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Abstract
Soft contact lenses are medical devices made from aqueous polymeric gels that are worn on the eye to correct refractive 
errors. These devices interrupt the natural contact pairing between the cornea and the eyelid and create two interfaces com-
prised of a synthetic material and the epithelia—contact lens surfaces versus (1) the cornea and (2) the eyelid conjunctiva. 
The cellular responses to friction and shear stress are thought to contribute to contact lens discomfort. This study performs 
direct contact shear experiments using in vitro biotribological experiments using a microtribometer equipped with a hydrogel 
membrane probe. Sections from commercial contact lenses are held in place on a spherically capped membrane probe during 
reciprocating sliding experiments against confluent monolayers of living human telomerase-immortalized corneal epithelial 
cells (hTCEpi). The contact lenses were loaded against the cell monolayers to physiological contact pressures between 400 
and 1300 Pa under an applied load of 200 µN. The reciprocating distance was 3 mm, at a sliding speed of 1 mm/s, and the 
maximum duration of sliding was 1000 cycles. Five commercially available lenses (somofilcon A, stenfilcon A, etafilcon A, 
verofilcon A, and delefilcon A) were used to evaluate the cell layer responses to aqueous gels of differing composition, surface 
modulus, and lubricity. Cell damage was measured via propidium iodide staining and in situ fluorescence microscopy. The 
shear stresses varied from 16 ± 2 Pa (delefilcon A and verofilcon A) to 86 ± 12 Pa (stenfilcon A), and cell damage increased 
with increasing shear stress and increasing sliding duration. The two lens materials that have high water content surface gel 
layers (delefilcon A and verofilcon A) showed distinctly lower measures of cell damage as compared to the other lenses. 
Surface gel layers with a large polymer mesh size and high water content are shown to be an effective approach to lower the 
contact pressure, lower the friction coefficient, and thereby lower the shear stress and cell damage.
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1  Introduction

Among the softest creatures in the world are a diverse group 
of marine animals found in our oceans: anemones, hydroids 
and jellies. These fragile creatures are almost entirely made 
of water—they are aqueous gels, made from a crosslinked 
biopolymer (collagen) swollen in sea water to almost 95% 
[1, 2]. The eye’s first line of defense against the external 
environment, the ocular tear film, is similar in water con-
tent; a thin stratified layer of moist epithelial cells protected 
by a mucinated aqueous gel (≈ 95% water), with the main 
difference being the labile and weak crosslinks of mucin 
[3]. The eye is a delicate, dynamic, and intricate biological 
system. The mucins present in the tear film (MUC1, MUC2, 
MUC4, MUC5AC, and MUC16) [4, 5] arrange into a graded 
gel layer [6–8] that serves to maintain hydration and clarity 
of the ocular surface, provide lubrication, and resist adhe-
sion between the corneal and conjunctival epithelia during 
an eyeblink [9]. The volume of the tear film is estimated 
to be on the order of 8 ± 3 µL [8], and tear film thickness 
below 10 µm—estimates of the precorneal tear film based 
on reflectance spectra are on the order of 3 µm [10].

The diverse array of mucins in the ocular environment are 
broadly divided into two categories—membrane-attached 
mucins and secretory mucins. The membrane-bound 
mucins (e.g. MUC1) form the anchor layer for this gel net-
work and the higher molecular weight secretory mucins 
(e.g. MUC5AC) develop into the lower density gel net-
work. These mucins create a gel-spanning network through 
transient crosslinks (hydrogen and disulfide bonds) and 
even shorter-living physical entanglements [3]. The weak 
physical crosslinks and the large mesh size of mucin gels 
result in a surface with an intrinsically low shear stress dur-
ing sliding, due to the large mesh size, high water content, 
and low yield stress. Once the shear stress exceeds a failure 
stress, the physical crosslinks break, shear thin [11], and 
then reform (heal) dynamically during the relaxation time 
between blinks. This fragile gel-spanning mucin network 
acts like a mechanical fuse limiting the stress that can be 
transmitted to the underlying epithelial cells. Ocular health 
and comfort are inexorably linked to the quality and stability 
of this functional fragile gel interface. This tear film contrib-
utes to homeostasis on the ocular surface, maintains clarity 
across the cornea, and provides a physical barrier against 
foreign debris [12] (e.g. pathogens, toxins, and particles) 
while permitting the rapid passage of selected gases, fluids, 
ions, and nutrients to the epithelial cells. Tear film stabil-
ity, lubrication properties, and rates of evaporation are all 
determined by the integrated composition of the tear film: 
proteins, mucins, and lipids.

The eyes are almost continuously moving while awake, 
and frequently during sleep [13]. During a blink, the eyelid 

wiper accelerates to a maximum speed of approximately 
100 mm/s, approaches the lower eyelid, and then retracts 
back; the entire process takes place in ≈ 100 ms [14]. 
Estimates of the maximum shear rate are on the order of 
104–105 1/s depending on the assumptions regarding the 
thickness of the shearing zone [14] (Fig. 1a). Given the 
gradient in mucin composition and concentration across 
the tear film, the fluidized zone may be increasing in 
response to the sliding speed to maintain a nearly con-
stant shear rate and shear stress during blinking and ocular 
movement. The contact pressure exerted on the cornea by 
the eyelid during this activity has not been directly meas-
ured, and undoubtedly depends on the degree to which the 
gel spreads contact across the contact zone—the contact 
pressure is estimated to be on the order of a few kPa.

Although rarely discussed as such, the contact lenses 
should be thought of as a foreign body in the ocular envi-
ronment. The insertion of a soft contact lens into the ocular 
system clearly disrupts the natural system and creates two 
entirely new interfaces comprised of a synthetic material 
and the epithelia (contact lens versus conjunctiva and con-
tact lens versus cornea) and fundamentally change the tis-
sue/tissue contact mechanics. Traditionally, these hydrogels 
have high polymer content (≈ 50% water) in comparison 
to the ultra-high water content ocular gels (≈ 95% water). 
The physics of friction in aqueous gels and biological sys-
tems is widely studied with numerous experiments and 
models describing the mechanisms behind the lubrication 
of these materials [15–23] and the ubiquitous finding is that 
increased water content increases the lubricity.

Contact lens discomfort and dry eye discomfort may have 
a related underlying etiology where elevated levels of shear 
stress are responsible for initiating pain signaling through 
the release of proinflammatory cytokines [24, 25], which 
are recognized as important mediators of inflammatory pain 
[26] associated with the primary sensory neurons (nocicep-
tors) that are abundant in the ocular tissues [27, 28]. The 
combination of increased contact pressure, disruption of the 
tear film, and the resulting frictional shear stress are thought 
to be key contributors to discomfort in contact lens wear 
[29]. A recent design strategy has been built around surface 
gel layers, which increase the water content and mesh size of 
the aqueous gel on the surface of the lenses [2, 21, 30, 31], 
Fig. 1b. In contrast to homogeneous lens materials, Fig. 1c, 
the lenses with surface gel layers aim to reduce the frictional 
shear stresses by dropping both the contact pressure and 
friction coefficient, Fig. 1d.

In hydrogels, as the water content increases, the mesh 
size (ξ) of the hydrogel network also increases [2, 21, 
32]. The increase in mesh size causes a dramatic decrease 
in the elastic modulus (E ∝ ξ−3) [33, 34] of the gel and 
also causes a reduction in the friction coefficient (µ ∝ ξ−1) 
[21]. Increasing mesh size thereby reduces the frictional 
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shear stress (τ ∝ ξ−3) by increasing the contact area, 
decreasing the contact pressure, and dropping the friction 
coefficient [2]. This manuscript examines the sensitiv-
ity of corneal epithelial cell monolayers to direct contact 
sliding against five commercially available lens materials 
under physiologically relevant contact conditions (con-
tact pressure, sliding speed, and duration). The materials 
were selected from three different manufacturers of daily 

disposable lenses and included both homogeneous mate-
rial designs (three lenses, Fig. 1c) and surface gel layers 
(two lenses, Fig. 1d).

Fig. 1   a The natural tear film is a gel-spanning network with gra-
dients in both mucin concentration and composition. This design 
undoubtedly produces gradients in yield stress, which may provide 
nearly constant shear stress over a range of sliding speeds. b Aqueous 
gel layers on the surfaces increase the water content and mesh size at 
the lens/cell interface as compared to silicone hydrogel (SiHy) core 

materials. c Schematic of a spherical contact against a SiHy material 
with a semi-elliptic contact pressure profile, P(s), and finite contact 
width, 2a. d Schematic of contact against a surface gel layer, show-
ing increased contact width, reduced contact pressure, and increased 
penetration into the gel layer
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2 � Methods

The cell model used in these experiments is based on 
a popular human telomerase-immortalized epithelial 
(hTCEpi) cell line, which has been extensively used to 
model corneal epithelial cell growth, proliferation, dif-
ferentiation, desquamation, and mucin production [35]. 
Here a confluent cell monolayer was established following 
procedures and methods described previously on fibronec-
tin-coated (EMD Millipore Corp FC010, at 0.2 mg/mL) 
glass-bottom culture dishes (20 mm in diameter); at con-
fluence these culture dishes are covered by almost 1 mil-
lion cells [5, 25, 36]. The cells were allowed to mature 
for 48 h to allow the mucin layer to develop and mature 
on the apical surfaces. During biotribological testing, the 
cells are maintained in a custom incubator over the micro-
scope, which maintains the temperature (37 °C ± 0.1 °C), 
relative humidity (RH > 95%), and background pressure of 
CO2 in otherwise ambient air (5% CO2) [37]. The growth 
media is Keratinocyte Cell Basal Medium (KGB-Gold 
Cat#00192151) with 1% Penicillin–Streptomycin and 
0.06 mM CaCl2. The cells were limited to passage num-
bers 42–45, and each of the glass bottom culture plates 
were coated with a 200 µg/mL solution of fibronectin for 
30 min, then rinsed with ultrapure water. Fibronectin, like 
collagen, is an extracellular matrix (ECM) protein that is 
a high molecular weight glycoprotein that binds to integ-
rins. In our experience, this has been a reliable method of 
coating glass and preparing surfaces for corneal epithelial 
cell culture in monolayer, which is consistent with other 
groups’ experiences [38, 39].

Biotribological testing was performed on the hTCEpi 
cell monolayers using an in situ biotribometer described 
in a number of publications [5, 25, 36, 37]. This instru-
ment utilizes an ultra-low force dual-flexure cantilever to 
measure both the tangential and normal forces synchro-
nously and dynamically. Contact lens specimens were 
cut from the central apex of lenses and mounted with the 
anterior surface exposed onto a spherically capped mem-
brane probe assembly [40] made from pHEMA (65 wt% 
(hydroxyethyl)methacrylate (HEMA) crosslinked with 0.3 
wt% N,N′-methylenebisacrylamide (MBAm)). The entire 
specimen assembly (Fig. 2) was equilibrated in PBS and 
soaked in bath of cell-growth media before mounting to 
the tribometer for testing and experiments. Depending on 
the particular experiment, the membrane probe thickness, 
t, was varied to control for contact pressure and permit 
lenses of different elastic modulus to be tested at the same 
force and contact pressure.

The contact lenses were aligned with their apex along 
the imaging axis of an inverted epifluorescent wide-
field microscope. Contact area, cell motion, and probe 

movement could all be monitored in situ during testing. 
The hTCEpi monolayers were slid in reciprocating lin-
ear motion (3 mm stroke length) at a sliding speed of 
1 mm/s for 1000 complete cycles. The average normal 
force was prescribed and controlled on a cycle-by-cycle 
basis for each experiment, and the contact pressure could 
be independently controlled and targeted by fabricating 
spherically capped membrane probes for each lens type 
to adjust for difference in elastic modulus and stiffness 
[40]. Friction forces were continuously measured synchro-
nously with normal forces, and cyclic friction loops were 
confirmed for each cycle, and the friction coefficient was 
calculated for each cycle and recorded for the duration 

Fig. 2   Contact lens holder a assembly and b exploded view showing 
an exposed circular area of a contact lens section secured between a 
hydrogel lens cover and a spherical shell membrane hydrogel probe. 
The contact lens cover (holder) and membrane probe backing are 
composed of pHEMA. The assembly is mounted to an ultra-high 
molecular weight polyethylene (UHMWPE) support post which is 
fastened to the cantilever during testing. Typical membrane probe 
geometries listed in c 
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of the experiment. Associated uncertainties in the force 
measurements are propagated to give uncertainty intervals 
in both contact pressure and friction coefficient [41].

Periodically during testing, the entire contacting zone of 
the cell layer was imaged using the widefield inverted epif-
luorescent microscope. The composite image was created by 
“stitching” sequential image frames with 20% overlap across 
the entire field. The media was supplemented with two drops 
of propidium iodide, PI, (ReadyProbes Cell Viability Imag-
ing Kit R37610), which was shown to be an outstanding 
indicator of cell damage under continuous exposure at low 
background level concentrations. This protocol was vali-
dated as a part of previous studies on friction-induced apop-
tosis using a suite of complementary techniques, including 
phosphatidylserine translocation, activated caspase 3/7 
activity, imaging of actin depolymerization, and progression 
to secondary necrosis [36]. The image shown in Fig. 3a is a 
representative fluorescence microscopy image that overlays 
PI fluorescence (red: TRITC) with a brightfield image of the 
cells; PI is an intercalating agent that stains the nucleus of 
damaged cells. For the cells that stain positive for PI, both 
the periphery of the damaged cell and nuclear periphery are 
traced, as shown in Fig. 3b. The representative region ana-
lyzed in Fig. 3a, b, is indicated in a single widefield image 
Fig. 3c. After “stitching” together a number of images across 
the contact zone, the traced cells indicating PI damage are 
displayed without the brightfield images, Fig. 3d. These 
images are subsequently quantitatively analyzed to give 

numbers of cell damage as a function of sliding duration, 
materials, contact pressure, and shear stress.

To process larger amounts of imaging data, we developed 
an automated artificial intelligence package. As shown by 
the images in Fig. 3, the features of interest are typically 
small and localized. The feature detection and characteriza-
tion algorithm (originally developed for astronomy research 
applications) identifies each individual feature, records the 
location, brightness, and basic shape characteristics. The 
algorithm applies a shallow neural network to classify each 
identified feature as either point-like or extended, with a 
probability associated to the classification. A separate 
machine-learning algorithm is then applied to the brightfield 
image, to trace the periphery of each cell providing a unique 
identifier and position/shape information for each cell in the 
image (typically ≈ 20,000 independent cells). This com-
plementary computational analysis approach allows cross 
matching of the damaged cells (PI positive staining) and 
tracing of the cell nucleus and perimeter.

3 � Results and Discussion

Representative composite images outlining cells that stain 
positive for PI (as described in the “Methods” section) after 
1000 cycles of sliding at 200 µN are shown in descend-
ing order of damage in Fig. 4a. The astute observer may 
also discern a difference in cell size between the different 

Fig. 3   a At discrete time points, hTCEpi cells are stained with pro-
pidium iodide (PI), which is a nuclear stain assay (red fluorescence) 
indicating cell damage. The white dashed circle indicates a cell with 
a compromised nucleus. b Cell nuclei and perimeters are traced by 
hand for damaged, PI-stained cells. c A larger image of the cells 
showing the inset of (b) within the measured field of cells—approxi-

mately 400 cells within the image. d A single composite image show-
ing only the outlines of the cells that are positive for PI staining over 
the entire sliding track (stenfilcon A: 1000 cycles of sliding: normal 
force 200 µN, speed 1 mm/s, track length 3 mm, µ ≈ 0.07, and aver-
age contact pressure ≈ 1200 Pa) (Color figure online)



	 Tribology Letters (2020) 68:106

1 3

106  Page 6 of 9

experiments, with the trend that the cells for the lenses with 
the most damage appear smaller than the others; this is actu-
ally due to a change in cell size during apoptosis, where dur-
ing the programmed cell death process the cells contract and 
bleb—the cells are at different stages of apoptosis at the end 
of the sliding experiments. The average values of the nor-
mal force (Fn), friction coefficient (µ), average contact pres-
sure (<P>), shear stress (τ), and density of damaged cells 
(#/mm2) for these experiments are given in Table 1. The 
experiments were run in triplicate, and the associated experi-
mental uncertainties, or standard deviation (whichever was 
larger), are also given in Table 1. Cell damage analysis and 
quantification (damaged cells/mm2) was performed at 0, 10, 
100, and 1,000 cycles of reciprocated sliding and these data 
are plotted in Fig. 4b along with the associated uncertainty 
intervals. The contact area in square millimeters was directly 
measured using a zero-order fringe contrast under the micro-
scope. These data reveal a systematic increase in damage 
versus number of reciprocations, suggestive of damage 
associated with chronic stress [42]. The number of damaged 
cells per square millimeter are plotted for each experiment 
in bar graphs for lens materials A–E in Fig. 4c (each indi-
vidual bar corresponds to a single experiment, and all three 

Fig. 4   a Composite image outlines of cell damage after 1000 slid-
ing cycles for five different commercially available lens materi-
als. b Analysis of the number of damaged cells per square millim-
eter of contact area, plotted for versus the number of sliding cycles. 
c Analysis of the number of damaged cells per square millimeter 

after 1000 sliding cycles (experiments performed in triplicate). Black 
arrowheads indicate the experiment that corresponds to the compos-
ite image illustrated to the left, the dashed line is the average value 
over three experiments. The baseline measurement of cell damage for 
experiments without sliding was 7 ± 4 cells per square millimeter

Table 1   (Top) Results from experiments under controlled applied 
normal force, with contact pressure allowed to adjust depending on 
the mechanics of the individual lenses

(Bottom) Results from experiments under controlled applied nor-
mal force and contact pressure through the use of carefully designed 
membrane probes to match contact pressures across different lens 
materials. The materials are presented in order of descending severity 
for each experiment

Fn (µN) µ  <P> (Pa) τ (Pa) #/mm2

Force-controlled experiments
somofilcon A 200 ± 20 0.05 1,280 ± 60 64 ± 9 321 ± 69
stenfilcon A 200 ± 20 0.07 1,230 ± 80 86 ± 12 155 ± 19
etafilcon A 200 ± 20 0.08 595 ± 60 48 ± 7 137 ± 13
verofilcon A 200 ± 20 0.04 700 ± 40 28 ± 4 14 ± 4
delefilcon A 200 ± 20 0.04 400 ± 40 16 ± 2 12 ± 7

Force- and contact pressure-controlled experiments
etafilcon A 200 ± 20 0.07 400 ± 40 28 ± 4 126 ± 29
stenfilcon A 200 ± 20 0.07 400 ± 40 28 ± 4 58 ± 4
somofilcon A 200 ± 20 0.05 400 ± 40 20 ± 3 38 ± 10
delefilcon A 200 ± 20 0.04 400 ± 40 16 ± 2 12 ± 7
verofilcon A 200 ± 20 0.04 400 ± 40 16 ± 2 11 ± 4
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experiments are shown as grouped by lens material. The 
average value of the measurand is indicated by the dashed 
horizontal line and given to the right by the accompanying 
value. The black arrowhead elements above individual bars 
indicate the experiment shown in Fig. 4a. There is a stark 
difference between the lenses with and without the surface 
gel layers; it was difficult to distinguish the damage associ-
ated with those lenses with the surface gel layers (verofilcon 
A and delefilcon A) from background apoptosis even after 
1000 reciprocations. The background apoptosis (natural cell 
turnover) after 1 h 40 min (the duration of the 1000 cycle 
experiments) was measured to be 7 ± 4 cells/mm2. 

In prior work investigating friction-induced apoptosis 
with solid hydrogel probes, the cells were found to be sensi-
tive to shear stress, and insensitive to direct contact pres-
sure in the absence of sliding [36]. The average shear stress 
across the cell interface is a product of the average contact 
pressure and the friction coefficient. The friction coefficient 
is largely controlled by the polymer concentration in the lens 
materials (increasing mesh size, ξ, and water content reduces 
friction coefficient). The average contact pressure resulting 
from the same applied load is a very strong function of the 
elastic modulus of the materials, and as such is inversely 
proportional to the square of the mesh size, <P>  ∝ 1/ξ2; 
the result is that the lens materials that have a larger mesh-
size and higher water content have both lower friction and a 
lower contact pressure [43, 44]. In an effort to evaluate the 
lens materials under equivalent contact pressures, individual 
membrane probes were made for each lens to independently 
set the contact pressures to 400 Pa at 200 µN of load. These 
experiments are therefore both force- and pressure-con-
trolled, and the results are shown in Table 1. Experiments 
were again run in triplicate, following the same protocol 
and evaluated using the approach as presented in Fig. 3 and 
plotted in Fig. 4.

A one-way Analysis of Variance (ANOVA) test indi-
cates an overall significance in variance between groups of 
P < 0.0001, indicating that the differences between the lens 
are statistically significant. Additionally, the Brown–For-
sythe test reveals that there are no significant differences 
in standard deviations between groups, suggesting that the 
controlled experimental uncertainties are propagated evenly 
across the experimental set. Dunnet’s corrected post-test 
analysis for significance comparing lenses without surface 
gel layers (stenfilcon A, somofilcon A, and etafilcon A) to 
lenses with surface gel layers (delefilcon A and verofilcon A) 
clearly indicated that there is a significant difference in cell 
damage between these two groups (adjusted P value < 0.001) 
with lenses having surface gel layers being more gentle and 
producing less damage on cell monolayers under shear than 
the traditional lenses without surface gel layers.

The results from the experiments controlling both the 
applied load and contact pressure are plotted in the bar graph 

in Fig. 5a. In contrast to the earlier experiments control-
ling only load, dropping the pressure for somofilcon A and 
stenfilcon A provided a significant reduction in cell dam-
age. This impact of dropping contact pressures to 400 Pa for 
all of the materials is clearly evident in Fig. 5a, where the 
experiments under controlled force and contact pressure are 
shown in shades of gray next to the data plotted in Fig. 4c. 
It is also clear that materials with the highest friction coef-
ficients were correlated with higher levels of cell damage. 
Over the past few years, shear stress has emerged as the 
driving factor in cell damage, whether in the production 
of genes associated with injury-induced remodeling [45], 
inflammation [25] apoptosis, or necrosis [36]. Calculations 
of the average shear stress, τ, for each experiment is provided 
in Table 1. Cell damage is plotted versus the average shear 
stress for all of the experiments in Fig. 5b. It is clear that 
cell damage increases with increasing shear stress. Although 
there is a guide line of slope = 3 on the log–log plot of cell 

Fig. 5   a Bar graph of damaged cells per square millimeter for five 
commercially available lenses (A–C). All experiments were per-
formed at 200 µN normal force in triplicate. (blue) Contact pressure 
depends on elastic modulus of the lens material. (gray) The mem-
brane probe thickness was adjusted to give contact pressure of 400 Pa 
for the five different lens materials at the same 200 µN load. b Log–
log plot of damaged cells per square millimeter for all lenses tested 
and all conditions versus average shear stress. Baseline cell damage 
without sliding is shown as the dark horizontal line at 7 cells/mm2 
(Color figure online)
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damage versus shear stress we are not proposing a model for 
cell damage as a function of shear stress; rather, we propose 
that this is another indication that shear stress is the critical 
parameter from which to examine damage responses in the 
epithelial cells. It is also important to note that there is no 
correlation between friction coefficient and cell damage; for 
example, somofilcon A has an average friction coefficient 
of µ = 0.05 across these experiments but the damage varies 
by over 8 × at the same normal force and the same friction 
coefficient—this is consistent with the trendline in Fig. 5 
showing that the driver for this dramatic increase in damage 
is due to a 2 × increase in shear stress.

Examining the data in Table 1 is revealing, showing the 
strong dependence on contact pressure in the experiments 
that only control load, and the dependence on friction coef-
ficient on the experiments controlling both load and contact 
pressure. The low levels of shear stress for verofilcon A and 
delefilcon A reveal the importance of trying to match the 
physiological levels of healthy tissue interfaces for biomedi-
cal devices. In contrast to load-bearing structural biological 
elements like bone, lubricating biological interfaces lack a 
robust “factor-of-safety” [46]. The healthy, physiologically 
“normal” levels of shear stress are the targeted values to 
minimize discomfort and cell damage—biological evolu-
tion generally does not provide a wide range of capability 
or tolerance for elevated levels of shear stress. Through this 
conceptual framework, the relationship between contact lens 
discomfort and dry eye discomfort emerges, and we sug-
gest they may share a common etiology. Under conditions of 
shear stress above a tolerable limit, cells respond by releas-
ing powerful signaling proteins responsible for discomfort, 
and if elevated levels of shear stress persist, cell damage 
accumulates with increasing concentrations of cytokines 
and DAMPs. The hypothesis is, therefore, that discomfort 
can be mitigated by lowering the shear stress in the ocular 
environment. Surface gel layers with a large polymer mesh 
size and high water content are one approach to lower the 
contact pressure, lower the friction coefficient, and thereby 
lower the shear stress [47].

4 � Concluding Remarks

Cell monolayers of hTCEpi cells were used to examine the 
role of contact lens materials on cell damage under con-
ditions of controlled contact pressure, sliding speed, and 
sliding duration. The results of these experiments showed 
increasing damage with increasing sliding duration and 
increasing shear stress. The lens materials that minimized 
cell damage had high water content surface gel layers, which 
are thought to reduce shear stress by reducing both the con-
tact pressure and the friction coefficient. High water content 

surface gel layers have a large mesh size, resulting in a lower 
surface modulus and lower friction coefficient.
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