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Abstract The biomechanics of the lens capsule of the eye
is important both in physiologic processes such as
accommodation and clinical treatments such as cataract
surgery. Although the lens capsule experiences multiax-
ial stresses in vivo, there have been no measurements of
its multiaxial properties or possible regional heteroge-
neities. Rather all prior mechanical data have come from
1-D pressure–volume or uniaxial force-length tests.
Here, we report a new experimental approach to study in
situ the regional, multiaxial mechanical behavior of the
lens capsule. Moreover, we report multiaxial data sug-
gesting that the porcine anterior lens capsule exhibits a
typical nonlinear pseudoelastic behavior over finite
strains, that the in situ state is pre-stressed multiaxially,
and that the meridional and circumferential directions
are principal directions of strain, which is nearly equi-
biaxial at the pole but less so towards the equator. Such
data are fundamental to much needed constitutive for-
mulations.

Keywords Cataracts Æ Accommodation Æ
Biomechanics Æ Stress Æ Stiffness

1 Introduction

The lens capsule is a thin, bag-like membrane that covers
the lens of the eye; it consists primarily of type IV

collagen (65% by dry weight) with admixed adhesion
molecules and proteoglycans. The anterior lens capsule
is approximately 60 lm thick in the porcine eye and 11–
33 lm thick in the human eye (Krag et al. 1997a; Krag
and Andreassen 2003). This capsule includes a mono-
layer of cuboidally shaped epithelial cells; these cells
transform, near the equator, into the so-called equato-
rial bow cells (Fig. 1). The lens capsule maintains the
lens in its proper position and acts as the means through
which the ciliary muscles exert forces on the lens,
changing its curvature during the process of accommo-
dation.

In addition to its fundamental role in normalcy, the
lens capsule plays a central role in clinical procedures
such as cataract surgery. A cataract is a partial or total
opacity of the lens that results in impaired vision or
blindness. Over one-half of all Americans over age 65
develop a cataract, and cataract surgery has become the
most frequently performed surgical procedure in the
United States (�1.3 M/year). Briefly, in cataract sur-
gery, the surgeon removes a portion of the anterior lens
capsule, extracts the clouded lens, and replaces it with a
prosthetic intraocular lens (IOL). Despite many ad-
vances in surgical technique and medical technology,
the post-surgical complication of posterior capsule
opacification (PCO) has occurred in up to 50% of all
patients within 2–5 years following cataract surgery
(Emery 1999; Spalton 1999). This PCO, or secondary
cataract, results primarily from the epithelial cells
migrating from the equatorial bow region of the lens
capsule to the central region of the posterior lens cap-
sule where they trans-differentiate, proliferate, synthe-
size matrix proteins (collagens I, III, etc.), cytokines
and matrix metalloproteinases, and contract as in a
wound healing response (Marcantonio and Vrensen
1999; Wormstone 2002; Saika et al. 2003). These
symptoms of PCO often necessitate a second clinical
intervention.

Fortuitously, a new intraocular lens design by Alcon
Laboratories, Inc. (the AcrySof lens) has been reported
to reduce PCO from the �40–60% for other lenses to

M. R. Heistand Æ R. M. Pedrigi Æ S. L. Delange
J. D. Humphrey (&)
Department of Biomedical Engineering, Texas A&M University,
337 Zachry Engineering Center 3120 TAMU,
College Station, 77843-3120, TX
E-mail: jhumphrey@tamu.edu
Tel.: +1-979-845-5558
Fax: +1-979-845-4450

J. Dziezyc
Department of Small Animal Medicine and Surgery,
College of Veterinary Medicine, Texas A&M University,
College Station, 77843-4474, TX

Biomechan Model Mechanobiol (2005) 4: 168–177
DOI 10.1007/s10237-005-0073-z



�10% (Spalton 1999). Reports suggest that the two
primary reasons for the marked improvement are the
‘‘sharp rectangular edge design’’ and possibly ‘‘increased
adhesiveness’’ to the lens capsule (Linnola 1997; Nagata
et al. 1998; Nishi et al. 2000). Indeed, because of the
apparent mechanical advantages of the AcrySof lens,
other mechanically motivated devices have been tried as
well. For example, Nishi et al. (1997) increased the
tension in the lens capsule, following cataract surgery,
by implanting an inflatable endocapsular balloon.
Alternatively, Nishi et al. (2001) reduced post-surgical
shrinkage of the lens capsule by implanting a square-
edged capsular bending ring. Both interventions reduced
PCO, although not to the extent achieved with the Ac-
rySof lens. Even though the pathophysiology of PCO
remains uncertain, it is now clear that mechanical fac-
tors play a significant role, which emphasizes the need to
quantify lens capsule mechanics.

Based on basic science and clinical observations re-
ported in the literature, we hypothesize that perturba-
tions from the native stress and strain fields within the
lens capsule, due to cataract surgery, stimulate the errant
response by the epithelial cells through mechanotrans-
duction mechanisms. To test this hypothesis, we must
first quantify the native stress and strain fields in the lens
capsule and then compute or measure how these fields
change due to various interventions and designs of
intraocular implants. Toward this end, we must know
the associated geometry, material properties, and ap-
plied loads. In this paper, we present the first experi-
mental approach for investigating in situ the multiaxial
mechanical behavior of the anterior lens capsule in
enucleated eyes. Furthermore, we present the first de-
tailed data on the regional, multiaxial, pseudoelastic
behavior of the porcine anterior lens capsule. We submit
that this is an important step towards understanding
better both cataract surgery and mechanotransduction-
induced PCO.

2 Methods

2.1 Experimental methods

Fresh porcine eyes were received following an overnight
shipment in iced saline from SiouxPreme, Inc. (Idaho).
The cornea and iris were excised, and the globe was
secured in a moldable wax fixture using multiple pins
placed through the peri-scleral tissue. Next, the exposed
anterior lens capsule was allowed to air-dry at room
temperature for 60 min so that 40-lm diameter fluo-
rescent, polystyrene microspheres (Bangs Laboratories,
Fishers, IN, USA) could be affixed to its surface to en-
able subsequent strain measurement. The hydrophobic
nature of the microspheres results in a natural adhesion
to type IV collagen, preventing their independent
movement on the underlying lens capsule. These micr-
ospheres (or tracking markers) were arranged in multi-
ple groups of five (one center marker and four corner
markers), and these groups were then organized along
the major and minor axes of the lens capsule, spanning
from the anterior pole to the periphery near the equator
(Fig. 2). The anterior pole was determined anatomically
as the point on the lens capsule directly above the
intersection of the Y-suture lines in the lens.

Next, a precision micro-manipulator was used to in-
sert a 25-gauge needle just under the lens capsule (on the
side opposite the markers). A cyanoacrylate adhesive
was applied around the needle to seal the insertion site,
and a physiologic saline solution was injected slowly into
the lens. In most cases, the fluid flowed out of and then
around the anterior portion of the lens, thus separating
this portion of the lens capsule from the lens. Fig. 3 is an
H&E stained cross-section of a lens capsule, shown in
both a native and pressurized state; both were fixed via
24 h immersion in 10% formaldehyde, with the pres-
surized lens capsule perfusion-fixed at 30 mmHg. It is

Fig. 2 Cut-away schematic view of the top right quadrant of an
anterior lens capsule showing typical marker arrangements,
consisting of seven overlapping sets of five markers (sets are
denoted by A–G)

Fig. 1 Schematic drawing of the lens (including the nucleus and
lens bow cells) and lens capsule (outer covering) illustrating the
normal location of the epithelial cells and equatorial lens bow
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evident from the figure that the epithelial cells remained
on the fluid-separated anterior capsule.

Once the intact lens capsule was successfully sepa-
rated from the underlying lens, the eye was immersed in
a physiologic saline solution, warmed to 35�C (within
10 min), and rehydrated for 1 h (equivalent to the
dehydration time). The specimen and specimen chamber
were then positioned for testing so that the microspheres
on the surface of the anterior lens capsule could be im-
aged at different distention pressures using the biplane
video system described below.

2.2 Experimental System

Figure 4 shows the optical-mechanical components of a
custom biplane, video-based test system. It includes: an
optical table, a linear railway and carriage with a micro-
adjustable translation stage and attached needle-injec-
tion micro-manipulator, a Plexiglas specimen chamber,
a pressure transducer, a fluorescent light source, and two
Sony CCD cameras, each outfitted with a long distance
microscope lens (InfiniMax by Infinity Photo-Optical,
Boulder, CO, USA). Not shown are the operating
microscope (to the left of the optical table), two B&W
monitors, a temperature controller, a video-multiplexer,
a video cassette recorder, and a controller PC (with A/D
and video frame-grabber boards). Note that the car-
riage-stage-needle-injection assembly can be translated
as a rigid body along the railway, thus allowing the eye
to be prepared under an operating microscope and then
moved under the CCDs for mechanical testing while not
disturbing the needle insertion within the eye.

The light source is a Jensen 150 W, high-intensity,
white light illuminator. It illuminates the specimen via

dual channel fiber optic light guides, coupled with
focusable lenses. A shortpass filter having a sharp cutoff
wavelength of 500 nm is mounted at the end of each
light guide so the light source emits a deep blue color,
ideal for exciting the fluorescent microspheres with
excitation/emission maxima of 480/520 nm. Broadband
filters (CWL: 520 nm, FWHM: 40 nm) are mounted in
front of each camera to filter out background light as
well as reflected light from the light source.

The cameras are arranged so that one is directly
above the specimen, with its visual axis perpendicular to
the optical table, while the other is oriented 45� from the

Fig. 3 Hematoxalin and eosin (H&E) stained histological cross-
section of the porcine lens with lens capsule (40·). a Anterior lens
capsule and lens in its native state. b Pressure distended (30 mmHg)

anterior lens capsule. Note that the stretched epithelial cells
remained on the anterior capsule, and there is a clean separation
between these cells and the lens

Fig. 4 Computer drawing of the primary components of the
experimental system, namely a temperature-controlled specimen
chamber, an inflation system consisting of a needle, micromanip-
ulator, and pressure transducer, and finally, a bi-plane video system
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first so their visual axes intersect at 45� in a plane that is
perpendicular to the optical table. The angled camera is
mounted to a vertical translational stage so that the
intersection of the visual axes can be moved up and
down to match the specimen’s height, allowing both
cameras to image the same section simultaneously.
Furthermore, each camera is mounted to an additional
translation stage to allow precise movement along its
visual axis, thus providing independent adjustment of
focus for each camera.

2.3 3D Marker Reconstruction

Global reconstruction techniques can be used with the
biplane video system to rebuild three-dimensional ob-
jects from two separate, two-dimensional images. The
process is simplified in our case since we are imaging
microspheres and mapping the camera coordinates of
their centroids into point space. Therefore, our system
must determine the location of an arbitrary point in a
three-dimensional Euclidean space, given two separate
camera views of a marker with its centroid located at
that point. This can be described mathematically as
finding the 3D coordinates of a point defined via a po-
sition vector p with respect to two orthogonal coordi-
nate systems given by unit vectors [e, f, g] and [e*, f*, g*],
where the projection tensors P1 ¼ I� g� g and
P2 ¼ I� g � �g� operate on p to give the perpendicular
projections onto the viewing planes of the two cameras
(Fig. 5).

We assume a linear relationship between image
coordinates and the spatial location p (centroid of a
marker), so that determination of 3D coordinates for a
given point requires calculation of the twelve constants
in the transformation equation

N ðjÞi ¼ AðjÞik X ðjÞk ; ðk sum 1 to 3Þ;

where Ni is the coordinate of a point for each camera in
pixels, with j=1,2 indicating the camera and i=1,2
indicating the 2D directions. The twelve calibration

constants are given by AðjÞik ; and the 3D Cartesian

coordinates are given by X ðjÞ1 ;X ðjÞ2 ;X ðjÞ3 with respect to the
orthogonal basis vectors [e,f,g] for j=1 and [e*, f*, g*]
for j=2 (see Fig. 5).

The camera lenses provide constant magnification
through their depth of view, thus Ni does not depend on
X3. Furthermore, there are no appreciable visual dis-
tortions in the field of view so that N1 does not depend
on X2 and N2 does not depend on X1; this reduces the
number of calibration constants from twelve to four.
Our video system is also orientated so that one camera
view is known relative to the second (in Fig. 5, e=e*
and g* is rotated h=45� clockwise from g), thus X ð1Þk and

X ð2Þk are related by the coordinate transformation matrix

X ð2Þ1

X ð2Þ2

X ð2Þ3

2
64

3
75

e�; f �; g�

¼
1 0 0
0 cos h �sin h
0 sin h cos h

2
4

3
5

X ð1Þ1

X ð1Þ2

X ð1Þ3

2
64

3
75

e; f ; g

:

The four calibration constants (rewritten as Bi for
i=1 to 4) can be found with respect to a single set of
basis vectors by individually solving the decoupled
equations

N ð1Þ1 ¼ B1X1 N ð2Þ1 ¼ B3X1

N ð1Þ2 ¼ B2X2 N ð2Þ2 ¼ B4 X2cos h� X3sin hð Þ;

for known camera coordinates Ni of imaged points with
known spatial coordinates Xk, where the 3D Cartesian
coordinates given by Xk are taken with respect to the
orthogonal basis vectors [e,f,g]. Once these constants are
found, they can be used in the same equations to solve
for the 3D coordinates of each marker, given camera
coordinates of its centroid from both cameras.

The camera coordinates of each marker centroid were
calculated from digitized images using a custom code
developed with National Instruments IMAQ Vision
software. The coordinates for each centroid were re-
turned in pixel values, indicating their respective location
in the pixel domain of the 640 by 480 digitized image.

Additionally, we are interested in finding the 3D
coordinates of all marker centroids relative to each
other. That is, we must calculate the 3D global coordi-
nates of each centroid with respect to some arbitrary
laboratory origin, but the field of view for each camera is
not wide enough to capture all the markers simulta-
neously. Therefore, several overlapping images were
taken such that subsequent images involved a calculated
translation of the stage and contained at least one
marker visible in the previous image. The images were
then stitched together to form a montage so that coor-
dinates for each marker were with respect to a common

Fig. 5 A point viewed by each camera is located by the
perpendicular projection of its position vector onto a plane
orthogonal to the optical axis of each camera
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point. The 3D reconstruction method discussed above
could then be used to calculate the global 3D Cartesian
coordinates of all markers; this yielded coordinates in
millimeters, with respect to an origin chosen at the
anterior pole (see Fig. 6).

The resolution of the experimental system depends on
that of the individual components. The pressure trans-
ducer is accurate to within ±0.1% full scale; current
resolution is 0.05 mmHg. The image resolution for each
camera is 130 pixels/mm, and the high-contrast images
of fluorescent microspheres, coupled with the enhanced
image filtering capabilities of the National Instruments
IMAQ Vision software, allows us to measure distances
between marker centroids, approximately 2 mm apart,
to within less than a half pixel error. Considering all
sources of error, our biplane video system still provides a
measure of strain within 1% error.

2.4 Experimental Protocols

The lens capsule was pressurized slowly by raising a
fluid reservoir via a pulley system. The reservoir con-
tained saline solution and was connected to the pres-
sure transducer and inserted needle, thus allowing
control of the distension pressure. The lens capsule was
inflated in increments of 5 mmHg, with 2 min at each
pressure state, so as to cycle the pressure from 0 mmHg
to 45 mmHg to 0 mmHg five times. In one series of
studies, marker positions were determined at each
pressure state during the first and fifth loading and
unloading cycles. In another series, the lens capsule was
inflated incrementally through only one cycle, and a
creep test was performed thereafter at 45 mmHg. In
other words, the pressure was raised suddenly from
0 mmHg to 45 mmHg in the lens capsule (within �5 s),
and then maintained constant. The final aspect of the
experimental procedure involved obtaining a nearly
stress-free configuration. This was accomplished by
isolating the lens capsule and lens from the eye and
then cutting the posterior lens capsule away to allow
free movement of the anterior capsule. The markers
were then imaged as the anterior lens capsule rested
freely on the lens.

2.5 Calculation of strain

Monitoring the 3D motions of markers on the surface of
the inflating lens capsule permits one to calculate the
associated displacement gradients, and in turn, regional
in-plane Green strains of the capsule. The specific
arrangement of markers in sets of five allows one to
construct four triangles of similar size and shape in each
set (see Fig. 7), where the corners of each triangle con-
stitute a triplet of markers. A triplet of markers is the
minimum set needed for calculating all three in-plane
components of strain (Humphrey 2002).

Fig. 6 Plot of global 3D
coordinates of markers on the
anterior surface of a pressurized
lens capsule (the surface shown
is fitted to marker coordinates
using biharmonic spline
interpolation functions; this
surface, with computer-
generated lighting effects, is
displayed for visualization
purposes only)

Fig. 7 Standardized subdivision of each marker set into four
groups of marker triplets for strain calculation. Position vectors
can be constructed from a triplet of markers, as illustrated, for the
purpose of calculating the deformation gradient
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Finite Green strains, E, were computed locally for
each triplet using the deformation gradient, F, through
the equation E=(FT F�I)/2. The three components of
in-plane strain for each marker triplet are labeled as
meridional, circumferential, and shear; the origin of the
localized strain region was prescribed to coincide with
the centroid of the triplet. The meridional component of
strain always points to the anterior pole of the lens
capsule and is tangent to the capsule at the triplet cen-
troid. In addition, the circumferential direction is tan-
gent to the lens capsule at the centroid of the triplet and
is perpendicular to the meridional direction, as illus-
trated in Fig. 8.

The deformation gradient can be calculated directly
for each marker triplet by finding how position vectors
(DX(1)=XB�XA and DX(2)=XC�XA) in a reference
configuration deform to position vectors (Dx(1)=xb�xa
and Dx(2)=xc�xa) in subsequent configurations repre-
senting various distension pressure states (e.g., Fig. 7).
Because the marker triplets are close together, we
assumed a homogeneous deformation within each
triangular region created by a marker triplet. Thus, Dx
� F(DX) and the in-plane components of F can be
determined for each pressure state using the matrix
equation

Dxð1Þ1 Dxð2Þ1

Dxð1Þ2 Dxð2Þ2

" #
¼ F11 F12

F21 F22

� �
Dxð1Þ1 Dxð2Þ1

Dxð1Þ2 Dxð2Þ2

" #
:

Note the standardized calculation of position vectors
illustrated in Fig. 7 for each marker set, where all
position vectors originate at the center marker of the
set.

3 Results

Figure 9 shows the typical strain response of the lens
capsule for loading and unloading during the first and
fifth cycle, with respect to the in-situ, unloaded reference
configuration. Note the slight increase in strain magni-
tude of the fifth cycle over the first cycle and the slight
hysteresis; both suggest a preconditioning effect (cf.
Fung 1990). Figures 10 and 11 show pressure–strain
data at the anterior pole (Set D) and near the equator

Fig. 8 Schema of the lens capsule showing the directions for the
different components of strain, which originate at the centroid of
each marker triplet

Fig. 9 Comparison of
meridional, circumferential,
and shear components of strain
for the first and fifth cycle of
pressurization to 40 mmHg,
with respect to the in-situ
unloaded reference
configuration (see Figs. 2 and 7
for the location of each marker
triplet)
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(Set F) for all four marker triplets during the fifth cycle.
The responses are nonlinear in the meridional and cir-
cumferential directions and approximately zero for
shear in all four groups of both marker sets. This is an
important observation for it reveals that the meridional

and circumferential directions are principal directions.
The meridional component of strain also appears to be
greater than the circumferential component near the
equator, but approximately the same at the anterior
pole. The components of strain at 40 mmHg, with re-

Fig. 10 Plot of all components
of strain for marker set D
during the fifth cycle, with
respect to the in-situ unloaded
reference configuration. Note
the consistency amongst the
four sets of data within the
region, thus supporting the
computational assumption of
local homogeneity over regions
less than 2·2 mm.
Furthermore, the near
equibiaxial strains suggest a
symmetry about the apex of the
capsule

Fig. 11 Plot of all components
of strain for marker set F
during fifth cycle, with respect
to the in-situ unloaded
reference configuration. Note
that the strains are greater in
the meridional than in the
circumferential direction. This
is consistent with a
circumferential constraint at the
equator. Indeed, note that the
directional difference is greatest
in group 2, as expected, which is
closest to the equator
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spect to the in-situ, unloaded state, were typically
around 10%–12%.

The strains in the meridional and circumferential
directions from Set D and Set G, for eight specimens, are
shown in Figs. 12 and 13, respectively; the solid line
indicates the mean loading and unloading data for all
specimens pressurized to 40 mmHg. The 10 mmHg
pressure state is used as the reference for measuring
strain due to possible interactions between the lens and
lens capsule that created difficulties in obtaining pressure
states below 10 mmHg for some of the experiments.
Nevertheless, separate information from the stress-free,
reference configuration provides an estimate of strain at
10 mmHg. Figure 14 shows the strain from the stress-
free reference for the different regions from five separate
experiments. Note that the average strain at 10 mmHg
was used to horizontally shift the strain curves in
Figs. 12 and 13. Therefore, the strain at 40 mmHg with
respect to the stress-free, reference configuration was
roughly 20% (biaxially), owing to a pre-strain (strain in
the in-situ, unloaded state compared to the stress-free
state) of roughly 12–15% in both the meridional and
circumferential directions.

Figure 15 shows creep data from a representative
specimen. It is important to note that this static system
could measure, at best, the strains 1 min after the dis-
tension pressure (45 mmHg) was applied; correspond-
ingly, any early creep response was not measured. It
should be noted, however, that creep is primarily a long-
term response, and very little creep was observed over
the 30 min period.

4 Discussion

Despite its fundamental importance in physiologic pro-
cesses such as accommodation and clinical interventions
such as cataract surgery, our understanding of the
mechanical behavior of the lens capsule remains
incomplete. Early work by Fisher (1969) suggested that
the ultimate tensile stress of the human anterior lens
capsule decreases with aging from 2.3 MPa to 0.7 MPa,
yet these results are limited by both the experimental set-
up and the method of data analysis. Data were collected
via pressure–volume tests, which are essentially 1-D and
averaged over multiple regions and directions, and data

Fig. 12 Plot of loading and unloading curves from Set D of eight
experiments, where the strain is measured using the pressure state
at 10 mmHg as the reference, and the initial strain (strain at
10 mmHg with respect to the stress-free configuration) is assumed
to be roughly 15%, which is the average initial strain calculated
from five experiments. Note the consistency of the data, demon-
strating the repeatability of our experimental method

Fig. 13 Plot of loading and unloading curves from Set G of seven
experiments, where the strain is measured using the pressure state
at 10 mmHg as the reference, and the initial strain (strain at
10 mmHg with respect to the stress-free configuration) is assumed
to be roughly 12%, which is the average initial strain calculated
from two experiments
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were reduced using a result from linearized elasticity.
The latter is inappropriate given the nonlinear material
behavior and finite strains.

There are also data from various ‘‘unconventional’’
mechanical tests. For example, Krag et al. (1993) mea-
sured the pressure required to express the lens following
a continuous circular capsulorhexis (CCC). They found
that the posterior lens capsule ruptures at
59±10 mmHg, whereas effective ‘‘hydroexpression of
the lens’’ required pressures from 3 mmHg to 47 mmHg
(lower pressures for larger CCCs). Yang et al. (1998)
measured the force required for a 0.455-mm diameter
rod to puncture the lens capsule when applied normal to
the surface. They found that the force required for
penetration was significantly higher in the anterior than
in the posterior (9.02 g versus 4.42 g) lens capsule.

Most recently, many important findings on the uni-
axial mechanical and thermomechanical behavior of the
porcine and human lens capsule were reported by Krag
and Andreassen (2003) and Krag et al. (1996, 1997b,
1998). Briefly, they tested intact, circumferential rings of
lens capsule in uniaxial tension. Data revealed a highly
nonlinear stress–strain relation, with stresses on the
order of 4–5 MPa at stretches of 60%–80% (1st Piola-
Kirchhoff stress vs. linearized strain), with no statisti-
cally significant difference in behavior between the left
and right eye from the same donor. Moreover, despite
marked differences in thickness, they found the stress–
strain behavior to be the same for the anterior and the
posterior capsule. Finally, it was found that mechanical
strength and distensibility decrease with age while
thickness and stiffness increase with age. These are
important findings. Bailey et al. (1993) similarly reported
uniaxial stress-strain data, although as a function of the
degree of glycation cross-linking due to incubating
porcine lens capsules in a 133-mM glucose solution. As
expected, the data reveal that the lens capsule becomes
stiffer and less extensible with increasing cross-links,
which likely reflects that which occurs in diabetes and
aging.

Uniaxial data provide important insight into some
characteristics of the behavior of a material, but they are
not sufficient for delineating the multiaxial behavior that
exists in vivo. There is, therefore, a pressing need for
multiaxial data. Moreover, it is often preferable to test
biological tissues while maintaining their native geome-
try and mimicking native loading conditions. This is
often complicated by the presence of adherent tissue,
however, which is why many tissues are excised for
testing. We developed a new technique whereby the lens
capsule can be isolated from the underlying lens, loaded
by a pressure that induces in-plane stresses, and yet
maintained in nearly their native geometry, with natural
boundary conditions around the periphery. Consistent
with uniaxial findings, we observed a nonlinear material
behavior over finite strains. In addition, we found very
little creep in the anterior capsule over 30 min when
subjected to a 45-mmHg pressure. Finally, we found that
the strain in the lens capsule varies with region and

Fig. 14 Measured initial strains (strains at 10 mmHg with respect
to the stress-free configuration) by region. Note that markers are
often lost near the equator when cutting the anterior lens capsule
free for this measurement

Fig. 15 Mean creep response at a constant pressure (45 mmHg)
relative to the in-situ, unloaded configuration from Set F
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direction. The meridional strain always appeared to be
equal to or greater than the circumferential strain, their
difference being most notable near the equator. These
results are not unexpected; indeed, they are qualitatively
similar to results obtained for other nonlinear biological
membranes such as intracranial saccular aneurysms
(Humphrey 2002).

We emphasize that this experiment focuses on the
quantification of mechanical properties, not on the study
of a particular in vivo situation. Because of the inherent
geometric and material complexities, analysis of in vivo
conditions will require finite element or comparable
numerical studies.

In conclusion, we recall that there are five primary
steps to formulate a constitutive relation: delineate gen-
eral characteristic behaviors, establish an appropriate
theoretical framework, identify the specific functional
form, calculate the values of the material parameters, and
evaluate the predictive capability (Humphrey 2002).
Based on the present findings, it appears that a nonlinear
pseudoelastic membrane theory may be useful to quan-
tify the material behavior of the anterior lens capsule
with the possible need to account for anisotropy or re-
gional heterogeneity. Now that we have a novel method
to collect the requisite multiaxial data, there is a need to
formulate a constitutive descriptor appropriate for non-
linear finite element analysis.
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