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The elastic properties of the vocal folds (VFs) vary as a function of depth relative to the

epithelial surface. The poroelastic anisotropic properties of porcine VFs, at various depths,

were measured using atomic force microscopy (AFM)-based indentation. The minimum tip

diameter to effectively capture the local properties was found to be 25 mm, based on

nonlinear laser scanning microscopy data and image analysis. The effects of AFM tip

dimensions and AFM cantilever stiffness were systematically investigated. The indenta-

tion tests were performed along the sagittal and coronal planes for an evaluation of the VF

anisotropy. Hertzian contact theory was used along with the governing equations of linear

poroelasticity to calculate the diffusivity coefficient of the tissue from AFM indentation

creep testing. The permeability coefficient of the porcine VF was found to be 1.80 7 0.32 �
10−15 m4/N s.
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1. Introduction

Mechanical elastic properties are important to ensure the
functionality of remodeled engineered tissue constructs. The
design of biomimetic injectable biomaterials requires infor-
mation about the specific elastic properties of the host tissue
(Heris et al., 2012). Changes in elastic properties associated
with pathology can be best captured if characterized at the
microscale (Athanasiou et al., 2000; Loparic et al., 2010).
Indentation at different length scales has been frequently
used for the mechanical characterization of materials.
Indentation methods are well suited to soft biological mate-
rial and can be used to map the mechanical properties of
inhomogeneous biological tissues. Indentation at the micro-
scale requires only a very small sample volume, on the order
of 100 μL, which is especially helpful in studies using small
animal models, such as rats.

The indentation of very soft tissue with elastic moduli on
the order of kiloPascals requires high resolution measure-
ments in terms of force and displacement. The indentation
depth for a thin layer of such tissue should not exceed 10% of
the sample thickness (Butt et al., 2005). Beyond this region,
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the tissue material may exceed linear elasticity because soft
tissues undergo large deformations, and indentation results
may be affected by substrate properties. Indentation forces
depend on the indentation depth, probe size and elastic
modulus of the sample. An atomic force microscope (AFM)
with colloidal probes can overcome the resolution limitations
of conventional indenters (Stolz et al., 2004). It can be used to
image the topographical features of a small tissue sample
and measure local elastic properties through indentation at
different length scales depending on the probe size.

The vocal fold (VF) is inhomogeneous, anisotropic, and
fluid-saturated porous. The VFs are located at the top of the
trachea and under the epiglottis (Fig. 1a). They are stretched
horizontally across the larynx along the anterior–posterior
direction (Fig. 1b). To evaluate the inhomogeneity of the VFs,
the tissue sample should be sliced to probe at different
depths. This technique was recently applied to ex-vivo brain
tissue to assess the elasticity of gray and white brain matter
(Kaster et al., 2011). To investigate the mechanical anisotropy,
indentation was performed for bone samples sectioned in
planes along different orientations relative to the material
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axes, used for hard tissues such as bone (Fan et al., 2002;
Swadener et al., 2001). In another approach, structural data
was used to estimate the anisotropic properties of osteon
lamellae through the implicit calculation of material con-
stants fitted to measured indentation data (Reisinger et al.,
2011). These techniques have not yet been adapted for the
characterization of soft tissues, including the VFs. Conven-
tional testing methods along with a transversely isotropic
model were used to determine the anisotropic mechanical
properties of porcine VFs (Miri et al., 2012b). Pipette aspiration
method is another technique for characterization of the local,
anisotropic properties of the VFs (Weiß et al., 2012).

Poroelastic models treat the tissue as a porous structure
with deformable solid and penetrating fluid phases (Galli and
Oyen, 2009). Upon mechanical loading, the solid phase under-
goes normal and shear stresses while the fluid phase experi-
ences hydrodynamic pressure. In a numerical study, a
continuous poroelastic linear model of VF was developed to
simulate the liquid flow in the tissue and study the fluid
dynamics during VF oscillations (Tao et al., 2009). No empiri-
cal data was presented on the permeability of VF tissue. The
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same study emphasized the importance of poroelastic mod-
els in studying pathological conditions such as VF dehydra-
tion, nodules and polyps.

A first attempt at measuring VF elastic properties at different
depths was recently made using conventional indentation
testing (Chhetri et al., 2011). The body and cover layers in
human VFs were harvested using scissor dissection, and the
tests were done in air. Errors originating from surface rough-
ness were compensated for by the use of a large indenter, at the
cost of lower spatial resolution. The goal of the present study is
to characterize the poroelastic properties of the porcine VF
using AFM-based indentation testing. Porcine VFs have a
heterogeneous structure similar to that of humans VFs (Hahn
et al., 2006a, 2006b). The collagen fibers in the VF are dom-
inantly aligned along the anterior-posterior direction, which is
believed to cause anisotropic behavior. Uniaxial tests yield VF
elastic properties (Miri et al., 2012a) but do not provide aniso-
tropic information. Biaxial tests are challenging because of the
limited VF width and a tendency for delamination upon
transverse traction loads. Indentation tests were used in the
present work to capture heterogeneoity, anisotropy and poroe-
lastic properties of porcine VFs. The procedures followed can
eventually be used to characterize human or animal VFs,
tissue-engineering constructs, or any other soft tissue.
2. Materials and methods

2.1. Tissue preparation

Healthy porcine larynges were obtained immediately postmor-
tem and immersed in a normal saline solution. Dissection was
performed using established protocols (Miri et al., 2012a). Sharp
blades were used to excise an area of around 2mm�2mm from
the central region of the VF lamina propria within the sagittal
plane. The sample thickness was between 1 and 2mm within
the VF (Hahn et al., 2006a, 2006b). The tissue was flash frozen in
an OCT (Optimal Cutting Temperature Compound, Sakura Fine-
tek, Dublin, OH) medium with no labeling or dehydration. The
dissected tissue cube was cut into two pieces by a coronal cut to
obtain three sagittal (1-plane) slices from one half and one
coronal (3-plane) slice from the other half. The tissues were
sectioned using a cryostat (Leica CM-3505-S). To obtain the three
1-plane slices, layers with an equal thickness of 50 μm were
removed at 100 μm depth intervals, starting from the epithelium
(Fig. 1d). One 50 μm 3-plane slice was cut from the other half
(Fig. 1d). The samples were placed over a very thin layer of nail
polish on a microscopy glass slide. The nail polish was used to
glue the tissue to the glass substrate. The first three 1-plane
slices were subjected to the indentation and creep tests and one
3-plane slice was subjected to the indentation test. To probe the
inhomogeneity of the VF tissue along the anterior–posterior
direction, the entire lamina propria, around 15–18mm in load-
free length, was dissected.

2.2. Nonlinear laser scanning microscopy

Nonlinear laser scanning microscopy (NLSM) was used for
simultaneous imaging of the collagen and elastin distributions
within the samples. A custom-built, dual-mode NLSM system
was used (Miri et al., 2012c). The procedure allowed second
harmonic generation (SHG) and two-photon fluorescence (TPF)
microscopy to be performed simultaneously with high spatial
resolution. The excitation wavelength was 1050 nm, and the
scattered signals were detected with SHG detection channel
(Chroma, HQ525/50m-2p) and TPF detection channel (Chroma,
HQ600/50-2p), both in the forward direction. The SHG and TPF
images were recorded in TIF format and then merged with the
open-source ImageJ software (NIH; Bethesda, MD). The SHG
channel displays the collagen microstructure, and the TPF
channel displays the elastin network (Miri et al., 2012c).
2.3. Indentation and creep tests using AFM

Indentation tests were performed using a Veeco multimode
AFM with a NanoScope V controller. Two different types of
colloidal probes (Novascan technologies Inc., Ames, IA, USA)
were tested: (1) soft cantilever with a nominal stiffness of
0.06 N/m and a probe diameter of 4.5 μm, and (2) stiffer
cantilevers with nominal stiffnesses of 1.75 N/m and
7.5 N/m, and a probe diameter of 25 μm. The deflection
sensitivity of the piezo module was established by probing
the surface of the glass substrates. A thermal tuning method
was used to calibrate the stiffness of the cantilevers. An area
of 100 μm�100 μm was indented around the center of each
sample. A liquid cell for the AFM cantilever was used to
perform the experiments under phosphate buffer solution.
Indentation and indentation creep tests were performed at
room temperature on the samples, prepared as described
above. Three samples (n¼3, total of 12 slices) were indented
using a ramp function, with constant velocity loading and
unloading. Unloading was started immediately after the load
reached a maximum. To avoid permanent deformation, the
unloading data was used as a basis for the determination of
the indentation modulus. The model proposed by Oliver and
Pharr (1992) was used to infer the elastic properties from the
measured data.

Three other samples (n¼3, total of 9 slices) were indented
using a ramp-hold function, as in a creep test. A quasi-static
loading was applied with a constant velocity of 4 μm/s until
the maximum force was measured. Then the force was held
constant before unloading was initiated. For the creep tests,
scripts were added and run in the ramp force window of the
Nanoscope software (version 7.30), which controls the AFM
hardware. A relative set point of 5 to 10 V, associated with a
force range from 50 to 200 nN, was used. The set point
associated with the cantilever deflection was kept constant
over a period of 100 seconds. In this mode of operation, the
deflection of the cantilever was kept constant through feed-
back control and adjustments at the base of the cantilever.
The translational displacement of the base of the cantilever
and the force (constant value) were recorded as a function of
time. The creep data was used to extract the diffusivity
coefficient of each slice.

All sectioned slices were kept frozen before AFM tests to
minimize the errors originating from the enzymatic degrada-
tion of tissue in room temperature. For each tissue slice, a
time period of 30–45 min was needed to prepare the setup
and perform the indentations.
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2.4. Calibration of the AFM force and displacement data

Force signals were filtered to remove high-frequency noise
using Matlabc. The location of the contact point was deter-
mined from the sudden change in the force deflection curve.
Identification of the exact point of contact is a challenge of
using AFM for soft material characterization, especially in the
presence of adhesion forces (Rahmat and Hubert, 2010).
These forces can induce non-contact interaction stresses
between the contacting bodies. For most samples, small
adhesion forces were observed. To account for this, the
location of the initial repulsion force on the displacement
axis (cantilever translational axis) was considered as the
contact point (Z0). Force at the point of contact (F0)
should be zero; thus, the force data was scaled to compensate
for the offset and to enforce the zero value. The indentation
depth (h) was calibrated according to the equation (Lin et al.,
2007)

h¼ ðz−z0Þ−ðd−d0Þ; ð1Þ

where z is the displacement of the cantilever base, d
is the deflection of the cantilever, and d0 is the deflection
of the cantilever at the point of contact. The deflection
of the cantilever was calculated from measured force values
using

d−d0 ¼ F=k; ð2Þ

where F is the force and k is the stiffness of the cantilever.
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Fig. 2 – (a) One-dimensional consolidation test. The
parameter L denotes the sample thickness, x is the local
coordinate. (b) Indentation of one tissue sample using AFM
and the deformation field around a spherical tip. z denotes
the movement of the cantilever in vertical direction, F the
contact force on the tip, R the tip radius, and h the
indentation depth.
2.5. Determination of the indentation modulus

The unloading curves were analyzed to determine the elastic
moduli of the tissue. A power-law relation was used to
perform a regression of the part of the unloading curve near
the maximum depth. The indented load, F, was found to obey
the relation (Oliver and Pharr, 2004)

F¼ bðh−hf Þm; 3Þ

where m and b are constants obtained from curve fitting, h is
the vertical displacement of the indenter, and hf is the final
unloading depth. For spherical indentors, m¼1.5 is typically
used (Oliver and Pharr, 2004). The indentation modulus, En,
can be obtained from

En ¼
ffiffiffi
π

p

2
ð1−v2Þ Sffiffiffiffi

A
p ; ð4Þ

where v is Poisson's ratio, S is the contact stiffness, and A is
the effective contact area. The contact stiffness (S) of the
tissue was estimated from the slope of the unloading inden-
tation curve at the inception. To minimize the error asso-
ciated with the nose effect often observed in the inception
part of the unloading curve for viscoelastic materials
(Ebenstein and Pruitt, 2006), the upper 25% of the unloading
curve was used to calculate the contact stiffness from a linear
regression. When the loading ends, the tissue continues to
creep and water drainage continues during unloading. The
greater rate of creep from loading compared to the tissue
recovery rate from unloading causes the nose effect. For a
spherical indenter with radius R indenting a semi-infinite
half-space, the contact area is (Oliver and Pharr, 2004)
A¼ πð2RhC þ h2
CÞ; ð5Þ

where hc is the contact depth, determined from

hC ¼ hmax−γFmax=S; ð6Þ
and hmax is the maximum indentation depth, Fmax is the
maximal indenter load at hmax, and γ is a constant that
depends on the geometry of the indenter. A value of 0.75 is
normally used for spherical probes (Oliver and Pharr, 2004).

The elastic moduli (En

1;E
n

3) obtained from indentation in 1-
and 3-planes were used to define a new anisotropy index, i.e.,
AI¼En

1=E
n

3. This ratio estimates the anisotropic mechanical
properties of transversely isotropic VF tissue.

2.6. Poroelastic modeling

The avascular nature of the lamina propria requires relatively
free movement of interstitial fluid among cellular compo-
nents and extracellular matrix proteins. This suggests a
porous distribution of the underlying structure in the VF
tissue, as observed by NLSM and AFM (Miri et al., 2013).
Classical poroelastic theory has been used to simulate biolo-
gical soft tissues, such as the blood vessel epithelial layer
(Miri and Mitri, 2011). A similar framework was used here
based on the classical 1-D consolidation problem. A schematic
of the uniaxial consolidation test is shown in Fig. 2(a). The
saturated poroelastic material of known thickness, L, is
surrounded by two impermeable walls and two permeable
boundaries along the direction of loading. Hence, the material
model is fully drained, with L chosen such that pressure
vanishes on both sides.

For a material model subjected to uniaxial strain, εx (Fig. 2),
the constitutive equation for the non-vanishing stress com-
ponent is (Galli and Oyen, 2009)

sx ¼
2Gð1−v∘Þ
1−2v∘

εx−αp; ð7Þ

In the above equation, G and ν∘ are the shear modulus and
Poisson's ratio of the drained material, p is the pore pressure,
and α is the variation of the fluid volume as a result of
volumetric changes within the range of 0≤α≤1. The shear
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modulus, G, represents the resistance of the solid structure
under quasi-static, shear loading. The tissue time-dependent
properties are governed by fluid–solid interactions within
poroelasticity theory; however, standard viscoelastic models
include those effects in a single complex shear modulus. The
fluid pressure was obtained from (Galli and Oyen, 2009)

p¼ 2Gðv−v∘Þ
α2ð1−2vÞð1−2v∘Þ

ðζ−αεxÞ; ð8Þ

where ν is the undrained Poisson's ratio and ζ is the variation
of fluid volume subjected to the local continuity equation,

ζ;t þ qx;x ¼ 0: ð9Þ

The subscript comma denotes partial differentiation with
respect to time or position. The specific discharge vector, qx,
which is the rate of fluid volume crossing a unit area, is
related to the permeability coefficient, κ, through Darcy's law,
expressed as

qx ¼−κp;x: ð10Þ

From Eqs. (7)–(10), the governing diffusion equation for the
pore pressure is then obtained as (Galli and Oyen, 2009)

p;t−Dp;xx þ
ν−ν∘

αð1−2ν∘Þð1−νÞ
sx;t ¼ 0; ð11Þ

where the diffusivity coefficient, D, is obtained from

D¼ 2κGð1−ν∘Þðν−ν∘Þ
α2ð1−2ν∘Þ2ð1−νÞ

; ð12Þ

Eqs. (7)–(12) govern the solutions to consolidation poroe-
lastic problems. Based on previous studies (Galli and Oyen,
2009), consolidation poroelastic equations were extended to
the classic indentation problem with a spherical indenter
(Johnson, 1987), in which case the characteristic length is
assumed to be the one-dimensional projection of the contact
area. Using a Hertzian model, it may be rewritten as L¼2�R
cos−1((R−h∞)/R) where R and h∞ are the tip radius and the
steady-state indentation depth, respectively (Nia et al., 2011).
The samples were subjected to a series of ramp-hold tests.
Following a ramp loading with a rate of sx;t ¼ s from t¼ 0 to
t¼ tR, the sample was maintained at a load of sxðt¼ tRÞ for a
time period sufficiently long to reach steady-state. The
pressure field, pðx; tÞ, may be obtained from Eqs. (8)–(10) and
then used to express uxðx; tÞ using the well-known relation
εx ¼ ux;x (Galli and Oyen, 2009). For the thickness function,
uxð0; tÞ≡hðtÞ, one may estimate the corresponding time con-
stant using a first order approximation,
Fig. 3 – Nonlinear Laser Microscopy of the porcine lamina propria
tissue revealing collagen. (b) Two-photon fluorescence microsco
of images (a) and (b). (d) Magnified view of LP tissue showing an
The collagen fibers are mainly oriented in the anterior-posterior
hðtÞ ¼ h∞ þ ðh∘−h∞Þexpð−t=τÞ; ð13Þ

where h∘ and h∞ represent the initial and final thickness or
indentation depths, respectively. Eq. (13) was used to obtain a
regression of the displacement–time histories. The diffusivity
coefficient was calculated from the master curves provided
by Galli and Oyen (2009) for α¼ 1, and ν¼ 0:5, as

D¼ 0:08
L2

τ
: ð14Þ

Therefore, two other poroelasticity constants (κ, νο) can be
obtained from Eq. (12). In addition, the drained Poisson's ratio
may be estimated by assuming a step-loading from Hertz's
formula (Galli and Oyen, 2009)

h∞

h∘
¼ 1−ν∘

1−ν

� �2=3

: ð15Þ
3. Results

3.1. Identification of indenter size from structural data

There is a practical lower limit to the indentation depth and
indenter size for hierarchical materials. An excessively small
indentation area may yield the mechanical properties of
individual collagen bundles, elastin fibers, other macromole-
cules, or a mixture of these constituents rather than the
tissue's overall bulk mechanical properties. Microstrucural
data from the NLSM were used to determine the smallest
possible probe size. Images over an area of 100 μm�100 μm
were used, which is sufficiently large to ensure the homo-
genized properties. The strength and the elasticity of soft
tissues are mainly governed by the concentration of collagen
and elastin fibers. Fig. 3(a) shows an SHG image of the VF
collagen fibers, which are oriented mainly along the 1-plane.
Fig. 3(b) shows an image of the elastin fibers in the tissue, as
captured by the TPF channel. The elastin network has an
isotropic distribution. The relative distribution of elastin and
collagen fibers is shown in a combined image in Fig. 3(c).

To identify the minimum indentation area covering a repre-
sentative distribution of bulk local properties, the color image
shown in Fig. 3(c) was further analyzed on a gray scale. Fig. 4(a)
shows the normalized distribution of light intensity in the gray
scale image. The aimwas to obtain the minimum area for which
2

3

in sagittal plane (a) Second harmonic generation image of LP
py of the LP tissue revealing elastin. (c) The superposition
isotropic distribution of collagen fibrils in sagittal plane.
direction. The scale bar is 20 μm.



Fig. 5 – Indentation force vs. depth for probes of different
sizes. The indentation force was divided by the square root
of the diameter (force/[probe diameter]1/2). A probe with a
diameter of 25 μm yields more repeatable results (shown in
red) with less variation compared to a probe with a smaller
diameter (4.5 μm). Small adhesion force was observed in the
unloading curve related to large diameter probe. (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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the distribution of gray pixels (fibers) remains a continuous
Gaussian distribution similar to the original image. Each seg-
ment was then divided into smaller areas. The light intensity
falls within one single Gaussian distribution for subsets having
an area larger than the critical value, which in this case was
12.5 μm�12.5 μm; that is, the distribution of fibers found within
this subset area was representative of larger areas. For subsets
with an area smaller than the critical value, the distribution
density is subdivided into several distributions. Assuming an
indentation depth of around 2 mm, an indenter with a diameter
of 25 mm yields a contact area of around 12.5 μm�12.5 μm. The
effect of probe size variation was experimentally assessed using
two probe sizes, with diameters of 25 and 4.5 mm, as shown in
Fig. 5. The indentations were performed at different random
points over a tissue area of 100 μm�100 μm. The indentation
curves for the larger probe are more uniform, resulting in an
elastic modulus with a lower standard deviation. Indentation
tests from the smaller probe resulted in discretized curves,
indicating that individual macromolecules or combinations of
fibers were indented instead of a representative network of
constituents. This observation supports the selected minimum
indenter size. The two curves show very different viscous losses.
When the indenter size was small, fluid did not percolate
through the porous structure and the viscoelasticity of the
extracellular matrix mostly contributed to the viscous losses.
The adhesion forces observed in the unloading curves were
greater for the larger probe than for the smaller probe.

3.2. Inhomogeneous and anisotropic elastic properties

Fig. 6 shows the results of the indentation modulus for four
different slices of the VF samples. For each VF tissue slice,
two different areas in the center of each section were
selected. Within each area, nine indentation tests were
performed at different random points. Then the mean value
was calculated for each porcine VF. The average of all mean
values and the corresponding standard deviations were
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Fig. 4 – Image processing of the microscopic image. The intensit
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distribution of intensity remains almost constant until column (
area of 12.5 μm�12.5 μm is the minimum value needed to obta
indentation of a smaller area may not reflect the continuum pro
obtained. The indentation elastic moduli in the 1-planes
(Fig. 1c) increase with depth from the superficial layer to
the deep layer, which indicates that the mechanical proper-
ties are inhomogeneous across different layers. The indenta-
tion elastic modulus in the 3-plane was almost half the
average value seen in 1-planes. Such anisotropic properties
were expected from the NLSM images (Fig. 3d; Miri et al.,
2013).

Fig. 7 shows the elastic properties along the second 1-
plane for slice B. Three areas with equal distances were
selected to cover the distance between the VF and the thyroid
cartilage. The indentation elastic modulus increases from the
central to the anterior part of the tissue, indicating a smooth
.5µm×12.5 µm 6.25µm×6.25 µm 3.12µm×3.12 µm
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y distribution is shown below each image. From left to right,
segments is analyzed in the subsequent column. The
d). The statistics change from column (e) suggesting that an
in bulk properties of a local region of the tissue. The
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Fig. 6 – Indentation results on sagittal planes (A–C) and on
the coronal plane (D). The stiffness of the tissue increases
from the superficial (A) layer to the deep layers (B and C).
The indention test on coronal section, D: the place of
indentation corresponds to plane B, indicates a high level of
anisotropy in vocal fold lamina propria tissue.
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Fig. 7 – Indentation tests at three locations on the second
sagittal slice (B) to scope the inhomogeneity of the tissue. PI
is located at one-third the length of the vocal folds. PII is
located at one-sixth of the length of the vocal folds. PIII is
located near the thyroid cartilage.

Fig. 8 – Typical indentation creep curve fitted with an
exponential function of 3.09�10−6−1.83�10−7�e−t/1.54, in
which the time constant, τ, was found to be 1.54 s.
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transition from the tissue to the cartilage, and significant
inhomogeneity along the anterior–posterior direction. The
central part of the VF has the lowest stiffness where mucosal
wave propagation occur, as observed in excised larynx stu-
dies (Bakhshaee et al., 2013). VF nodules and scarring nor-
mally appear within this region (Wallis et al., 2004).

3.3. Permeability of porcine VF tissue

A typical indentation creep test graph is shown in Fig. 8,
along with an exponential curve fit. The starting point of
creep test was affected by the antecedent quasi-static inden-
tation and the exact starting point of creep could not be
clearly identified. No constraint on the starting point of creep
was applied in the curve-fitting algorithm to better fit the
experimental data with the theoretical formulation. The fit
was used to extract the time constant, τ, introduced in Eq.
(13). The time constant was used to calculate the diffusivity
coefficient using Eq. (14). Then, the permeability coefficient
was calculated using Eq. (12). Table 1 shows the diffusivity
coefficient and the permeability coefficient calculated from
the indentation creep tests for 1-planes slices A, B and C. For
each of the three slices, three different samples (nine slices in
total) were subjected to creep tests. In Eq. (12), the shear
modulus value, G, was computed from the indentation result
in each slice using the following equation:

G¼ En

1

2ð1þ νÞ ; ð16Þ

where En

1 is the elastic modulus measured from indentation
tests in the 1-plane.
4. Discussion

4.1. AFM-based indentation

Indentation tests using AFM are subject to different types of
error. The first is due to spring constant calculations using
thermal noise methods (around 15% error). Another source of
error is surface roughness, which may be compensated
through the use of a greater indentation depth. One other
type of error results from the nonlinearity of the AFM
cantilever. Cantilevers with high spring constants lack force
resolution, while those with low spring constants may not
indent deep enough or stay linear at deeper indentations. The
required spring constant for cantilevers used as micro-
indenters probing locally homogenized properties of soft
substrates can be approximated by combining the Hertz
contact theory with the principles of AFM force measure-
ment, and assuming AFM cantilever as simple harmonic
oscillator (F¼Kd), following equation

K≈
4E

3ð1−v2Þδmax
R1=2h3=2

max; ð17Þ

where K is the stiffness of the cantilever, E is the approximate
Young's modulus, R is the radius of the indenter, hmax is the
maximum required indentation depth, and δmax is the max-
imum cantilever deflection that preserves linear sensitivity.
Structural data can be used to calculate hmax and R. Most
cantilevers remain linear up to a deflection of 100 nm. Those
used in this study had an upper limit of 50–200 nm. Canti-
lever with nominal stiffness K¼1.75 N/m was found to
provide better results in terms of sensitivity (signal to noise
ratio) for force measurement and rigidity for indention of the
tissue.



Table 1 – Diffusivity coefficient (m2/s) and permeability (m4/N s) f the vocal fold lamina propria in different sagittal planes
obtained from AFM creep test.

Diffusivity coefficient (D) mean7standard deviation Permeability coefficient (κ) mean7standard deviation

1st Layer (A) 1.62�10−1177.92� 10−12 2.30� 10−1571.03� 10−15

2nd Layer (B) 1.59�10−1171.01� 10−11 2.00� 10−1579.75� 10−16

3rd Layer (C) 7.83�10−1173.33� 10−12 1.11� 10−1574.48� 10−16

Fig. 9 – Hertzian curve fitting on three sample loading data.
The indentation curves show Hertzian behavior.

j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 2 8 ( 2 0 1 3 ) 3 8 3 – 3 9 2390
Finally, it should be noted that inherent variations in the
thickness of the VF in different animals led to relatively
higher standard deviations for the elastic modulus measure-
ment in slice C (Fig. 1d). In some cases, the slice C lies at the
junction between the VF lamina propria and vocalis muscle.
In other cases, it is entirely within the VF.

The use of a model with a closed form solution for an
isotropic material is convenient for analysis. But, anisotropic
materials experience asymmetric deformation, which may
have introduced errors. There is no explicit solution to extract
the elastic engineering constants along the principal axes of
the material.

Each tissue sample with a thickness of 50 mm was
indented to a depth of 370.5 mm, or 6% of the thickness. This
percentage is below the limit of 10 to 20%, where indentation
curves start to become nonlinear because of the substrate
effects. The indentation depth corresponds to 12% of the
indenter diameter. The mean indentation strain (ε≈0:2a=R
(Lin et al., 2009)) was approximately 13% for our measure-
ments. At indentation depths of 370.5 mm, force vs. indenta-
tion curves obeyed the Hertz contact model and confirmed
the applicability of linear elasticity (Fig. 9).

The volume fraction of collagen fibers in the porcine VF is
equal to that of human VF based on histological analysis
(Hahn et al., 2006b). Tensile tests on porcine and human VF
ligaments (intermediate and deep layers) yielded similar
results (Alipour et al., 2011; Kelleher et al., 2012). Indentation
of the medial parts of human VFs has yielded a modulus of
4.471.9 kPa, using an indenter with a 1-mm diameter. The
results are similar to the indentation modulus of 4.270.4 kPa
obtained in our work using an AFM probe with a diameter of
25 mm. This similarity indicates that micrometer-scale char-
acterization of VF tissue would yield bulk mechanical
properties measured at the millimeter scale. It also supports
the analysis used to define the minimum indenter size.
4.2. Anisotropy and inhomogeneity of VF tissue

The results confirm the existence of anisotropic mechanical
stiffness, which was expected from structural data generated
through NLSM and other histological techniques (Miri et al.,
2013). The anisotropy index, AI¼2.47, indicates that VF tissue
is highly anisotropic. In general, indentation tests under-
estimate the anisotropic mechanical properties relative to
results from axial tests along the principal axes of the
material. For instance, indentation of osteons in two perpen-
dicular planes resulted in an anisotropy ratio of 1.3, whereas
calculation of elastic constants in the principal axis resulted
in a ratio of approximately 2 (Reisinger et al., 2011). The ratio
is larger for porcine VFs because most of the collagen fibers
are aligned along the anterior-posterior length (Miri et al.,
2013 and Fig. 3), although it is less pronounced than in
human VFs (Miri et al., 2012c).

A transversely isotropic material model, with the 3-plane
as the plane of isotropy, has been commonly used for VFs
(Titze and Talkin, 1979). It has five independent engineering
constants (E11, E33, G13, ν12, and ν13), which reduces to a set of
three independent constants (E11, E33, and G13) for incom-
pressible materials (Itskov and Aksel, 2002). The elastic
properties of a tissue are a function of the configuration
and the elasticity of collagen, elastin, and glycosaminogly-
cans, the main constituents of VF tissue. The constant E33 is
mostly determined by the collagen fibers because of their
alignment along the 3-direction. Elastin and glycosaminogly-
cans are assumed to have an isotopic distribution. Indenta-
tion in the 3-plane may not be affected by collagen fibers
because they mostly contribute to the tensile stiffness of the
tissue. Compression loads of the tissue are sustained by
glycosaminoglycans, assumed to be uniformly distributed in
the tissue. Thus, one can assume that indentation along 3-
direction can be considered as an indentation test on an
isotropic material with Eiso¼E11, which yields E11¼E3

n≈1.77
1.1 kPa as the transverse modulus of VF. The calculated value
is in the range of the transverse modulus for human VF
ligaments (intermediate and deep layers of the VF) reported
in the literature (E11¼2.571 kPa) (Kelleher et al., 2012).

Indentation along 1-direction could not be related to the
longitudinal elastic moduli without further analysis. A gen-
eral solution for the indentation of anisotropic half spaces
has been presented in the literature (Swadener and Pharr,
2001), which would be tailored to transversely isotropic
materials to numerically calculate E33 and G13, through curve
fitting (Kelleher et al., 2012). This analysis will be the subject



j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 2 8 ( 2 0 1 3 ) 3 8 3 – 3 9 2 391
of future work. The main limitation of the presented aniso-
tropy index is that it is calculated based on isotropic models
of indentation. However, this index can be used to compare
the anisotropy in different VF samples, especially in small
tissue engineering constructs where information about the
anisotropic properties of the VF tissue is desirable to assess
the effective remodeling during wound healing or tissue
engineering.

Spatial variations of the mechanical properties have a
significant effect on the physiology of the VF tissue, the
anisotropic properties, and in turn the VF vibration charac-
teristics. Local mechanical properties are needed to study VF
mechanobiology and predict the outcome of voice training for
the treatment of voice disorders (Li et al., in press).
A comparison between porcine (Fig. 2 and Miri et al., 2013),
and human NLSM results (Miri et al., 2012c) suggests that
porcine VFs are much less differentiated than human VFs.
The special homogeneity of VF tissue along anterior–poster-
ior direction was subject of pervious research (Dollinger et al.,
2011; Kelleher et al., 2010). Similar to our results, point force
excitations (Dollinger et al., 2011) showed that stiffness
increases from the central region to the cartilaginous ante-
rior–posterior ends for human tissue, in contrast with those
of tensile test (Kelleher et al., 2010). Finite element models
have shown that anisotropy affects the eigenfrequencies of
VF tissue (Kelleher et al., 2010). The accurate characterization
of the anisotropic properties of VF tissue is needed for the
design of implants and artificial organs.

4.3. Permeability of VF tissue

Diffusivity and permeability coefficients were calculated
using Eqs. (12), (14) and (15). Small differences were found
between the diffusivity coefficients in different layers. An
isotropic poroelastic model was used. Hydraulic permeability
originates from the interaction of tissue structure and fluid
movement. Fluid is inherently isotropic. The solid part is
composed of negatively charged glycosaminoglycans (e.g.,
hyaluronic acid), biglycan, and fibrillar proteins (e.g., collagen
and elastin). Water flow is dominated by negatively charged
nonfibrilar matrix molecules, which are usually distributed
isotropically in the tissue. Therefore, isotropic poroelastic
models yield a good approximation of tissue behavior.

The protocol presented in this paper has several advan-
tages. The tests are performed under water, which minimizes
possible artifacts from dehydration. Freezing the samples
before cutting results in very low surface roughness, on the
order of 10–200 nm, contributing to higher accuracy. Non-
linear microscopy of the samples provided sufficient data to
select the optimum probe size capable of capturing matrix-
wide mechanical properties. The force resolution of the AFM
permitted the use of smaller probes for viscoelastic charac-
terization of the matrix. No chemical treatment was done on
the tissue prior to the indentation tests.

This protocol can simply be applied to human VFs to
elucidate some very important physiological phenomena in
voice production. Dehydration of human VFs during phona-
tion or smoking critically depends on the diffusion of water
across different VF layers. The application of this protocol
may shed light on the underlying dehydration mechanisms.
Another important application of poroelastic measurements
is the development of injectable drugs and gels used for
treating VF disease. A knowledge of diffusion properties can
help predict drug and biomaterial diffusion in treated VFs.
5. Conclusion

An experimental procedure was developed to measure the
anisotropic mechanical properties and the diffusivity coeffi-
cient of the VF tissue through AFM-based indentation and
creep tests. Porcine VF tissue was dissected, snap-frozen and
cut in different layers and orientations. The tissue was found
to be more compliant near the center, away from the
cartilaginous ends. Anisotropic indentation along two per-
pendicular planes yielded an anisotropy index of AI¼2.47.
Assuming a transversely isotropic material, indentation gives
elastic constants of E22¼E11¼1.771 kPa along the transverse
directions. This protocol may have significant applications for
the local mechanical characterization of human VFs and
tissue engineered constructs, the characterization of small-
scale tissue (e.g., rat VFs), and the design of biomaterials and
drugs with known diffusivity and mechanical properties for VF
treatment.
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