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Abstract

Non-destructive methods for testing material properties allow for multiple tests to be performed on the same sample, which will speed
up the design and testing process for hydrogel contact lenses. The mechanical properties of contact lenses were investigated by micro-
indentation testing. Indenter force responses were recorded for two modes of testing: constant velocity and relaxation indentation. From
these tests, we characterized the biphasic properties of a hydrogel contact lens: Young’s modulus of the solid matrix and hydraulic per-
meability. Measured indenter force response was fit to finite element (FE) simulation results over a range of Young’s modulus (E) and
hydraulic permeability (k) over a short testing time scale (2 s). Estimated hydraulic permeability, 1–5 � 10�15 m4 (N s)�1, was similar to
previously measured values for Etafilcon A. However, values determined for Young’s modulus, 50–60 kPa, were lower than previously
measured.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Mechanical and fluid transport properties of soft con-
tact lenses may influence clinical performance, e.g. on-eye
movement, fitting, and wettability [1–4], and may be
related to the occurrence of complications, e.g. lesions
[2,3]. Non-destructive methods for testing these material
properties allow for multiple tests to be performed on the
same sample, which will speed up the design and testing
process for hydrogel contact lenses. In the mechanical
assessment of soft hydrated materials, indentation is
increasingly being used because of its non-destructive nat-
ure, small sample capacity, and ability to hone in on local-
ized regions of interest [5–7].

Contact lens hydrogels may be described as a biphasic
material. The material properties governing biphasic
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behavior are the Young’s modulus of the solid phase, Pois-
son’s ratio, and hydraulic permeability, which is a measure
of fluid conductance in porous media. Previous studies of
indentation of biphasic media have been completed by
Mow and coworkers [8,9], who solved for displacement
during creep for a cylindrical porous indenter. Their ana-
lytical solution was used to determine biphasic properties
of cartilage. Computational finite element (FE) models
have also been developed to account for sample boundary
conditions and impermeable indenters. Linear biphasic FE
models were developed by Spilker et al. [10] and Hale et al.
[7] for stress-relaxation and constant velocity indentation
of articular cartilage. Indentation studies for hydrogels
have been conducted [11,12]. However, biphasic indenta-
tion studies of hydrogels are scarce. Considering a different
testing mode, Chiarelli et al. [13] used a poroelastic analysis
of the stress-relaxation response of thin strips to estimate
poroelastic properties of the hydrogel polyvinyl alcohol–
polyacrylic acid. Young’s modulus was estimated to be
vier Ltd. All rights reserved.
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750 kPa and hydraulic permeability was estimated to be
1.2 � 10�17 m4 (N s)�1.

Stiffness and hydraulic permeability of contact lens
hydrogels have been measured using various testing meth-
ods. For the hydrogel used in this study, Etafilcon A, Enns
[14] conducted tensile tests and obtained a bulk value of
approximately 255 kPa for the Young’s modulus. Hydrau-
lic permeability has been measured directly by permeation
experiments using low-pressure ultrafiltration cells by Yas-
uda et al. [15]. Hydraulic permeability of hydrogels with
different equilibrium water content (EWC), which is the
weight percentage of water in the equilibrium hydrogel,
was measured to be 2.89 � 10�17 m4 (N s)�1 for 21%
EWC pHEMA–EG (poly-hydroxyethyl methacrylate–eth-
ylene glycol) and 1.25 � 10�15 m4 (N s)�1 for 64% EWC
pGMA (poly-glycerol methacrylate). Testing pHEMA
membranes, Refojo [16] measured the hydraulic permeabil-
ity of 38.7% and 53.8% EWC membrane to be 8.4 � 10�18

and 1.05 � 10�17 m4 (N s)�1, respectively, using a pressure-
driven permeameter. Monticelli et al. [17] used a similar
system to test 38% EWC HEMA-based hydrogel mem-
branes (polymacon), and measured hydraulic permeability
was 4.0 � 10�18 m4 (N s)�1. Surface stiffness, adhesion, and
friction of poly-HEMA-MA contact lenses were also inves-
tigated at the lens surface under various environmental
conditions (partially dried surface, fully saturated surface
and humidity controlled surface) by Kim et al. [18,19].
They used AFM to indent within 4 nm below the surface
using a �20 nN normal force. From the measured force–
displacement curve, the elastic modulus for the contact
lenses was calculated to be 470 kPa.

Recently, we have carried out indentation tests on Eta-
filcon A contact lenses in an unsubmerged configuration
using a nanotribometer system [20]. A biphasic finite ele-
ment model was developed to simulate the microindenta-
tion of the contact lenses, accounting for a curved, thin
hydrogel membrane supported on an impermeable mold.
Young’s modulus of the solid matrix and hydraulic perme-
ability (a measure of fluid conductance through the porous
media) were estimated by fitting model results to force–dis-
placement (F–D) curves obtained at multiple indentation
velocities (1.2 and 20 lm s�1). A permeability range of
1.0 � 10�15 to 5.0 � 10�15 m4 (N s)�1 and Young’s modu-
lus range of 130–170 kPa were estimated for Etafilcon A.

In the current study, we have conducted microindenta-
tion tests using a nanomechanical test instrument, which
allows for precise control of indenter displacement and
for sensitive force measures. To ensure a 100% saturated
condition and a more consistent mechanical response, con-
tact lenses were tested in a submerged configuration
because the mechanical properties of hydrogel-based con-
tact lenses are sensitive to the water content of the polymer
matrix. Displacement-controlled indentation and relaxa-
tion indentation testing modes (up to 20 lm) were com-
pared to determine the robustness of the biphasic
analysis. In addition, relaxation tests may potentially sim-
plify the procedure for extracting biphasic properties.
Mechanical and porous media transport properties were
estimated by fitting indentation data to simulations from
our previously developed biphasic model [20] that relates
coupled fluid–solid interactions during indentation.

2. Experimental methods

2.1. Displacement-controlled indentation tests

Indentation tests were conducted using a nanomechani-
cal test instrument system (TriboIndenter, Hysitron Inc.,
Minneapolis, MN), Fig. 1, which allowed for displace-
ment-controlled loading with 2.5 nm step displacement res-
olution and 0.5 lN force resolution. The instrument system
was fitted with a multi-range nanoprobe transducer with
large displacement (up to 50 lm) and load capabilities. Also,
a rig was custom-machined to hold a borosilicate glass
indenter with a 3 mm diameter cylindrical base and a contact
surface with a 7.78 mm radius of curvature (TECH SPEC-
PCX, Edmunds Optics, Barrington, NJ), Fig. 2. A large
radius of curvature was selected to provide measurable loads
for the soft materials tested. The spherical indenter also has
the advantage of avoiding stress concentrations (and singu-
larities) which can develop using flat-ended indenters [10].
Indentation was displacement-controlled with constant
velocity loading up to a depth of 30 lm.

Etafilcon A contact lenses (copolymer of 2-hydroxyethyl
methacrylate and methacrylic acid, ACUVUE, Vistakon,
Jacksonville, FL) were tested under submerged conditions.
Average lens thickness at the apex was 105.6 lm (n = 5)
and base radius of curvature along the apex was
7.68 mm. Lenses were supported by a rigid (in comparison
to the hydrogel), impermeable, and conformable polymer
foundation. To test mechanical properties at 100% fluid
saturation, indentation was performed on lenses sub-
merged in lens packing solution (provided by Vistakon).
A custom-built lens holder supported the backside of the
lens and kept the lens from floating, Fig. 1b and c. The lens
and holder were placed approximately 1 mm below the sur-
face of the packing solution, Fig. 2. Indentation tests were
conducted on each lens at the same central location.
Between indentations, the lens was allowed approximately
10–20 min to recover.

Point of contact of the indenter with the hydrogel surface
was solely determined by changes in the measured indenter
force. A 10 lN force was set to trigger contact and record-
ing of data. If contact is triggered at the fluid surface by sur-
face tension forces, an artificial shift in the experimental
F–D and F–t data results. For such cases, even a small shift
in the F–D response of 5 lm may increase the resultant
force by �20% or more. To verify contact position, we con-
ducted a separate set of experiments that: (1) recorded con-
tact position in a submerged configuration, (2) without
moving the sample, drained fluid from the reservoir using
tissue paper, and (3) recorded contact position following
fluid drainage. From the submerged to unsubmerged
configuration, the contact position shifted by �0.7 lm,



Fig. 1. (A) Nanomechanical test instrument system used for contact lens indentation. A glass lens was used as the indenter tip (R1 = 7.78 mm). (B)
Assembled top view of contact lens holder used for submerged indentation. (C) On the backside, the lens was supported by a lens mold (bottom). Another
mold with a centrally cut opening (top) was placed on top. An aluminum o-ring was placed on top of the mold to prevent the lens from floating.

Fig. 2. Schematic of the indentation tests.

Fig. 3. Lens contact point following removal of packing solution (trigger
force = 10 lN). The zero contact position corresponds to the contact
point determined for the submerged samples (n = 5). Error bars corre-
spond to ±SD.
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Fig. 3. Given the resolution of the system (�0.5 lm) and the
estimated fluid layer thickness (�3–5 lm), it was concluded
that the 10 lN trigger force correctly determined the point
of lens contact, and the changing contact position corre-
sponded to variation in the thickness of the lens with evap-
oration and dehydration. Even with low trigger forces, there
was an initial sink-in of the indenter into the sample during
surface detection. This initial displacement is accounted for
by comparing with FE simulations (see Section 2.2).

2.1.1. Constant velocity indentation
The indenter was lowered at rates of 1 and 10 lm s�1

to a surface penetration depth of 30 lm into the hydrogel.
At each velocity, five lens samples were tested, and 3–4
indentation tests were performed on the same sample.
Corresponding force–displacement (F–D) behavior was
recorded.

2.1.2. Relaxation tests
Decay of the indenter force was measured while holding

the indenter at a constant displacement depth (20 lm) for

approximately 6 min. Instrument drift was measured to
be �2.5 nm s�1 in 10 lN preload tests over 1 min. Linear



Fig. 5. F–D curves for constant velocity indentation at the center of the
lens (1 lm s�1 and 10 lm s�1).
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extrapolation of the drift displacements were subtracted
from displacement data. Each of five lens samples was
tested three to five times at the lens center. Corresponding
force–time (F–t) behavior was recorded.

2.2. Finite element model

The biphasic contact problem was solved using the
FEM package ADINA (version 8.2.2, ADINA R&D
Inc., Watertown, MA). Indentation of the contact lenses
was modeled as a two-dimensional, axi-symmetric problem
with a spherical indenter contacting the center of the lenses
and moving downward at a prescribed velocity. The con-
tact lens hydrogel was modeled as a biphasic, isotropic
material. The indenter was modeled as a rigid, non-porous
body. Indentation was modeled as a quasi-static problem,
and the reaction force on the indenter was measured for
each time step of the simulation. Displacement vs. time
for the indentation tests was input as the displacement
boundary condition. A 1600 FEM mesh was generated
using nine-node rectangular elements, Fig. 4. A detailed
description of the biphasic model is provided in Chen
et al. [20]. Simulations were also conducted to determine
sensitivity of the predicted indentation response to varying
lens thickness.

The predicted F–D and F–t responses were compared
with experimental measures for a range of simulated bipha-
sic parameters, Young’s modulus of the solid matrix (E)
and hydraulic permeability (k). E was selected to range
from 20 to 120 kPa in increments of 20 kPa, and 20 values
of k were selected between 1 � 10�18 and 1 � 10�13 m4

(N s)�1. In previous studies, Goldsmith et al. [21] measured
Poisson’s ratios of 0.0–0.307 for the hydrogel polyNVP-
MMA (N-vinyl pyrrolidone methylmethacrylate) with cel-
lulose acetate. In our previous contact lens indentation
studies [20], the estimated ranges of E and k were found
to be relatively insensitive to the changes of Poisson ratio
between 0.1 and 0.4. Thus in this study, the Poisson ratio
was fixed at 0.3.

Penetration into the hydrogel before the contact trigger
point results in a shift of the experimental F–D and F–t

curves to the right. We accounted for this shift by shifting
each simulated F–D and F–t curve between 1.8 and 5 lm
depending on the E and k values. Optimal values for E
Fig. 4. Axisymmetric FEM mesh of the conta
and k were estimated by minimizing the mean square error
(MSE) function:

MSE ¼ 1

m

Xm

i¼1

Xni

j¼1

ðX Ei
j � X Ci

j Þ
2
=ni ð1Þ

where m is the total number of F–D (constant velocity) or
F–t (relaxation) curves (m = 18 for constant velocity tests,
m = 8 for relaxation tests), and ni is the total number of
points to be compared for the ith experimental curve
(ni = 40 for constant velocity, ni = 20 for short-term relax-
ation, and ni = 50 for long-term relaxation tests). X Ei

j and
X Ci

j are the experimental and computational reaction force
values of the ith experimental F–D curve, respectively.

3. Results

3.1. Constant velocity indentation

The F–D response for constant velocity indentation at
1 lm s�1 and 10 lm s�1 (m = 18) was measured (see
Fig. 5). Indenter response force was found to increase non-
linearly with penetration depth. Response force also
increased slightly (�10%) with the increased indenter veloc-
ity, 1 to 10 lm s�1. Measured F–D curves showed less than
ct lens and imposed boundary conditions.



Fig. 6. (A) Mean square error (MSE) map for constant velocity F–D curves over a range of E and k values. (B) Comparison of the best fit parameters
(solid lines) to the average experimental response (boxes) for constant velocity indentation.
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10% variation for each sample. MSE maps compared pre-
dicted and experimental F–D curves, Fig. 6a. Optimized
values of E and k were estimated for MSE < 0.22; the opti-
mal value for E was a singular value, 60 kPa. F–D curve-fit-
ting was not as sensitive to changes in k over the large
range simulated, especially at low permeabilities (<10�16).
The optimum range of values for k was 1.0–
2.5 � 10�15 m4 (N s)�1 (see Table 1). Graphs of the exper-
imental and simulated F–D curves for constant velocity
indentation using best fit parameters is presented in
Fig. 6b. Good fits are achieved for the lower velocity inden-
tation. Some differences between experimental and simu-
lated curves occur for the 10 lm s�1 data at displacement
depths greater than �12 lm. This may be due to a nonlin-
ear material response that occurs with increasing penetra-
tion depths. FE simulations varying lens thickness
between 100 and 130 lm showed minimal changes in the
force response over the range of k (1.0 � 10�14–
1.0 � 10�16 m4 (N s)�1and penetration depths (<20 lm)
investigated, see Fig. 7.
Table 1
Summary of biphasic testing results for Etafilcon A contact lenses estimated f

Type of test Y

Constant velocity Submerged 6
Constant velocity unsubmerged [20] 1
Relaxation submerged Short time (t < 2 s) 6

Long time (t < 360 s) 5

Unsubmerged values were measured in a previous study [20].
3.2. Relaxation indentation

During initial loading, the indenter force increased rap-
idly. Peak forces ranging from 18.4 to 19.3 mN were
obtained at the 20 lm penetration depth. The indenter
reaction force decreased with time as the indenter was held
at a constant depth of 20 lm, Fig. 8. Over a short time
scale (<2 s), there was a rapid drop in the indenter
response. This was followed by a slower rate of decay over
a longer time scale (2–360 s). Greater variation in the force
response was found in comparison with the constant veloc-
ity indentation tests. Biphasic response over the two differ-
ent time scales was determined. For the short time scale,
which is comparable with the time scale of the constant
indentation tests, MSE maps were generated by comparing
experimental and predicted F–t behaviors for relaxation
times up to 2 s, Fig. 9. A large k corresponding to an ease
of fluid flow was estimated, 1.0–2.5 � 10�15 m4 (N s)�1

(MSE < 0.02). Over a longer time scale (up to 360 s), a
smaller k corresponding to greater resistance to flow was
rom constant velocity and relaxation indentation tests

oung’s modulus, kPa Hydraulic conductivity, m4 (N s)�1

0 1.0–2.5 � 10�15

30–160 1.0–5.0 � 10�16

0 2.5 � 10�15

0 2.5 � 10�16



Fig. 8. Comparison of the best fit parameter response with experimental relaxation curves: (top) long time scale and (bottom) short time scale. Initial
loading velocity of the indenter was 1 lm s�1 up to the surface penetration depth of 20 lm. Shaded areas correspond to ±SD.

Fig. 7. Effect of varying thickness on simulated F–D curves from the FE indentation model. After varying thickness 100–130 lm, negligible changes in the
force response were found over the range of k studied.
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Fig. 9. Mean square error maps for: (A) short-term relaxation tests,
t < 2 s, and (B) long-term relaxation tests, t < 6 min.
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predicted, 2.5 � 10�16 m4 (N s)�1 (MSE < 0.4). Young’s
modulus was found to be relatively constant between the
two time scales, and the solid matrix values of 50 and
60 kPa were estimated. Graphs of the experimental and
simulated F–D curves for constant velocity indentation
using best fit parameters is presented in Fig. 8. Relatively
good fits are achieved over both time scales. Over an initial
time window, the best fit parameters slightly under-predict
force response. However, with increasing relaxation time,
the best fit parameters tended to over predict force
response. In this study, we have selected a discrete change
in k; however, this behavior may reflect a continuous
increase in k with relaxation.

4. Discussion and conclusions

We have tested contact lenses in a submerged condition
under varying testing modes. By using a system specifically
designed for indentation, better control of displacement
and improved force resolution was achieved compared
with our previous studies [20]. Also, testing under sub-
merged conditions resulted in less testing variation since
dehydration and corresponding changes in lens morphol-
ogy were not an issue. In addition, constant velocity vs.
relaxation testing modes, and short- vs. long-term indenta-
tion timescales were compared (see Table 1).

For constant velocity tests, the indenter response force
within the hydrogel was found to increase with velocity.
In biphasic theory, this behavior corresponds to a build-
up of pore pressure as there is less time available for pore
fluid redistribution. In our previously reported indentation
tests for unsubmerged Etafilcon A lenses, the measured E

was in the range of 130–160 kPa, and k was in the range
of 1.0–5.0 � 10�15 m4 (N s)�1 over a similar velocity range.
Comparing the indenter responses with submerged condi-
tions, k was in a similar range. However, E was predicted
to be smaller. The difference in predicted stiffness may be
due to local dehydration and changes in material properties
at the lens surface for the unsubmerged condition. In the
eye, material stiffness may be closer to values measured
under submerged conditions since a tear film layer
(�3 lm) exists and the eyelid distributes tears over the lens
surface with each blink [22]. However, some dehydration
may occur at the surface between blinks since it is expected
that there is also net water loss at the surface, as well as loss
through the lens due to evaporation as water diffuses from
the surface.

In hydrogel relaxation tests, the indenter force response
decreased with time. In a biphasic medium, this force decay
is due to a decrease in the pore pressure with time as the
fluid redistributes within the porous matrix. In our study,
the apparent hydraulic conductivity was predicted to
decrease with time. This may be explained by: (1) a defor-
mation-dependent hydraulic conductivity, (2) a viscoelastic
response, and (3) instrument drift. High pore pressure at
initial loading may expand the pores and increase the local
hydraulic conductivity. Predicted k over this short time
scale was similar to those estimated values for constant
velocity indentation. This is consistent with these tests hav-
ing a similar time scale. As the pore pressure decays, pore
size reduction results in a lower hydraulic conductivity. In
addition to fluid redistribution considerations, the slow
decay in indenter force may be due to relaxation of the
polymer matrix (viscoelastic response). Preliminary relaxa-
tion tests conducted over much longer time scales seem to
support this explanation. With increasing time (�50 min),
an equilibrium force was not reached, and the indenter
force response continued to decay. Thus, a biphasic mate-
rial response may not hold over longer time scales. Visco-
elasticity may also play a role in the constant velocity
tests. However, given the time course for relaxation, this
effect likely contributes to small changes in the measured
forces over the short time scales of the constant velocity
tests. A poroviscoelastic response, which accounts for tran-
sient behavior of the solid matrix, may be more appropri-
ate. In addition to transient material behavior,
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instrumental drift may also account for changes in the mea-
sured force response with time. Measures taken to reduce
drift due to stage translations involve a hold time prior
to testing however not all drift can be removed from the
experimentation. This drift (�2.5 nM s�1) may contribute
up to �5% of the measured relaxation.

In addition, local strains are not necessarily distributed
equally through the thickness of the lens during indenta-
tion. Greater strains are expected in the vicinity of the
indenter contact region, whereas smaller strains are
expected at the bottom of the lens (interface of lens and
lens mold). However, similar F–D responses were predicted
after varying lens thicknesses for the range of k and pene-
tration depths of interest. Thus, for the small variation in
thicknesses estimated for contact lenses, the boundary con-
dition at the lens bottom had a minimal effect on the inden-
ter force response for small indentation (<20% strain).
Force response was primarily influenced by the shape of
the impermeable indenter and velocity and depth of
indentation.

Lower E was predicted by indentation than by previous
mechanical tests by Enns for the same material. He mea-
sured E to be 255 kPa from tensile tests at 850 lm s�1

[14]. This may be due to differences when comparing bulk
vs. matrix and tensile vs. compression properties. Also,
the force response increases with testing velocity. Larger
bulk E values were found to correspond to short time scales
and high velocities. This behavior may be due to a viscoelas-
tic response of the polymer matrix, in addition to biphasic
fluid flow redistribution. In addition, our study tested under
submerged conditions, whereas Enns measured unsub-
merged samples. As shown in this study, hydration can have
a significant impact on measured E. Given the number of
differences in experimental conditions, the differences in
measured E are expected to be lower. Comparing with the
surface measures of poly-HEMA-MA by Kim et al.
(470 kPa) [18], our moduli measures are also significantly
lower; however, it should be noted that displacement depths
over varying orders of magnitude (nm vs. lm) likely results
in different modulus values.

In the current study we noted different load–displace-
ment curves for loading and unloading of the indenter from
the contact lenses. Tensile forces measured at the end of
unloading may be due to adhesion forces between the
indenter and contact lens surface, in addition to surface
tension of the surface fluid layer. These forces (�100 mN)
were considered too small to cause local damage. Since
we fit only to the loading behavior, adhesion forces were
not considered in our FE models. Surface tension forces
were assumed to be constant during loading given the
cylindrical shape of the indenter tip.

Future models that account for unloading behavior
should include adhesion forces between the indenter tip
and contact lens surface. A significant portion of flow
induced in the lens during indentation is in the radial direc-
tion due to the use of an impermeable indenter and lens
holder. The current model assumes isotropic lens proper-
ties. However, it is likely that properties vary in radial
and through-thickness directions within the lens. Future
studies that isolate flows and deformation in these specific
directions could be used to measure direction-dependency.
For example, use of permeable indenters and lens holders
may allow for flow and deformation primarily in the
through-thickness direction.

Overall, the developed experimental methods provide
improved biphasic characterization of thin, submerged
hydrogels. Constant velocity and relaxation indentation
testing resulted in similar biphasic material properties when
comparing material behavior over similar short time scales.
Consistency of the determined properties provides an
encouraging result when considering indentation for bipha-
sic characterization. In future studies, further investigation
into the viscoelastic properties of the polymer matrix and
deformation-dependent hydraulic conductivity are required.
In addition, experimental improvements would include opti-
cal determination of the lens-indenter contact point.
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