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a b s t r a c t

When the eyelid blinks down over a soft hydrogel contact lens, the tear film is partitioned or even

consumed by the contact lens, introducing relative sliding on both sides against the corneal epithelium

and the eyelid wiper. This work presents a numerical fluid model of the resulting pressures and sliding

speeds in both pairs of sliding. Between the eyelid wiper and front curve surface, contact pressures

ranged 12–18 kPa for initial eyelid wiper sliding speeds of 10–100 mm/s, with corresponding aqueous

film thicknesses of 260–820 nm. Maximum contact lens deflection was 0.5%. Sliding with those

conditions points to a hydrodynamic regime, while the base curve/cornea sliding more likely falls in the

boundary regime. A lubrication curve is presented for hydrated contacts under ocular sliding and

loading conditions.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The eye is an exquisite example of a lubricated moving system
in the human body. The tear film provides protection to the
cornea and maintains optical smoothness for vision. Blinking
renews this tear film upto 1200 times per hour, with the top
eyelid sliding down to meet the lower lid and then retracting. The
motion profile of the upper eyelid has been measured with
displacement �10 mm at speeds of up to 2 cm/s [1]. The pressure
experienced by the cornea during a blink is 1–5 kPa [2], though
contact area may be limited to the line of Marx, a thin band
located just under the upper eyelashes, approximately 200–
300 mm wide running the length of the eyelid [3,4]. This is
referred to as the ‘‘eyelid wiper.’’ Nearly 1 billion people world-
wide suffer from myopia, and a common treatment in the
developed world is soft contact lenses. Soft contact lenses are
typically made of hydrogels, polymers which contain 30–70%
water and maintain their structure due to the water content. With
the advent of silicone-based soft contact lenses, oxygen perme-
ability is high enough to provide the cornea with sufficient
oxygen over a 12-hour wearing day. However, the effect of the
3rd body soft contact lens has yet to be fully characterized with
respect to the blink cycle in terms of mechanics and tear film
disruption. Clinical experiences indicate that pain occurs on the
cornea rather than at the limbus, and underneath the eyelid
ll rights reserved.

and Aerospace Engineering,

, Gainesville, FL 32611-6300,
rather than further posteriorly [5,6]. Pain can be caused by lenses
adhered to the cornea, dry sliding conditions, improper fit, and
other unknown reasons. Clinicians agree that healthy contact lens
use includes free motion of the lens on the corneal substrate as
well as sufficient tear film lubrication. Observations using saline
fluorescein to quantify the tear film breakup time (TFBUT) have
shown that the tear film breaks up faster when a contact lens is
present, or it failed to reorganize completely between blinks [7].
Reduced tear film breakup time leads to increased tear evapora-
tion, and the possibility of increased blink frequency and dis-
comfort. Studies of friction-related symptoms in contact lens
wear showed altered composition of tear film mucin species,
irrespective of solution chemistry [8,9].

From a lubrication perspective, the contact lens splits the tear
film and adds thickness to the optical globe as experienced by the
upper eyelid. The mechanics of the blink must accommodate the
lens, and the tear film constituents may become localized, as their
transport across the cornea is disrupted by the contact lens. The
effective pore sizes of silicone lenses prevent transport of lipids,
waxes, and proteins through the material.

Because the eyelids detect comfort of contact lenses, recent
efforts have emerged to quantify the friction on the surface of a
contact lens. Two recent papers span the range of the most widely
used commercial contact lenses, reporting friction coefficients of
m¼0.001–0.11 on senofilcon-A material lenses and m¼0.011–
0.562 on a variety of commercial lenses sliding against glass in
saline and in a synthetic tear solution [10,11].

Friction coefficient measurements with soft materials in aqu-
eous environments can be challenging. Soft hydrogel materials
used in biomedical devices [12] have shown very low friction
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Fig. 1. The model setup is as follows: the eyelid wiper (rightmost body) slides

over a contact lens (central body) with a velocity v3, resulting in pressure p2 and

fluid film thickness h23. The contact lens responds with velocity v2 on film h1 with

pressure p1 against the cornea (leftmost body). The lid wiper is modeled as soft

elastic cylinder of modulus E34¼1.25 MPa, radius R3¼0.5 mm, moving at initial
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coefficients mo0.1 when sliding against smooth surfaces [13].
These materials also exhibit unique mechanical properties,
hydraulic permeability, and elastic dissipation [14,15]. In an
environment with quasistatic relative motion, hydrogels will
deform elastically up to a relatively high strain of 22%, e.g. PDMS
as a bio-mimetic membrane [16]. However, in a dynamic mode,
the hydrogels respond with a combination of elastic deformation,
viscous and viscoelastic dissipation effects [17,18], and pressur-
ized fluid load support. Given the complexity of the dynamic
response and with the aim of relevance in ocular applications, the
appropriate regimes of sliding must be identified for mechanical
friction experiments. In addition, it is unclear which contact lens
surface (front curve versus base curve) should be the focus of
experimental efforts. When these conditions are identified,
mechanical friction of contact lenses could be more directed
toward goals of patient comfort, design, or targeted solution
therapies.

We present a lubrication model of the contact lens, cornea, and
eyelid wiper system which obeys flow laws as described by the
Reynolds equations (body force interaction with viscous resis-
tance). When the eyelid wiper is given an initial velocity, the
contact lens responds by small motions over the cornea at speeds
an order of magnitude lower than the eyelid wiper initial velocity.
The resulting lens deformation, pressure, and lens sliding speed
over the cornea clearly locate this motion in the boundary
lubrication regime. Boundary lubrication effects with very soft
materials, and especially with engineered lubricants, are less
understood because the interactions rely more on material
properties and surface force interactions than on the viscous
effects of the fluid layer (as in hydrodynamic lubrication) [19].
This paper estimates fluid film pressures and thicknesses around
a soft contact lens during a blink using numerical simulation. The
results confirm hydrodynamic conditions between the eyelid
wiper and contact lens, and suggest that boundary sliding
between the base curve surface and cornea is highly relevant.
speeds from 10 to 100 mm/s.
2. Modeling methods

2.1. Background and nomenclature

In the presence of a contact lens, the stability of the natural
precorneal tear film structure is disrupted, as observed by
reduced TFBUT. Thus, the problem of assessing contact pressures
and sliding velocities is also split between these two regions (see
contact schematic in Fig. 1). This model is based on the distinction
between two tribological systems existing simultaneously: the
front curve/eyelid wiper system and the base curve/cornea
system. The defining geometry for this model is the lid wiper as
soft elastic cylinder, as opposed to a conformal spherical surface.
This is based on both the known anatomy of the line of Marx, a
band of higher pressure just under the eyelashes [3], and previous
modeling by Jones et al. [20]. The elastic cylinder eyelid wiper
is assigned an elastic modulus E34¼1.25 MPa and radius
R3¼0.5 mm. The eyelid wiper moves from x¼0 at a known initial
speed of v3 ¼10 mm/s. To begin the iteration of the model, other
parameters such as film thickness are estimated, and then altered
slightly until the model converged.

This model presents three bodies in relative motion in the
presence of water. The surfaces of these bodies are labeled as
follows: surface y¼0 is the cornea, viewed in a relative sense as
flat; surface y¼h1 is the conformal base curve surface; surface
y¼h2 is the front curve surface; and surface y¼h3 is the eyelid
wiper. It follows that the cornea/base curve tear film thickness is
h1 and the front curve/eyelid tear film thickness is h23¼h3�h2.
The start of the simulation is denoted time t¼0, and the
simulation proceeds as time is incremented Dt. Coordinates are
fixed to the eyelid wiper, which translates over axis x.

2.2. Model operation

The initial conditions described above are inserted into the 1-D
generalized Reynolds equation, which relates the fluid pressure to
the squeeze film thickness by equating the Poiseuille flow (left-
hand side) to the squeeze flow (right-hand side); see Eq. (1) for
the description of the front curve tear film
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The pressure p2 generated in the front curve tear film causes
deformation of the front curve surface because its modulus is
taken to be lower than that of the lid wiper [21]. The front curve
surface deforms locally under the wiper cylinder over a region
�100 mm as shown in Fig. 2a. The lateral resistance of the front
curve tear film to motion causes a shear stress t2 on the front
curve surface as well. The resultant of these normal and shear
stresses will cause a net force and moment on the lens, resulting
in a lens linear velocity v2 (over the center of mass). The
deformation of the contact lens can be described as a bed-of-
springs Winkler-type model as manifested by Eq. (2). Strain is
confined to the normal direction to the front curve surface, and
the pressure is only a function of the lens modulus EY and the lens
thickness hlens¼h2�h1. The shape of the eyelid wiper surface
h3 is modeled as a thin membrane that cannot support bending



Fig. 2. (a) The eyelid wiper and front curve surface deformed in response to the

fluid pressure at each of 4 initial sliding speeds v3¼10, 25, 50, and 100 mm/s.

Deformation was greatest for v3¼100 mm/s (solid), and least for v3¼10 mm/s

(even short dashes). Film thickness is the distance between the two surfaces at

x¼0 distance along the film. (b) The highest initial sliding speed produced the

widest affected range along the film.

Table 1
The resulting conditions at both sliding interfaces of a soft contact lens from

numerical simulation of a single blink cycle.

Initial lid

wiper velocity

(mm/s)

Hydrodynamic

film thickness h23

(mm)

Maximum

pressure p2

(kPa)

Average

shear stress

t2 (kPa)

Friction

coefficient

m

10 0.26 17.6 0.23 0.03

25 0.39 15.0 0.40 0.06

50 0.60 13.1 0.67 0.11

100 0.82 12.3 1.10 0.19
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(Eq. (3)). Finally, the motion of the lens is calculated by integrat-
ing the stress distribution s over the surface S where the normal
and friction direction vectors are denoted en and ef, respectively
(Eq. (4)).

h1 ¼ h1þDh1, h2 ¼ h2þDh2, p2�p1 ¼
EY

h2�h1

Dh2�Dh1ð Þ ð2Þ

p2 ¼ F 0
@2h3

@x2
ð3Þ

s¼ penþtefI
s dS¼mDv2 ð4Þ

When the motion of the lens has been established, the same 1-D
generalized Reynolds equation is used at the base curve/cornea
interface with the cornea as a fixed surface of v¼0 (Eq. (5)). The
base curve surface supports pressure p1¼p2 and a boundary
lubrication shear stress t1¼mp1
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The iterations of the model are precipitated by small time
increments Dt. The procedure above is repeated until the normal
force between the lid wiper and front curve converges to
F3nor¼30 mN [22]. The pressure profile and associated film
thicknesses are recorded, along with the reactionary friction
forces on the eyelid wiper.

The model began with an lid wiper sliding speed of
v3¼10 mm/s, though that captured only a snapshot of four points
in the blink cycle, two on the lid wiper translation downward, and
two on the retraction. Because each of these domains obeys 1-D
Reynold’s equations at any time step tZDt, additional initial
speed cases will be independent of previous conditions. The
problem is thus quasi-steady considering a region of interest
slightly upstream and downstream of the cylinder. The solutions
can represent any time point within the blink cycle given an
initial lid wiper velocity. Further simulations were completed at
initial lid wiper speeds of v3¼25, 50, and 100 mm/s. Thus, the
solutions can be superimposed in order to assemble the pressure
profiles and film thicknesses for all points during a blink cycle
with lid wiper speeds between 10 and 100 mm/s.
3. Results

As the lid wiper moved across the contact lens at the
prescribed velocity, it created a pressure profile due to the
compliance of the surfaces and fluid pressurization. For an initial
velocity of v3¼100 mm/s, the maximum resulting pressure was
p2¼12.3 kPa over the distance of 4100 mm along the film. For
the subsequent lower initial velocities, this pressure increased to
p2¼17.6 kPa for the minimum velocity v3¼10 mm/s. Fig. 2b
shows the pressure profiles along the lid for four initial sliding
velocities: v3¼10, 25, 50, and 100 mm/s. The fluid in the contact
was pressurized and supported the surfaces based on the pressure
and compliances of the front curve surface and lid wiper. Fig. 2a
shows a side view of the resulting lid wiper deformation and the
front curve surface deformation over the �100-mm distance
along the film. For the fastest initial velocity, the resulting film
thickness was h23¼820 nm; for the slowest, h23¼260 nm. The
surface of the contact lens deformed less than 0.5 mm (0.5% of a
100-mm thick contact lens). In addition, the resulting friction
force on the contact lens was reported for each condition. The
overall friction coefficient for each condition was calculated by
m¼t2,max/p2, and ranged m¼0.03–0.19. For comparison, pressure
and force results for each initial sliding speed are tabulated in
Table 1.

The contact lens responded to the lateral forces of the eyelid
wiper by small motions relative to the corneal surface. The force
applied to the pre-lens surface distributed itself across the base
curve contact area as well, so the base curve/cornea contact was
nominally flat at h01¼0.1 mm (order of roughness). The base
curve/cornea film thickness did not change appreciably over the
course of sliding due to the small strains �0.5% of the front curve
surface.
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4. Discussion

The fluid film model progression results in telling order-of-
magnitude results for both the front curve and base curve film
thicknesses. The model simulation predicted that as the initial
velocity increased, the maximum pressure between the contact
lens and lid wiper decreased, and the film thickness there
increased. That result aligns with fluid film lubrication theory in
that faster sliding speeds pressurize a lubricating fluid, reducing
the pressure experienced by the surfaces being supported. In
addition, as the regime moves further away from the mixed
lubrication and into full hydrodynamic lubrication, the fluid
supports more of the load and becomes dimensionally thicker
due to viscous shear.

The motion profile of human blink has been measured by
Doane [1]. From this model, the front curve fluid film thickness
h23 can be interpolated for any sliding speed. Fig. 3 is a plot of the
upper eyelid position as a function of time during a blink;
superimposed on this is the aqueous tear film thickness between
the lid wiper and front curve surface. As the eyelid wiper
approaches the bottom lid at maximum displacement, the sliding
velocity is highest, and therefore the fluid film thickness is a
maximum. This finding aligns with histological observations of a
thin fluid reservoir under the rest of the eyelid which renews the
tear film during a blink [4]. The lid wiper retraction speed is much
slower, so the tear film thickness is stabilized (thickness fluctua-
tions o2 mm). Healthy tear film thickness is 3–10 mm and thins
in the �6-s interblink period [23,24]. Our model predicts lower
tear film thickness, but relies only on initial conditions, surface
compliance, and Reynolds equations; no corrections were
employed to account for surface features of the lid wiper
(palpebral conjunctiva) or non-aqueous tear film components.

The master curve which has historically been used to describe
lubrication regime changes is attributed to Richard Stribeck in
1902. He described experimental results of sliding speed-
dependent friction coefficient for fluid-lubricated contacts. A film
parameter comprised of the sliding speed, viscosity, and applied
load helped to determine the mechanism of lubrication and the
separation or contact of the surfaces in motion [25]. Friction
coefficient is typically plotted as a function of sliding speed or
film thickness as quantified by the Sommerfeld number S or the
film parameter L. Sommerfeld number is defined as the product
Fig. 3. In the blink cycle, the upper eyelid moves down over the cornea faster than

it retracts, as seen in the plot of eyelid displacement versus time (gray) as

measured by Doane [1]. This upper eyelid velocity pressurizes the aqueous tear

film, which results in a hydrodynamic film thickness calculated by the model

presented in this work. As the eyelid moved downward, the aqueous portion of the

tear film under the eyelid wiper increased in thickness to a maximum of �6.5 mm.
of the absolute viscosity of the lubricant, m, and the sliding speed,
V, divided by the load per unit of projected bearing area, P (Eq.
(6)). Film parameter L normalizes the measured film thickness,
hmin, by the RMS roughnesses of the surfaces in contact, Rq,i (Eq.
(7)). These curves exhibit a discernable minimum of friction,
typically identified as the optimum regime between mixed
lubrication (lower S or L) and hydrodynamic lubrication (higher
S or L).

S¼ mV=P ð6Þ

L¼
hmin

ðR2
q,aþR2

q,bÞ
1=2

ð7Þ

Much previous contact lens literature has assumed hydrody-
namic lubrication regimes in the eye based on the sliding speed of
the eyelid during a blink, up to 100 mm/s [2]. The indicators of
fluid pressurization (viscous shear) in the motion of the eyelid
wiper over the cornea place it in a mixed to hydrodynamic range.
At the highest modeled sliding speed in this work of v3¼100 mm/
s, the maximum pressure p2¼12.3, but it increased to
p2¼17.6 kPa at the lowest sliding speed of v3¼10 mm/s. As the
eyelid wiper moves through a blink, the maximum downward
speed is on the order of �120 mm/s [2], and the upward speed
only 70 mm/s [26], which means that the hydrodynamic film
thickness between the lid wiper and cornea is the greatest
(�900 nm from our model) in the downward motion of the blink
and closest to the full hydrodynamic regime. As the lid retracts
up, the film thickness is lower (�600 nm from our model).

However, given the low viscosity of the physiological tear film
(�1.5�10�3 Pa s), the base curve aqueous tear film thickness of
100 nm is not sufficient to support hydrodynamic lubrication.
Thus this interface has considerable solid/solid contact, which
means that it either sticks (Coulomb static friction) or slides very
slowly due to tangential force�5 mN. This model suggests that
two distinct tribological systems exist simultaneously during a
human blink over a soft contact lens: hydrodynamic or elasto-
hydrodynamic at the front curve surface (at the higher blink
speeds), and boundary lubrication at the base curve surface. In
addition, the results derived for slower sliding speeds in boundary
or mixed lubrication may have application to other functional
ocular movements and blink initiation, which occupy a substan-
tial portion of waking hours.

Using typical tear film thickness on the order of 2–10 mm [23]
and typical surface eye pressures, the lubrication curve in Fig. 4
illustrates the trend of decreasing and increasing shear stress that
indicates transitions from boundary through elasto-
hydrodynamic to fully hydrodynamic lubrication. In the elasto-
hydrodynamic regime, shear response is proportional to sliding
speed to the power 0.3 [27], whereas in the fully hydrodynamic
regime, it increases the power to 0.5 [28]. Recent experimental
work by Myant et al. [29] provides thorough Stribeck curves on
polydimethyl siloxane (PDMS) in the presence of glycerol through
all of the lubrication regimes, and Kurokawa et al. have confirmed
lubrication regime trends on hydrated gels [19]. The corneal/
scleral contact with the interior palpebral surface of the eyelid is
continuing to be understood [24,30,31], especially when contact
lenses are inserted [26], which supports the assertion that multi-
ple lubrication regimes could exist in the course of the blink cycle.
Our numerical simulations confirm this hypothesis, as plotted
next to the curve in Fig. 4. A power law fit through the simulation
result gave an exponent of 0.52, placing the sliding between the
lid wiper and front curve surface closest to the classical fully
hydrodynamic regime.

The sliding regimes on the front curve and base curve surfaces
of the contact lens provide a particularly complex design chal-
lenge for silicone soft contact lenses because they must perform



Fig. 4. (a) As soft elastic surfaces move faster with lighter loads, the lubrication character moves from boundary to hydrodynamic, and the surfaces separate due to the

fluid pressurization of the lubricating film. (b) This lubrication curve for the human eyeblink is based on the measured shear stresses for healthy murine corneal mucins

(square, Dunn et al. [32]), hydrogel soft contact lens materials (circles, Roba et al. [10]), and the numerical simulation of the blink over a contact lens (diamonds). Boundary

lubricant films can shift the shear stress response over a large range from 0.2 kPa up to 8 kPa. Tear film viscosity is estimated to be 1.5�10�3 Pa s. Maximum blink speed

of 120 mm/s is highlighted. The slopes of shear stress as a function of velocity for elasto-hydrodynamic (t�v1/3) and hydrodynamic (t�v1/2) lubrication are provided for

reference.
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well in both simultaneously. As such, surface treatments are
utilized to reduce the shear stresses at the surfaces. Surface
modifications would shift the theoretical Stribeck curve we have
introduced in Fig. 4 along the vertical axis. The ability to
accurately quantify the shear stresses on the lens and contacting
anatomical structures would allow comparison of the mechanical
friction in the relevant regimes of sliding speeds and applied
pressures. The model we have presented here of the most
relevant contact pressures, film thicknesses, and lubrication
regimes during a blink in the presence of a contact lens has
introduced a motivation to carefully prescribe experimental
conditions when measuring friction of soft contact lens materials.
5. Concluding remarks

This work introduced a numerical model of the human blink
cycle in the presence of a contact lens, and predicted contact lens
deflection of only 0.5% at the highest sliding speed of 100 mm/s. It
predicted hydrodynamic sliding between a cylindrical eyelid
wiper and the front curve surface of the contact lens when blink
speed is a maximum, but boundary regime sliding between the
base curve surface and corneal epithelium. The boundary lubrica-
tion regime behind the contact lens during a blink, as well as
during slower functional ocular movements, may contribute
significantly to perceptions of comfort by a contact lens wearer;
this motivates the need for careful friction measurements with
application to clinical observations.
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