themselves during the friction process
(Supplementary Fig. 28).

The existing surface wrinkle patterns and textured pores could
effectively reduce the real contact area to achieve a low friction force.
The pores themselves serve as gland-like pockets to create a strong
confinement space to greatly reduce the volatilization rate of the lubri-
cant, whereas the lubricant stored within the pores of the texture pores
can quickly migrate to form a hydration film at the friction interface
during the dynamic shearing process. Correspondingly, the state evo-
lution of the contacted interface under different normal loads could be
simulated and observed by employing a self-built equipment (Supple-
mentary Figs. 29, 30), in which the real contact area and calibrated
contact pressures could be obtained (Supplementary Fig. 31). Compared
with the apparent contact pressures, the calibrated contact pressures
based on the reduced contact area (Sc) at different normal loads slightly
increase. This concept wividly simulates the continuous lubricant
migration behavior of epidermis skins in a non-pressurized state,”** as
well as “tribological rehydration” effect of natural cartilage layer for
achieving dynamic lubricant supply implemented through mechanical
loading and shearing.* This mechanism can be defined as “lubricant self-
pumping”. Therefore, the mechanism responsible for the extraordinary
SL behavior if the MS-SLH sample can be further analyzed. Under low
contact pressure conditions, the SL behavior is dominated mainly by the
hydration lubrication mechanism. In contrast, at high contact pressures,
the synergistic effects of the hydration lubrication mechanism and
shear-induced self-pumping effect support the robust SL behavior
(Supplementary Fig. 32). Different from traditional hard lubricant-
composite surfaces and nonpermeable elastomer systems, an in-depth
understanding of the interface lubrication mechanism of the MS-SLH
system may rely on new theoretical models that combine surface
chemistry, multiscale contact mechanics and hydrodynamics.

Demonstrations of mechanically robust lubricity for MS-SLH

As expected, due to its SL characteristic, MS-SLH has low friction—
motion resistance against other contacted surfaces. An intuitive
demonstration is performed by employing a weight (200 g) to slide
against the surface of tilted glass sheets equipped with a MS-SLH
sample, and the textured DN hydrogel without a dissociated-
lubrication layer is used as a control (Supplementary Movie 1 and
Movie 2). The weight has difficulty sliding off the surface of the control
sample, even when the inclination angle of 14° (Fig. 5a). However, the
weight can easily slide off the surface of the MS-SLH sample at a very
low inclination angle of 3° (Fig. 5b). To visually demonstrate the
mechanically robust SL characteristics of the MS-SLH sample, a home-
made mechanical loading-monitoring system is manufactured
(Fig. 5c-i). Specifically, 6 MS-SLH cylindrical sheets (®3 mm) are
placed on the bottom of a movable loading system with a cargo-
loading pool, and then slide against a MS-SLH track (35 mm x 200 mm)
lubricated by water (Fig. Sc-ii). With the directional movement of the
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Fig. 4 | Characterization and lubricity evaluation of MS-SLH. a Evolution of the
surface optical morphology from the wet state to the “dry” state for MS-SLH (scale:
100 pm). b Evolution of the surface texture pore size with dehydration time for MS-
SLH (n=3, mean + SD). ¢ Surface and cross-sectional 3D morphologies in the wet
state and “dry” state for MS-SLH. d Reversible evolution of the surface texture pore
size between at wet state and “dry” state for MS-SLH. e Snapshots recording the
cross-sectional morphology evolution of a texture pore for MS-SLH during the
dynamic dehydration process; here, h represents the swelling thickness of the
dissociation-lubrication layer, d represents the size of the texture pore neck.

f Schematic diagram showing the interface contact situation for the MS-SLH and
MS-SLH regimes with deionized water (DIW) as the swelling medium. g Evolution of
the surface friction coefficients with sliding test time for the MS-SLH samples with

different texture: pore ratios (0, 5, 10, 20%) (lubricant: DIW-5.0 pL, load: 40 N).

h Effective retention time of the super-lubrication state along with the corre-
sponding friction coefficients for the MS-SLH samples with different texture:pore
ratios (0, 5, 10, 20%) (lubricant: DIW-5 pL) (n =3, mean + SD). i Schematic diagram
showing the interface contact situation for MS-SLH and the MS-SLH regimes with
DIW, HA and SAA as the swelling media. j Evolution of surface friction coefficients
with sliding test time for the MS-SLH samples with a 20% texture:pore ratio
(lubricant: DIW, HA and SAA-5.0 pL; load: 40 N). k Effective retention time of the
superlubrication state along with corresponding friction coefficients for the MS-
SLH samples with a 20% texture-to-pore ratio (lubricant: DIW, HA and SAA, 5 L)
(n=3, mean = SD).

loading system, sand is poured into the loading pool to achieve a
simultaneous increase in the normal load. Correspondingly, the real-
time signals of the friction force and normal load are recorded by the
sensor, and the friction coefficient is obtained by dividing the friction
force by the normal load (Supplementary Movie 3). As the normal load
dynamically increases, the sliding interface can always maintain an SL

state (Fig. 5d). Amazed, the maximum bearing load of the MS-SLH track
could reach 498N, with a local high contact pressure of 11.74 MPa
along with low friction coefficient of 0.0074 (Fig. Sc-iii).
Furthermore, in order to demonstrate the long-lasting lubrication
feature of MS-SLH, another home-made mechanical monitoring sys-
tem is manufactured (Fig. Se, Supplementary Movie 4). Specifically, a
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Fig. 5 | Intuitive demonstration of super-low friction, high load-bearing and
long-lasting lubrication assisted with limited lubricant for MS-SLH. Weight
sliding experiment on surface of tilted glass sheets equipped with (a) control
sample (textured DN hydrogel) and (b) MS-SLH sample. ¢ Directional movement of
movable loading system (6x®3 mm, MS-SLH cylindrical sheet) on a MS-SLH track
(35 mm x 200 mm) in response to increased normal loads from O to 500 N using a
home-made mechanical monitoring system, and (d) data collection of real-time
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signals of friction efficiency, friction force and normal loads are recording.

e Reciprocating motion of a conductive steel slider equipped with a square MS-SLH
sheet (35 mmx35 mm) in air on an MS-SLH track (35 mmx180 mm) after swelling
equilibrium in water without applying any extra lubricant, and (f) reversible signal
display of the character between “ROBUST"-left and “LUBRICATION"-right using a
home-made mechanical monitoring system.

conductive aluminum slider equipped with a square MS-SLH sheet
(35 mmx35 mm) performs reciprocating motion in air on an MS-SLH
track (35 mm x 180 mm). The MS-SLH track is directly used for testing
after swelling equilibrium in water is reached, and the surface free
water film is removed without any extra lubricant. A magnetic motion-
control system is used to maintain a constant normal load. When the
slider moves to the left sensor, the circuit is connected and the LED
board displays a “Robust” character signal. When the slider moves to
the right sensor, the circuit is connected and the LED board displays a
“Lubrication” character signal. Surprisingly, the slider could run
smoothly on the MS-SLH track for 651 cycles (Fig. 5f), due to the super-

low friction feature and strong lubricant retention capacity of the
texture pores.

Discussion

In this work, inspired by the lubricity durability of earthworms, we
developed a multilevel structural super-lubrication hydrogel (MS-SLH)
system (a self-pumping hydrogel) by chemically dissociating a double
network hydrogel to generate a robust and wrinkled lubrication layer,
and then followed by laser etching to construct cylindrical texture
pores as gland-like pockets for storing lubricants. By precisely
adjusting the concentration and dissociation time of the PAA etchant,
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the microstructure, hydration degree, mechanical modulus, and
thickness of the lubrication layer could be finely tuned, thereby
obtaining the optimal parameters (concentration: 10%, time: 2 h) for
achieving SL behavior. The dissociation lubrication layer of SLH
exhibited fast but reversible hydration/dehydration process. The SLH
shows a very low friction coefficient (-0.008) under high contact
pressure conditions (P: 11.32 MPa) and durable SL lifespans as long as
100 k cycles. In particular, a high number of texture pores (pore ratio:
20%) creates a strong confinement space to store the lubricant, and
ensures the durable migration of the lubricant to the moveable inter-
face under the dynamic shearing process. As a result, the MS-SLH
system demonstrates a sustained lubricity period (3700 cycles) by
using a limited lubricant volume (5 pL) in air. This feature simulates the
continuous lubricant migration behavior of epidermis skins and the
cartilage layer to achieve dynamic lubricity maintenance. The syner-
gistic effects of the hydration lubrication mechanism and shear-
induced self-pumping effect support the robust SL behavior. Finally,
the demonstration experiments based on self-built equipment intui-
tively exhibit robust and durable SL behavior of the MS-SLH system.
This work provides an easy strategy for large-scale manufacturing of
super-lubrication hydrogels, and can potentially be used to advance
the engineering applications of high-performance water-lubrication
coatings suitable for high-end medical devices.

Methods

Materials

Acrylic acid (AA, >99%, TCI), acrylamide (AAm, J&K Chemical Ltd.), -
ketoglutaric acid (>99.0%, Sigma-Aldrich). N,N-methylenebisacryla-
mide (MBA, 99%) and ferric chloride hexahydrate (FeCls-6H,0) were
purchased from Sinopharm, China. Hyaluronic acid (HA, 97%,
40-100 kDa, 3000-5000 mPa-s) and sodium alginate (SAA, viscosity:
1000-1200 mPa-s) were both purchased from Macklin Biochemical
Technology Co. Ltd.

Samples preparation

Preparation of double-crosslinked hydrogel as mechanically
robust matrix. Firstly, 4.2 g of acrylamide (AAm), 1.44 g of acrylic acid
(AA), 11.7 mg of o- ketoglutaric acid and 18.4 mg of N,N’- methylene
bisacrylamide (MBA) were dissolved into 20 mL of deionized water and
stirred at room temperature for S5min to form a uniform aqueous
solution. Subsequently, nitrogen gas was injected into the aqueous
solution to remove dissolved air and avoid the inhibitory effect of
oxygen during the polymerization process. Next, the degassed aqu-
eous solution was injected into two glass plate-constructed molds with
a spacing of 1 mm, and then followed by UV irradiation (A = 365 nm) for
45min to obtain a chemically crosslinked hydrogel of P(AAm-AA).
Afterwards, the prepared P(AAm-AA) hydrogel was immersed into a
FeCl;-6H,0 (0.25 mol/L) solution for 24 h to form a PAA/Fe* physical
network. The residual components and uncoordinated Fe*" were sub-
sequently removed by soaking the sample into deionized water for
24 h to obtain a double crosslinked hydrogel of P(AAm-AA)/Fe.

Preparation of layered super-lubrication hydrogel (SLH). First, the
P(AAm-AA)/Fe hydrogel was cut into a specific size (15 mm x 15 mm),
then one side of it was adhered with 3 M tape and fixed with the acrylic
plate, while the exposed side was used to construct the lubrication
layer. Specifically, the exposed side of P(AAm-AA)/Fe hydrogel sheet
was immersed into polyacrylic acid (PAA) solutions with different mass
concentrations (49-50%) for specific durations (2-24 h), and then
removed and immersed in deionized water for 24 h to remove residual
polyacrylic acid macromolecules and dissociated Fe*". Correspond-
ingly, a layered super-lubrication hydrogel (SLH) was obtained.

Preparation of earthworm-inspired multilevel structural super-
lubrication hydrogel (MS-SLH). The super-lubrication hydrogel

(SLH) sheet was bonded onto the stainless steel substrate with Loctite
496, and the surface dissociation layer was exposed to air for partial
dehydration (note: the presence of a water film can weaken the laser).
A picosecond laser microfabrication system (power: 18%, Suzhou
Delong Laser Co., Ltd) was used to generate cylindrical texture pores
(diameter: 100 pm) through the subsurface of super-lubrication
hydrogel (SLH) sheet (the density of pores is defined as texture pore
ratios of 0, 5,10 and 20%, and was equal to A/Aox100%, where A is the
effective pore area and A, is the apparent area). Subsequently, the
textured super-lubrication hydrogel (SLH) sheet was immersed into
deionized water or lubricants bath for sufficient swelling, and then a
multi-level structural super-lubrication hydrogel (MS-SLH) was suc-
cessfully prepared.

Characterizations

Morphologies. The surface and cross-sectional morphologies of the
SLH and MS-SLH samples in the completely swollen state were
observed via an Olympus optical microscope (BX51). After in situ
freeze-drying for 48 h (=80 °C, 1Pa), the dry morphology of the sam-
ples was observed via field emission-scanning electron microscopy
(FE-SEM, JSM-6701F, Japan). The surface and cross-sectional
morphologies of the P(AAm-AA)/Fe sample were characterized using
SEM (JSM5600LV, JEOL, Japan) at 20kV. The quasi-wet state mor-
phology of the P(AAm-AA)/Fe sample after swelling equilibrium was
observed using atomic force microscopy (Bio-AFM, JPK Nanowi-
zard4XP, Bruker, German) in quantitative imaging (QI) mode with an
SNL-10 tip (k=0.108 Nm™).

Thickness and roughness of the lubrication layer. The thicknesses of
the lubrication layer in the hydrated and dehydrated states of the
samples were measured from the cross-sectional morphology using a
standard ruler from the software of an Olympus Optical Micro-
scope (BX51).

An optical imaging technique with a 3D VHX-6000 (Keinz Cor-
poration, Japan) digital microscope was used to measure the surface
roughness of the samples in the swollen state (n=8, measurements
were taken from distinct samples), along with the depth and surface 3D
morphology of the samples in the hydrated and dehydrated states.

Wettability. The dynamic fast wetting process of a water droplet
(10.0 pL) on the surface of a sample (bottom) was recorded by a high-
speed camera (UP-Lambda, Rtec Instruments). The contact angle (CA)
of awater droplet (5.0 pL) on the surface of a sample was obtained with
a DSA100 instrument (Germany, KRUSS) (n=7, measurements were
taken from distinct samples).

The water content of the lubrication layer was measured via the
following method. The mass (m;) of the control sample without the
lubrication layer and the mass of the SLH sample (m,) of the same size
(15 mm x 15 mm) were measured in the equilibrium swelling state, and
the water content of the lubrication layer was defined as (my-my)/m, x
100% (n =3, measurements were taken from distinct samples).

Zeta potential. The surface potential difference of the sample was
measured via a solid surface zeta potential analyzer (SurPASS-3, Anton
Paar). The sample size was 20 mmx10 mm, and a KCI electrolyte
solution (1.0 mmol/L) was used as the test liquid (pH = 7.0) (n=35,
measurements were taken from distinct samples).

Mechanical properties. The surface mechanical modulus of the SLH
samples was measured with a bioindenter (UNHT? Bio, Anton Paar)
(n=6, measurements were taken from distinct samples). The radius of
the indenter (ruby ball) was 0.5 mm, and the applied load was 500 pN.
For the P(AAm-AA)/Fe sample, the applied load increased to 1000 uN
(n=5, measurements were taken from distinct samples). The samples
were fixed on a flat glass slide by Loctite 496 in all tests. All samples
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were soaked into water for different durations to allow sufficient
swelling before testing.

The rheological measurement of lubricants. The shear-thinning
characteristics of HA and SA were investigated via rheological mea-
surements (RS6000. HAAKE, Germany). All experiments were per-
formed using a cone plate with a diameter of 35 mm at 25°C. The
viscosity-shear rate curves were recorded in the range of 0.05 to
5000s™.

Friction performance. The friction performance was evaluated on a
pin-on-disk tribometer (TRB, CSM, Anton Paar, Switzerland) by
employing a typical face-to-face contact mode with reciprocating
sliding style (distance: 10 mm, frequency: 1 Hz, load: 10, 20, 30, 40, 50,
60, 70, 80 N). A cylindrical hydrogel sheet (diameter: 3 mm, thickness:
1mm) was used as a pin, whereas the square hydrogel sheet (length:
20 mm, width: 20 mm, thickness: 1mm) was used as a disk. The
lubricants used were water and the macromolecules (1% hyaluronic
acid-HA and 1% sodium alginate-SAA). The friction coefficient is
obtained by dividing the frictional force by the normal load.

Except for the lifespan evaluation and duration test, the number
of friction test cycles for common experiments was 900 (n=3, mea-
surements were taken from distinct samples), whereas the number of
friction test cycles for various loads was 600 (n=3). The test tem-
perature ranged from 25-28 °C, and the relative humidity (RH) was
20%. The wear morphology on the surface of the sample after
100,000 sliding cycles was observed via optical microscopy.

Investigation of the interface contact states under different
normal loads. Dynamic observation equipment was built to indirectly
obtain the real contact areas of the compressed friction contact
interface of the MS-SLH sample under different normal loads (10 N,
20N, 30N, 40N, and 45 N; the maximum load capacity of the sensor
was 45 N), with consideration of the two key contributions from the
wrinkle patterns and textured pores. To simulate the friction process
more accurately, a transparent glass cylinder (d =3 mm) was used as an
indenter to interact with the MS-SLH sample. Considering the resolu-
tion problem of the optical images in the contacted area, we used
reflection mode to obtain the contact area of MS-SLH. The contact area
was calculated via pixel analysis of the optical photographs using
ImageJ software. The pixel ratio for the contact area is defined as Ac
(0~1), whereas the pixel ratio for the noncontact area is defined as
1-Ac. To obtain statistical error, each optical photograph was divided
into four quadrants for analysis (n = 4, measurements were taken from
distinct positions). The apparent contact areas of the MS-SLH samples
at different normal loads were similar and defined as Sq (7.065 mm?),
where Ac was 1. The measured contact area was defined as Sc, and the
calibrated contact pressure was obtained. Due to the opacity of the
MS-SLH sample, our custom-built equipment was only a simulation
platform, and the attainment of accurate contact area data of the
friction contact interface involving two sliding MS-SLH sheets was
difficult.

Demonstrations

Weight sliding experiment (Movies 1and 2). The MS-SLH sample and
control hydrogel sample (textured DN hydrogel without a dissociated-
lubrication layer) were fixed onto the titled glass substrate. The incli-
nation angle of control hydrogel sample-fixed glass substrate was 14°,
whereas it decreased to 3° for the MS-SLH-fixed glass substrate. An
intuitive demonstration was performed by employing a weight (200 g)
to slide against on the surface of the tilted glass sheets equipped with
different samples.

Directional movement of the movable loading system at the super-
lubrication interface (Movie 3). To visually demonstrate the

mechanically robust super-lubrication characteristics of MS-SLH, a
custom-made system including a mechanical loading part (A) and a
monitoring sensor part (B) was manufactured. Six MS-SLH cylindrical
sheets (®3 mm) were placed on the bottom platform of the movable
loading part with a cargo loading tank and then slid against an MS-SLH
track (35 mmx200 mm). The lubricant was water. With the directional
movement of the loading system, sand was continuously poured into the
loading pool to achieve a synchronous increase in the normal load from
ON to 498.70N (11.76 MPa). Correspondingly, the real-time signals of
the friction force and normal load were recorded by the monitoring
sensor. The displacement moving part was driven by a screw slide using
a motor, with a speed of 0.5 mmy/s. The interface friction coefficient was
obtained by dividing the friction force by the normal load.

Long-lasting lubrication feature of MS-SLH (Movie 4). To more
intuitively demonstrate the long-lasting lubrication feature of MS-SLH,
another home-made mechanical monitoring system was developed and
was driven mainly by the bottom slide track (35 mmx180 mm). A strong
magnetic magnet above the slide rail was applied, while the MS-SLH
sheet (35 mmx35mm) was fixed below the iron block. The strong
magnetic attraction force drove the iron block to move and caused the
MS-SLH-fixed iron block to rub back and forth. Copper blocks were set
at the left and right ends as conductive sensors, which triggered the fast
display of characters (“Robust” and “lubrication”) on the LED board.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within the
paper, Supplementary Information, and Supplementary Movies. The
data generated in this study have been deposited in the Figshare
repository (https://doi.org/10.6084/m9.figshare.27304683). The raw
data underlying the figures are available in the file Source Data. Source
data are provided with this paper.
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