
ORIGINAL PAPER

Friction Coefficient Measurement of an In Vivo Murine Cornea

Alison C. Dunn • Juan Manuel Urueña •

Enrique Puig • Victor L. Perez • W. Gregory Sawyer

Received: 10 April 2012 / Accepted: 17 August 2012 / Published online: 9 October 2012

� Springer Science+Business Media, LLC 2012

Abstract Ocular tear film mucins and lipids promote

lubricity of the corneal surface during ocular movements.

The mechanisms of this lubricity are difficult to model and

to measure due to the delicate nature of the film itself and

the conditions under which it exists. This study describes a

kinetic friction coefficient measured between a glass probe

and a living mouse eye. A portable custom micro-tribom-

eter was used to prescribe sliding motions and record

normal and frictional forces. Friction coefficient measured

over both sliding directions resulted in l = 0.068 under a

pressure of approximately 12 kPa. In vivo measurements

may enhance the understanding of corneal friction

response, as well as provide an empirical friction coeffi-

cient for more complex mechanical models.

Keywords Biotribology � In vivo friction � Mucin

lubrication

1 Introduction

The ocular tear film is an actively controlled lubrication

system which continuously replenishes lubricious lipids

and mucins to the sliding interfaces. Waxy lipids reduce

evaporation of the aqueous tear film, and the glycosylated

proteinaceous gel extending from the corneal microvilli

assists with hydrophilicity and load support. Tear film

dysfunction leads to pain and increased immune activity,

which may interfere with sight. The pressure of the eyelid

on the tear film and corneal epithelium during a blink has

been measured to be low at 1–5 kPa [1], but the specific

mechanisms of in vivo tear film lubrication are not yet

clearly defined.

Ocular mucins are high molecular weight glycoconju-

gate proteins that structure themselves in a gradient from a

solute in the aqueous tear film to a gel on the corneal

surface. Mucinous lubrication depends upon the adsorbed

concentration and the conformation of the globular mole-

cules, which determines how far the chains may extend

into the sliding contacts [2, 3]. The ocular mucin surface

gel will determine the lubricity of the surface, as the

entrapment of water will increase its ability to support load

with little or no deformation. The friction coefficient on

biological surfaces has been measured on skin, teeth, and

articular cartilage [4–6]. Friction coefficient has also been

measured on a monolayer of living epithelial cells [7],

though the mucins and lipids produced by the surrounding

meibomian glands are absent, and thus the tear film is

incomplete. The physiological tear film is continually

conditioned by ocular glands and supporting structures in

such a way that no experimentalists have collected a

complete tear film for use in lubrication testing.

This study uses a custom, portable microtribological

platform to measure the friction coefficient between a

smooth glass probe and an in vivo mouse eye laterally

across the center of the cornea. This measure of friction

coefficient in a low-speed configuration aims to bound

the lubricity of an in vivo precorneal tear film at
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non-hydrodynamic conditions, which exist at the start of a

blink or during saccadic eye movements. The experimental

uncertainty of the friction coefficient was quantified. Ste-

reoscope microscopy and confocal microscopy revealed

neither immediate damage nor elevated immune response

over 8 days post-testing.

2 Methods

2.1 Animals

The mouse used in this study was a C57 black 6 (C57/B6),

widely used for models of human disease. Immune cells

recruited to the corneal surface fluoresced green because

the immune system was modified using an enhanced green

fluorescent protein (eGFP) transgenic mouse donor

(Fig. 1). The tear film of the mouse was assumed to be

complete due to the healthy clarity of the corneal epithe-

lium as imaged pre-testing. The mouse was first anesthe-

tized using isoflurane 2–5 % mixed with air, then

positioned by ear bars in a three-point stereotactic restrai-

ner. The left eye, or oculus sinister (OS), was oriented to

the positive vertical direction by a rotation of the head of

*30� [8]. The frame included a heating pad to protect the

belly of the mouse from thermal shock, and the entire setup

was located on a scissor jack for coarse vertical position-

ing. Continuous inhalational anesthetic circulated to the

mouse during all friction testing and imaging.

Post-testing, the mouse was removed from anesthesia

and observed until normal activity resumed. The animal

was housed in specific pathogen-free conditions in a micro-

isolator cage and was treated in accordance with the

guidelines provided in the ARVO Statement for the Use of

Animals in Ophthalmic and Vision Research.

2.2 Friction Measurements

A standard non-heparinized capillary tube probe was

flame-formed into an 8-mm standoff, 0.96-mm radius

sphere, fixed to a dual cantilever flexure, as shown in

Fig. 2a. The probe was cleaned before each experiment by

mechanical rubbing on an ethanol-soaked, fiber-free lab

tissue.

A portable, custom reciprocating micro-tribometer [9]

was used to both apply the normal force and measure the

friction force response. The tribometer was rendered por-

table by locating all motion and sensing components into a

single instrumented head, i.e., the sliding motion, force

application, and sensing were performed by stacked com-

ponents. Motion was provided by a 250-lm stroke piezo-

electric stage (PI, Auburn, MA USA) reciprocating at

0.5 Hz (sliding speed v = 250 lm/s). The displacement of

the flexure caused by normal contact and friction forces

was measured using capacitive sensors (Lion Precision,

St. Paul, MN). The forces were then calculated from the

known stiffness of the flexures and calibration values of the

capacitive sensors (Fig. 2b). In these experiments, dynamic

coupling effects were neglected due to the low frequency

of reciprocation.

Data was recorded at *1 kHz using a USB analog data

acquisition card and LabView software (National Instru-

ments, Austin, TX). Friction data is reported at 100 Hz,

where each data point is the average of ten points, and the

error bars are the standard deviation of those ten points

(Fig. 3a).

2.3 Stereomicroscopy

Fluorescein rinses for 2 minutes before and after friction

testing were used to assess any regions of corneal epithelial

Fig. 1 The bone marrow

chimeric mouse was generated

by implanting the bone marrow

from an eGFP transgenic mouse

into an immune-compromised

recipient mouse. All

macrophage recruited to ocular

surface injury sites will

fluoresce green (Color figure

online)

146 Tribol Lett (2013) 49:145–149

123



damage. After removal with absorbent sponges and an

additional saline rinse, the eye was imaged under blue light

using a high-resolution stereo fluorescence MZFLIII

microscope (Leica Microsystems, Buffalo Grove, IL).

Images were assessed for any corneal scratching or punc-

tate damage. Background green fluorescent immune cells

Fig. 2 a A 1-mm radius glass

probe translated laterally over

250 lm across the cornea of the

mouse. b The standoff glass

probe was displaced due to

normal forces and friction

forces. The forces were

calculated by high-resolution

flexure displacement

measurement and dual

cantilever flexure stiffness [9]

Fig. 3 a The friction coefficient

from a single cycle of sliding

forward and reverse under

4.5 mN of normal force was

l = 0.064. Error bars indicate

the standard deviation of

measured values at every time

point. b The plot of friction

force versus normal force shows

an average friction coefficient of

l = 0.068 for 72 reciprocating

cycles of the probe across the

cornea. Error bars indicate the

standard deviation of measured

values. More than 100,000

Monte Carlo simulations were

used to calculate the uncertainty

in friction coefficient of

u(l) = 0.023
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were present in the cornea due to the eGFP implanted into

the immune system, but the fluorescence intensity of those

cells was negligible in the presence of saline fluorescein.

After the saline fluorescein washed away naturally, the

corneas were imaged at 1, 3, 6, and 8 days post-testing.

Any immune response indicated by macrophage in the

cornea fluoresced green and was quantified.

3 Results

The friction coefficient over 72 cycles of reciprocation on a

living mouse cornea was l = 0.068 ± 0.023. The normal

force was set after the probe approach, and then lateral

sliding initiated. Kinetic friction coefficient in the forward

and reverse directions was averaged to get the overall

friction coefficient as shown in a representative cycle in

Fig. 3a where l = 0.064. The friction force and normal

force measurements for each cycle are shown with standard

deviations in Fig. 3b. Though the error bars appear large,

Monte Carlo simulations ([100,000) of the friction

coefficient for each cycle showed an uncertainty of

u(l) = 0.023. Thus, the friction confidence interval is

l = 0.045–0.091.

4 Discussion

The healthy eye is robust in preventing and healing from

corneal injury. Murine models of damaged conditions from

diseases (diabetes, glaucoma, etc.) and serious injury (cor-

neal burns, lacerations, etc.) are common, where damage is

clearly highlighted by bright regions where saline fluores-

cein persists. We produced a negative control scratch using a

sharpened glass, which concentrated the force of *1.5 mN

over a very small area of *0.012 mm2 as determined from

the image (Fig. 4a). The pressure to damage the corneal

surface was very high at P = 120 kPa. The pressures found

on the cornea during human blinking are on the order of

1–5 kPa, so the pressure required to damage mouse corneal

epithelial cells by scratching was on the order of 30 times

higher than typical physiological pressures.

Fig. 4 a Negative control shows an obvious scratch using a sharp

probe. b Pre-experiment bright field imaging of the mouse eye. c Pre-

experiment stereoscope imaging of the left eye (OS) of the test

mouse. Fluorescein staining highlights punctate damage to the eye, of

which there is very little. d Post-experiment imaging shows more

punctate damage due to exposure and anesthesia, but no measurable

cellular damage from friction testing. Scale bars indicate 500 lm

(Color figure online)
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The smooth-probe friction measurement under 4.5 mN

of normal load did not produce any discernable damage.

The stereoscope images pre- and post-testing showed

negligible punctate damage to the cornea, as should be

expected in a normal mouse eye (Fig. 4b–d). The post-

measurement cornea contained some punctate damage,

which may indicate exposure to dryness, but no mechanical

damage. Stereoscope imaging at 1, 3, 6, and 8 days post-

testing showed no increase in damage. Though the sliding

track was undetectable in the stereoscope images, confocal

microscopy was performed at 4 and 8 days post-testing to

detect injured corneal sites as indicated by macrophage

recruitment. No additional macrophage was found, so the

authors conclude that the friction measurement produced

no damage. Estimated pressures for this larger radiused

probe based on a simple Hertzian contact model were

*12 kPa (normal force 4.5 mN, contact area 0.37 mm2).

This result indicated that mouse corneal epithelial cells are

not damaged during a friction test performed at pressures

on the same order of magnitude human blink.

The healthy tear film provided the lubricity between the

smooth glass probe and the corneal surface. Adhesive

components of the tear film such as mucins and glyco-

proteins likely adhered to the glass probe as they would any

invasive objects in the eye. The lubricity of the complete

tear film as experienced by a high-speed blinking eyelid is

likely in the hydrodynamic regime, as has been modeled by

Jones et al. [10]. However, the ability of the corneal surface

and tear film system to support elevated pressures[12 kPa

applied in slow migrating contact (250 lm/s), as in this

work, is questionable. Thus, at lower sliding speeds, the

aqueous portion of the tear film may be squeezed out to a

higher extent, pushing the lubrication regime toward

mixed, or even boundary lubrication.

The natural lubricity of the human tear film in blinking

is a robust system. Changes to the tear film or mechanical

action due to acute injury, disease, or environment can

irritate the eye environment, causing an immune cascade.

These issues are exacerbated in patients diagnosed with dry

eye syndrome (DES). Further measurements of the friction

responses found in the blink cycle could provide more

insight as to the mechanical components of eye discomfort,

and thus lead to more directed therapies. In addition, this

technique could measure quantitative mechanical differ-

ences in friction response of diseased or injured eyes.

5 Concluding Remarks

(1) A portable micro-tribometer was used to run in vivo

friction measurements on a living mouse eye, finding

a friction coefficient of l = 0.068 ± 0.023 under an

estimated contact pressure of *12 kPa.

(2) This measurement produced no discernable damage

to the mouse cornea as determined by stereoscopic

imaging. In vivo friction measurements could provide

insight as to the mechanical interactions of blinking,

especially in diseased or damaged corneal states.
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