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Abstract  

The tunable friction behavior of Chitosan (CS)-Ag hydrogel enabled by altering silver ions is evaluated. Friction control could 
be achieved under boundary lubrication. When adding Ag+ into a CS solution, the formed gel provided lower friction. The 
difference in friction coefficient between the two phases can be reversibly switched by adding Cl- or excessive Ag+ ions. It also 
can be found that the gel-phased lubricant has a better anti-wear ability under boundary lubrication conditions. Both solution 
and gel typed lubricants could achieve superlubricity under elastohydrodynamic lubrication. The switchable and tunable 
frictional hydrogels can extend the application in the design of smart control equipment. 
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1. Introduction 

Friction control is an important challenge in tribological 

engineering and the demand for smart friction control is 

strongly increasing in different applications, e.g. self-cleaning 

surfaces, fluid flow in micro-fluidic technology, tunable 

optical lenses and devices, the on-off reaction in lab-on-chip 

systems, and controlled drug release.[1-3] In general, lubricants 

are designed for the best performance in steady conditions. For 

example, to achieve better fuel economy, the lubricant used in 

engines and transmissions is designed to minimize friction. 

While for instance in wet clutches, the optimum is not to 

minimize or maximize friction, but to control the friction 

behavior. Additionally, operating conditions can also be 

affected by the environment, e.g. temperature and humidity. 

Thus, the initially designed lubricant is not necessarily optimal 

for all the conditions and, therefore, lubricants with 

controllable friction become more attractive. Nowadays, 

driven by the broad application prospects, many controllable 

friction lubricants have been designed where friction can be 

controlled by external stimuli, e.g. pH,[4-6] solvent,[7-9] light,[10-

12] temperature,[13-15] electric potential,[16-18] magnetic field,[19-21] 

gas atmosphere,[22-24] humidity,[25], etc. 

Hydrogel is a hydrophilic polymer with a three-

dimensional network structure that can absorb and retain a 

large amount of water.[26] The hydrophilicity of hydrogel is 

attributed to the molecular structure containing hydrophilic 

groups such as -OH, -NH2, -CONH-, -CONH2, -SO3H and – 

COOH and crosslinking could be formed by covalent bonds, 

hydrogen bonding, van der Waals interaction, or physical 

entanglements.[27] Due to their specific structures and 

compatibility, hydrogels are used in many fields, e.g., drug 

delivery,[27] scaffolds in tissue engineering,[28] dyes and heavy 

metal ions removal,[29] biosensors,[30] and so on. By tailoring 

the molecular structure, a hydrogel can be created that 

intelligently interacts with the environment, called 

environmentally responsive hydrogel. The external stimuli 

used to study environmentally responsive hydrogels include 

pH, light, temperature, chemicals, electric fields, etc.[26,27]  

Because they resemble biological tribo systems, e.g., oral 

cavities, the corneal epithelium, and the articular cartilage, 

many research investigations have been conducted on 

hydrogels to study their lubrication mechanisms and find 

potential applications in cartilage replacement.[31-33] As 

aforementioned, the properties of environmentally responsive 

hydrogels can be altered by external stimuli, thus, we could 

imagine that hydrogels also have the potential to be used for 

friction control by external stimuli.   

The long response time is one of the most important 

weaknesses of all these external stimuli-sensitive hydrogels,[27] 

which will limit the application of friction control. Sun et.al.[34] 

reported a new type of multi-stimuli‐responsive hydrogels 

cross‐linked by metal ions and biopolymers (chitosan). These 

hydrogels were easy to prepare and the gelation time was very 

short. The rapid gel-network formation is due to the facile 

association of metal ions with amino and hydroxy groups in 

chitosan (CS) chains. These hydrogels were also shown to be 

responsive to a variety of external stimuli, including pH value,  

chemical redox reactions, cations, anions, and neutral species.  
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Lubrication may be divided into three regimes: (1) boundary 

lubrication (BL), (2) mixed lubrication (ML), and (3) full film 

lubrication (hydrodynamic lubrication (HL) or 

elastohydrodynamic lubrication (EHL)).[35] In boundary 

lubrication, the majority of the load is carried by solid-solid 

contacts, with the consequent risk of high friction and wear. In 

mixed lubrication, the solid asperities of the surfaces are still 

in contact but hydrodynamic fluid pressure also becomes 

significant. In full film lubrication, the hydrodynamic fluid 

pressure is high enough to fully separate the surfaces from 

contact by a continuous fluid film. Our previous studies have 

found new strategies of friction control in BL[25] and EHL,[23] 

respectively. In this article, a Chitosan-Ag (CS-Ag) hydrogel, 

which can achieve sharp phase transitions by adding Ag+ and 

Cl-, was chosen as a lubricant. The idea was to investigate if it 

is possible to adjust friction by switching the lubricant phase. 

Friction control was investigated under both boundary 

lubrication (BL) and elastohydrodynamic lubrication (EHL). 

It was found that the friction could be reduced under BL by 

adding Ag+ to form a gel-type lubricant. In addition, it was 

found that both gel- and solution-type lubricants could achieve 

superlubricity under EHL. 

 

2. Material and methods 

2.1 Materials and preparation of hydrogel 

Chitosan could form hydrogel with various metal ions.[34] 

Considering that the hydrogel cross-linked by Ag+ and 

chitosan has the lowest critical gelation concentration and 

shortest gelation time, the CS–Ag hydrogel was chosen as the 

model in this work. The chitosan (Deacetylation: 75%~80%, 

Viscosity: 20~300 cps, 15~22 kDa), acetic acid, potassium 

hydroxide, silver nitrate (2.5 % (w/w) in H2O) and sodium 

chloride were delivered by Sigma-Aldrich.  

The 290 μL CS-Ag hydrogel was prepared by adding 40 

μL 0.2 M KOH to 200 μL 0.5 wt % CS solution (in 1 % acetic 

acid), followed by adding 50 μL freshly prepared 0.15M 

AgNO3 solution with vigorous shaking for 2 seconds). After 

an equal amount of NaCl was added to the CS-Ag hydrogel, it 

gradually collapsed and transformed into a milky solution. The 

gel state could be restored by adding excessive Ag+ ions (see 

Fig. 1). 

 

2.2 Rheology 

CVO 100 Bohlin Rheometer equipped with a bob/cup 

geometry was used to measure the viscosities of the lubricants 

at 25 °C. The samples were measured with the shear rate 

increased from 0 to 100 s-1 logarithmically. 

CVO 100 Bohlin rheometer was also used to measure the 

elastic modulus (G’) and viscous modulus (G”) of the 

hydrogels by the amplitude sweep test with controlled stress 

mode. A constant frequency of 1 Hz was applied and the 

relaxation time was 10 s. 

 

2.3 Tribological tests 

A rotational ball-on-disc tribometer (UMT-2, CETR) was used  

to perform the frictional tests. The upper balls were purchased 

from Spekuma, Sweden, and made of silicon nitride. The 

diameter of the ball is 6 mm and the surface roughness (Ra) is 

10 nm. The lower discs (Ø 24 mm × 7.9 mm, and Ra 200 nm) 

were also made of silicon nitride, purchased from Optimal 

Instruments Prüftechnik GmbH, Germany. Before the 

frictional tests, the upper balls and lower discs should be 

ultrasonically cleaned in ethanol and acetone for 15 min, 

respectively. After that, 200 μL of lubricant was added to the 

lower disc. The applied load was 100 g, which offers a 

maximum nominal Hertzian contact pressure of 840 MPa. The 

rotation speeds of the lower disc were 28.3 and 141 rpm, and 

the diameter of the frictional track was 13.5 mm, which means 

the linear sliding speeds were 0.02 m/s and 0.1 m/s, 

respectively. After the frictional tests, the 3D topography of 

the upper ball surfaces and lower disc surfaces was measured 

with an optical interferometric profilometer (Zygo 7300), 

using 50× and 2.75× optical magnification, respectively. 

 
Fig. 1 Photographs of the reversible sol-gel and gel-sol transitions 

triggered by AgNO3 and NaCl solution.  

 

3. Results and discussion 

3.1 Gel–Sol transition 

As presented in Fig. 1, the reversible gel–sol transition could 

be tuned simply by adding Ag+ and Cl-. Sun et.al.[34] reported 

that the facile association of Ag+ ions with amino and hydroxy 

groups in CS chains promoted rapid gel‐network formation. It 

was found that with the gradual introduction of the Ag+ 

solution, the CS solution transformed into a hydrogel (step 1). 

The transition is owing to the coordination of the Ag+ ions, 

having empty orbitals, to the CS chains, which have plenty of 

free hydroxy and amino groups with abundant lone-pair 

electrons. The fast complexation of Ag+ ions with -NH2 and -

OH groups in the CS chains promoted rapid gel-network 

formation.  
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On the other hand, Ag+ ions have a remarkable binding 

affinity for a wide range of anions and molecules and can be 

easily reduced by reducing agents. Thus, the reversible gel–

sol transition could be obtained simply by adding Cl- (step 2). 

It can be observed that after a quantity of Cl-, equal to the 

amount of Ag+ was added to the CS–Ag hydrogel, it gradually 

collapsed and formed a milky solution. Sun et.al.[34] revealed 

that the milky solution was composed of nanoparticles, which 

is ascribed to the formation of AgCl. Interestingly, the gel 

could be restored by adding an excess of Ag+ ions (step 3).  

 

3.2 Rheology 

Fig. 2 shows how the viscosity changes as a function of phase 

transition. An increase of approximately two orders of 

magnitude in viscosity can be observed after the CS solution 

is transformed into a hydrogel. After adding Cl-, the viscosity 

of the formed milky solution is reduced to a level very close 

to that of the initial CS solution. Excessive Ag+ ions were 

added for cross‐linking the CS chains which remained in the 

mixture, leading to the recovery of the gel. The viscosity of 

the new gel is a little bit lower than that of the previous gel, 

and it could be explained by the changed water content. It can 

be found that after steps 2 and 3, the quantity of CS is kept the 

same, while the quantity of water increases a lot since water is 

the major content of both the NaCl solution (step 2) and the 

AgNO3 solution (step 3). 

Fig. 3 shows the linear viscoelastic regime of CS-Ag gel 

and restored gel. The viscoelastic behavior of the gels is 

evident from the oscillatory shear measurement. The variation 

of elastic and viscous modulus of both CS-Ag gel and restored 

gel is linear until the strain value reaches 1. The viscous 

modulus is lower than the elastic modulus within the linear 

viscoelastic regime. As the strain value of 1 is exceeded, the 

gel network breaks, and viscous behavior starts to prevail over 

the elastic behavior.[36] The elastic and viscous modulus of CS-

Ag gel is higher than those of restored gel due to less water 

content. From these results, we can deduce that both CS-Ag 

gel and restored gel are solid-like viscoelastic materials.[37] 

 

3.3 Friction control 

As aforementioned, hydrogel has been used as a cartilage 

replacement material, where the pressure between the bone 

surfaces reaches 3–18 MPa and the sliding velocity is never 

greater than a few cm s-1.[38] Under such conditions, 

hydrodynamic lubrication may be achieved when lubricated 

by the hydrogel.[38,39] On the contrary, the lubricating liquid 

layer cannot be sustained between two solid surfaces and 

hydrodynamic lubrication does not work under such 

conditions. Based on these results, we can imagine that friction 

could be altered easily by switching hydrogel to the solution 

under such conditions. In this work, we increase the pressure 

to 840 MPa to investigate the tribological performance under 

higher load, to extend its application. Considering that the 

lubrication regime lubricated by liquid could be modified by 

changing sliding velocity, we chose two different velocities to 

explore the friction control behaviors under both BL and EHL. 

  
Fig. 2 Viscosity against shear rate. 

 

3.3.1 Boundary lubrication 

Fig. 4 shows the friction evolution for both solution and gel-

type lubricants under 0.02 m/s. The friction of chitosan 

 
Fig. 3 Elastic modulus (G’) and viscous modulus (G”) of (a) Chitosan+Ag+-gel; (b) Chitosan+Ag++Cl-+Ag+-gel (restored gel).
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Fig. 4 Friction- friction control via metal iron at low-velocity 

conditions. 

 

solution reached the highest values; adding Ag+ ions, the 

liquid transformed to gel, and led to lower friction. The 

addition of Cl- turned gel to the milky solution, and its friction 

evolution switched to higher again. Finally, the lower friction 

mode could be repeated by forming gel again through the 

addition of excessive Ag+ ions. Overall, it can be observed that 

the transformed gel could always reduce friction. 

The higher friction observed when the solution-type 

lubricants are used may be explained as the lubricating liquid 

layer cannot be sustained between two solid surfaces under 

such low velocity. As shown in Fig. 2, the viscosities of 

solution-type lubricants in this work are low and the lubricant 

cannot keep the counter pairs separated at low speed and high 

load conditions.  

It was reported that the friction coefficient of a hydrogel 

could achieve extremely low values, due to full-film 

lubrication, or hydrodynamic lubrication, where the sliding 

surfaces are completely separated by the pressurized 

lubricating film.[38,39] In this work, the friction coefficient for 

the gels at 0.02 m/s is about 0.2, which is one order of 

magnitude larger than that in full-film or hydrodynamic 

lubrication. This is mainly due to the low molecular weight of 

chitosan, which leads to weak mechanical strength. 

Consequently, higher loads lead to gel typed lubricant film 

collapse and thus boundary lubrication. However, in contrast 

to the friction of the CS solutions, the friction of the formed 

gels is still much lower. It can be explained by that gel behaves 

more like a highly viscous fluid, thus giving rise to better 

lubrication than the solution. Accordingly, the strategy of 

friction control by adding metal ions is still working. 

As presented in Figs. 5(a) & 5(c), when lubricated by 

solution-type lubricants, the width of the wear scars on the 

upper ball is larger than those lubricated by gel typed 

lubricants (shown in Figs. 5(b) & 5(d)), which indicates that 

the formed hydrogel exhibits better anti-wear performance. 

This is also confirmed by the wear track on the disc surface. 

The wear tracks on discs lubricated with solutions (Figs. 5(a’) 

& 5(c’)) are more obvious. On the contrary, only a slight wear 

track could be observed when the lubricants are switched to 

the gel phase. 

 

3.3.2 Elastohydrodynamic lubrication 

The friction control of hydrogel by the metal ion is also 

investigated with a higher sliding velocity under 

elastohydrodynamic lubrication. As shown in Fig. 6, when the 

sliding velocity is 0.1 m/s, the modulation of friction could not 

be observed. Interestingly, all of them could achieve 

superlubricity-like friction coefficients. As shown in Figs. 7(b) 

& 7(b’), gel-type lubricants do not have the good anti-wear 

ability in high-velocity conditions. The loss of good anti-wear 

ability is due to the mechanical degradation of the gel. It was 

reported that the low modulus gels can be easily deformed.[40] 

After half hour of sliding process, we can observe that the gel 

matrix had been broken down by the rotating motion. It also 

can be confirmed by the aforementioned rheology studies.  

 
Fig. 5 3D images of worn surfaces on upper ball lubricated by: (a) CS solution, (b) CS+Ag+-gel, (c) CS+Ag++Cl--solution, (d) 

CS+Ag++Cl-+Ag+-gel; on lower discs lubricated by (a’) CS solution, (b’) CS+Ag+-gel, (c’) CS+Ag++Cl--solution, (d’) CS+Ag++Cl-

+Ag+-gel at low velocity condition. 
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Fig. 6 Friction- friction control via metal iron at high-velocity 

conditions. 

 

The colloidal network of gels breaks when a large strain is 

applied, hence viscosity and elastic modulus drop. 

On the other hand, many other liquid lubricants have been 

found to possess a similar superlubricity property, e.g., 

water,[41,42] oils,[43] acid-based aqueous solution.[44,45] In this 

work, silicon nitride balls and discs have been opted as counter 

pairs. It was reported that superlubricity could be observed 

while using water as a lubricant between silicon nitride pins 

and silicon nitride discs.[41] The ultra-low friction was 

attributed to a reduction of contact pressure and the formation 

of a smooth surface. And the smooth surface is helpful to move 

the lubrication to the elastohydrodynamic lubrication (EHL) 

regime, in which lubricating film can provide ultra-low 

friction. As present in Fig. 7, obvious wear scars could be 

found in the upper ball and smooth surfaces were formed for 

all lubricants. 

Another reason is the formation of a colloidal silica tribo 

film, which can form an electrical double layer, yielding ultra-

low friction in mixed lubrication under low contact pressure. 

The chemical reaction during the sliding process is indicated 

by formulas (1) & (2).[41] 

Si3N4 + 6H2O → 3SiO2 + 4NH3                          (1) 

SiO2 + 2H2O → Si(OH)4                                (2) 

Compared with pure water used as a lubricant, the running-

in period lubricated by chitosan solution in this work is much 

shorter. It may be explained by the added acetic acid in the CS 

solution, which can accelerate the formation of SiO2.[46] It 

should also be noticed that H+ is one critical factor for the 

superlubricity of the acid-based aqueous solution.[47,48] After 

the running-in period, the H+ ions help to form the stern layer 

on the surfaces through the protonation reaction. On the other 

hand, it also needs hydrogen bonds, e.g., the hydrogen-bond 

network will absorb onto the surface of the stern layer and 

form a hydrated water layer.[49] Li et.al. also pointed out that 

there should be at least two hydroxyl groups in the structure 

for achieving superlubricity.[49] Herein, chitosan has both 

primary and secondary hydroxyl groups at the C-2, C-3, and 

C-6 positions, respectively, which satisfies the requirement of 

the formed hydrogen bond. The hydrogen-bond network helps 

sustain load too. As shown in Fig. 7, the width of the wear scar 

on the upper ball is approximately 0.4 mm and the contact 

pressure decrease to about 8 MPa. While silicon nitride slid in 

pure water, to achieve superlubricity, the contact pressure had 

to reduce further.[41] 

 

4. Conclusions 

The tribological properties of a CS-Ag hydrogel were 
investigated by rubbing two silicon nitride surfaces in a UMT-
2 tribometer with a ball-on-disk configuration. The lubricant 
phase could be switched by adding Ag+, Cl-, and excessive Ag+ 
ions. It was found that the friction coefficient of gel typed 
lubricant is lower than that of solution typed lubricant under 
boundary lubrication. Increasing to higher sliding velocity, all 

the specimens could achieve superlubricity under EHL. This 

reversible friction switched by metal ions may extend friction 

control methods. 

 

 
Fig. 7 3D images of worn surfaces on upper ball lubricated by: (a) CS solution, (b) CS+Ag+-gel, (c) CS+Ag++Cl--solution, (d) 

CS+Ag++Cl-+Ag+-gel; on lower discs lubricated by (a’) CS solution, (b’) CS+Ag+-gel, (c’) CS+Ag++Cl--solution, (d’) CS+Ag++Cl-

+Ag+-gel under high velocity. 
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