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Le Lenti a contatto

-Lac Morbide

-Hema 1971

-Idratazione: 24-74% di acqua

-Diametro tra 13.0 e 15.0 mm 

-Lac Rigide GP

-Pmma 1948

-Diametro tra 8.0 e 12.0 mm 

-Lac Sclerali

-Vetro1887-9

-Diametro tra 15:0-25.0 mm 



Nel mondo,

140 Milioni di portatori

di Lenti a contatto

Jones et al, 2020

Il valore del mercato mondiale

delle Lenti a Contatto (2019)

US$ 9 billion

Nichols and Starker 20204-6% crescita annua

negli ultimi 10 anni

Nichols and Starker 2020

Le Lenti a contatto



49.8%

Le Lenti a contatto



-Lac Morbide (80-90% del mercato)

Nichols and Starker 2020

Le Lenti a contatto



SEM (unworn hydrogel CL + HA)



SEM:
unworn
silicone-hydrogel
CL



SEM (unworn silicone-hydrogel CL)



SEM: unworn silicone-hydrogel + surface layer



confocal PL – HA penetration depth
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The impact of comfort on CL market
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21.7%



The impact of comfort on CL market

Pritchard, N., Fonn, D., & Brazeau, D. (1999). Discontinuation of contact lens wear: a 
survey. International Contact Lens Clinic, 26(6), 157-162. Dumbleton, K., Woods, C. A., Jones, L. W., & Fonn, D. (2013). The impact of contemporary contact 

lenses on contact lens discontinuation. Eye & contact lens, 39(1), 93-99.
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What is comfort?

A state of physical ease and freedom from pain or constraint
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What discomfort is?

Soreness

Redness

Burning 

Dryness

Grittiness

Scratchiness

Pain

Itchiness

Watering

Aching

Excessive Blinking

Blurring

Tiredness

Something that disturbs one's 
comfort; an annoyance

To disturb the comfort or 
happiness of; make uneasy

Multiple symptoms
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None of the symptoms were highly correlated

• Study at CCLRU clinics
• 883 participants (171 SCL) rated the frequency of 

their symptoms on a 4-point Likert scale  (never, 
sometimes, often, constantly)

• Symptoms:  Tiredness, Redness, Itchiness, Watering, 
Burning, Pain, Dryness, Grittiness, Excessive Blinking, 
Aching
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Can vision issues be classified as discomfort?

• 20  emmetropic subjects rated vision, ocular 
comfort, and other sensations under clear viewing 
condition, spatial blur, and dioptric defocus, each 
lasting for 5 min.

• For the comfort scale, 0 indicated ‘‘no discomfort’’ 
and 100 indicated ‘‘worst discomfort imaginable.’’

• It does seem to be an association between clarity of 
vision and ocular comfort
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Can vision issues be classified as discomfort?

• single-site, prospective, randomised, subject-masked, cross-over 
study where participants received three sequential interventions 
(three lens types) in separate treatment phases. 

• ocular surface comfort was recorded with  a scale 0-10 (0=painful, 
10=lenses cannot be felt).

• Symptoms of ocular discomfort may be more intense if there is also 
perceived visual compromise in daily disposable soft toric lenses. 

1. An introduction about comfort and CL surface properties



CL discomfort is a condition characterised by episodic or persistent 

adverse ocular sensations related to lens wear, either with or without 

visual disturbance, resulting from reduced compatibility between the 

CL and the ocular environment, which can lead to decreased 

wearing time and discontinuation of CL wear

Definition of CL discomfort 

Prevalence of CL discomfort 
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What causes CL discomfort?
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Can we measure CL discomfort?

Subjective measure of CLD

• Validated Questionnaire
❑ Contact Lens Dry Eye Questionnaire (Nichols et 

al 2002, Chalmers et al 2012): dryness

❑ The Ocular Comfort Index (Johnson et al, 2007) 
not specific for CL

❑ Quality of Vision Questionnaire (McAlinden et al 
2010) not specific for CL

❑ NAVQ (Buckhurst, 2012): for presbyopia 
correction

❑ Contact Lens Impact on Quality of Life 
Questionnaire (Pesudovs et al, 2006): provides 
only a single overall score on CL related QoL
for keratoconic patients

1. An introduction about comfort and CL surface properties

Questionnaires are instruments formed by items (questions) that require dichotomous 

answer (e.g. agree or disagree) or with a polytomous rating (Likert scale) to quantify the 

agreement with a certain statement.

The items might be grouped into domains or subscales.

item

Subscale

Likert scale



Can we measure CL discomfort?

Objective correlates of CLD

• Bilateral

• Non-inflammatory

• Changes in the MG fluid from 
clear & free-flowing to cloudy & 
viscous 

• Incidence: non-CL 20%; CL 30%

• Alteration of the epithelium of 
that portion of the marginal 
conjunctiva of the upper eyelid 
that wipes the ocular surface, 
diagnosed by staining

• 80% of the symptomatic subjects 
displayed LWE compared to 13% 
of the asymptomatic (Korb et al, 
2002)

MGD 

LWE
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Measuring CL comfort/discomfort is challenging, 
difficult to perform and weak in terms of reliability. 

▪ There is a lack of a validated instrument for measuring discomfort

▪ Discomfort is a multidimensional concept rather than a uniform notion

▪ Comfort can be affected to some extent by the poor quality of vision 

▪ Comfort can be measured in different way (moment of a day) using different modalities (paper, mobile)

▪ Clinical signs have been studied to understand the effect of the material on comfort. 

▪ No studies have evaluated comfort through a systematic analysis of all the factors potentially affecting comfort 
(lens material, design parameters, etc) 
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• Few significant links between CLD 

and CL material were present

• NO systematic association between 

in-vitro wettability and comfort

Evidence based relationship between CL surface properties and comfort 

1. An introduction about comfort and CL surface properties



• No evidence to support a 

difference in comfort between 

silicone hydrogel and hydrogel 

CLs. 

• Although surface properties 

such as friction or the use of 

wetting agents could have an 

important role in enhancing CL 

comfort, limited data to confirm 

this was reported

Evidence based relationship between CL surface properties and comfort 
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No systematic association between surface 

material properties and comfort is evident. 

No clear association between contact lens 

wettability and comfort,

A methodological bias has to be pointed out as 
influencing most of the examined researches 

(Guillon, 2013). The relationship between comfort 
and a material property has been assessed without 
considering the effects of other changing variables 
(design characteristics of the CL, the replacement 

frequency, the regime of use, and the lens care 
system in case of reusable lenses)

Evidence based relationship between CL surface properties and comfort 
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Wetting is the ability of a liquid deposited on a solid 
surface (or the surface of another immiscible liquid) to 
spread out and maintain contact with that surface. 

 is the contact angle (CA)

higher CA corresponds to lower wettability and vice versa

DISCOMFORT (OSDI)



M. Willcox, N. Keir, V. Maseedupally, S. 

Masoudi, A. McDermott, R. Mobeen, C. 

Purslow, J. Santodomingo-Rubido, S. 

Tavazzi, F. Zeri, L. Jones

Contact lenses: wettability, cleaning, 

disinfection and interactions with tears

Cont. Lens Anter. Eye (in press)

ADVANCING                        RECEDING



thin film interferometer:

• wet CL surface illuminated with monochromatic light 

(546 nm)

• fringes produced by destructive interference of light 

reflected from pre-lens liquid and CL surface

• CL drying properties: time to first break-up (onset latency), duration of 

lens surface drying (drying duration), maximum speed of increase in the 

drying area (maximum speed), time to reach maximum drying speed 

(peak latency)



keratograph dry-up time (NIK-DUT)

adapted corneal topographer to analyse in-vitro CL surface dewetting

• in-vitro videokeratoscopy

• CL wettability on an in-vitro cornea model



In vitro model to determine pre-lens non-invasive break-up time (NIBUT)  

• A model blink cell of polytetrafluoroethylene (PTFE/Teflon™) was 

used to incubate the CLs and to mimic intermittent air exposure 

• A motor raises and lowers the plate in and out of the test solution

• Regulated humidity and temperature



Young's equation:

𝑐𝑜𝑠 𝜃 =
(𝛄𝐒𝐕 − 𝛄𝐒𝐋)

𝛄𝐋𝐕

adhesion tension (gain)

surface tension of the liquid exposed to air 
causing the drop to ball up:

WETTABILITY IS PROMOTED BY a relatively 

low surface tension of the liquid (γLV)

𝛾𝐿𝑉@20°C (mJ/m2)

Water 73

Tears 42-46
main components responsible 

for the surface tension of 

human tears: complex of 

lipocalin with a polar lipid 

fraction



Captive-bubble, advancing and receding CAs of:

• two SHy CLs (PureVision, Focus Night & Day)

• one Hy CL (Acuvue)

In isotonic solution, all three lenses displayed CA hysteresis. When

lysozyme and/or mucin were added to the aqueous solution, hysteresis

was eliminated and higher wetting was achieved.

→ importance of measuring lens wettability in the presence of tear-film 

components



biomaterials in contact with a biological fluid: protein non-specific

adsorption (biofilm formation)

over time, higher-affinity proteins can be replaced by lower-affinity

proteins in a dynamic process (dynamic layer of proteins).



• 5 SHy + 4 Hy

• incubated in cholesterol, cholesteryl oleate, oleic acid, oleic acid methyl

ester, and triolein OR soaked in phosphate buffered saline (PBS)

• advancing CAs (sessile drop)

→ Exposure to lipid may improve the wettability of certain SHy and Hy

materials, particularly those SHy materials that are surface treated. This

may help to explain why certain SHy materials appear to improve in 

comfort for some patients during the first few hours or days of wear.



Exposure of the CLs to an artificial solution 

containing various lipids, various salts, 

urea, glucose, proteins, and mucin.

• out of the blister pack, Hy revealed longer NIBUTs 

than the investigated Shy

• at the end of the incubation periods in an artificial 

tear solution, the NIBUTs became very similar.





Etafilcon A

worn

contralaterally 

• Wearers unable to distinguish the two CLs

• Clinicians unable to distinguish the two CLs NIBUT (30 mins 

after CL insertion)

❑ taken directly from the blister

❑ pre-soaked  in surfactant-free solution 7 days



Etafilcon A

worn

contralaterally 

• Wearers unable to distinguish the two CLs

• Clinicians unable to distinguish the two CLs NIBUT (30 mins 

after CL insertion)

• Wettability of the two CLs ex-vivo similar to the new CL 

taken directly from the blister

❑ taken directly from the blister

❑ pre-soaked  in surfactant-free solution 7 days



TRIBOLOGY studies the interaction 

between surfaces in relative motion.

• contact pressure (ratio of the normal load to the true contact area 

FN/A): 1-10 kPa

• blinking average speed: 12 cm s-1

• max blink speed: ~100 cm s-1

Am J Ophthalmol 1980;89: 507

Langmuir 2003;19:3453.

Tribol Int 2013;63:45

The Ocular Surface 2015;13:236

TRIBOLOGY



The coefficient of friction () is the ratio

frictional  force  (force  resisting  the  relative  motion)………………                        …………………….     

normal force (force compressing the two surfaces together)
 =

Ffriction =  FN

Friction is the force resisting the relative motion of two 

components sliding against each other.

FRICTION



• ruby/sapphire ball

• CL immersed in PBS or TLF

Ffriction =  FN

Contact pressure P calculated using Hertz model 

for spherical contact:

𝑃 =
𝐹𝑁
𝑎2

𝑎 =
3 3𝐹𝑁𝑅

4𝐸

R = radius of the hemispherical counterbody

E = Young’s modulus of the CL



Measuring the friction response on just one-half of the cornea– eyelid 

interface using a stiff, impermeable probe may not reproduce 

physiological lubrication.



contact area between glass disk and CL measured in situ

On the cornea, the contact area was observed via the expulsion of a

fluorescent marker from the contact region.



A classification in terms of  is not always applicable to soft materials due to 

nonlinearity between lateral and normal forces.

Average work is defined as the average value of a nonlinear function 

fitted to the friction versus normal force data, multiplied by a relevant 

sliding distance.

Ffriction =  FN



«It is also important to note that there

is no correlation between friction

coefcient and cell damage […]. Shear

stress is the critical parameter from which to examine damage responses in 

the epithelial cells». Shear stress: ratio between parallel force and cross-

sectional area.





1. BOUNDARY REGIME: there 

is a close contact of the solid 

surfaces. The material surface 

quality mainly influences 

friction.

2. MIXED REGIME: occasional 

contact between the solid 

surfaces

3. HYDRODYNAMIC REGIME:  

full lubricant film is present 

between the two surfaces 

moving relative to each 

other. Both surfaces are 

fully separated and friction 

depends on the viscosity of 

the fluid.

Stribeck curve



primarily hydrodynamic lubrication regime

→ during the majority of a blink cycle, the sliding resistance is governed by 

the viscous shear of the lubricant.

TEAR FILM VISCOSITY

• non-Newtonian: highest viscosity at low shear rates (promoting stability), 

it decreases during eyelid movement

• generally thought that mucins are the main components contributing to 

the viscosity, with tear proteins and lipids also being involved



CONTACT LENS and TEAR FILM VISCOSITY

In healthy eyes, the friction between the sliding partners (the cornea and lid 

wiper or CLs and lid wiper) is considered independent of the surface of the 

partners when moving at high velocity, since full fluid film lubrication is 

operating. However…..

• Changes in the tear film composition

• Changes in mucin fragmentation

• Changes in the tear-exchange rate

• Changes in the stability and activity of lipids and proteins in the lubricant



The glycocalyx ensure low interfacial shear 

stresses:

• where the speed approaches zero

• between CL back surface and cornea

The classic form of the Stribeck curve 

cannot be applied.





Mucins are glycoproteins with high molecular weights (0.5 - 40 Mda) and 

highly negatively charged.

Mucins enable brush-to-brush friction due to their high hydration and by 

generating repulsive steric and electrostatic forces.



The mucins present in the tear film (MUC1, MUC2, MUC4, MUC5AC, and MUC16) 

arrange into a graded gel layer. The membrane-bound mucins (e.g. MUC1) form the 

anchor layer for this gel network. The higher molecular weight secretory mucins (e.g. 

MUC5AC) develop into the lower density gel network. These mucins create a gel-

spanning network through transient crosslinks (hydrogen and disulfide bonds) and 

even shorter-living physical entanglements.



Proteoglycan 4 (PRG4, also known as lubricin) 
mucin-like glycoprotein acting also on articular cartilages to minimize friction

▪ Schmidt et al. (2013): evidence of PRG4 on ocular surface

▪ Subbaraman et al. (2012) and Samsom et al. (2015): PRG4 to enhance 

the wettability and lubricity of hydrogel and silicone hydrogel CLs

▪ Korogiannaki et al. (2018): PRG4 grafted onto the surface of hydrogel 

and silicone hydrogel CLs.

▪ Cheung et al. (2020): sorption f PRG4 to commercial CLs

▪ Morrison et al. (2012), Bayer (2018), Samsom et al. (2018): HA/PRG4 
complex to reduce friction



PARAMETERS THAT MAY

INFLUENCE THE QUALITY

OF THE BRUSH

The brush regime depends mainly on:

• surface density and molecular weight of the adsorbed biomolecules

• changes in the pH, osmolality,

and temperature

If the mucin layer and glycocalyx brushes are collapsed, damaged, less 

densely packed, less hydrated, thinner or absent, this will result in a higher 

coefficient of friction at low sliding velocities.



“A CL carrying a densely packed polymeric brush capable of resisting

higher contact pressures is needed.

Currently, this can be achieved by using water-soluble surface-brushes

commonly defined in the field as wetting agents. The use of such

hydrophilic materials would explain why several studies report

wettability of soft CLs to be related to CL discomfort.”

CONTACT LENS and BRUSH-TO-BRUSH FRICTION



Low-coefficient-of-friction lenses:

- high water content surfaces

- incorporated wetting agents such as poly(vinylpyrrolidone) 

(PVP)                          or poly(vinyl alcohol) (PVA)



CONTACT LENS and BRUSH-TO-BRUSH FRICTION

SHy EWC ~33% + Hy layer (~5 μm) EWC > 80%



confocal PL – HA penetration depth



CONTACT LENS and BRUSH-TO-BRUSH FRICTION

SHy EWC ~33% + Hy layer (~5 μm) EWC > 80%

• Microtribological experiments at low contact pressures (6–30 kPa) and at 

slow sliding speeds (<0.02 cm/s): μ < 0.02

• At higher contact pressures, the gel collapsed: μ > 0.5.

The ability of the soft surface hydrogel layers to provide lubricity depends 

on their ability to support the applied pressure without dehydrating. The 

transition pressure is 10–20 kPa. These transitions were found to be 

reversible. 



Delefilcon A (worn 8 h)



sensitivity of corneal epithelial cells to contact sliding against CLs with:

homogeneous designs surface gel layers

• epithelial cells allowed to mature for 48 h to allow the mucin layer to 

develop and mature on the apical surfaces

• cells maintained at 37 °C, relative humidity >95%, 5% CO2

• contact area directly measured (zero-order fringe contrast under the 

microscope)

• depending on the particular experiment, the membrane probe thickness, 

t, was varied to control for contact pressure



To evaluate the CLs under equivalent contact pressures (P), individual

membrane probes were made for 

each CL to set the contact pressures 

to 400 Pa at 200 µN of load. 



low levels of shear stress ()

for CLs with surface gel layers

( is ratio between parallel force and cross-sectional area)



density of damaged cells:

difference between the CLs

with and without surface gel layers



Inflammatory signs of the lid wiper in CL wearers were higher late in 

the afternoon compared to morning observations.

This was more pronounced in high-coefficient-of-friction CLs, compared 

to low coefficient-of-friction CLs.



IN-VITRO FRICTION vs IN-VIVO COMFORT: SOME EVIDENCE

• Brennan (2009), Contact lens-based correlates of soft lens wearing

comfort. Optom Vis Sci. 86: e90957

• Coles et al. (2012), Coefficient of friction and soft contact lens

comfort. Optom. Vis. Sci. 89, e125603.

• Kern et al. (2013), Assessment of the relationship between contact

lens coefficient of friction and subject lens comfort, Investigative

Ophthalmology & Visual Science 54:ARVO E-Abstract 494

• Kern et al. (2013), Relationship between contact lens coefficient of

friction and subjective lens comfort. Cont. Lens Anterior Eye 36, e26.

However, prudence was suggested in light of the fact that the

measurement of comfort was performed on different lenses in which

other parameters (eg edge design), not only friction, were changed.



❑ comfort evaluated using the Contact Lens Dry Eye Questionnaire

❑ mucins were assessed in dot-blots and Western blots after electrophoresis 

on 1% agarose or 4 to 12% NuPAGE Gels

• lid wiper epitheliopathy (LWE) and lid parallel conjunctival folds (LIPCOF) 

increased in symptomatics

• MUC5AC reactivity was significantly decreased in symptomatics

• MUC4 was correlated to LIPCOF and LWE

• MUC16 and MUC5AC correlated with corneal staining

Mechanical forces: friction might follow from insufficient mucins, or an 

altered composition of the resident mucins at the ocular surface.



mucin fragmentation on materials + correlation with wearing comfort

vifilcon A - senofilcon A - vifilcon A

In asymptomatic CL wearers, only changes in mucin fragmentation in 

response to a new material were consistent and fast, irrespective of CL 

order.

Lack of change seems, therefore, to be connected with discomfort during 

CL wear.
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Wettability assessment in-vivo: methods

Fagehi et al, 2017

Koh et al, 2019

Muller et al, 2020

Hadad et al  2011

When a contact lens is placed onto the ocular surface, factors in the ocular environment such as the temperature, osmolarity and composition of the tears can 
impact the chemistry of the material, changing its surface properties and in turn wettability (Keir & Jones, 2013). 

Direct 
Techniques

Indirect
Techniques
(on PLTF)

Clinical-based methods (in vivo) Paper  

Sessile drop-based technique  on RGP (Benjamin, Piccolo and Toubiana, 1984)  

on SCL (Haddad et al., 2011)  

Rate of liquid spreading  (Haddad et al., 2011) 

 

Tear coverage  

(Morgan and Efron, 2002; Maldonado-Codina et al., 

2004; Brennan, Coles and Ang, 2006; Eiden, Davis 

and Bergenske, 2013; Morgan et al., 2013) 

Specular reflection quality  (Woods, Keir and Fonn, 2011; Keir and Jones, 2013) 

Interferometry  (Szczesna-Iskander, 2014; Fagehi et al., 2017) 

Optical quality of lens surface (HoAs)  (Koh, Watanabe and Nishida, 2019) 

Extended blink time elapsed between 

cessation of blinking and blur-out of a 

threshold letter on the acuity chart  

(Schafer et al., 2018) 

NIBUT  (Guillon et al., 2015; J. S. Wolffsohn et al., 2015; 

Varikooty et al., 2015; Lau et al., 2016; Szczesna-

Iskander, Alonso-Caneiro and Iskander, 2016; Vidal-

Rohr et al., 2018; Llorens-Quintana et al., 2018; 

Guillon, Patel, et al., 2019; Guillon, Theodoratos, et 

al., 2019; Kolbe et al., 2020; Müller et al., 2020) 

 1 

Keir & Jones, 2013

Morgan & Efron, 2002



Wettability assessment in-vivo: NIBUT or non-invasive surface drying time



Wettability assessment in-vivo: NIBUT or non-invasive surface drying time

advantages 
-accessibility for clinicians, 
-coverage of a large portion of the contact lens surface 
-minimum influence of eye movements



Wettability assessment

in-vivo and comfort: 

CLEAR results



Wettability assessment in-vivo and comfort: example of consistent result

• Prospective, bilateral, masked, crossover study
• 11 subjects (8 non CL wearers)
• nelfilcon A (Focus Dailies), delefilcon A (total 1)
• PLTF surface quality assessed by lateral shearing 

interferometry
• Comfort rated by 1 (best)-10 (worst) scale
• The delefilcon A impact less tear film surface quality 

than nelfilcon A. Lower values of discomfort was 
achieved with delefilcon A



Wettability assessment in-vivo and comfort: example of non consistent result

• Prospective, randomized, masked, 1-week crossover 
clinical trial

• 39 CL wearers
• narafilcon A (trueye) filcon II-3 (Clariti), delefilcon A 

(Total 1)
• In vivo PLTF NIBUT CA-1000 topographer (Topcon, 

Newbury, UK),
• Comfort rated on a scale from 1 to 10 (1, poor; 10, 

excellent).
• PLTF NIBUT differed between lens types but comfort 

was similar between the lenses



Friction assessment in-vivo: methods
When a contact lens is placed onto the ocular surface, factors in the ocular environment such as the temperature, osmolarity and composition of the tears can 
impact the chemistry of the material, changing its surface properties (Keir & Jones, 2013). 

The lid wiper epitheliopathy has been linked to friction and lubricity (Stapleton and Tan, 2017)

Indirect Techniques
NIBUT on PLTF represents an indirect assessment of the lubricity and on-eye 

friction, which is impossible to measure directly in the eye (Chalmers, 2014). 



Conclusions
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