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Abstract: Polyacrylamide (PAAm) hydrogels with brush-covered or crosslinked surfaces were produced 
and their tribological behavior was studied over a wide range of sliding speeds for two different contact 
geometries: sphere-on-flat and flat-pin-on-flat. Irrespective of the contact geometry, the brushy hydrogel 
surfaces displayed up to an order of magnitude lower coefficients of friction µ (COF) compared to the 
crosslinked surfaces, even achieving superlubricity (µ < 0.01). In general, a hydrogel sphere showed a 
lower coefficient of friction than a flat hydrogel pin at a similar contact pressure over the entire range of 
sliding speeds. However, after normalizing the friction force by the contact area, the shear stress of 
hydrogels with either crosslinked or brushy surfaces was found to be similar for both contact geometries 
at low speeds, indicating that hydrogel friction is unaffected by the contact geometry at these speeds. At 
high sliding speeds, the shear stress was found to be lower for a sphere-on-flat configuration compared to 
a flat-pin-on-flat configuration. This can be attributed to the larger equivalent hydrodynamic thickness 
due to the convergent inlet zone ahead of the sphere-on-flat contact, which presumably enhances the 
water supply in the contact, promotes rehydration, and thus reduces the friction at high sliding speeds 
compared to that measured for the flat-pin-on-flat contact. 
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1  Introduction 

Hydrogels are soft materials consisting of a three- 
dimensional, cross-linked polymer network containing 
a large amount of water. The high water content 
(> 90 wt%) in combination with good lubricating 
properties of hydrogels makes them good materials 
to construct polymeric analogues of articular cartilage 
[1–3] or other tissues subjected to rubbing, including 
the trachea [4], skin [5, 6], and blood vessels [7]. In 
order to develop hydrogels that would closely 
mimic natural lubrication systems and be used for 
medical applications, it is of great importance to 
understand their lubrication mechanisms. Numerous 

studies have been conducted to investigate the 
tribological properties of hydrogels. However, the 
dissipation mechanisms of hydrogel friction are not 
yet completely understood, which impedes the 
achievement of any improvement in their lubrication 
performance. Currently, hydrogel friction is found 
to largely depend on the normal load, the relative 
sliding speed, and the surface structure of hydrogels. 

Gong and coworkers have conducted a series of 
studies on the tribological properties of hydrogels 
[8–15]. Through comparative frictional tests of various 
hydrogels, they found that hydrogel friction does 
not always follow Amonton’s law [10, 11], according 
to which the frictional force is proportional to the 
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normal load. As the normal load increased, the 
friction force of polyvinyl alcohol (PVA) hydrogels, for 
example, significantly increased, while that of Gellan 
hydrogels (a polysaccharide produced by the bacterium 
Sphingomonas elodea) was nearly independent of the 
normal load. The relationship between the hydrogel 
friction force and the normal load was found to 
follow a power law, fF W , where fF  is the 
friction force, W  is the applied normal load and   
is the scaling exponent with a value between 0 and 1 
[1, 16]. The group of Sawyer has shown for 
polyacrylamide (PAAm) hydrogels that shear stress 
remains constant during sliding at different normal 
stresses, and that friction changes only upon 
load-induced changes in contact area [17]. 

The relative speed between sliding surfaces has 
been demonstrated to have a significant influence 
on hydrogel friction. Gong and coworkers observed 
that hydrogel friction had different speed-dependent 
trends at low and at high speeds, and proposed the 
adsorption-repulsion model [10–14], which depends 
on the type of interactions between the hydrogels 
and the sliding counterpart. In the model, the viscous 
force of the shearing layer always plays a dominant 
role in hydrogel friction when the interface interaction 
is repulsive during the sliding process. When the 
interface interaction is attractive, the hydrogel 
friction is attributed to two factors, which are the 
elastic deformation of adsorbed polymer chains and 
the viscous force of the shearing layer. In this case, 
the elastic deformation of polymer chains dominates 
friction at low speeds, while viscous force plays a 
leading role at high sliding speeds. The group of 
Sawyer investigated the effect of sliding speed 
using self-mated (“gemini”) hydrogels and determined 
a transition speed in friction [18, 19]. They 
observed that at low sliding speeds hydrogels 
displayed a low, speed-independent coefficient of 
friction (COF), while at high speeds the COF 
increased with increasing sliding speed. The 
relationship obeyed a power law,   0.5v , where 
  is the COF and v  is the relative sliding speed. 
The transition speed of the friction behavior was 
considered to be closely related to the mesh size 
and relaxation time of the polymer network [20, 21]. 

Hydrogel friction has also been shown to be 
highly dependent on the surface structure of the 

gels [10, 14, 15, 22–24]. It was found that a friction 
increase with increasing sliding speed is commonly 
observed with hydrogels with a crosslinked surface. 
A mechanism based on the hydrodynamic shearing 
of a nanoscopic lubricating film between the sliding 
surfaces was proposed to explain their tribological 
behavior [22]. However, hydrogels with a brushy 
surface were shown to have much lower friction 
over the same range of sliding speeds. Due to the 
sparse, brushy surface structure, which traps large 
amounts of water at the interface, the chances for 
direct polymer chain contact are lower and the 
hydrodynamic shearing thickness is presumably 
larger, reducing the friction. In these brushy, 
water-rich hydrogel surfaces, however, the friction 
was demonstrated to depend on water exudation 
and rehydration in the near-surface region [23]. 
When a brushy surface is exposed to sufficient 
constant normal load, it exudes water, increasing 
the polymer concentration near its surface, and 
causing it to behave similarly to a hydrogel with a 
crosslinked surface. Therefore, in typical friction 
experiments, in which a smaller top hydrogel 
counterpart is constantly in contact, its surface 
structure does not play a significant role in friction 
[23]. The friction seems to be predominantly 
determined by the surface structure of the larger 
hydrogel counterpart, where the migrating contact 
area allows for the surfaces to rehydrate during 
the out-of-contact period. 

Contact geometry has been found to be a significant 
factor in friction [25, 26]. Although numerous studies 
have been conducted to gain an understanding of 
hydrogel friction employing different materials, 
normal loads, and sliding speeds, very little is known 
about the effects of the contact geometry, which could 
play an important role during the sliding process. 
Most of the available literature has presented results 
of either flat-on-flat or sphere-on-flat contact. Although 
the non-conformal, sphere-on-flat contact is very 
commonly used in tribological studies of engineering 
materials, it can rarely be found in nature, where 
compliant contact pairs have relatively large contact 
areas, in order to facilitate low contact pressures. 
At the same time, the results obtained with such 
different contact geometries are difficult to compare, 
if the effects of different contact boundaries (trailing 
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edge of a flat-pin-on-flat compared to a convergent 
inlet of a sphere-on-flat) are unknown. We have 
already shown that the continuous contact of a 
ring-on-flat displays similar friction as a flat-pin-on-flat 
hydrogel contact at sliding speeds between 0.1–20 
mm/s [23]. However, sphere-on-flat contact might 
facilitate water supply to the contact due to the 
convergent contact inlet when compared to a flat-on-flat 
contact geometry [27]. It can also be inferred that 
this effect would be more pronounced at higher sliding 
speeds, which would allow a thicker lubricating film 
and thus reduce the hydrodynamic friction. 

Different contact geometries also differently affect 
the increase in contact pressure when the normal 
load is increased. For example, for a flat-pin-on- 
flat configuration, the contact area is independent of 
the load, making the contact pressure directly 
proportional to the load. On the other hand, for a 
sphere-on-flat geometry, the contact area and the 
contact pressure change in accordance with the 
Hertzian contact theory [17]. These differences have 
typically not been discussed in the available hydrogel- 
tribology literature. However, they might have a 
significant influence on hydrogel friction. 

This paper thus aims to resolve the effects of 
contact geometry on the friction of hydrogels for two 
configurations—Flat-pin-on-flat and sphere-on-flat. 
The main hypothesis is that a convergent inlet in a 
sphere-on-flat contact facilitates hydrodynamic friction 
at high speeds and thus helps in reducing friction. 
Furthermore, bearing in mind the known differences 
in frictional behavior between different hydrogel 
surface structures, we have also compared the frictional 
behavior of two distinctly different hydrogel surfaces— 
A brushy and a crosslinked surface. Experiments were 
performed under different contact loads to study the 
effect of contact pressure and contact area on 
frictional behavior. 

2  Materials and methods 

2.1  Materials 

Acrylamide (AAm, Sigma-Aldrich, > 99%) and N, 
N′-methylenebisacrylamide (bis-AAm, Sigma-Aldrich, 
≥ 99.5%) were selected as the monomer and crosslinker, 
respectively. Lithium phenyl-2,4,6-trimethylben-

zoylphosphinate (LAP), which was synthesized via 
the Michaelis–Arbuzov reaction and subsequent 
solvolysis in our laboratory as described in Refs. 
[28–30], was used as the ultraviolet (UV) light initiator. 

2.2  PAAm hydrogel preparation 

For synthesizing PAAm hydrogels, 9.6 wt% of 
AAm, 0.4 wt% of bis-AAm, and 0.01 wt% of LAP 
were first dissolved in Milli-Q water during 
ultrasonic stirring. To produce hydrogel surfaces 
with different structures, the solutions were gelled 
in different mold materials. Glass petri dishes 
were selected to prepare hydrogel discs with a 
dense, crosslinked surface, while polystyrene (PS) 
petri dishes were selected to prepare hydrogel 
discs with a sparse, brushy surface [22, 23]. By 
using spacers between two molding surfaces, we 
prepared hydrogel sheets of 2-mm and 5-mm 
thickness, which served to produce flat upper and 
lower tribological specimens, respectively. A round- 
bottomed glass reagent tube with a radius of 
curvature of around 9.5 mm was used to prepare 
hemispherical hydrogels with a dense, crosslinked 
surface that served as the upper specimen for the 
sphere-on-flat tribological tests. All molds were 
cleaned with acetone, ethanol, and Milli-Q water 
before the polymerization reaction. The molds with 
the solution were placed into a UV cross-linker 
(Stratalinker UV Cross-linker 2400, Stratagene Corp., 
La Jolla, CA, USA) and polymerization was carried 
out for 10 min. The intensity of the UV light was 
about 1 mW·cm-2 and the wavelength was 365 nm. 
After the polymerization, the synthesized PAAm 
hydrogels were removed from the molds and 
placed into a large amount of Milli-Q water for at 
least 48 h to remove unreacted monomers and to 
swell fully. Then, small discs of 10-mm diameter 
were punched out of the thin, glass-molded hydrogel 
slab to prepare the flat hydrogel pins. Thus, two 
contact geometries, flat-pin-on-flat, and sphere-on- 
flat were used in the tests, as shown in Fig. 1. Since 
it was shown that the structure of the stationary 
contact does not affect the frictional properties [23], 
the top specimen, being either a flat pin or a sphere, 
always had a crosslinked surface. For the bottom 
specimen, hydrogel discs with a swollen thickness 
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Fig. 1  Schematics of the hydrogel–hydrogel contact geometries 
used in the friction experiments. Two contact geometries, flat- 
pin-on-flat, and sphere-on-flat were used with different sliding 
hydrogel surfaces. 

of about 6 mm, with a diameter around 50 mm, 
and having either a crosslinked (glass-molded) or 
sparse, brushy (PS-molded) surface were used. 

2.3  Indentation tests 

Nanoindentation tests were performed using an 
atomic force microscope (AFM, MFP-3D, Asylum 
Research, Santa Barbara, USA) to identify the 
surface structures of differently molded PAAm 
surfaces. All experiments were performed with the 
samples fully immersed in water. The spring constant 
k of the tipless, gold-coated cantilever (NSC-36, 
Mikromash, Bulgaria) was measured using the 
Sader method [31]. A 14-µm-radius silica microsphere 
(GP0083, Whitehouse Scientic, Waverton, UK) was 
glued to the end of the tipless cantilever with a 
2-component epoxy resin adhesive (UHU GmbH, 
Germany). The effective spring constant at the colloid 
position was calculated as k’ = k (L/L’)3 = 1.28 N/m, 
where L and L’ are the distances from the base of 
the cantilever to the tip of the cantilever and the 
colloid position, respectively [32]. To calibrate the 
optical-lever sensitivity S, which is the ratio of 
cantilever deflection change x and the photodiode 
signal change U, the probe was pressed against a 
silicon wafer in water. The indentation depth was 
calculated as d = Z − x = Z − SU, where Z is the 
measured z-piezo displacement. The force was cal-
culated as F = k’x. The contact point was determined 
as the last data point lying within 2 from the 
zero-force line on the approach curve, where  is 
the root-mean-square value of the noise away 
from the surface (~20 pN). The approach speed 
was 1 µm·s–1. All measurements were performed 

at room temperature (25 ± 2 ℃). Force curves were 
obtained on different locations of each sample, to 
check for reproducibility. Results are presented as 
representative force-indentation curves. The first 1.5 
µm of indentation curves were fitted using the 
Hertzian contact model [33]. For the hydrogel 
molded in PS molds, the fit was extrapolated over 
the entire indentation range, in order to show the 
softness of the outermost layer of the hydrogel, 
which then gradually stiffened with increasing 
indentation depth.  

Macroindentation tests were performed using 
the Universal Mechanical Tester (UMT, Bruker, 
Massachusetts, USA) to measure the elastic moduli 
of the bulk hydrogels with a flat-punch and a 
spherical indenter. For this, an AISI 52100 steel 
cylinder with a diameter of 9.5 mm and an AISI 
52100 steel ball with a radius of 9.5 mm were used. 
The elastic modulus of the bulk was measured for 
the thick, glass-and PS-molded hydrogels to ensure 
that the bulk properties were similar and the 
hydrogels only differed in their surface structure. 
The Hertzian model was used to describe spherical- 
indenter indentations up to a depth of 0.3 mm, 
corresponding to 5% of the hydrogel slab thickness. 
To check the validity of the Hertzian fit, we have also 
applied the Winkler model [34] to the entire indentation 
curve, assuming a slab thickness of 6 mm. Moreover, 
a linear fit was used to describe indentations with a 
cylindrical, flat-punch indenter. Due to the large 
diameter (9.5 mm) of the punch with respect to the 
hydrogel thickness (H ≈ 6 mm), the modulus was 
determined assuming a uniform linear compression 
by using the following equation: 

W = AEx/H (1) 

where W is the normal force, A is the contact area, 
x is the change in thickness upon compression, H is 
the nominal thickness of the hydrogel sample, and E 
is the effective modulus of elasticity of the friction 
pairs. The E is defined as 

2 2
1 2

1 2

1 1
1 /E

E E
   

   
 

 (2) 

where  i denotes the Poisson’s ratio for material i , 
and iE denotes the elasticity modulus of material i . 
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2.4  Tribological evaluations 

A parallel-plate rheometer (ARES-G2, TA Instruments, 
Delaware, USA) was used to perform unidirectional 
sliding experiments under a load of 0.5 N. Either a 
flat hydrogel pin or a hydrogel sphere was glued 
to the top parallel plate of the rheometer using a 
cyanoacrylate-based superglue (Pattex, Henkel AG 
& Co. KGaA, Düsseldorf, Germany), with their 
centers at a radius of 10 mm from the axis of 
rotation. The bottom hydrogel flat was glued to a 
PS petri dish and covered with ultrapure water. 
The dish was then fixed to the lower parallel plate 
of the rheometer using a thin layer of double-sided 
adhesive tape. Due to the thin hydrogel pin, the 
lateral expansion under a load of 0.5 N was assumed 
to be negligible and the contact area was considered 
to be equal to the nominal cross-sectional area of the 
pin. Thus, the corresponding contact pressure between 
the pin and the flat was around 6 kPa. The contact 
area between the hydrogel sphere and the flat were 
calculated according to the Hertzian contact model:  

 
3 32

4
WRD

E
 (3) 

where D  is the diameter of the contact area, W is 
the load, E is the elastic modulus, and R  is the 
radius of the hydrogel sphere. Considering the 
elastic modulus of 95 kPa (as obtained from the 
indentation tests) and a Poisson’s ratio of 0.5, the 
calculated diameter D  was around 8 mm and the 
corresponding average contact pressure was 
around 10 kPa at a load of 0.5 N. The tests with the 

rheometer were performed over a range of angular 
velocities from 0.005 to 0.5 rad·s–1, corresponding to 
sliding speeds from 0.05 to 5 mm·s–1. Above these 
sliding speeds, however, the load control of the system 
was too slow for effective compensation of the small 
sample-thickness variation, resulting in significant 
variation of the load and consequent irreproducibility of 
the results. Therefore, the experiments with the 
rheometer were limited to a maximum velocity of 
5 mm·s–1. 

In order to extend the range of sliding speeds, 
the frictional tests were conducted using the UMT 
in a unidirectional configuration. The radius of 

rotation was set to 10 mm and the rotational speed 
was adjusted to cover a range of linear speeds 
from 0.5 to 200 mm·s–1. Combined with the tests 
using the rheometer, the friction experiments were 
performed at sliding speeds ranging over almost 4 
orders of magnitude. For the measurements using 
the UMT tribometer, the normal force and the 
friction force were simultaneously measured every 
0.001 s, and by averaging every 1,000 points, a similar 
data frequency of 1 Hz was obtained as with the 
rheometer. The duration of each experiment, using 
either the rheometer or the UMT tribometer, was set 
to allow several full rotations of the sample, and the 
characteristic COF was determined from the last, 
equilibrated part of the friction curve. The tem-
perature during all the friction experiments was 
approximately 25 ℃. The tests were performed at 
different locations of the hydrogel samples and in 
different orientations and at least three times under 
each set of conditions. The results are presented as 
an average value with error bars corresponding to 
one standard deviation. We observed no visible 
changes to either the pins or the hydrogel flats 
throughout the experiments. The friction remained 
constant over time, which indicated that either no 
damage or minimal damage to the hydrogel surface 
occurred under these sliding conditions. 

3  Results and discussion 

3.1  Indentation tests 

The experimental nanoindentation data for the 
crosslinked (glass-molded) and brushy (PS-molded) 
hydrogel surface are shown in Fig. 2. The Hertzian 
contact model fits of the experimental data over the 
first 1.5 µm are also shown. It can be seen that the 
force-indentation curve for the glass-molded hydrogel 
surface can be well described by the Hertzian contact 
model, which indicates that a homogeneously 
crosslinked structure with a constant elastic modulus 
was present at the hydrogel surface. However, a very 
different force-indentation curve was observed for the 
PS-molded hydrogel surface. Fitting the Hertzian 
contact model to the initial 1.5 µm of indentation 
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Fig. 2  Experimental indentation data generated by nano- 
indentation on glass-molded (crosslinked) and PS-molded 
(brushy) hydrogel surfaces and the corresponding fits of the 
initial 1.5 µm of the indentation data using the Hertzian 
contact model. 

showed an elastic modulus lower than 0.1 kPa, 
indicating an extremely soft and sparse, presumably 
brushy, surface structure. The force curve was also 
observed to increase with indentation depth beyond 
this Hertzian regime, indicating that the hydrogel 
structure gradually densified and stiffened with 
increasing depth. 

Assuming the molding surface only affected the 
hydrogel structure in the near-surface region, the 
differently molded hydrogels were expected to 
have the same elastic modulus within their bulk. In 
order to verify this, macro-indentation experiments 
with a spherical and a flat indenter were performed 
on both types of gels. 

The experimental indentation data obtained by 
a spherical indenter are shown in Figs. 3(a) and 
3(b). The Hertzian contact model assumes an 
indentation into an elastic half-space and is 
commonly applied to indentation depths that do 
not exceed 10% of the total thickness of the sample. 
Therefore, the Hertzian model was fitted to the 
initial 0.3 mm of the indentation on 6 mm thick 
samples. As shown in Figs. 3(a) and 3(b), it can be 
found that the initial force-indentation curves 
achieved on both glass-molded and PS-molded 
hydrogels could be well described by the Hertzian 
contact model. The elastic moduli of the glass- 
molded and PS-molded hydrogels were found to be 
95.1 ± 1.6 kPa and 94.5 ± 1.2 kPa, respectively, 

 

 
Fig. 3  Experimental macro-indentation data generated by a spherical indenter on (a) glass-molded (crosslinked) and (b) 
PS-molded (brushy) hydrogel surface, and a cylindrical, flat-punch indenter on (c) glass-molded (crosslinked) and (d) 
PS-molded (brushy) hydrogel surface. Corresponding fits of the data using the Hertzian and Winkler models for the spherical 
indenter and linear compression for the flat-punch indenter are also shown. 
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indicating their similar bulk structure. Moreover, the 
similar moduli values also showed that the surface 
structures were limited to the initial few micrometers 
of depth and were thus undetectable during macro- 
indentation measurements. The Winkler model, on 
the other hand, takes into account finite sample 
thickness and can be used to describe indentation 
processes, in which the thickness of the sample is 
comparable to the indenter radius. The force- 
indentation data could also be well described 
using the Winkler model over the entire indentation 
depth of about 0.9 mm. This again is consistent 
with a homogeneous structure of the hydrogel 
bulk. Fitting the Winkler model, the elastic modulus 
of the glass-molded hydrogel had a value of 86.5 ± 
2.7 kPa and that of the PS-molded hydrogel a value 
of 88.2 ± 1.3 kPa, which were, as expected, very similar 
to the values obtained using the Hertzian model. On 
the other hand, the experimental indentation data 
obtained by a cylindrical, flat-punch indenter are 
shown in Figs. 3(c) and 3(d). After the initial 
transition to full contact with the flat indenter, a 
linear fit was used to describe the experimental 
data. The elastic modulus of the glass-molded 
hydrogel was found to be 97.7 ± 1.2 kPa and that of 
the PS-molded hydrogel had a value of 97.8 ± 0.8 kPa. 
These results demonstrate that the PAAm hydrogels 
with different surface structures indeed had the 
same bulk structure. 

3.2  Tribological evaluations 

The COF as a function of speed for different contact 

geometries of PAAm hydrogels with different surfaces 
is shown in Fig. 4(a). It was found that the crosslinked 

hydrogels displayed the highest COF in a flat-pin- 
on-flat configuration over the entire speed range. 
Hydrogel pins even suffered from breaking at sliding 
speeds above 20 mm·s–1, indicating that the shear 
stress at these sliding speeds exceeded the ultimate 
shear strength of the hydrogel. At sliding speeds 
below 1 mm·s–1, however, the COF was almost speed- 
independent with glass-molded hydrogels, with 
values between 0.1 and 0.2. At sliding speeds above 
1 mm·s–1, the COF showed a significant increase with 
increasing sliding speed, scaling as   0.5v , which 
is similar to the power value observed in other 
recent studies [22, 23, 35, 36]. A similar trend was 
observed when sliding crosslinked hydrogels in a 
sphere-on-flat configuration. At sliding speeds below 
5 mm·s–1, the COF showed only a moderate increase 
with increasing speed. At sliding speeds above 
5 mm·s–1, however, the COF again scaled with 
sliding speeds with a power of around 0.5. This is 
similar to the speed-dependent behavior at high 
speeds with a sphere-on-flat contact observed in 
recent Refs. [18, 19, 37]. Due to the small, but 
significant difference between the contact areas of 
the flat-pin-on-flat and the sphere-on-flat configurations, 
we have normalized the friction force by the contact area 
and presented the shear stress as a function of sliding 
speed in Fig. 4(b). Similar shear-stress values were 
found for both contact geometries at sliding speeds 
below 5 mm·s–1. It was observed that at similar 
contact pressures the shear stress is the same for  

 

 
Fig. 4  (a) COF and (b) shear stress as a function of speed for different contact geometries of PAAm hydrogels with different 
surface structures. The tests performed with the rheometer are shown by empty symbols and the tests performed with the UMT 
are shown by semi-filled symbols. The contacts between a pin and a crosslinked surface are shown in blue, between a sphere 
and a crosslinked surface are shown in orange, between a pin and a brushy surface are shown in green, and between a sphere and 
a brushy surface are shown in red.  
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both contact geometries, indicating that it was the 
contact area that dictates the friction force. At sliding 
speeds above 5 mm·s–1, the shear stress in the case 
of the flat-pin-on-flat geometry showed larger values 
compared to those of the sphere-on-flat geometry. 
The observed difference at high sliding speeds 
could originate from lubricating films of different 
thicknesses. In other words, the convergent inlet 
zone of the sphere-on-flat contact might enhance 
fluid entrainment and thus increase the shearing- 
film thickness, which in turn would reduce the 
shear stress compared to that of the flat-pin-on-flat 
contact [18, 19]. 

In contrast to the hydrogels with the crosslinked 
surface, the COF values of the PAAm hydrogels 
with brushy surfaces were about an order of 
magnitude lower over the entire range of tested 
sliding speeds. As shown in Fig. 4(a), PS-molded 
hydrogels in a flat-pin-on-flat configuration also 
underwent a transition from low, speed-independent 
friction to a COF that was increasing with sliding 
speeds, similarly to the glass-molded hydrogels. 
At sliding speeds below 10 mm·s–1, the COF for the 
flat pin on the brushy flat was almost constant, 
with values between 0.008 and 0.015. At sliding 
speeds above 10 mm·s–1, the hydrogel friction displayed 
a significant speed-dependent behavior, scaling 
as   0.9v . However, sliding a crosslinked spherical 
hydrogel surface over a brushy flat surface 
maintained superlubricity, with values between 
0.002 and 0.007 over the entire range of sliding 
speeds. As shown in Fig. 4(a), it was found that the 
COF was almost constant at sliding speeds of up to 
50–100 mm·s–1, where it started to increase almost 
proportionally with the sliding speed, i.e., scaling 
as   v . Analyzing the shear stress over the full 
range of speeds, as shown in Fig. 4(b), it was found 
that the shear stress in the two contact geometries 
showed a similar value and remained almost constant 
with speed, below 5 mm·s–1. The similar shear stress 
at low speeds indicates, as for the crosslinked case, 
that hydrogel friction is unaffected by contact 
geometry at these speeds. At sliding speeds above 
5 mm·s–1, the values of shear stress for flat and 
spherical contact showed significant differences. 
The shear stress of hydrogels with the brushy surface 

in a flat-pin-on-flat configuration increased rapidly 
with increasing sliding speed, while that in the sphere- 
on-flat configuration seemed to have decreased at first 
and started increasing only at sliding speeds above 
50–100 mm·s–1. This suggests that contact geometry 
also affects the high-speed friction of hydrogels with 
brushy surfaces. 

Assuming the friction is governed by Newtonian 
shearing of water, the equivalent hydrodynamic 
thickness h , which includes the shearing layer and 
the depth of the flowing water within the sparse 
structure on the surface, was calculated by using 
Newton's law of viscous flow: 





A Uh

W
 (4) 

where   is dynamic viscosity and U is the sliding 
speed. Considering the viscosity of the water to be 
1 mPa·s at 25 ℃, the effective hydrodynamic 
thickness was calculated over the whole range of 
sliding speeds and is displayed in Fig. 5. For 
hydrogels with crosslinked surfaces, the surface 
structure is too dense to allow significant water flow 
within the near- surface region, which is more similar 
to engineering surfaces. It can be seen that the 
theoretical equivalent hydrodynamic thickness in 
both contact geometries was more than 1 nm when 
the sliding speed exceeded 1 mm·s–1. Assuming that 
the surface roughness of the hydrogel resembles 
that of the mold, the Rq value of the glass-molded 
hydrogels would be around 1 nm [23]. Calculating the 
  values as   2 2

1 2/ q qh R R , where qiR  is the 
surface roughness of material i, reveals that a   
value larger than 1, which would indicate the presence 
of hydrodynamic effects, appears with sliding speeds 
higher than 1 mm·s–1. Notably, this speed was also 
the transition speed, above which the COF and shear 
stress of hydrogels with the crosslinked surface were 
observed to increase rapidly with increasing sliding 
speed. It can be inferred that the speed-dependent 
friction behavior at these high speeds may be closely 
related to hydrodynamic effects. Thus, as shown in 
Fig. 5, for the flat-pin-on-flat configuration 
between a crosslinked pin and a crosslinked surface, 
the hydrodynamic effect would be gradually enhanced 
with increasing sliding speed and become dominant at  
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Fig. 5  Theoretical equivalent hydrodynamic film thickness 
as a function of speed for different contact geometries of 
PAAm hydrogels with different surfaces. The dashed lines 
show the scaling of the film thickness with sliding speed. It 
appears that a spherical contact enhances hydrodynamic film 
thickness compared to a flat contact, irrespective of the 
surface structure. 

 
speeds above 10 mm·s–1, where the equivalent film 
thickness begins to level off. For the sphere on a 
crosslinked flat, owing to the enhancement of the 
water intake, the equivalent film thickness at sliding 
speeds above 10 mm·s–1 seems to increase with 
increasing sliding speeds to the power of 0.5, which 
is similar to that predicted by (elasto) hydrodynamic 
theory [36, 38]. For hydrogels with brushy surfaces, 
on the other hand, due to the sparse structure of the 
brushy gels, water is also flowing within the brushy 
layer. Thus, the equivalent hydrodynamic thickness 
includes both the gap between the outer extremities of 
the sliding hydrogels and the depth within which the 
water is flowing within the sparse, brushy-gel 
structure. The assumed surface roughness was around 
5 nm [22], meaning that the   value would be larger 
than 1 at sliding speeds above 5 mm·s–1. Therefore, 
hydrodynamic effects are expected to play a dominant 
role in brushy-hydrogel friction at these high speeds. 
For hydrogels with the brushy surface in a flat-pin- 
on-flat configuration, the equivalent film thickness 
appears to remain almost constant at high speeds, 
which could be due to the absence of a convergent 
contact inlet that would enable a wedge formation, as 
in the case of a sphere on flat. Therefore, the 

convergent inlet zone ahead of the sphere-on-flat 
contact apparently enhances the water supply, promotes 
rehydration in the near-surface region, and thus reduces 
the friction. Moreover, it is also important to mention 
that the viscosity of water in such thin layers might 
rise well above the nominal bulk viscosity of water 
due to the proximity of the polymer network, and is 
often referred to as bound-water viscosity [39]. 
According to Newton’s law of viscous flow, a higher 
viscosity at given shear stress would mean a larger 
shearing thickness. This would, in turn, increase the   
values, which would mean that the hydrodynamic 
forces could dominate friction at much lower sliding 
speeds. Moreover, considering the low elastic modulus 
of the PAAm hydrogels, the surface asperities may 
flatten significantly under the contact pressure, which 
would again increase the   parameter and support 
the formation of a thin, continuous lubrication layer 
between the sliding hydrogel surfaces at much lower 
sliding speeds. Therefore, hydrodynamic effects might 
be in play, even from the lowest tested sliding speeds. 

To study the effect of contact pressure on COF 
and shear stress, experiments were conducted at 
different loads, and the results are displayed in 
Fig. 6. For the crosslinked hydrogels in both contact 
configurations, the trend of the COF-speed curve 

at 2 N was similar to that at 0.5 N (Fig. 6(a)). 
According to Hertzian contact theory, as the load 
is increased, the diameter of the contact area of the 
hydrogel sphere would increase from 8 mm to 12.5 
mm, and the contact pressure from 10 to ~16 kPa. 
After normalizing the friction force by the contact 
area, as shown in Fig. 6(b), the shear stress of a 
sphere-on-crosslinked-flat configuration was higher 
at 2 N compared to 0.5 N over the entire range of 
sliding speeds. For the flat-pin-on-crosslinked-flat 
configuration, the contact area at 2 N was considered 
the same as that at 0.5 N. Thus, the shear stress of the 
flat-pin-on-crosslinked-flat was found to increase with 
increasing load to a larger extent than for the sphere. 

Similar results were also achieved with PAAm 
hydrogels with brushy surfaces. For the tests in either 
a sphere-on-flat configuration or a flat-pin-on-flat 
configuration, the trend of the shear-stress curve at 
2 N was almost the same as that at 0.5 N. Similarly 
to the crosslinked case, higher values of shear stress
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Fig. 6  Effect of load on (a) the COF and (b) the shear stress as a function of speed for the two contact geometries on a 

crosslinked hydrogel flat. (c, d) show the COF and the shear stress at different loads for both geometries on a brushy hydrogel 

flat. The tests performed at 0.5 N are shown by empty symbols and the tests performed at 2 N are shown by full symbols. 

were measured for both contact geometries when the 
load was increased.  

Since the shear stress was almost speed independent 
below 0.5 mm·s–1 for all cases, the average value of 
the shear stress at these speeds was calculated for each 
case and presented as a function of the corresponding 
average normal stress in Fig. 7. It was found that for 
hydrogels with crosslinked surfaces, the average 
low-speed shear stress was almost constant at 
normal stresses up to 16 kPa, at which point it started 
increasing rapidly with increasing normal stress. 
Similarly, the average low-speed shear stress of 
hydrogels with brushy surfaces only showed a slight 
increase at low normal stresses and increased more 
rapidly when the normal stress was increased to 
20 kPa. The results thus indicate that the shear 
stress is not constant for different normal stresses. 
There seems to be a threshold normal stress, above 
which the shear stress starts increasing significantly. 
According to Simič et al. [23], the polymer concentration 
in the near-surface region of the brushy hydrogels 
increases with normal stress, while that of the 
crosslinked hydrogels is almost independent of normal 
stress below the osmotic pressure. Thus, it could be 

assumed that the shear stress of hydrogels at low 
speeds is probably dependent of the polymer density 
in the near-surface region, and the threshold pressure 
might be related to the osmotic pressure. Compared to 
the crosslinked gels, the shear stress of the brushy 
hydrogels increases more significantly with increasing 
normal stress due to the observed increase in polymer 
density in the surface region when normal stress is 
increased. At normal stresses above the osmotic 
pressure, the osmotic pressure cannot withstand the 
high normal stress, leading to serious densification 
of the near-surface region and a significant increase 
in the shear stress. 

On the other hand, the shear stress at high speeds 
increases with increasing normal stress, which was 
most probably due to the thinner shearing thickness 
at higher loads, as also predicted by the elastohydro- 
dynamic theory [38]. Schematic diagrams illustrating the 
differences in high-speed friction for a flat-pin-on- flat 
configuration and a sphere-on-flat configuration are 
shown in Fig. 8. However, since both geometries differ 
in their response at high speeds, the exact analysis 
of normal-stress dependence is not possible from 
data obtained at only two loads. 
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Fig. 7  Average shear stress at low speed as a function of the 
normal stress for different contact geometries of PAAm 
hydrogels with different surfaces. The dashed lines only show 
the variation trend of the shear stress with normal stress. 

 

  
Fig. 8  Schematic diagrams of the probable cause for the 
differences in high-speed friction for (a) a flat-pin-on-flat 
configuration and (b) sphere-on-flat configuration. The 
convergent zone ahead of the sphere-on-flat contact enhances 
the water supply, promotes the speed-dependent 
film-thickness increase, and thus reduces the friction at high 
sliding speeds compared to the flat-pin-on-flat contact. 

4  Conclusions 

PAAm hydrogels with either crosslinked or brushy 
surfaces were synthesized by polymerization against 
the glass or PS molds, respectively, and tested in 
different contact geometries. Tribological experiments 
showed that brushy surfaces enabled up to an order-of- 
magnitude lower friction compared to the crosslinked 

surfaces and even achieved superlubricity. After 
normalizing the friction force by the contact area, 
the shear stress of either crosslinked or brushy 
hydrogel surfaces at low sliding speeds appears to 
be equal for both contact geometries at a similar 
normal pressure. At high sliding speeds, which seem 
to correspond to   > 1, the shear stress and thus 
the COF was found to increase with sliding speed, 
which is characteristic for hydrodynamic effects. 
Moreover, at these high sliding speeds, a sphere-on- 
flat configuration enabled lower shear stress compared 
to the flat-on-flat configuration. This is presumably 
due to the convergent contact inlet ahead of the 
sphere-on-flat contact, which enhances fluid-film 
formation and thus reduces hydrodynamic friction. 
The results in this work also show that shear stress 
of hydrogels at low sliding speeds is dependent on 
normal stress, which indicates that the polymer density 
in the near-surface region might play a role in low- 
speed hydrogel friction. More direct polymer-chain 
contacts could occur in the contact region at higher 
loads, leading to an increase of the shear stress. 
Moreover, an increase in shear stress with increasing 
normal stress at higher sliding speeds was also observed, 
which could be due to the thinner shearing film at 
higher loads. 

It seems that contact geometry and surface structure 
of hydrogels both play important roles in the tribo- 
logical properties of hydrogels, and should be 
considered in future studies and applications. 
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