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Abstract
As soft aqueous hydrogels have moved from new materials to the basis for real engineered devices in the last 20 years, their 
surface friction and lubrication are emerging as critical aspects of their function. The flexibility to alter and augment their 
mechanical and surface properties through control of the crosslinked 3D polymer networks has produced materials with 
diverse surface behaviors, even with the relatively simple composition of a single monomer and crosslink chemistry. Cor-
respondingly with new understandings of the bulk behavior of hydrogels has been the identification of the mechanisms that 
govern the lubricity and frictional response under dynamic sliding conditions. Here we review these efforts, closely exam-
ining and identifying the internal and external influences that drive tribological response in high water content crosslinked 
hydrogels. The roles of surface structure, elasticity, contact response, charge, water interaction and water flow are addressed 
here as well as current synthesis and testing methods. We also collect open questions as well as the future needs to fully 
understand and exploit the surface properties of hydrogels for sliding performance.
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1  Introduction

Tunable soft and aqueous gels, also known as hydrogels, are 
one of the leading soft matter surrogates for active matter; 
they are engineered for both temporary and permanent medi-
cal prostheses such as catheter coatings, soft contact lenses, 
and valves [1]. Many of these devices interact directly with 
dynamic biological interfaces, fully integrated with metabo-
lism, immune response, and other functions, all the while 
experiencing the mechanical environment of complex slid-
ing speeds, bearing forces, and contact durations. Control-
ling the motions of slip, that is, the friction and lubrication, 
is critical to proper function. Crosslinked hydrogels are often 
thought to be inherently lubricious, but in fact there is a 
broad spectrum of friction and lubricating abilities.

The lubrication of hydrogels was first described by 
lubricated sliding of engineering materials in that there are 
regimes of fluid-controlled lubrication and material-con-
trolled lubrication that loosely resemble hydrodynamic and 
boundary friction, but the similarities past that are scant. 
Launched in part by seminal work by JP Gong summarized 
in a 2006 review of hydrogel lubrication [2], the field of 
hydrogel friction and lubrication has expanded quickly, 
with over 200 archival articles published since then under 
the topic of “hydrogel lubrication” as reported by Web of 
Science [3]. Efforts over the past ~ 20 years have sought to 
identify the ways in which the unique properties of hydro-
gels control their sliding behavior, which has subsequently 
required the development of new experimental techniques 
and data interpretation.

The aim of this review is to present a summary of the 
most important considerations for hydrogel lubrication, 
including the mechanics of hydrogel materials, mecha-
nisms of friction and lubrication, updated testing techniques, 
water-network interactions and flow, and surface structures 
and designs. A thorough understanding of the origins of 
hydrogel lubrication and friction will allow for their surfaces 
to be engineered for applications of the future.

2 � Models of Elasticity for Single 
and Multi‑network Hydrogels

For solid materials, mechanical behavior is traditionally 
defined by the constitutive stress–strain relations expressing 
stress as a function of strain and strain rate [4]. For many iso-
tropic engineering materials, the response is characterized as 
initially being linear-elastic: that is stress rising proportion-
ally with strain, up to a limit where after the material either 
fractures or begins to plastically deform. When deformations 
and strains are small in the proportional limit the response 
may be approximated by the three-dimensional tensor

also known as Hooke’s law. Here, the expression for the 
stress tensor (σ) is related to the shear modulus (G) of the 
material, the applied strain (E), the Kronecker delta function 
(δ), and Lame first parameter (λ) of the material.

Hydrogels, conversely, have high and non-linear strains 
before failure, which is also typical in hyper-elastic elasto-
mers [5, 6]. In their fully swollen and hydrated form, hydro-
gels can withstand extremely large compressive and tensile 
strains with little to no permanent distortion prior to failure 
[7–9]. Polyacrylamide samples (86% water content), for 
example, during tensile experiments reached strains up to 
1200% before failure [10].

Two unique properties of hydrogels appear to domi-
nate their response to strains: (1) water content governs 
the elastic response in the linear-elastic regime (typically 
strains ≪ 40%), and (2) crosslink density/network charac-
teristics determine fracture toughness [9]. Several models 
have been used in an attempt to recapitulate the complex 
responses observed in these biological and bio-inspired 
materials and include the Mooney-Rivlin model, the Neo-
Hookean Model, and the Ogden model [11–14]. Each model 
has its limitations, as most were not specifically developed 
to handle a hydration-dependent, multi-network material. 
However, experimental and computational validation has 
found case-specific solutions and applicable strain ranges 
for hydrogels [15–17].

Contact mechanics measurements, critical to evaluating 
the tribological performance of a hydrogel, performed in 
the linear-elastic range suggest that bulk hydrogel response 
to compressive loads is dependent upon the osmotic pres-
sure of the hydrogel and is consistent with Hertzian predic-
tions over several timescales [18, 19]. Additional measure-
ments showed that this was geometry dependent, suitable for 
solid (or thick) samples that lack sharp edges [20, 21]. For 
example, by changing a solid hydrogel indenting probe to 
a thin-walled design the mechanical response (contact area 
to force) became nearly linear, and by indenting a hydrogel 
with a conic punch locally exceeded the osmotic pressure of 
the gel allowing fluid flow.

While strains are traditionally high at failure for hydrogels 
[6, 7, 22–24] stresses are typically very low (on the order of 
kilopascals); this remains one of the major hurdles in more 
robust applications of hydrogels in medicine [1]. A potential 
solution is to supplement the original hydrogel with another 
material that enhances its properties. Multi-network hydro-
gels containing a brittle, strong component synthesized to 
increase strength along with a typical softer, weaker hydro-
gel constituent that maintains other advantageous qualities 
such as low coefficient of friction, is one of the primary ways 
to address this concern [25–31]. Another emerging method 
is to synthesize nanocomposite hydrogels that use physically 
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confined particles in the gel to modify the overall mechani-
cal properties [32–35]. The strategy is derived from tribo-
logical particulate additives to PTFE to reduce wear rates 
[36]. The goal of both methods is to open the possibilities for 
new types of soft scaffolding in biological applications and 

medicine [28]. The incorporation of these complex hydro-
gels as tribological testing materials could expand the ranges 
of stresses and deformations simultaneously measured to 
achieve diverse biologically relevant test conditions. The 
composition of multi-network and nanocomposite hydrogels 

Fig. 1   Lubrication curves for hydrogels. a–b Overall shape of the 
hydrogel lubrication curve. Under increasing sliding speed, friction 
increases at low speeds, decreases at medium speeds, and increases 
again at high speeds [2] Reprinted with permission from Royal Soci-
ety of Chemistry, [42] Printed with permission from Proceedings of 
the National Academy of Sciences of the United States of America. 

c Low-medium speed regimes [41]. Reprinted (adapted) with per-
mission. Copyright (2018) American Chemical Society. d Medium 
speed regime only. Reproduced from Ref. [40] with permission from 
the Royal Society of Chemistry. e Medium–high speed regimes [38]. 
Reprinted (adapted) with permission. Copyright (2018) American 
Chemical Society
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is rich with variation in mechanical responses and may vary 
strongly between networks composed of similar materials, 
but dissimilar in synthesis techniques and concentrations. 
Because of the possibility of designing hydrogels with such 
a wide array of mechanical properties, the hyper-elastic 
models must be validated on a case-by-case basis [8, 33].

3 � Mechanisms of Friction and Lubrication

3.1 � Hydrogel/Solid Friction

The most common friction measurements and models occur 
by placing a material of interest against a countersurface 
which is inert, or lacks the properties of the material of inter-
est. Early pioneering work by Gong et al. placed hydrogels 
against glass surfaces and established an adsorption-repul-
sion model of friction based on polymer physics [37]. In the 
repulsion model, the friction response is modeled as a shear 
stress under shear driven Couette flow with a gap height 
due to repulsion between the gel and countersurface. In the 
adsorption model, surface forces between the hydrogel and 
countersurface modulate the friction based on time rates 
of adsorption and desorption, which are determined by the 
overall nature of the hydrogel as adhesive or repulsive to the 
countersurface. The two models were tested extensively and 
found to describe systems tested under moderate pressures. 
More recent papers by the Espinosa-Marzal group, Dunn 
group, and Burton group [38–42] expand the two-regime 
model into multiple regimes along a continuum of condi-
tions such as the driving speed of the sliding component 
(Fig. 1).

At the microscale, the characteristic sizes of indenters and 
countersurfaces (hundreds of micrometers to millimeters) far 
outreach the effective mesh size of the hydrogel (single to 
tens of nanometers). The microscale forces applied tend to 
probe the bulk, which determines the mechanical response 
and surface response more than the surface forces. Thus, the 
friction regimes are derived from the interaction between 
the probe, the hydrogel polymer mesh, and the solvent, 
either within the hydrogel or entrained at the interface. At 
slow driving speeds, the relatively long duration effects of 
pressure-driven solvent exudation or creep occur, and have 
two possible effects: increasing contact area and local dehy-
dration. At the opposite extreme of fast sliding speeds, the 
hydrogel surface acts more as a compliant surface in which 
the solvent has no time to flow out of the hydrogel, and other 
effect like viscoelasticity can dominate the response [39].

While friction and lubrication of hydrogels can be 
revealed against a stiff, impermeable countersurface, the 
interface is at the extreme of asymmetry with respect to 
these properties. Glass, sapphire, or other hard probes have 
historically been the standard for inert probes, as they are 
less prone to tribo-chemical reactions with ductile metals 
or composites. However, that assumption is not as reliable 
when considering the polymeric components of the hydrogel 
with the elements that make up glass, specifically silicon and 
oxygen. Thus, while it is most convenient to use traditional 
setups with hard probes to make measurements and infer-
ences regarding hydrogel friction and lubrication, the results 
are limited to specific hydrogels which are truly chemically 
inert.

Fig. 2   a A speed-independent friction regime at moderate sliding 
speeds is shown by the normalized friction coefficient plotted versus 
Weissenberg number, which is a function of the sliding speed. [46] 

Reproduced with permission from Springer. b Medium–high speed 
regimes. The friction is constant at medium speeds in this study [48]. 
Reproduced with permission from Elsevier
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3.2 � Hydrogel Self‑mated ‘Gemini’ Friction

Hydrogels are quickly becoming model systems to under-
stand biological lubrication due to the similarity between 
their composition and that of tissues such as cartilage, ocu-
lar and digestive epithelia [43]. However, the friction and 
lubrication of those systems occur between surfaces which 
are both soft and hydrated: cartilage sliding on cartilage, 
for example. Experiments achieving this setup require sig-
nificant changes to existing instrumentation, as well as new 
ways of synthesizing the probe to be a soft material. Rheom-
eters have been modified to include a hydrogel disk adhered 
to both top and bottom plates, allowing for the center to slip 
in rotation [44]. Also, significant work has been done to fab-
ricate soft hemispherical probes, constant-pressure probes, 
and spheres as probes [20, 42]. Removing the stiff, imperme-
able surface from the interface can allow more direct prob-
ing of the inherent lubricating abilities of hydrogels because 
there is no obvious direct contact with a dissimilar counter-
surface. In fact, hydrophilic hydrogels sliding in soft–soft 
contact have been described by multiple theories, including 
polymer relaxation lubrication [45], mesh-size lubrication 
[46], and charge [44]. The measurements associated with 
these theories have identified a speed-independent regime at 
sliding speeds slow enough to avoid viscous drag penalties 
(Fig. 2) [41, 47, 48].

What has been more clearly observed is that soft–soft 
contacts in probe-based tribology measurements easily 
remain at very low contact pressures because contact areas 
grow readily under load due to the compliance. As a demon-
stration, consider a contact with asymmetric elasticity, i.e. a 
hard probe against a soft hydrogel. The effective Hertz con-
tact modulus E’ is a positive multiplier of the elastic modulus 

of the hydrogel for asymmetries EPROBE/EHYDROGEL= 10 or 
above, and a negative multiplier if the asymmetry is less; 
the exact conversion ratio depends upon the Poisson ratio of 
the hydrogel (Fig. 3a). For Gemini interfaces with matched 
elasticity and Poisson ratio, the ratio of effective modulus to 
hydrogel modulus is a maximum of 0.67 and a minimum of 
0.52; it cannot be greater than 1 (Fig. 3b). Thus, the effec-
tive contact stiffness for Gemini contacts remains low, and 
in turn reduces the maximum pressure of the interface, as 
Hertz contact predicts p0 ∝

(

E�
)
2∕3.

This low pressure is associated with low friction coefficients 
[43] and more fundamental hypotheses regarding the nature 
of the contact between two hydrogel surfaces are needed. For 
example, it remains unclear whether a hydrophilic polymer 
mesh with stable water shells surrounding the polymer chains 
can directly “contact” other similar polymer chains in a slip 
interface [49, 50]. Even so, the composition of the hydrogel 
determines its effective mesh size ξ, which is a predictive 
parameter for the stiffness, permeability, and energy dissipa-
tion [51]. This composition presents at the surface, and a more 
dilute composition results in much lower friction in this con-
figuration [46]. Further work in which the polymer chain inter-
action is more controlled is expected to expand these theories.

3.3 � Scale‑Dependent Friction

According to scaling law, the contribution of different fac-
tors associated with friction varies in different length scales 
[52]. Thus, the frictional behavior of hydrogels found at the 
macroscale may not be similar at the nanoscale. Because 
most biological contact occurs at the nanoscale, researchers 
find immense interest to understand the frictional behavior 
of hydrogels at the nanoscale [53, 54]. The friction of hard 

Fig. 3   a The effective Hertz contact stiffness E′ is the inverse com-
bination of the moduli of the surfaces in contact. For strongly asym-
metric elasticity shown on the x-axis, E′ is a positive multiplier of the 
hydrogel modulus (y-axis). The multiplier is higher as the hydrogel 
approaches incompressibility. The Poisson ratio of the probe is taken 

to be a constant at ν = 0.25. b For matched elasticity and Poisson ratio 
in Gemini contact, the multiplier is always < 1. The discontinuity in 
the multipliers for an elasticity ratio of 1 is due to the assumption 
of νPROBE = 0.25 with varying νHYDROGEl; in Gemini contact they are 
equivalent at the values shown
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probe-hydrogel contact at the nanoscale largely depends 
on the geometry of the contact, adhesive contact interac-
tion, contact deformation, and ambient conditions [55]. 
High surface roughness on the hard probe increases the real 
contact area with soft hydrogels [56]. Also, it increases the 
nano adhesion due to the long-range non-contact capillary 
forces [57]. Apart from adhesion due to surface roughness, 
adhesion, itself (one type of surface force) becomes always 
significant in proportion to the volume force (e.g., body 
force) at smaller scale. Using DMT theory, this small-scale 
adhesion can be described properly [58]. Different intrinsic 
properties of the polymer, such as glass transition tempera-
ture [59], and activation energy for molecular motion [60] 
are different on the surface compared to the bulk, which 
also dominate the frictional behavior. In addition, different 
experimental parameters, such as, speed [61], load [62], 
sliding distance [63], temperature [64], pH [64, 65], and 

prestressed conditions [66] are reported as critical factors 
in nanoscale hydrogel friction.

The Gemini contact (hydrogel-hydrogel contact) of the 
surface-attached hydrogel (Fig. 4a, b) at nanoscale (thick-
ness can be as low as 260 nm) largely depends on the load, 
loading rate, polymer to crosslink density, and the local 
solvent deswelling dynamics through the porous polymer 
network [67]. In a static compression test, thinner layers 
have higher local relaxation zone compared to the total layer 
thickness and thus, the surface behaves stiffer (Fig. 4c). This 
layer thickness effect depends on the load. When Gemini 
contact slides against each-other at a high normal load, the 
solvent deswells more strongly for thicker samples, and 
hence, the coefficient of friction (COF) increases with thick-
ness (Fig. 4d).

Fig. 4   a, b A schematic depiction of the indentation and friction 
experiments of surface-attached hydrogel using an AFM. c Indenta-
tion depth is a function of film thickness for constant loading (load: 
8 nN). Thinner film behaves stiffer, and less compressible compared 
to the thicker film. d Friction tests (velocity = 20 µms−1 and slid-
ing distance = 10  μm) of the thicker hydrogel samples (PDMAA-
co-MABP) in water. Here, 1%—1474, 1%—2635, and 1%—3782 

samples have 1% MABP and film thicknesses in water are 1474 nm, 
2635 nm, and 3782 nm, respectively. At low normal load, COFs are 
similar irrespective of gel thickness due to small compression region 
compared to film thickness. In contrast, COF is increasing with film 
thickness at high normal load due to the stronger deswelling factor. 
Reproduced with permission from the WILEY‐VCH Verlag GmbH 
[67]
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3.4 � Fast‑ and Slow‑Sliding Speeds Regimes

At fast sliding speeds, the relationship between the sliding 
speed and the resulting friction tends toward a power rela-
tionship regardless of the testing method. This occurs for 
hydrogels both in a self-mated configuration and against a 
stiff impermeable countersurface (see Fig. 1a, b, e). This is 
generally understood to be due to full-film lubrication, or 
hydrodynamic lubrication, in which the surfaces are com-
pletely separated by the pressurized fluid film. As the sliding 
speed continues to increase, viscous drag of the fluid film 
increases, and increases friction slightly. While many groups 
report a hydrodynamic-like regime at high slip speeds [42, 
68, 69], the ability to pressurize a film between porous sur-
faces is counteracted by the possibility of pressure-driven 
flow through the pores. Multiple groups now use dimension-
less parameters like the Péclet number to show how com-
petitive effects can describe transitions in friction [40, 41]. 
However, if one considers the internal restriction to flow 
away from contact due to the small effective mesh size on 
the order of 1 s to 10 s of nanometers, a pressure in the water 
film between the hydrogel surface and countersurface could 
be maintained. Further studies describe how the elastic or 
viscoelastic character of the hydrogels interacts with the 
fluid film generation, which is known as elastohydrodynamic 
lubrication (EHL) [39, 70].

While much work agrees that high-speed sliding is pri-
marily controlled by the properties of the fluid film, the 
contrasting slow-velocity regime is influenced by a num-
ber of environmental and material variables. Specifically, 
the fundamental materials interactions in addition to time-
dependent changes under loading are considered to be most 
important. In the case of repulsive hydrogels, the friction is 
often the lowest at the slowest speeds tested or considered 
[48, 70, 71]. If pressures are high enough, the dwell time 
causes pressure-driven flow, or local drainage [18, 40, 41, 
72], which increases both contact area and friction. Some 
groups are also beginning to consider this fluid drainage dur-
ing sliding from the near-surface region in a ‘hydrodynamic’ 
sense, in which the fluid motion controls the deformation, 
and thus the friction response [42, 73–75]. Finally, the com-
bination of speed-dependent effects and surface adhesions 
has been considered in detail at the nanoscale [47].

4 � Water‑Network Interactions and Flow

When compressed under constant loads, hydrogels have 
demonstrated a time-dependent relaxation response simi-
lar to creep [21, 72, 76, 77]. Due to the liquid–solid dual-
ity of hydrogels, this phenomenon has historically been 
described as “poroelastic” or driven by the ability of the fluid 

component to drain through the pores of the solid component 
of the hydrogel. In this model, the pore-size is the mesh-size 
of the hydrogel which is on the order of nanometers [46, 
78] rather than the micrometer and millimeter pore-size of 
traditional porous materials such as sponges or cartilage. 
Suo et al. thoroughly demonstrates the responses to many 
indenter shapes and forces, and attributes the response to this 
model [21, 72, 76]. However, as water has a size on the order 
of 3 angstroms, the smaller, thermally-active channel size 
is a significant hindrance to the flow rate through the bulk 
of the gel. It has been demonstrated for the water to pass 
through hydrogel bulk the osmotic pressure of the hydrogel 
must be exceeded by the pressing pressure [18, 19]. For typi-
cal contact profiles under compression these pressures are 
not achievable under contact but are achievable with sharp 
shapes such as conics or knifes edges near the tip. For cases 
where flow is not possible, the time-dependent relaxation 
may be related to the thermal reorganization of the hydrogel.

5 � Surface Structures and Designs

5.1 � Lubricious Surface Layers by Design

Lubricity of hydrogels has been correlated with water con-
tent [42, 46]. However, when the polymer concentration 

Fig. 5   Retracting a flat substrate during chemical polymerization 
without crosslinking produced a thick, lubricious layer of polyacryla-
mide atop a substrate of less-lubricious polyHEMA. Reproduced with 
permission from ASME [27]
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and/or crosslink concentration is very low, the character 
of the hydrogel may deviate from an elastic solid, and not 
have sufficient structure to hold together as a solid mate-
rial. Thus, lubricity has a practical limit of bulk fragility. A 
system which leverages the higher- and lower-water content 
hydrogels is a laminate structure with a compliant lubricious 
hydrogel presenting at the surface and a tougher hydrogel 
as its substrate. This exists both in commercial soft contact 
lenses [79] and in the laboratory [80, 81]. An exceedingly 
lubricious, and even slimy surface, can be fabricated by 
growing an entangled layer of polymer from a crosslinked 
hydrogel substrate [27] (Fig. 5). While promising, optimiz-
ing this system for broad design of laminate composites is 
not yet in the open literature.

5.2 � Mold Materials and Imparted Properties

Hydrogels that are simultaneously crosslinked and polym-
erized like polyacrylamide [82, 83] have often been 
molded against borosilicate laboratory glassware to act as 
a mechanical boundary. It was assumed that the mold just 
determined the geometry of the hydrogel surface without 
affecting the local chemistry of the synthesized surface. 
This assumption has recently been scrutinized due to the 
variety of mold materials available, as well as an early 
discovery of a less-dense surface layer [84]. For a sin-
gle chemistry of polyacrylamide prepared in an identi-
cal protocol with the exception of the mold material on a 
spectrum between hydrophilic glass and hydrophobic bulk 
polymers, a softer surface extending down micrometers 
was discovered to be associated with the more hydropho-
bic molds [85, 86]. The softer surface was hypothesized to 
be sparse at its outer extent and increase in density toward 
the bulk, where the “bulk” being some effective screen-
ing distance from the mold (Fig. 6). In the same line as 

the early discovery, recent work demonstrates a swollen 
outer layer on polyacrylamide that can be worn away, but 
re-emerges over time [87]. Authors hypothesized that a 
swollen surface region will always emerge due to the way 
that the solvated chains reconfigure to maximize the exclu-
sion of water shells. Thus, there is ample opportunity to 
leverage mold materials and novel synthesis methods to 
engineer the surfaces of hydrogels to have a surface com-
position that enhances lubricity.

5.3 � Charged Hydrogel or Charged Solvent Effects 
on Lubrication

The charge of the hydrogel influences its interactions with 
the solvent and countersurface, and thus, its frictional 
response. Previous work has shown charged hydrogel sur-
faces with equal sign can trap fluid at the interface, and the 
ions of the fluid separate based on their charge. The ion 
rearrangement at the interface creates a bilayer domain of 
hydrated ions that requires higher loads to maintain the den-
sity, and thus the integrity of the hydrated layer [49]. The 
trapped fluid at the interface experiences an osmotic pressure 
due to the load applied and remains at the interface dur-
ing sliding [88]. Therefore, the friction at the interface can 
be expressed using the Navier–Stokes equations for shear 
stresses produced due to fluid flow. Because the fluid flow 
dictates the measured friction, the quality and contents of the 
solvent strongly influence the lubrication regime of the inter-
face. Adding charged surfactants to the solution can further 
decrease friction of the gel-mated interfaces by remaining 
at the interface and strengthening the repulsion of the two 
surfaces [89]. Furthermore, charged ions in the solution can 
be trapped at the interface, creating sub-nanometer hydra-
tion shells [50]. The development of a hydration layer due 
to charge repulsion at the hydrogel interface gives rise to 

Fig. 6   (Left) Based on mechani-
cal testing and in situ spectros-
copy, multiple groups find that 
a glass mold for chemically-
crosslinked hydrogels imparts 
a “neat” surface with uniform 
composition in the near-surface 
region. (Right) Contrasting 
to that is a layer depleted of 
crosslinks and polymer concen-
tration imparted to the hydrogel 
surface by a hydrophobic mold. 
Reproduced with permission 
from WILEY–VCH Verlag 
GmbH [86]
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superlubricity, or very low friction values. Superlubricity 
has also been achieved at the interface of a hydrogel copol-
ymer of two zwitterionic polymers and a sapphire probe 
when water was used as the lubricant [90]. The strength 
of adsorption of water molecules onto the surface of the 
charged hydrogel was great enough to maintain a fluid layer 
between the hydrogel and the hard probe at a range of speeds 
and loads (Fig. 7) [65]. Therefore, the charge of the hydrogel 
has a strong influence on its frictional behavior.

6 � Updated Testing Techniques

Hydrogels tribological performance, i.e. their coefficients of 
friction and wear rates against surfaces and their mechanical 
response to contact remain exceptionally pertinent in identi-
fying their use as engineering materials [1, 32]. The ability 
to directly observe the interactions of soft material interfaces 
and determine contact deformation using in situ microscopy 

Fig. 7   Low COF was observed 
due to electrostatic repulsion 
between the two negatively 
charged mating faces (silica 
probe and the deprotonated 
carboxylic acid functions at the 
polymer surface). In contrast, 
at high load (> 50 nm), the 
probe started to deform the 
brush films, and consequently, 
the friction increased [65]. 
Reprinted (adapted) with per-
mission from [65]. Copyright 
(2017) American Chemical 
Society

Fig. 8   Methods of viewing hydrogel contact. a Heterogeneous con-
tact of a hydrogel against a glass plate during radial sliding due to 
low compressive pressures allowing water to be trapped at the inter-
face [113]. Increasing sliding speed from image  1 to 2 led to dra-
matic decrease in the contact area. b A hydrogel film sliding later-
ally underneath a fixed glass lens. In static contact, the contact area is 
circular (left). Upon sliding (right), contact asymmetry occurs due to 
loss of contact at the trailing edge, and continued circular shape at the 

leading edge. Reprinted (adapted) with permission from [41]. Copy-
right (2018) American Chemical Society. c Composite image of verti-
cally stacked confocal images of a glass probe (black area) applying 
a load to a rotating hydrogel disk (green fluorescent microspheres) 
that is submerged in water (red fluorescent microspheres). The white 
triangles mark the surface profile [39]. Reproduced with permission 
from Elsevier
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[91] was a watershed event as it has allowed direct charac-
terization of mechanical surface properties [92–95], vali-
dated non-in situ tribological measurement techniques [53, 
55, 96–100], and aided in the development of test devices 
using soft materials [101–105]. Nanoscale measurements 
using AFM and bulk measurements using rheology remain 
effective ways to ascertain physical properties of hydrogels 
at their respective scales [106–112]. The desire to bridge 
these properties observed at the nanoscale and macro-
scale has led to unique testing techniques for hydrogels at 
the microscale and the mesoscale. The characterization of 
hydrogels mechanical and tribological performance, as well 
as the use of hydrogels tribological apparatus for other soft 
and active matter have advanced with the ability to precisely 
make measurements at these scales.

Direct optical light measurements at hydrogel surfaces 
are often confounded by the index of refraction mismatch 
between the hydrogel and the water it is submerged into 
prevent de-swelling. A number of methods have been 
developed to differentiate the refractive index between the 
swollen gel film and the water such as using a trapezoidal 
glass prism [113] or crossed polarizers and quarter-wave 
plates [41]. The images developed by using these methods 
are shown in Fig. 8a, b. In addition, several techniques 
have been developed to directly observe these “invisible” 
surfaces with established methods such as light micros-
copy and confocal microscopy. Particle exclusion micros-
copy (PEM) uses either fluorescent or dye particles to act 
as the primary signal within either the hydrogel itself or 
within the fluid surrounding the interface; where these 
particles are absent, the hydrogel must occupy [114]. By 
mounting a pin-on-disk micro-tribometer in the direct light 
path of an inverted microscope, PEM has been used to 
assess the contact mechanics of hydrogels as both probe 
and counter surface from the indirect observation of the 
contact area in both static indentation and dynamic slid-
ing [115–119]. Similarly, direct measurements of contact 
area may also be accomplished with a micro-tribometer 
and fluorescence confocal microscope by three-dimen-
sional reconstruction of the indented surfaces and probes 
by adding a small amount of dispersed nano-sized fluo-
rescent particles to the hydrogel samples before polym-
erization [18, 20, 118]. The indentation is centered along 
the scanning laser path and a series of images are taken 
sequentially scanning monotonically at different z heights 
to develop the surface contour. Inspired by these direct 
observations, constant-pressure hydrogel probes were 
designed and generated using a 3D printer to apply con-
trolled pressures to delicate systems such as cell monolay-
ers. The indications of contact in vitro correlated to the 
coefficient of friction and physical factors that cause cells 
to signal inflammation, premature cell death, and poten-
tially disease propagation [20, 120–124].

Wear of hydrogel measurements has remained elusive 
as they easily accommodate compressive forces with 
large contact areas and rearrangements, begin to de-swell 
quickly when exposed to air making surface profile meas-
urements with devices such as a scanning white light 
interferometer difficult, and may inherently have low wear 
rates against many typical smooth counter-surfaces used 
in tribology. Efforts to measure a wear rate were success-
ful by reciprocating a highly-rough 3.75 mm radius cyl-
inder (Ra ~ 8 µm) against hydrogel surface using a custom 
micro-tribometer for 30 km varying both speed (1 mm/s 
and 3 mm/s) and normal load (1–20 mN). The experi-
ments produced large wear scars visible to the naked eye 
and wear rates (0.1–0.4 mm3/Nm) as measured by a 3D 
laser scanning confocal microscope. Additional tensile 
measurement and analysis with the high wear rates sug-
gest that wear in the gels is a competition between ductile 
and brittle fracture [125]. Further studies and new testing 
techniques need to be employed to determine wear rates 
of hydrogels against smoother bodies and corroborate the 
high-wear results.

As stated previously, in vitro studies of cell monolayers 
measured frictional shear stresses with a soft spherical 
shell hydrogel probe [122, 123]. The studies were per-
formed with a reciprocating micro-tribometer capable of 
applying micro newton normal loads, measuring Pascal-
level stresses, while traveling millimeters of distance 
(and therefore across many cells) and arranged to run 
with a simultaneous control sample. The ability to use 
the spherical hydrogel probe mitigated vertical alignment 
issues that would cause a stiffer probe to plow through 
the cells monolayer during the long travel path (~ 1000 
cell widths). Other investigators are currently performing 
friction measurements of hydrogels and cells in vitro with 
an apparatus similar to a miniaturized rheometer [126, 
127]. Here a biological sample (such as resected cornea) 
is placed against a hydrogel disk of similar size which may 
be actuated axially and rotationally. The actuator the gel is 
attached to is equipped with axial load and torque sensors. 
The torque and axial load collected during the experiment 
are used to determine the friction coefficients.

7 � Closure and Future Perspectives

The behavior of hydrogel materials and surfaces in slid-
ing contacts fundamentally alters prior understandings of 
lubrication due to their compliance, synthesis methods 
and surface character, and compliant water-dependent 
structure that drives transport of the lubricating fluid. The 
composition of the hydrogel is influential in all of these, 
especially the monomer concentration(s) and monomer/
crosslinker ratio [82, 83, 128, 129]. Further, surface layers 
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or composite regions can enhance the lubricity without 
losing other desirable properties of the bulk such as 
stiffness.

With medical advances and the increasing prevalence of 
human–machine interfaces, hydrogels are lead contenders 
for mediating a wide variety of biological-synthetic inter-
faces. As they become the basis for engineered structures 
and devices on a large scale, other engineering properties 
such as ductility, fatigue, and fracture toughness are begin-
ning to be investigated [24, 130, 131]. Adding the lubrica-
tion and surface performance as an aspect of their overall 
design will ensure reliable and robust operation of hydro-
gel-based devices for existing and future applications.
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