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Biomimicking lubrication superior to fish skin using
responsive hydrogels

Yang Wu1,2, Xiaowei Pei1, Xiaolong Wang1, Yongmin Liang1, Weimin Liu1 and Feng Zhou1

The slippery mucus produced by fish skin is important to protect fish against predator attack, allowing fish to swim faster and

remain elusive because of the ultra-low coefficient of friction (COF) of fish skin. To mimic this slick skin, responsive hydrogels

that respond to external stimuli, including pH and temperature, were prepared. These hydrogels were found to perform better

than fish skin: not only was an ultra-low COF achieved but multiple tunable COFs from ultra-low to ultra-high were discovered

using sequential regulation of pH and temperature. The tunable COF was achieved through conformational changes in the

molecular chains in the responsive hydrogel that were induced by the external stimuli. Swelling of both pH- and thermal-

responsive polymer chains of the hydrogel resulted in an ultra-low COF; the pH-responsive component, shrink as a result of

dehydration caused by a pH change, led to a moderate COF, whereas the two components simultaneous shrink brought out a

very high COF. The three levels of COF under different states can be reversibly switched multiple times by sequential regulation

of pH and temperature. This reversible tunability in friction performance is likely to have a significant impact on the design of

hydrogel-based actuation devices.
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INTRODUCTION

Learning from nature is an effective way to obtain new knowledge and
prepare new materials. In recent years, numerous successes have been
reported, including a superhydrophobic bionic device derived based
on the lotus leaf,1 a slippery liquid-infused porous surface bionic
device derived based on nepenthes2 and micro/nanopillar bionic
devices with high adhesive force derived based on geckos.3 Meanwhile,
researchers are also examining biomimicry to improve on superior to
nature,4 such as superoleophobicity,5,6 switchable wetting,7,8 and self-
healing,9,10 which are only loosely based on the examples from nature.
It is well known that mucus is secreted on fish skin to help fish

adapt to the external environment.11 Fish skin can be so slippery that
it makes fish difficult to catch by hand. Fish mucus (that is, a
hydrophilic biopolymer) acts as an excellent lubricant when a person
holds a fish. This lubricant has an ultra-low friction coefficient
(5× 10− 3 or smaller). To mimic the slipperiness of fish skin, hydrogels
may be used because of their hydrophilic characteristics. These
compounds trap a large amount of water on their gel surfaces, acting
as a lubricating film similar to the mucus on fish skin. Artificial
hydrogels have achieved even lower coefficients of friction (that is,
10− 4) than natural fish skin, as reported by Gong et al.12–14 To this
extent, biomimicking hydrogels that improve on nature’s designs have
been realized. However, despite the similar physicochemical properties
of these compounds to biological tissues and their potential for
biomedical applications,15–17 artificial hydrogels are quite distinct from

the natural phenomena that they replicate, especially in their
controllable attributes. Most organisms have systems that are dedi-
cated to respond to external stimuli; in advanced animals, this system
is the nervous system. Under an external stimulus, a neural signal is
produced to control a muscle by either contracting it or relaxing it;
this type of body control is typically used to escape from dangerous
situations or change the animal’s condition to adapt to its external
surroundings. To improve the controllability of a system, numerous
stimulus-sensitive hydrogels have been synthesized by hybridizing the
responsive molecules/monomers in the gel system.18,19 Because of the
hydration/dehydration interaction between the hydrogel and water
molecules, the shape or surface physicochemical performance changes
in response to the external stimuli; the sensitive hydrogels have been
observed to remain in a swollen or collapsed state under diverse
conditions, through which controllable capacity was realized. How-
ever, apart from the utilization of these typical characteristics of
stimulus-sensitive hydrogels for drug release20,21 and chemical sensors
or actuators,8,22 tribological applications of stimulus-sensitive hydro-
gels have been rarely targeted even though they are the artificial
materials most similar to fish skin.
Recently, Chang et al.23 investigated the switchable tribological

properties of a poly N-isopropyl-acrylamide (pNIPAM) gel induced by
alternating exposure to water/methanol solvents at room temperature
(rt). Very recently, the authors of this paper realized a switchable
coefficient of friction (COF), from ultra-low (~0.02) to ultra-high
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(40.1) values, by using a graphene–pNIPAM composite hydrogel,24

where the graphene oxide (GO) and pNIPAM strengthen and sensitize
the compound, respectively. Transformation of the intermolecular and
intramolecular H-bonding due to temperature alternation across the
lower critical solution temperature (LCST)25 resulted in the switching
of the COF. However, the fact that friction of this type of hydrogel can
be switched only between two points keeps its applications limited.
Hydrogels with multiple tunability of their COF between ultra-low
and ultra-high level are therefore much more desirable for practical
applications; however, challenges remain. Conformational changes of
polyionic grafts caused by external stimuli such as pH and temperature
can result in two levels of switching of nano-friction.26 Accordingly,
the challenge of incorporating other sensitive monomers into the
previous graphene–pNIPAM gel system is examined to realize the
multiple states of friction; this is biomimicry beyond fish skin. As a
proof-of-concept, a pH-sensitive monomer, sodium methacrylate
(NaMA) and 2-(dimethylamino)ethyl methacrylate (DMAEMA) were
introduced, which endow the thermal-sensitive hydrogel with a
pH-sensitive character, resulting in hydrogels with dual responsive-
ness. Altering the pH and temperature of the environment sequentially
resulted in hydrogels with varying and regulatable COFs from
ultra-low to high values.

EXPERIMENTAL PROCEDURE

Chemicals and materials
N-isopropylacrylamide(NIPAM), NaMA, and N, N, N', N,' N''-pentamethyl-
diethylene-triamine were purchased from Alfa Aesar (Shanghai, China)
DMAEMA was purchased from J&K Chemicals (Beijing, China). N, N-
Methylene-bisacrylamide (BIS) and ammonium persulfate were purchased
from Shanghai Chemical Reagent Company (Shanghai, China). All chemicals
are analytical reagents and were used as received.

Synthesis of composite hydrogels with dual responsiveness
GO sheets were prepared according to the method previously reported.26,27 The
concentration of GO solution was prepared at a concentration of 1.5 mgml− 1.
Composite hydrogels were prepared using initial solutions consisting of
monomer (NIPAM, NaMA or DMAEMA), crosslinker (BIS), initiator (ammo-
nium persulfate) and GO. A typical process was as follows: 0.66 g of NIPAM,
0.132 g of NaMA, 40mg of BIS, 30mg of ammonium persulfate and 30 μl of N,
N, N', N,' N''-pentamethyldiethylene-triamine were added to 12ml of GO
solution and stirred at 0 °C for 15min to form a stable dispersion. Next, the
dispersion was poured into a cubic mold and sealed. The polymerization was
conducted in the mold for 10 h at rt. The prepared hydrogel was then dipped
into a phosphate-buffered solution until swelling equilibrium was reached.
To investigate the dual responsiveness of the compound, hydrogels with
different NIPAM and NaMA content were prepared, and these are denoted
pNIPAMx–NaMAy, where the subscripts x and y represent the mass ratio.

Frictional test experiment
The frictional test device used for this investigation was a 14-FW statnamic
tribometer (HEIDON, Tokyo, Japan). Following the previous report,24 the COF
was obtained with the reciprocating mode of this device and the COF curve was
obtained with the single-track mode of this device. The frictional test was
conducted in a phosphate-buffered solution in face-to-face contact mode, and
the upper friction probe was covered in the same hydrogel surface. The testing
temperature was controlled by a computer, and the stress and sliding speed
were set to 1 N and 200mmmin− 1, respectively.

RESULTS AND DISCUSSION

Experimentation began with a friction test of a piece of fresh catfish
skin that was 20 cm long from the body of the fish, as shown in
Figure 1a. It was found that the large amount of mucus on catfish skin
makes it very slippery, with an average COF of 5 × 10− 3–7× 10− 3 not

only in distilled water but also in the buffer solution at high
temperatures (40 °C). A series of pH–thermal-sensitive hydrogels were
then prepared for testing as a proof-of-concept. As shown in
Figure 1b, the pH-sensitive hydrophilic monomer NaMA was
introduced into the thermosensitive pNIPAM gels. Owing to the
pH-sensitive component pNaMA in the thermal hydrogel, the
composite hydrogel showed both pH- and thermal-responsive char-
acteristics. The pKa of NaMA is 4.8, indicating that the pNaMA chains
would collapse at an acidic (pHo4.8) and swell in weakly acidic or
alkaline pH surroundings (pH44.8). Figure 1b synoptically describes
the continuous change in the gel state of the pH–thermal hybrid
hydrogel with the two stimuli, pH and temperature. pH alteration
causes the pH-sensitive pNaMA segments to swell or collapse, which
influences the physicochemical properties of the hydrogel. On this
basis, once the surrounding temperature crosses the LCST of
pNIPAM, a new stage appears, with different characteristics of the
gel. The conformation change in the gel at each stage allows tunable
friction performance.
The prediction above was verified by friction tests: the regulation of

the COF of the pH–thermal gel from ultra-low to moderate level, and
then to ultra-high values were achieved by changing the pH of the
solution and the temperature successively. Figure 1c shows the COF
curves of the pNIPAM11–NaMA3 gel under different pH environments
and temperatures. In a neutral solution and below the LCST of
NIPAM, the two polymer segments of the gel both showed a swollen
state. Abundant water was stored in the gel network, which resulted in
a stable water film between the gel friction pair, acting as a lubrication
layer with an ultra-low and stable COF (0.05, black line in Figure 1c).
When the pH of the surroundings became acidic (pH= 2), the
pNaMA segment of the gel collapsed. Some of the trapped water
was expelled, resulting in a reduced water film between the gel surfaces
with a COF rising to a moderate level near 0.16 (red line in Figure 1c).
When the temperature was then increased to 32 °C in acidic
surroundings, the COF abruptly increased to 1.0 and became unstable
(green line in Figure 1c). This was attributed to both the collapsed
polymer segments in the gel under this condition. Because most of the
water was squeezed out, the water film between the friction pair was
damaged, and the surfaces of the friction pair thoroughly contacted
with almost no lubricants, leading to a sharp increase in the COF and
the resulting unstable curves. Notably, the pH and temperature
responses of the pNIPAM–NaMA gels are fully reversible. Figure 1d
shows the reversible friction changes in the pNIPAM11–MAA3 gel.
When the pNIPAM11–MAA3 gel frictional pairs were examined in the
friction test at pH= 7 and pH= 2, rt; and pH= 2, at 32 °C successively,
its COF was increased from an ultra-low value (~0.05) to a moderate
(~0.16) and finally to a very high level (41.0). This change in COF
has been described for a dual-responsive hydrogel (Figure 1d).
After changing the concentration of NaMA in the gel system, the

resultant hydrogels showed different COF response behaviors to
the surrounding pH and temperature. Two other typical gels,
pNIPAM5–NaMA1 and pNIPAM5–NaMA2, with lower and higher
NaMA fractions than pNIPAM11–MAA3 gel were also investigated,
respectively (Figures 2a and b). For the low NaMA content gel
(pNIPAM5–NaMA1), the COF increased from 0.04 to 0.07 when
altering the pH from 7 to 2, and then to 0.12 when increasing the
testing temperature to 32 °C (Figure 2a). However, for the high NaMA
content gel (pNIPAM5–NaMA2), its COF increased from 0.05 to 0.2
and then to 1.2 when changing the pH and temperature in the same
sequence, respectively (Figure 2b). It was also found that the hybrid
hydrogels with different NaMA fractions had different responses to
temperature in neutral and acidic surroundings. The COF of other
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Figure 1 (a) Digital image of a catfish and the corresponding COF values of the catfish skin under different conditions; (b) Schematic illustration of the
continuous regulation of the COF of the pH–thermal-sensitive composite hydrogels owing to the reversible swelling and collapse cycles induced by the two
stimuli, pH and temperature; (c) The COF curves of the pNIPAM11–NaMA3 gel at pH=7 and 2, rt, and pH=2 at 32 °C; and (d) The switchable COF of the
pNIPAM11–NaMA3 gel with the stimuli of pH and temperature. COF, coefficient of friction; NaMA, sodium methacrylate; pNIPAM, poly N-isopropyl-
acrylamide; rt, room temperature.

Figure 2 The COF curves of (a) the pNIPAM5–NaMA1 gel; (b) the pNIPAM5–NaMA2 gel at pH=7, rt; pH=2, rt; and pH=2 at 32 °C; and (c) The ΔCOF of
the pNIPAM–NaMA gels in neutral and acidic surroundings. COF, coefficient of friction; NaMA, sodium methacrylate; pNIPAM, poly N-isopropyl-acrylamide;
rt, room temperature.
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hydrogels with different NaMA mass fractions at room and elevated
temperatures in neutral and acidic surroundings are shown in
Supplementary Figure S1. The difference between the COF at rt and
that at an elevated temperature (ΔCOF) exhibits a nearly opposite
trend in neutral and acidic surroundings (Figure 2c). In neutral
surroundings, the ΔCOF changed from 0.4 to near zero when the
mass fraction of NaMA was increased from 9.1–16.7% or higher.
Although in acidic surroundings, it increased from zero to near 1.0
with an increasing mass fraction of NaMA, the turning point was at a
NaMA fraction of 16.7%. Moreover, regardless of the pH of the
surroundings, there were no abrupt changes in the ΔCOF for NaMA
fractions between 12.0 and 16.5 wt% (Figure 2c). The result can guide
to prepare the desired responsive hydrogels, namely, if one wants to
prepare the hydrogels with dual responsiveness; the NaMA fraction of
the hydrogels must not be in the critical fraction range (that is,
12.0–16.5%) and vice versa.
Our previous report found similar phenomena:24 a slight amount of

non-thermal monomer introduced into thermal pNIPAM gels caused
large variations in the COF of hydrogels above the LCST. To
better understand, three hydrogels with NaMA mass fractions,
pNIPAM10–NaMA0.5, pNIPAM10–NaMA1 and pNIPAM10–NaMA2,
were subjected to further friction investigation in acidic and neutral
solutions at rt, 34 and 80 °C (Figures 3a and b), respectively. In acidic
surroundings, the COFs of all three samples increased drastically when
the temperature was increased from 31 to 34 °C, whereas this had
almost no effect in neutral surroundings. For example, the COF of the
pNIPAM10–NaMA1 gel increased from 0.05 to 0.40 between 31 and
34 °C in a pH= 2 solution, yet almost no changes were observed in
this temperature range in a pH= 7 solution. Accordingly, in neutral
surroundings, the COF of this gel was observed to change from 0.05 to
0.42 between 44 and 54 °C. We attributed the difference to the
different hydration ability of pNaMA in acidic and neutral solutions.
As shown in Figure 1b, the pNaMA was in collapse in acid, leading to
limited hydration. Therefore, when the pNIPAM chains shrank at an
elevated temperature, its negative effects dominated, resulting in a
drastic increase in COF. However, in neutral surroundings, pNaMA
had excellent hydration, which counteracted the negative effects
caused by the shrinking of pNIPAM when the temperature increased
and led to a delayed but commensurate increase of the COF. As shown
in Figure 3b, the sharp increase in COF occurred at 34 and 45 °C for
pNIPAM10–AM0.5 and pNIPAM10–AM1, respectively, and occurred
over 6 and 10 °C from 0.05 to 0.42, respectively. When the NaMA was
increased to 16.7% or more in the pNIPAM10–NaMA2 gel, the COF
became independent of the temperature of the neutral solution. Even
if the temperature was increased to 80 °C, the COF of this gel

remained at a low and constant value near 0.04. This indicates that the
excellent hydration of NaMA, when its fraction is 16.7 wt% or more, is
completely dominant at all tested temperatures in a neutral solution.
These results verify that responsive hydrogels with controllable
responses to pH and temperature can be readily realized by simply
changing the pH-sensitive monomer fraction in the pH–thermal
hydrogel system.
Theoretically, many dual- and even multi-responsive hydrogels can

be prepared using this concept. The other proof-of-concept sample
incorporated DMAEMA into the pNIPAM gel system. In contrast to
the pNaMA in the pNIPAM–NaMA gels, pDMAEMA chains swell in
acidic surroundings because of the quaternization of the tertiary amine
group, and they shrink in alkaline solutions. The structure of the
pNIPAM–DMAEMA hybrid hydrogel, its pH–thermal-response beha-
viors and its friction responses, are shown in Supplementary Figure S2.
Similar to the pNIPAM–NaMA gels, the pNIPAM–DMAEMA gels
also switched from an ultra-low to ultra-high value by means of
changing the pH of the solution and the testing temperature. Figure 4a
shows the COF curves of the pNIPAM28–DMAEMA1 gel when the
surrounding pH and temperature were changed. In an acidic solution,
the pDMAEMA chains swelled and absorbed water molecules, leading
to a low stable COF near 0.05 (black line in Figure 4a) at rt. When the
surroundings were changed to an alkaline solution, the COF curve
rose to near 0.25 (red line in Figure 4a). And finally, when the testing
temperature was increased to only 30 °C, which is still below the LCST
of NIAPM, the COF of pNIAPM28–DMAEMA1 gel unexpectedly
reached 0.67 (green line in Figure 4a). For this situation, the salt effect
on the thermal-sensitive gel should be recalled because the phosphate
buffer solution was used in this experiment.28,29 In salt solutions, the
pNIPAM has a lower cloud point temperature,30,31 which means that
the LCST of the pNIPAM dropped. When the salt concentration
reaches a certain level, the LCST can drop below rt or even below
5 °C.28 Therefore, in an alkaline solution even at 30 °C, parts of
collapsed pNIPAM chains still led to a high COF. Similar to the
pNIPAM–NaMA gel system, the DMAEMA content had effects on the
response behavior of the resultant pNIPAM–DMAEMA gels. Investi-
gation of the other two pNIAPM–DMAEMA gels with higher
DMAEMA fractions than the pNIAPM28–DMAEMA1 gel verified that
the increase of the DMAEMA fraction can weaken the salt effect of the
pNIPAM gel (Figures 4b and c). Similarly, a reversible switchable COF
of pNIAPM-DMAEMA gels also can be obtained by changing the
solution pH and temperature. For example, the COF of the
pNIAPM28–DMAEMA1 gel was able to be switched from 0.05 to
0.25 and then to 0.7 many times without any damage to the gel
(Figure 4d). Friction tests of several pNIPAM–DMEMA gels clearly

Figure 3 The COF of three hydrogels as a function of the testing temperature in (a) pH=2 and (b) pH=7 surroundings.
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showed that the response of the gels to temperature in acidic and
alkaline solutions were highly dependent on the DMAEMA fraction in
the system (Supplementary Figure S3). Because the pDAMEMA chains
were swollen in acidic solutions, even 2.0 wt% of DAMEMA in
the hybrid hydrogel had a significant influence on the COF by
postponing the transformation temperature and slowing down the
transformation process (Supplementary Figure S3a); however, the
pNIPAM10–DMEMA1 gel with 9.1 wt% DMAEMA kept a constant
COF near 0.03 even at 80 °C. Conversely, in alkaline surroundings, the
transformation temperature of the COF increased with the DMAEMA
fraction in the hybrid hydrogel (Supplementary Figure S3b).

CONCLUSION

In conclusion, a general feasible approach for achieving hybrid
hydrogels with dual- and even multi-responsive characteristics in
response to stimuli has been developed. Two series of pH–thermal-
sensitive hydrogels were demonstrated by incorporating NaMA or
DMAEMA into a thermally responsive pNIPAM gel. These hybrid
hydrogels had an ultra-low COF (that is, near 0.05). Although the
lowest COF found was an order of magnitude higher than the slippery
mucus on natural fish skin. The stepwise switching of the COF
between 0.05 and 1.2 by sequentially regulating the pH and
temperature of the solution makes this improvement on nature’s
design possible. Importantly, this kind of multi-step regulation of the
COF was reversible many times without damaging the gels. Moreover,
it was also found that the transformation temperature of the COF of
hybrid hydrogels can be regulated by altering the mass fraction of the
pH-sensitive monomer. Using this design philosophy, various dual- or
multi-responsive hydrogels with reversible COF tunability can be
prepared, in principal, and are promising materials for a broad range
of applications. The ability to change the COF of these hydrogels

based on external stimuli make them particularly useful in applications
that cannot provide an external power source. Furthermore,
different stimuli can produce widely varying COFs to meet practical
requirements, such as controlling velocity or selection of a body.24

These gels with multiple or even continuously regulated and
reversible COFs will have a significant impact on the design of special
coatings and surfaces for devices in micro-mechanics, actuators and
sensors in the near future.
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