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ABSTRACT
Despite the ubiquitous use of soft materials in everything from transportation to biomedicine, 
there remain tremendous opportunities for fundamental studies on the governing principles 
behind their tribological performance. One of the greatest challenges in performing tribological 
studies of friction and wear on soft materials is the low modulus, which necessitates low forces for 
convenient and accessible contact areas widely used in experimental tribology. Many excellent 
and established tribological instruments that have been optimized over the years for use with 
hard materials are essentially unusable for low modulus materials like soft elastomers, hydrogels, 
tissues, and cells. This critical need for fundamental measurements of soft contacts has led to a 
growing field of instrumentation development, stronger connections between tribology and 
rheology, increased in situ studies of contact deformation using optical microscopy, and new 
models for rate-dependent effects on friction and wear. Improvements in the ability to measure 
the real area of contact, assess time-dependent responses of soft interfaces, and reduce 
uncertainty in shear stress measurements are critical for friction measurements on soft materials. 
Some recent efforts in soft tribology are outlined herein with an eye towards performing non-
destructive experiments on living cell layers to foster stronger interactions with biology and 
biomedicine.

1. Introduction

What defines a soft material depends on the field of 
study: to an engineer, a soft material may be anything 
with a modulus below 10 MPa; to a biologist, it may be 
a material that is below 1 kPa. The challenges associated 
with making fundamental measurements for such mate-
rials frequently stem from the competition between the 
need for small but macroscopic contact areas of the order 
of one square millimetre and the need for low applied 
loads (typically below 1 mN) to prevent these areas from 
rapidly spreading or the pressures from reaching the 
elastic modulus. For cell layers and tissues, the contact 
areas need to be larger than a single cell to make meas-
urements of the collective ensemble or system. Optical 
microscopy remains a staple for in situ measurements 
in biology, and bringing tribological and rheological 
equipment into this arena has been a bourgeoning area 
of research. There are many opportunities for measure-
ments of friction over biological interfaces to assist in the 
development of medical devices (orthopaedics, contact 

lenses, catheters, and implants [1–3], personal care prod-
ucts (skin care [4,5] and lubricants), disease progres-
sion (arthritis [6], pressure ulcers [7–9] and Sjögren’s 
Syndrome [10]), and potentially even in cancer research 
(aberrant MUC 1 production [11,12]).

In this manuscript, the focus is towards applications 
of biological interfaces, which are predominantly soft, 
aqueous, and slippery. The origin of this slipperiness is 
thought to be linked to a high molecular weight surface 
gel layer. In the case of tear films, heavily glycosylated 
mucins act together to establish a viscoelastic hydro-
philic gel. This gel, called the glycocalyx (200–500 nm 
thick [13]), covers the apical membranes of epithelial 
cells and stabilizes the tear film (~5  μm thick [14]); 
however, a recent view of the tear film suggests that the 
aqueous layer is actually a gel spanning network. These 
biopolymer gels can be upwards of 98% water with large 
characteristic spacing (mesh size, ξ) [15] of the order 
of 300 nm [16]. Some theories have suggested that the 
mesh size of the biopolymer gel functions as an essential 
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part of the immune system by obstructing and trapping 
pathogens and debris particulates while simultane-
ously allowing rapid transport of gases, fluids, ions and 
nutrients to the cells beneath [13]. For simple hydrogels 
made from flexible polymers, the elastic modulus and 
osmotic pressure scale with mesh size like E ~ kBT/ξ3; for 
semi-flexible polymers, the modulus scales with mesh 
size like (lp

2 kBT)/(lc
3ξ2), where lp is the polymer persis-

tence length and lc is the contour length between cross-
links. A flexible polymer gel with a mesh size ξ ~300 nm 
has a modulus of the order of 1 Pa (over 1,000x less than 
the modulus of a cell); the same modulus is found for 
semi-flexible gels in which lc ≈ lp ≈ ξ. The deformation 
and shear rheology of interfaces between such extremely 
soft materials in biology may be key drivers of lubricity 
over a wide range of sliding conditions [17,18].

2. Experimental methods

2.1. Poroelasticity

Increasing mesh size is frequently a result of decreasing 
polymer concentration, and results in reduced modulus 
and increased permeability. A frequent hypothesis in the 
lubrication behaviour of tissues and gels is that drainage 
effects determine the tribological regime through the low 
shear of trapped water layers at the interface. Numerous 
models have been developed to estimate the time of 
load support before interface drainage locally alters the 
water content and lubricity. In a migrating contact, the 
flow of water away from a pressurized region created 
by an impermeable probe competes with the rate of slip 
[19,20]. This competition of rates can be represented by 
a contacting Péclet number, defined by Reale et al. as the 
ratio of slip rate to flow rate [21] or, P

e
c

= 2Va∕D; V is the 

slip speed, a is the contact radius and D is the diffusiv-
ity [22]. At high Péclet numbers when the slip outpaces 
flow, the lubricious character of a dilute hydrated gel is 
maintained; at low Péclet numbers when flow outpaces 
slip, the lubricious character degrades, and high friction 
results. Microtribometry is uniquely poised to access 
this range of slip speeds (~50 μm/s < V < 3,000 μm/s) 
and contact radii (~50 μm < a < 250 μm) that span the 
transitions between lubricity mechanisms. This ‘slip vs 
flow’ model has recently been applied to polyacrylamide 
hydrogels for compositions from 5 to 12.5% by weight, 
adding to the body of evidence that mesh size drives 
lubricity for a dilute hydrated mesh [18] (Figure 1).

2.2. Tribo-rheology

The mathematical models and physical behaviours of the 
large mesh size gels under a wide range of shear rates 
(103–108 s−1) often appear to parallel responses seen in 
complex fluids that have been widely investigated and 
modelled by the rheology community. Both biological 
gels and synthetic gels are known to have a gradient 
in density near the surface, such as the mucins of the 
tear film [23] or a lower density layer at the surface of 
oxidation-cross-linked dimethylacrylamide [24]. Some 
experiments on graded gel layers with large mesh sizes 
at the shearing interface have implicated mesh size as the 
driver for lubricity, and even super-lubricity. In recent 
studies, the lower-density polyacrylamide surface layer 
of the order of single micrometers thick has polymeric 
and fluid components that have recently been shown to 
respond as a complex fluid under shear [25] using annu-
lar tribo-rheometry. This technique provides constant 
unidirectional slip that probes the surface resistance 
to step changes of speed, and can uniquely assess the 

Figure 1. as a polyacrylamide hydrogel slab surface encounters a probe under migrating contact, the rate of slip competes with 
the rate of pressure-driven water squeeze-out. These competing rates can be compared by taking the ratio of the rates of slip and 
flow in the form of a contacting Péclet number, P

e
c

= 2Va∕D where V is the slip speed, a is the contact radius, and D is the fluid 
phase diffusivity [21]. Through a thorough experiment set varying the slip speed for 4 different compositions of polyacrylamide, 
we found that the measured friction coefficients fit to this poroelasticity lubrication model. High polymer content dictated higher 
friction coefficients at all Péclet numbers, suggesting that after preliminary testing, the friction coefficient of a hard probe against a 
polyacrylamide slab under specific testing conditions could be predicted. The percentages on the right are the polymer concentration 
by weight from 12.5% at the top to 5% at the bottom.
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instantaneous and long-time responses to shear. Adding 
to the duration-dependence identified, we show here 
that the area of tribological hysteresis in tribo-rheometry 
of polyacrylamide hydrogels is an indicator of lubrica-
tion regime (Figure 2). Future studies are poised to shed 
light on hydrogel friction theories of chain stretch and 
chain adhesion [26,27], and may offer directions for 
new therapeutic regimens for the treatment of diseases 
associated with skin, cartilage, the digestive system, and 
the eye.

2.3. Biotribology

The slipperiness and softness of biological sliding 
interfaces present significant experimental challenges. 
Biotribological investigations using living cells, cell lay-
ers and tissues necessitate low contact pressure meas-
urements; however, such studies often resort to applying 
low forces to achieve kPa range contact pressures, and 
such methods can diminish the contact area below a 
physiologically relevant threshold. In vivo, ex vivo and 
in vitro studies that aim to collect physiologically rele-
vant friction measurements must match physiological 
contact pressure conditions [28]. The softness of the cell 
layer (E ~ 10 kPa [29,30]) provides an order-of-magni-
tude estimate for the amount of mechanical pressure 
that may be applied to cells during tribological testing; 
indeed, applied contact pressures of the order of 5 kPa 
[31,32] and shear stresses in excess of 200 Pa [33,34] 
are sufficient to inflict significant damage to a cell layer. 
Direct contact tribological experiments on a living cell 
layer without incurring any measurable cell death in the 

sliding path [34] has recently become possible through 
the implementation of a soft, thin, spherically capped 
membrane hydrogel probe (Figure 3) [28]. This probe 
design achieved contact pressures within and below 
the 1 kPa range at macroscopic contact areas that were 
independent of the applied normal load. The gel–cell 
sliding interface under applied normal loads of ~ 200 
μN resulted in measured friction coefficients of μ ~ 0.06. 
From the relation τ ~ μσ, where τ is shear stress and σ 
is the normal stress (i.e. contact pressure), the gel–cell 
interface achieved shear stresses of the order of 60 Pa.

2.4. Microscopy

While advances in tribological experimentation have 
led to sub-microNewton precision in force measure-
ments, an accurate measure of the contact area of the 
buried sliding interface has remained a persistent chal-
lenge in the field. Previous efforts have estimated the 
contact area using mathematical modelling [35] or by 
direct imaging during static or quasi-static indentation 
[18,36,37]. In situ experimentation using high-reso-
lution imaging techniques including scanning white-
light interferometry, inverted fluorescence microscopy, 
and high-speed imaging have provided an invaluable 
window into the real area of contact for soft-on-hard 
sliding interfaces in dry and lubricated environments 
[37–40]. For soft-on-soft or refractive index-matched 
materials in sliding contact, alternative in situ imag-
ing methods are needed to determine the contact area 
and reduce the uncertainty in shear stress measure-
ments. Recent studies [30,41,42] have utilized confocal 

Figure 2. Tribo-rheometry. (a) as step changes in speed are applied to a unidirectional annular contact, the resulting torque exhibits 
hysteresis depending upon the slip speed history [25]. (b) The hysteresis increases as the duration of each speed step increases, 
from step times of 0.9 to 90 s. (c) The hysteresis area as a function of the duration of slip at a given constant value shows that the 
surface of the hydrogel slab is structurally altered over time, further supporting the assertion that the interfaces created between an 
impermeable probe and dilute hydrogel mesh resemble complex fluids under shear [53].
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Figure 3. biotribology. (a) gentle, direct contact measurements of living cellular monolayers are made possible using a spherically 
capped membrane hydrogel probe, outlined from a composite stitch of confocal images. (b) confocal microscopy of a hydrogel 
probe embedded with green fluorescent particles pressed against a glass coverslip reveals a large contact width under low normal 
load. (c) log–log plot of normalized indentation force (f/f*) vs. normalized contact radius (a/a*). Prior to a critical point at f* and 
a*, the probe functions as a constant pressure interface; beyond this normal force, it deviates from a constant pressure system [28]. 
Probes were both moulded [35,36,54] and 3D printed [55,56]. reprinted from Marshall et al. [28] with permission from elsevier.

Figure 4. Microscopy. (a) Hydrogel mechanics were investigated by performing a series of indentations atop an inverted confocal 
microscope and applying surface pressures less than the hydrogel osmotic pressure. (b) confocal microscopy reveals increasing 
deformation of the soft hydrogel embedded with red fluorescent particles as the rigid probe (grey solid line) indents with higher 
normal forces. (c) surface profiles of hydrogel indentations from confocal images plotted as a function of radial position with 
increasing applied normal loads [30]. reprinted from schulze et al. [30] with permission from elsevier.
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laser-scanning fluorescence microscopy to acquire 
two- and three-dimensional images of the large defor-
mations and contact areas of a soft indentation in an 
aqueous environment under multiple loading condi-
tions (Figure 4).

3. Future Directions

Wilhelm His in 1874 [43] was one of the first researchers 
to connect two of Robert Hooke’s discoveries: the cell 
(Micrographia 1665 [44]) and mechanics (Hooke’s law 
1678 [45]). Today, it is widely acknowledged that cells 
need contact stress and shear stress for growth, prolif-
eration and differentiation [46]. Internal and external 
physical forces are known to be able to act through the 
cytoskeleton to affect local mechanical properties and 
cellular behaviour (25); shear stress is a fundamental 
determinant of vascular homeostasis, regulating vascu-
lar remodelling, cardiac development and atherogenesis 
[47]. The translation of mechanical forces and defor-
mations into biochemical or electrical signals is a pro-
cess known as mechanotransduction. However, despite 
knowing that cells need stress, the characterization and 
application duration for specific cell responses remain 
ripe areas of study.

The majority of tribological experiments performed 
on biological tissues and cellular monolayers in the lit-
erature have measured forces and determined friction 
coefficients but have not thoroughly interrogated the 
cellular response beyond a live/dead assay. Studies 
have shown that only a few Pascals of shear stress are 
sufficient to elicit a biological response and activate 
cellular machinery [48,49]; it is therefore imperative 
that in situ fluorescent reporting or staining is utilized 
to observe cellular responses to mechanical and tri-
bological stimuli. Fluorescence could, for instance, 
monitor the onset of cell death (e.g. apoptosis, pyrop-
tosis, necrosis [50]) or other cellular responses (e.g. 
mucin production [51], inflammatory mediators [52]) 
initiated by direct contact and sliding experiments. 
Interdisciplinary collaborations in tribology, rheology 
and biology will undoubtedly generate new insights 
into the effects of mechanically induced shear stress 
on cell signalling, cellular damage and changes in cel-
lular machinery. These opportunities in soft tribology 
research strongly indicate that the field of biotribology 
is poised for developing a scientific understanding of 
biological interfaces, their responses to natural and 
externally induced stresses, and their link to health 
and disease.
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