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Wave models that have been used to extract the biomechanical properties of the cornea from the

propagation of an elastic wave are based on an assumption of thin-plate geometry. However, this

assumption does not account for the effects of corneal curvature and thickness. This study con-

ducts finite element (FE) simulations on four types of cornea-like structures as well as optical

coherence elastography (OCE) experiments on contact lenses and tissue-mimicking phantoms to

investigate the effects of curvature and thickness on the group velocity of an elastic wave. The

elastic wave velocity as determined by FE simulations and OCE of a spherical shell section

decreased from �2.8 m/s to �2.2 m/s as the radius of curvature increased from 19.1 mm to

47.7 mm and increased from �3.0 m/s to �4.1 m/s as the thickness of the agar phantom increased

from 1.9 mm to 5.6 mm. Both the FE simulation and OCE results confirm that the group velocity

of the elastic wave decreases with radius of curvature but increases with thickness. These results

demonstrate that the effects of the curvature and thickness must be considered in the further de-

velopment of accurate wave models for reconstructing biomechanical properties of the cornea.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922728]

Assessing the biomechanical properties of the cornea

is of great importance for detecting and monitoring the

progression of ocular diseases, such as keratoconus, as well

as evaluating the effectiveness of therapies, such as UV-

induced collagen cross-linking.1 In recent years, a number of

noninvasive techniques have been proposed to characterize

corneal biomechanical properties. For instance, the CorVis

can image corneal dynamic responses from a strong air-puff

stimulation,2 and Brillouin microscopy is able to show the

depth-resolved Brillouin frequency shift distribution of the

cornea.3 Although these methods can provide important

measurements that reflect the biomechanical characteristics

of the cornea, directly quantifying the viscoelasticity of the

cornea by these techniques is still a challenge.

Optical coherence elastography (OCE) is a rapidly

emerging method that can noninvasively measure the local

biomechanical properties of tissues.4 OCE is similar to other

elastographic techniques such as ultrasound elastography

(USE),5 magnetic resonance elastography (MRE),6 and super-

sonic shear wave imaging (SSI)7–9 where an externally

induced deformation is measured by the respective imaging

modality. OCE has micrometer scale spatial resolution10 and

millisecond temporal resolution but has a limited penetration

depth of a few millimeters in scattering media such as tissue.

However, penetration depth is not an issue for corneal imag-

ing, and thus, OCE is specifically suitable for obtaining the

biomechanical properties of the cornea. In our previous work,

an OCE system comprised of an external noncontact loading

device and an optical coherence tomography (OCT) system

was utilized for tumor detection,11 lens,12 cornea,13 carti-

lage,14 and cardiac muscle15 elasticity estimations. Although

we have utilized a focused air-pulse, an elastic wave has also

been induced by other approaches such as by laser excita-

tion,16 acoustic radiation force loading,17–19 magnetic nano-

particle modulation,20 and Lorentz force excitation.21

Accurately extracting the biomechanical properties of

the cornea from various parameters of an elastic wave

requires the utilization of appropriate mechanical models.

Some examples of simple analytical models that have been

previously employed are the shear wave equation,22 the sur-

face wave equation,23 and the Rayleigh-Lamb wave model.24

Recently, we have proposed a modified Rayleigh-Lamb fre-

quency equation to investigate the viscoelasticity of the cor-

nea by incorporating the effects of the solid-fluid interface at

the corneal posterior surface.25 However, most of these

wave-related models are based on the assumption that the

sample is a thin plate, which does not account for the curved

shape of the cornea. Furthermore, variations in the corneal

thickness are another important parameter that can affect the

elastic wave propagation, but the effects of the curvature and

thickness on the propagation of an elastic wave in the cornea

are not well understood.

In this study, we have conducted finite element (FE)

simulations as well as OCE experiments in which the curva-

ture and thickness have been individually altered on materi-

als with otherwise identical properties. The results will

provide valuable insight for improving wave models for cor-

neal viscoelasticity quantification.
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To understand the changes in the group velocity of the

elastic wave due to the variations in the curvature and thick-

ness of a cornea-like structure, below we introduce two

groups of FE simulations as well as three groups of OCE

experiments.

The custom-built air-pulse OCE system is comprised of

a phase-stabilized swept source OCT (PhS-SSOCT)26 system

and a focused air-pulse delivery device. The PhS-SSOCT

system was comprised of a broadband swept laser source

(HSL2000, Santec, Inc., CA) with a central wavelength of

�1310 nm, bandwidth of �130 nm, and A-scan rate of

30 kHz. A fiber-Bragg grating was utilized for A-scan

acquisition triggering and phase stabilization. The focused

air-pulse delivery system expelled a short duration (�1 ms)

air-pulse, which induced a small-amplitude displacement

(order of lm), which propagated as an elastic wave. The

elastic wave was imaged by synchronizing 501 successive

M-mode images in a �6.1 mm line.27 The group velocity of

the elastic wave was then obtained by linear fitting the wave

propagation distances to the corresponding propagation time

delays obtained by cross-correlation analysis for a given

imaged in-depth layer15,28 where the curvature of the sample

was taken into account. This procedure was repeated for

each imaged in-depth layer, and the depth-wise mean was

then utilized as the elastic wave group velocity for that given

sample. The standard deviation for a given measurement was

calculated from the velocities of all the imaged in-depth

layers for a sample.

Finite element method was chosen to simulate the

changes in group velocity due to its ability to incorporate

complex sample geometries with varying thickness and curva-

ture such as those of the cornea. In this study, four types of fi-

nite element models of cornea-based structures were

constructed, as shown in Figure 1(a). Type I was a thin plate

which simulated an infinite radius, with width L¼ 11 mm and

thickness T¼ 0.55 mm. Type II was a section of a spherical

shell with radius R, thickness T, and L¼ 11 mm. Type III was

a standard normal human cornea model which was simplified

as an ellipsoid,1 with anterior central radius Ra¼ 7.8 mm, pos-

terior central radius Rp¼ 6.8 mm, and L¼ 11.5 mm. In type

III, the central thickness Tc was 0.52 mm while the peripheral

thickness Tp was 0.68 mm. Type IV modeled a keratoconic

cornea with L¼ 11 mm, Tc¼ 0.2 mm, Tp¼ 0.55 mm,

Ra¼ 6 mm, and Rp¼ 3.7 mm.

To understand the influences of curvature and thickness,

the values of thickness T and radius R in the type II model

were varied individually. Group 1 tested the effects of curva-

ture by fixing the thickness at T¼ 0.55 mm, while the radius

R was changed from 6 mm to 8 mm at an increment of

0.5 mm. These dimensions were chosen as they are in the

physiological range for human corneas. Group 2 was utilized

for investigating the effects of variations in thickness as R
was fixed as 7 mm. The thicknesses were T¼ 0.2 mm,

0.33 mm, 0.55 mm, 0.7 mm, and 1 mm, to ensure that the

dimensions were within the range of the majority of physio-

logical and pathological conditions.

The finite element models were constructed in the

ANSYS 14.5 environment (ANSYS Inc., PA, USA), with

one sample schematically shown in Figure 1(b). The models

were perturbed by a displacement excitation modeled by a

typical OCE-measured temporal displacement profile stimu-

lated at the apical position. A free boundary condition was

assumed at the bottom surface, and a fixed boundary condi-

tion was maintained at the edge adjacent to the bottom side,

which was the same as in the OCE experiment. As shown in

Figure 1(c), the displacement profile was successfully fitted

by28

yðtÞ ¼ A0 þ
X8

n¼1

ðAn cosðnntÞ þ Bn sinðnntÞÞ; (1)

where A0, An, Bn (n¼ 1, 2,…,8), and n were unknown param-

eters to be determined and t was the time. For each model,

all other parameters were identical: an 8-node solid 185 ele-

ment was employed for the body mesh; the meshing size was

0.16 mm; the maximum time was tmax¼ 8 ms; the time step

was Dt¼ 0.1 ms during calculation; the Young’s modulus

was E¼ 60 kPa; the Poisson’s ratio was v¼ 0.49; no viscos-

ity was considered for simplification; and the material den-

sity was 1062 kg/m3, which was the same as the cornea.29

The group velocity of the elastic wave was fitted using the

displacement data from one radial direction on the model

surface as each structure was modeled as axisymmetrically

homogeneous.

Three groups of OCE experiments were conducted to

investigate the how the group velocities of the elastic wave

were affected by curvature and thickness. To investigate the

effects of curvature, contact lenses (group 3) and tissue-

mimicking agar phantoms (group 4, 1.5% w/w) were utilized.

FIG. 1. (a) Four types of cornea-based structures used in the finite element

models with type I representing a plate, type II a spherical shell, type III a

normal cornea, and type IV a keratoconic cornea; (b) schematic of a finite

element model of cornea-like structure under central displacement excita-

tion; and (c) the OCE-measured and mathematically fitted temporal profile

of the displacement excitation.
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The effects of thickness on the elastic wave group velocity

were analyzed on 2% (w/w) agar phantoms (group 5).

In group 3, the contact lenses (Alcon Inc., TX, USA; 67%

delefilcon A, 33% water) used as corneal analogs were identical

other than curvature. During the OCE experiments, the contact

lenses were immobilized on a flat surface, and saline was used

to fill the posterior gap between the contact lens and the mount-

ing surface. The air-pulse was directed at the apex to induce a

radially propagating elastic wave. In group 4, the OCE experi-

ments were conducted on identical 1.5% agar phantoms

(Becton, Dickinson and Company, NJ, USA) with dimensions

of 12 mm� 80 mm� 2 mm. The phantoms were placed on

water-filled balloons of different volumes in order to form vari-

ous curvatures. In the group 5 experiments, 2% agar phantoms

of 12 mm� 80 mm and different thicknesses (1 mm, 1.4 mm,

1.9 mm, 2.9 mm, 3.4 mm, 4 mm, and 5.6 mm) were placed on

the same balloon to ensure that the radius of the curvature was

constant at 23.8 mm. The radii of the contact lenses and phan-

toms were calculated from the OCT structural images.

For groups 3 and 4, FEM simulations were also con-

ducted on samples of identical geometries as in the OCE

experiments, and the group velocities obtained from the

FEM simulations and OCE experiments were compared to

inversely estimate the Young’s modulus.

The relationships between the elastic wave group veloc-

ity and the radius, while other parameters were fixed, from

the different groups are plotted in Figure 2. Figure 2(a)

shows that according to the FEM simulation results from

group 1, the elastic wave velocity decreased from 2.52 m/s to

2.04 m/s as the radius of curvature increased from 6 mm to

infinite (thin plate model). This trend was also confirmed by

the results from the OCE experiments on the contact lenses

(group 3, Figure 2(b)) and agar phantoms (group 4, Figure

2(c)). In addition, the FE simulation results estimated the

Young’s modulus for the contact lens and 1.5% agar phan-

tom as E¼ 310 kPa and E¼ 25 kPa, respectively.

The group velocity versus the thickness is depicted in

Figure 3. The FE results of group 2 shown in Figure 3(a)

demonstrate that for a human cornea-like structure, the group

velocity increased from 1.27 m/s to 2.98 m/s as the thickness

increased from 0.2 mm to 1.0 mm when the other parameters

were kept constant. The elastic wave velocity from the OCE

experiments on agar phantoms of various thicknesses in

group 5 also showed the same trend which as confirmed by

FE simulations, and is plotted in Figure 3(b). Furthermore,

the Young’s modulus assessed by FEM was approximately

E¼ 85 kPa for the 2% agar phantom.

The effects of Poisson’s ratio and a free boundary condition

of the edge on group velocities of the elastic wavers were also

investigated with type II structure (T¼ 0.55 mm, R¼ 7 mm, and

E¼ 60 kPa). The group velocities at v¼ 0.499999 as calculated

by a displacement-pressure element and v¼ 0.49 by the standard

element during fixed boundaries were the same as cg¼ 2.31 m/s.

The group velocity slightly increased to cg¼ 2.33 m/s during

free boundary condition at both Poisson ratios. These results

demonstrate that the small variations in Poisson ratio and bound-

ary conditions have no or little effect on the elastic wave speed

for this particular geometry.

FEM simulated displacement contour maps of the differ-

ent cornea models at t¼ 3.2 ms are shown in Figure 4(a). The

types II and III cornea-based models had similar displacement

distributions since their dimensions were also similar. In addi-

tion, the elastic wave group velocities were comparable

(cg¼ 2.31 m/s for type II and cg¼ 2.35 m/s for type III). The

elastic wave velocity for the FE model with an infinite radius

(i.e., thin plate) was cg¼ 2.04 m/s. The type IV model, which

had a thinner central region, as in keratoconus, also had an

elastic wave velocity of cg¼ 2.04 m/s. However, the displace-

ment contour maps for types I and IV were obviously different

from that of types II and III, due to the changes in curvature

and thickness. The FEM simulated vertical displacement tem-

poral profiles extracted at 0.16 mm, 0.80 mm, 1.44 mm, and

2.08 mm away from the central excitation for each of the four

types of structures are plotted in Figure 4(b). The data demon-

strate the differences in the propagation of the elastic wave

caused by the changes in curvature and thickness.

This study utilized FE simulations as well as OCE

experiments on cornea-like structures such as contact lenses

and agar phantoms in order to understand the effects of cur-

vature radius and thickness on the group velocity of an elas-

tic wave. The results demonstrate that the group velocity

decreases as the radius of curvature increases, and that the

velocity increases as the thickness of the sample increases.

FIG. 2. Elastic wave group velocity vs radius obtained by (a) FE simulations

of a section of a spherical shell (group 1), (b) FE simulations and OCE

experiments on contact lenses (group 3), and (c) FE simulations and OCE

experiments on 1.5% agar phantoms (group 4).

FIG. 3. Elastic wave group velocity vs thickness obtained by (a) FEM

(group 2) and (b) OCE experiments on 2% agar phantoms (group 5).
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These findings demonstrate that the curvature and thickness

must be considered when improving wave models used for

reconstructing the biomechanical properties of the cornea

from OCE measurements.
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