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Stretch-induced collagen uncrimping underlies the nonlinear
mechanical behavior of the sclera according to what is often
called the process of recruitment. We recently reported experi-
mental measurements of sclera collagen crimp and pressure-
induced uncrimping. Our studies, however, were cross-sectional,
providing statistical descriptions of crimp with no information on
the effects of stretch on specific collagen bundles. Data on
bundle-specific uncrimping is necessary to better understand the
effects of macroscale input on the collagen microscale and tissue
failure. Our goal in this project was to measure bundle-specific
stretch-induced collagen uncrimping of sclera. Three goat eyes
were cryosectioned sagittally (30 lm). Samples of equatorial
sclera were isolated, mounted to a custom uni-axial stretcher and
imaged with polarized light microscopy at various levels of
clamp-to-clamp stretch until failure. At each stretch level, local
strain was measured using image tracking techniques. The level
of collagen crimping was determined from the bundle waviness,
defined as the circular standard deviation of fiber orientation
along a bundle. Eye-specific recruitment curves were then com-
puted using eye-specific waviness at maximum stretch before sam-
ple failure to define fibers as recruited. Nonlinear mixed effect
models were used to determine the associations of waviness to
local strain and recruitment to clamp-to-clamp stretch. Waviness
decreased exponentially with local strain (p< 0.001), whereas
bundle recruitment followed a sigmoidal curve with clamp-to-
clamp stretch (p< 0.001). Individual bundle responses to stretch
varied substantially, but recruitment curves were similar across
sections and eyes. In conclusion, uni-axial stretch caused measur-
able bundle-specific uncrimping, with the sigmoidal recruitment
pattern characteristic of fiber-reinforced soft tissues.
[DOI: 10.1115/1.4056354]
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1 Introduction

Collagen is a basic component of the eye, and plays a central
role in determining tissue biomechanics [1–4]. Changes in ocular
collagen have been associated with natural processes like develop-
ment and aging and with several eye disorders such as myopia,
keratoconus, and glaucoma [4–12]. Hence, a better understanding
of collagen architecture and biomechanics can help develop tools
to reduce the loss of vision and burden brought about by those
processes and disorders.

The collagen fibers of the eye [13–17], like those of other soft
tissues, have natural undulations or waviness called crimp
[18–20]. Crimp is central to the nonlinear biomechanics of soft
tissue through a process known as fiber recruitment [21–23].
Experimental crimp measurements from tissues like tendon [24],
ligament [25], and arterial tissue [26] are consistent with this
explanation.

In the ocular biomechanics community, the importance of
crimp and recruitment has also been recognized for several deca-
des. Crimp in the eye has been visualized using several imaging
modalities, including electron microscopy [15], second harmonic
generated (SHG) imaging [27], and magnetic resonance imaging
[13]. For the cornea, the crimp morphology and recruitment have
recently been quantified using transmitted electron microscopy
and uni-axial tension testing, respectively [28]. However, far less
is known about collagen recruitment in the sclera. To fill this gap
in information, inverse numerical models have been used to pre-
dict the collagen crimp structure and recruitment of the sclera
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[29–32]. The model predictions from these models, while reasona-
ble, were not confirmed experimentally.

Recently, we reported experimental measures of peripapillary
sclera collagen crimp [17,33] and recruitment [16,34,35]. We
compared the crimp from different regions of the eye and charac-
terized population crimp trends with changes in intra-ocular pres-
sure (IOP). From these measurements, we were able to derive
recruitment curves for both lamina cribrosa and peripapillary
sclera. However, the measurements for these studies were
obtained from fixed tissues, and therefore crimp could only be
quantified at one stretch state or IOP level. The results were cross-
sectional, and thus lacked information on how a specific collagen
bundle changes with stretch. A characterization of crimp and
recruitment tracking bundle-specific changes in fresh tissue is
needed to further the development of accurate fiber-based consti-
tutive models of the eye and to understand the effects of macro-
scale input on the collagen microscale and tissue failure. Our goal
in this study was to use unfixed scleral tissue to characterize the
stretch-induced collagen bundle uncrimping and recruitment. Spe-
cifically, we analyzed the changes in collagen bundle crimp in
unfixed equatorial sclera of goat eyes subjected to uni-axial
stretch.

2 Methods

We prepared longitudinal unfixed sections of equatorial sclera
and imaged them using polarized light microscopy (PLM) while
the tissue was stretched to failure. The PLM images were used to
quantify collagen orientation and waviness. Analyzing the PLM
images using digital image correlation we also tracked tissue
deformations, to compute local strain and to measure clamp-to-
clamp stretch. We analyzed the uncrimping of several collagen
bundles to test the association between collagen waviness and
local strain and to construct recruitment curves under the clamp-
to-clamp stretch.

It is important to note that collagen architecture is hierarchical
and complex [4]. Even in tendon, where the collagen is much
more clearly organized compared to the eye, there is sometimes
disagreement on the specific meaning of various terms to describe
the hierarchy of the collagen architecture [36]. To avoid confu-
sion, we clarify that for the purposes of this paper, we use the
term collagen “bundles” to refer to groups of contiguous and
aligned collagen fibers or fibrils. We have shown that these group-
ings are discernable in sclera using PLM [33].

2.1 Sample Preparation and Mounting. Three fresh goat
(caprine) eyes were acquired from a local abattoir and processed
within 8 h of death following previously described methods
[16,17,37,38], with some modifications for longitudinal sectioning
of unfixed whole globes rather than coronal sections of fixed optic
nerve heads. Briefly, using scalpels, forceps, and razors, extrane-
ous muscle, fat, and episcleral tissue were removed. Each eye was
mounted in an embedding cryomold and filled with optimal cut-
ting temperature compound. All eyes were aligned within the
molds in the nasal-temporal and superior–inferior anatomical
directions for sectioning. After embedding, the eyes were flash
frozen in isopentane chilled in liquid nitrogen (�176 �C). The
molds were stored in plastic bags at �80 �C until cryosectioned
sagittally into 30 lm sections. Using a standard antiroll plate and
cold fine-tip brush, sections were held flat before transferring to
an uncharged glass slide. The section was washed with phosphate
buffered saline (PBS) three times to remove the cryoprotectant
agents. Over 20 consecutive sections through the optic nerve head
(ONH) and cornea were collected for each eye. Of those, two con-
secutive sections free of artifacts, such as folds or breaks, were
used for analysis. Overall, six sections from three goat eyes were
tested. Centimeter-long strips of equatorial sclera were carefully
isolated with a razor blade and transferred to a modified uni-axial
stretcher (Microvice, S.T. Japan, FL) (Fig. 1(a)). The tissue sec-
tion was mounted by clamping the anterior and posterior ends

(Fig. 1(b)). The section was again twice washed with PBS. The
samples were tested at room temperature.

2.2 Imaging. The mounted sections were imaged at various
stretch levels using PLM as previously described [16,17,37,38],
with some modifications for imaging unfixed mounted sections
(Figs. 2, 3, and 4(a)). Briefly, a polarizer filter was placed above
the sample and an analyzer filter below the sample (Hoya, Tokyo,
Japan). An Olympus SZX16 microscope (6.3� magnification set-
ting) paired with an Olympus DP80 camera (36-bit, RGB, pixel-
shift setting) was used to acquire the images. (Olympus, Tokyo,
Japan) Images had a pixel size of 0.68 lm using a 0.8� objective
(numerical aperture, 0.12). Four images were acquired, each with
filter orientations 45 deg apart from each other. Local collagen
fiber orientation was determined using the relative changes in
intensity at each pixel (Fig. 3(a)) [37,39]. For all visualizations,
the pixel intensities were scaled using an energy, a parameter pre-
viously described [37]. Energy is helpful to distinguish regions
with collagen from regions outside the sample. This, in turn, was
helpful to discern tissue texture. High energy values also indicate
that the fibers are in the plane of the section [40]. This was
extremely important because the mechanical response of fibers
perpendicular to the section is likely more complex and not the
target of our study.

2.3 Collagen Waviness. From the PLM-derived orientations,
we measured the waviness of collagen fiber bundles. We

Fig. 1 A modified uni-axial stretcher was used to test unfixed
equatorial scleral sections. (a) Photograph of the device. The
modifications made to keep the sample hydrated are discerni-
ble above and below the clamps. (b) Close-up of the clamped
tissue from the underside with the custom clamps. The clamp
holding the posterior side was fixed while the clamp holding
the anterior side was translated to induce stretch. The large
thumb-screws used to tighten the clamp are visible on the
sides. The photo was acquired at a slightly tilted angle to facili-
tate discerning the clamping side on the posterior side. This
occluded the clamping side on the anterior side. Tests were car-
ried out with an orientation that allowed visualization of both
clamp sides to measure clamp-to-clamp distance.
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quantified the waviness using the circular standard deviation [41]
of the collagen fiber orientations along a collagen bundle, as
described previously [16]. Briefly, a straight fiber bundle would
have a constant angle value, and therefore the waviness would be
0 deg. On the other hand, a wavy fiber bundle would have variable
angle values throughout the fiber bundle, and therefore the wavi-
ness would be greater than 0 deg. To measure the waviness, we
sampled the orientations using line segments placed along the
length of a collagen bundle. This same line segments were used to
measure the bundle waviness and strain (Fig. 2). Analysis was
only performed on bundles that were identifiable throughout all
stretch levels. To visualize the crimp changes with stretch, we
used a previously described algorithm for highlighting the crimp
(Figs. 3(b) and 4(b)) [16]. Briefly, pixels were colored purple or
yellow (color version online) depending on whether the orienta-
tion was larger or smaller than the local average orientation,
respectively. In crimped collagen bundles, the result was clear
bands of alternating purple and yellow, each corresponding to half
a crimp period. Uncrimped, or recruited, bundles show no be clear
bands. It is important to note that we have shown that this tech-
nique for analyzing collagen fiber crimp does not require discern-
ing fiber undulations or even the edges of the fibers or bundles
[10]. The PLM-derived orientation resolved at a pixel encodes
subpixel information on fiber orientation. Thus, it is possible to
use a straight line along a bundle to derive highly accurate meas-
urements of bundle undulations without the need to distinguish
visually the bundle edges or the undulations. This is extremely
important at high levels of stretch where edges and undulations
become essentially impossible to distinguish, yet the signal
remains adequate.

2.4 Tissue Stretching. The clamp holding the posterior side
was fixed while the clamp holding the anterior side was translated
to cause stretch (Fig. 1(b)). The clamps were constrained to dis-
place in the anterior–posterior direction, along the main axis of
the sample. Each level of stretch was held for 15 min to allow
vibrations or viscoelastic effects to dissipate before imaging. Each
sample was stretched until a visual rip in the tissue was observed.
Throughout the imaging session the sample was kept hydrated
with 1� neutral phosphate buffered saline. Each section was
stretched between five and seven times, including the last one
where they failed. The average total clamp displacement at failure
was 462 lm and the average step size was 82 lm.

2.5 Clamp-to-Clamp Stretch. The clamp-to-clamp stretch
was defined as percent change in clamp-to-clamp distance as the
sample was stretched, and represented how much the entire tissue
strip was stretched. The distance was measured by segmenting the

border between the clamp and the tissue in each image and deter-
mining the shortest distance between the two edges for each
stretch state. The percent change in distance was calculated rela-
tive to the distance between the clamps in the last stretch state
before failure. With this definition the clamp-to-clamp stretch was
0% before testing, and 100% at maximum stretch before failure.

Fig. 2 An example PLM image of a sagittal section of equatorial sclera. The equatorial collagen fiber bundles
are primarily aligned in the sclera plane. Hence, in this sagittal section image they appear mostly horizontal.
PLM provides orientation information in the section plane. Vertical light and dark bands indicative of collagen
waviness are clearly discernible. Collagen bundles were marked manually (solid lines with numbers) to track
the bundle-specific waviness and local strain. Waviness was calculated using the circular standard deviation of
the collagen fiber orientations along each line marker.

Fig. 3 Collagen orientation calculation and crimp visualization
from PLM images. (a) Four PLM images were used to determine
the local collagen fiber orientation at each pixel. White bars rep-
resent the polarization states. (b) Orientation plots (left) and
crimp visualization (right). The orientation plots directly color
each pixel with the local orientation. The color bands indicate
the undulating nature of the fibers, in this case running hori-
zontally. If the fibers were straight, there would be lines of uni-
form color. To help visualize the crimp we processed the
orientations as described elsewhere. This processing results in
yellow/purple bands perpendicular to the fiber direction. These
correspond to the crimp. Three stages of uncrimping are shown
from top to bottom. As the stretch increased, the undulation
decreased, suggesting the gradual uncrimping of the collagen
bundles. (Color version online.)
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2.6 Local Strain. To determine how the tissue locally
deformed as a result of the uni-axial stretching, we used a digital
image correlation (DIC) analysis between two “energy” images
(see Sec. 2.2 for an explanation of the energy term). The reference
image (i.e., “before” image) is morphed to register it with the
deformed image (i.e., “after” image) [42]. A mapping between
two images was established, and the displacement vectors were
calculated. We then computed the Green–Lagrange strain tensor
from the displacement field at the matched points. The first princi-
pal strain was extracted from the Green–Lagrange strain tensor, as
a measure of largest stretch. To visualize the first principal strain,
we pseudo-colored the raw images using a rainbow color scheme,
where small strains are colored violet and large strains red, with
weighted pixel energy intensities (Fig. 4(c)). In this paper, the
local strain of a specific bundle was defined as the average first
principal strain over a line segment of the fiber bundle.

2.7 Recruitment. Recruitment curves were computed based
on the changes in collagen waviness, in a similar way as in our
previous report, [16], with a few adjustments for tracking bundle-
specific changes. Briefly, we tracked the waviness in, at least, 18
collagen fiber bundles in each section through at least four levels
of stretch before failure. The bundles were selected to be spread
over the sample. The percentages of recruited collagen bundles
were calculated for each level of clamp-to-clamp stretch for each
tissue section. We defined eye-specific waviness thresholds to
determine whether a collagen fiber bundle was considered
recruited. We set this threshold as the 75th percentile of the

waviness at the final stretch point for each eye. A recruitment
curve was constructed for each section of each eye. In our previ-
ous study on recruitment, we observed that changes on this thresh-
old affect the fraction of fibers or bundles considered recruited,
but only had a minor effect on the shape of the recruitment curves
[16]. Our interpretation of the finding in that study suggests that
the threshold is smaller than 100% because the fibers or bundles
exhibit a natural curvature distinct from crimp that is also detected
by the waviness analysis. This is consistent with the anterior–
posterior collagen fibers in the sclera that likely have some curva-
ture associated with the overall globe shape.

2.8 Statistical Analyses. All statistical analyses were done
using the NLME package in Ref. [43].

2.8.1 Waviness Association With Local Strain. A mixed effect
exponential model accounting for autocorrelations of measure-
ments from the same section and eye were used to determine
whether, for each collagen bundle, waviness was related to local
strain. Mixed effect models incorporate fixed variables (waviness
and local strain) with random variables that may affect the sam-
pling population (section and eye) [44].

2.8.2 Recruitment Curve Fitting. Using a mixed effect model,
a sigmoidal curve was fit to the measurements from all the sec-
tions of percent of bundles recruited as a function of percent total
clamp-to-clamp stretch. The mixed effects model accounts for
autocorrelations of measurements from the section and eye.

Fig. 4 Example image sequence of equatorial sclera at various levels of uni-axial stretch, increasing
from initial at the top to failure at the bottom. (a) Raw PLM images. Four PLM images at different polariza-
tion states were used to determine local collagen fiber orientation at every pixel. (b) The orientation
maps were processed as described in the main text into yellow/purple bands to simplify visualization of
collagen crimp. (c) The images were analyzed using tracking routines to calculate the first principal
strain. Note that the strain maps were computed between initial and stretched states, and therefore there
was one fewer image of strain that raw images or crimp. The overall increase in sample length is discerni-
ble, as is the quick loss of initial curvature. At low stretch the yellow–purple bands perpendicular to the
sample main orientation are clear indications of crimp. Stretch resulted in the loss of crimp, on some
regions first, then in others. Even at the time of maximum stretch (right before failure, second row from
the bottom), there were still bundles that still exhibited some crimp. Note that these bands are discernible
even for very small crimp and it is likely that the crimp in these regions is already much smaller than
before sample stretch. (Color version online.)
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3 Results

A total of 97 collagen bundles were tracked across all six sec-
tions of the three eyes. At baseline (mounted, before stretching),
the average bundle waviness were 8.51 deg for Eye 1, 7.24 deg for
Eye 2, and 5.69 deg for Eye 3. At the largest stretch before failure,
the average bundle waviness had decreased to 2.37 deg for Eye 1,
2.88 deg for Eye 2, and 2.37 deg for Eye 3. The waviness versus
local strain is shown in Fig. 5. For all eyes, waviness exponen-
tially decreased with local strain (p< 0.001).

The recruitment curves were similar across sections and eyes.
Most sections had 10–20% bundles recruited at the base condi-
tion, and 70–90% at the final stretch state before failure. The per-
centage of recruited bundles with clamp-to-clamp stretch
followed the sigmoidal pattern expected for fiber-based soft tis-
sues (p< 0.001, Fig. 6)

4 Discussion

Our goal was to characterize the stretch-induced collagen bun-
dle uncrimping and recruitment in unfixed goat equatorial sclera
subjected to uni-axial stretch. Two main findings arise from our
study: (i) collagen bundle waviness decreased with increasing

local strain; and (ii) collagen bundle recruitment followed a sig-
moidal pattern. Let us discuss each of these in turn.

4.1 Collagen Waviness Decreased With Local Strain. We
found that the waviness of collagen bundles decreased as the
strains of the corresponding bundles increased. This means that as
the crimped fiber bundles were stretched, the bundles became less
wavy. This is consistent with the idea that there exists a direct
relationship between stretch and bundle uncrimping [1,3,16,23].
By tracking individual collagen bundles with stretch, we experi-
mentally showed this direct relationship. To the best of our knowl-
edge, this is the first time that individual sclera collagen bundles
have been tracked to measure changes in collagen waviness with
stretch. The functional relationship between strain and recruited
fibers is critical to the constitutive formulations of sclera biome-
chanics, and is the microstructural underpinning of the macroscale
nonlinear mechanical properties of the tissue [1,3,16,23]. In addi-
tion, we show that the decrease in waviness with stretch follows
an exponential curve, whereby the decreases in waviness are pro-
gressively smaller as the strain increases. Though this relationship
is well-characterized for tendons, ligaments, cornea, and other tis-
sues [2,24–26,28,45], it remains still not fully characterized on
sclera. Our results herein are consistent with our previous cross-
sectional study of collagen waviness in ONHs fixed at various
IOPs [16] and with those of other groups [46,47].

4.2 Collagen Bundle Recruitment Followed A Sigmoidal
Pattern. The collagen bundles recruited over a relatively wide
range of clamp-to-clamp stretch, starting to recruit around 10%
(toe-region), the rate of recruitment increased to around 50%, and
leveling off at around 80% of the final tissue length before failure.
The collagen bundles of the equatorial sclera were found to recruit
in a sigmoidal function under clamp-to-clamp stretch. The curve
of collagen bundle recruitment is closely associated with the
change in tissue stiffness [1]. When a sample with homogeneous
crimps experiences homogenous strains, the recruitment curve
approximates a steep sigmoid function. A steep sigmoid appears
more like a step function, resulting in a sudden step change in
stiffness of the tissues (Fig. 7(a)). We found, instead, a smooth
function over a wide range of strains, indicating progressive
recruitment and a smooth nonlinear stiffening over the range of
strains in the sclera (Fig. 7(b)). The gradual recruitment results are
also consistent with our previous cross-sectional study comparing
the crimp of ONHs fixed at various IOPs [16]. Note that the non-
linear response may be the result not only of the variable crimp
but of the variable local stretch to which collagen bundles are
subjected.

It is important to note that our results also suggest that the non-
linear response of the sclera is not only the result of a range of

Fig. 5 Waviness versus strain in each eye. Each point indicates a bundle measurement of waviness at a given local strain. All
three eyes had similar trends, where the waviness decreased exponentially with local strain. Best fit exponential lines are shown
in black. All three were significant (p < 0.001). At the initial state, with strain zero, every bundle had an initial waviness. Through
the test the bundles undergo stretching that changes their waviness. This is the reason for the column of points at zero strain. In
a few locations the complex structure of the sclera produced negative local strain (a compression). (Color version online.)

Fig. 6 Collagen recruitment curves. The percentage of
recruited collagen bundles over the different levels of clamp-to-
clamp stretch plotted for two sections (solid and dashed lines)
per eye for the three eyes (green, red, and blue). A sigmoidal
function was fit across all the measurements (black line). Some
sections recruited at lower levels of stretch (shifted to the left)
or recruited faster (steeper curves), but overall they all exhib-
ited clear evidence of recruitment. (Color version online.)
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crimp in the collagen bundles. The bundles are also subjected to a
range of stretch. Thus, the overall behavior of the tissue is a com-
plex integration of the range of initial crimp and the local stretch
to which each bundle is subjected. We do not know all the factors
that contribute to determine the local stretch to each bundle, but it
seems reasonable to argue that this will likely depend on the com-
plex micro-architecture of the tissue, and therefore that it will be
an extremely difficult task. In addition, we must acknowledge that
collagen uncrimping and stretch are not the only determinants of
sclera biomechanical properties. Other potentially important
factors include fiber architecture, density, anisotropy, and other
components of the ground matrix, including elastin, glycosamino-
glycan and proteoglycan content [48–50], and even hydration
[1,2,11,31,51–54]. These factors may contribute to the variability
in how much the waviness changed relative to the amount of local
strain experienced by any specific bundle, and to the stretch that
each bundle was subjected to. It is possible, for example, that
some of these bundles first needed to be realigned before they
could recruit, while others may have already experienced micro-
tears, and the fiber bundles slid past the others, and therefore the
crimp remained unchanged. Some bundles lost their waviness and
uncrimped at low local strains, whereas others experienced much
larger strains before uncrimping. Some collagen bundles never
fully uncrimped, even at tissue failure. It is also possible that out-
of-plane fibers in a thin tissue section did not bear the load and
thus would not recruit under uni-axial stretch. The specific stretch
suffered by the collagen bundles may also have been affected by
having tested a thin section in which likely most of the fibers had
been cut. The distribution of deformations and transfer of forces
are potentially quite different in whole tissues in which the fibers
form long bundles than when they have been cut [55].

In this study, we quantified the waviness of the collagen crimp,
which is but one crimp characteristic. Other crimp characteristics
may also be important when characterizing crimp changes with
stretch. For example, we have quantified collagen crimp periods
previously in ONH tissues as well as around different regions of
the eye globe using a simple intuitive measurement method from
PLM images [17,33]. However, as crimped fibers are stretched,
the period becomes increasingly difficult to detect until the crimp
disappears all together when the fibers become straight. Besides
period, other crimp characteristics include amplitude, tortuosity,
and maximum deviation angle. We have also previously quanti-
fied the crimp amplitude and tortuosity in different regions around
the eye globe [33]. Using inverse modeling, the maximum

deviation angle has also been predicted for the sclera [29]. Each
parameter could have different relationships with stretch. Future
studies should consider other crimp characteristics as well as col-
lagen waviness when studying how the sclera responds to load.

Our stretch testing was based on unfixed goat eye tissues with-
out fixation or dehydration, which avoided potentially changing
the mechanical properties of tissues and thus affecting the meas-
urements. Typically, in paraffin or plastic embedding methods,
the tissue needs to be fixed and dehydrated, which shrinks and
warps tissue. In addition, because of the minimal tissue process-
ing, we were able to stretch thin sections of unfixed tissue to
observe the crimp changes using PLM. Other studies have used
imaging modalities like optical coherence tomography [56], mag-
netic resonance imaging [57], synchrotron radiation [58], or
Raman microspectroscopy [46] to track changes in the eye with
IOP. However, these studies have not tracked bundle-specific
changes with stretch.

It is important to consider the limitations of our study as well as
its strengths. We used goat eyes in this study, which are similar to
human eyes in general eye size and shape [59]. However, there
are also distinct differences. For example, goat eyes have a thicker
sclera than human eyes [60]. It is possible that human tissue
would have different crimp morphology and recruit differently
than goat tissue, though goat is still important to understand as an
animal model [61]. Future work should include other animal mod-
els as well as human eyes.

Another limitation is that all PLM orientation analyses were
done in two-dimensional sections of the equatorial sclera. It is
possible that there is some variability in the sectioning direction,
which could affect the consistency of crimp measurements
between sections. Also, it is possible some of the collagen had
out-of-plane components. To address this, future studies should
incorporate three-dimensional collagen fiber orientation measure-
ments using advanced PLM imaging methods [62,63]. In addition,
we did not differentiate between superior and inferior equatorial
sclera. Future studies should consider comparing differences
between different regions of the eye, like comparing nasal, tempo-
ral, superior, and inferior sides of the eye.

It is possible that the tissue processing before testing also
affected its mechanical behavior. In particular, the use of cryopro-
tectants. To reduce this possibility, we washed the tissues multiple
times with PBS before testing. The main cryoprotectant agent was
Tissue-tek O.C.T. (optimal cutting temperature) compound
(Sakura Finetek, Torrance, CA), which has a thick gel-like

Fig. 7 Schematic illustration of simultaneous (left) and gradual (right) recruitment of collagen bundles.
(a) When all collagen bundles exhibit uniform crimp and stretch the same, the fibers become recruited
simultaneously (green curve). Simultaneous recruitment results in an abrupt, step, increase in stiffness (red
curve). (b) When collagen bundles exhibit variable crimp or stretch differently, a progressively increasing
fraction of fibers become recruited as stretch increases (green curve). Gradual recruitment leads to a nonlin-
ear increase in stiffness (red curve). Figure modified from [17]. (Color version online.)
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consistency at room temperature. Since the tests were conducted
at room temperature in quasi-static conditions, we posit that the
effects of any remaining O.C.T. were small, but they cannot be
fully discounted.

It is important for readers to remember that the measurements
were obtained from thin slices of goat sclera in uni-axial tension,
which may lead to quite different from the response in a more
physiological biomechanical environment, such as inflation by
IOP. Our current setup using the commercial uni-axial stretcher
did not allow us to simulate the more complex conditions in the
eye. IOP inflation testing would surely be a much more physiolog-
ically realistic situation. However, inflation requires thicker tis-
sues on which it remains a challenge to measure crimp. Structured
polarized light microscopy may provide the sufficient resolution
and contrast [63].

Our analysis did not account for possible fiber rotations. In soft
tissues, fiber bundles tend to rotate toward the direction of the
stretch, potentially affecting the measurements of crimp. How-
ever, we believe the effects of fiber rotation in this study are negli-
gible. The equatorial sclera fibers are primarily aligned in the
scleral plane [4,64]. Because we used sagittal sections (Fig. 2), the
fiber spread in the transverse (interior–exterior) direction was
minimal. Fiber orientation perpendicular to the section (circum-
ferential component) did not affect the measurements because the
sample was very thin (30 lm), and because by using PLM the ori-
entation measurements represent in-plane component [40].

In conclusion, this study is the first to track bundle-specific col-
lagen crimp changes with stretch in the equatorial sclera. We
found that the collagen waviness decreased with local strain and
that the collagen bundles recruited in a sigmoidal fashion. Our
measurements provide insight into the microstructural basis of
nonlinear biomechanics in the sclera. This information helps us
develop fiber-based models of the eye, which could help us under-
stand eye biomechanics in relation to aging and diseases like
glaucoma.
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