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Abstract: The parallel-plate compression test is one of the simplest ways to measure the
mechanical properties of a material. In this test, the Young’s modulus (E) and the Poisson’s
ratio (ν) of the material are determined directly without applying any additional modelling and
parameter fitting in the post-processing. This is, however, limited when dealing soft biological
materials due to their inherent properties such as being inhomogeneous, microscopic, and overly
compliant. By combining an interferometry-assisted parallel-plate compression system and a
confocal microscope, we were able to overcome these limitations and measure the E (315 ± 52
Pa) and ν (0.210 ± 0.043) of fixated and permeabilized bovine oocytes.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Cell mechanobiology has captured increasing interest from different fields for investigating
and understanding cell physiology and pathology [1–3]. It connects cellular processes and
the mechanics of the cell including elasticity, stiffness, viscoelasticity, and adhesion. Several
measurement techniques have been developed to measure cellular mechanics [4–9]; however,
most of them are complicated techniques that can provide the actual mechanical properties of the
sample only by applying the correct mechanical model. The compression test, on the other hand,
is a simple technique which was originally developed for examining the mechanical properties
of macroscopically homogeneous engineering materials. This test reveals key properties of the
sample by following a straightforward procedure without using additional modelling or parameter
fitting.

However, in dealing with soft materials like soft biological tissues and cells, compression
tests encounter significant limitations due to the inherent physical properties of these samples.
Biological material testing is usually done on the tissue level or down to the cellular scale,
which requires more precise dimensional measurements that render mechanical devices less
applicable. Additionally, these samples easily comply with minute forces and tend to bend from
their own weight, giving them irregular shapes while being unable to supply enough response.
The conventional parallel plates with elastic moduli of MPa-GPa would crush these soft materials
(0.1-100 kPa [10]) with little to no sensing of mechanical response at all. Lastly, biological
materials are far from being homogeneous with each part having local mechanical properties
that could be different from the global values requiring multiscale and correlative methods to be
modelled properly. In order to break these limitations, we introduce a new compression test by
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combining the sensitivity and precision of a ferrule-top nanoindentation system with the optical
sectioning capability of a confocal microscope.

We used bovine oocytes as the sample. There is a growing interest towards developing
quantitative techniques to measure the mechanical properties of oocytes and embryos both
in humans and animals. Previous work showed that there is a strong correlation between
oocyte/embryo mechanical properties and their competency in in vitro fertilization treatment
(IVF) [11–13]. Our method can provide this quantitative information.

2. Theory of parallel-plate compression test

In this test, the sample is sandwiched in between two rigid plates and then slowly compressed.
Simultaneously, the load and the displacement are continuously recorded and then plotted onto a
graph. The slope gives the stiffness value of the sample. Dividing the load by the area of contact
region and changing the displacement into strain, the Young’s modulus (E) is calculated as

E =
σ

εz
=

F/A
(z − zi)/zi

=
F/A
∆z/zi

(1)

where σ is the engineering stress in Pa, εz is the axial strain (along the axis of the force exerted),
F is load in µN, A is the contact area between the plate and the sample in µm2, zi is the initial
sample height in µm, and z is the compressed height in µm [14–16]. The Poisson’s ratio ν, which
is another important material property, can also be directly determined by using the formula

ν = −
εw
εz
= −
∆w/wi

∆z/zi
(2)

where εw is the lateral deformation, ∆w is the change in the width when compressed, and wi
is the initial sample width. Equation (2), however, is only applicable when the deformations
are infinitesimal (∼ 1%) [17,18]. Since this study involves compression of the sample by up to
∼ 20%, it is more accurate to present the calculations of ν using the true strain ϵ instead of the
engineering strain ε in Eq. (2). The ϵ is defined as [19]

ϵz =

∫ z

zi

dz
z
= ln

(︃
z
zi

)︃
= ln(1 + εz) = ln(λ) (3)

where λ is the extension ratio. ν can then be calculated as [20,21]

ν = −
ϵw
ϵz
= −

ln(1 + εw)
ln(1 + εz)

= −
ln(λw)

ln(λz)
. (4)

The E and ν values, along with the moduli that can be derived from them, are enough to
characterize the mechanical behavior of linear homogeneous isotropic material [22].

3. Method

3.1. Measurement setup

The compression setup used in this experiment is illustrated in Fig. 1. The two major parts are
the ferrule-top nanoindentation system and the confocal microscope. The monolithic indentation
system is based on the previous work of Prof. Iannuzzi’s group [23–26]. The all-optomechanical
characteristics of this system make it ideal for examining samples that are permanently immersed
in liquid. The indentation system consists of four components: the xyz-axes micromanipulator
(PatchStar, Scientifica) for coarse position control of the indenter, the piezoelectric manipulator
(P-602.5SL, Physike Instrumente GmbH) for fine positioning of the indenter in the z-axis, the
interferometer with a tunable laser source centered at λ=1550 nm (OP1550, Optics11) to monitor
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the bending of the cantilever and the ferrule-top indenter to probe the sample. A single-mode
optical fiber attached to the side of the ferrule continuously measures the bending of the cantilever
dcantilever by sending the Fabry-Pérot (fiber-water to water-cantilever cavity) signal back to the
interferometer. This operation, along with the positioning of the piezo dpiezo enables the system
to constantly measure the level of indentation or compression d(t) at any time by following

d(t) = dpiezo(t) − dcantilever(t) (5)

Fig. 1. Schematic of the confocal microscope assisted ferrule-top nanoindentation system.
The ferrule-top indenter is used to compress cells from the top and the confocal imaging
system takes three dimensional scans from the bottom. The two components operate
independently from each other and are controlled by separate programs: indenter by
LabVIEW and confocal imaging by µManager. The flat probe and the glass bottom of
the confocal dish form a parallel-plate compression test setup for the cells. The cantilever
deflection is monitored by a single-mode optical fiber that is connected to an interferometer.

The operating functions of the indentation system components are all integrated in a LabVIEW
program. This means that a feedback loop that reads the cantilever bending and controls the
piezo can be used to keep the compression level constant. The program also records and saves
the loads and positions of the piezo and the cantilever bending into a single file for data analysis.

The central element of the imaging system is the re-scanning confocal microscope (RCM,
Confocal.nl). The RCM offers an improvement of

√
2 in the lateral resolution over the conventional

one and fully integrates the CMOS camera (ORCA-Flash 4.0 V3, Hamamatsu), the tunable
laser source (iChrome MLE, Toptica Photonics), the microscope (Diaphot-TMD, Nikon) and the
computer altogether into a single µManager interface. The laser source can be tuned to lines 405
nm, 488 nm, and 640 nm depending on the excitation wavelength of the dye used with the sample.
In addition, the CMOS camera active frame can be set to smaller sizes, which consequently
increases the scanning rates up to 4 fps. A 10x objective lens (Plan Fluorite 0.5 NA, Nikon)
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is equipped onto the microscope to cover the entire volume of the bovine oocytes (diameter
130-180) µm in a single field of view.

The indenter and the imaging system operate independently from each other; therefore,
the setup can be easily transformed with a different mechanical technique or with a different
3D-imaging technology. This modular characteristic makes this technique flexible for a wide
range of applications.

3.2. Experimental procedure

3.2.1. Oocyte preparation

The technique presented in this study is tested on fixed bovine oocytes. Cumulus-oocyte-
complexes were collected from bovine slaughterhouse ovaries (rest material) and were maturated
for 23 hours according to the previously described method in [27]. After maturation, the cumulus
cells that surround the oocyte were removed and the oocytes were fixed with 4% paraformaldehyde
(PFA) diluted in Dulbecco’s phosphate-buffered saline (DPBS). After an incubation period of 30
minutes in 4% PFA, the samples were washed 3 times with DPBS. A permeabilization (0.1%
Triton X-100) solution was added to the DPBS medium, followed by an incubation of 15 minutes.
After removing the permeabilization solution and washing with DPBS 3 times, the cells were
then stained with 2 µg/mL HCS CellMask Green (Invitrogen) stain solution. The final stage of
preparation was washing the oocytes with DPBS 3 times after an incubation period of 40 minutes.
More DPBS is then added to fill up the petri dish because the following steps are done while the
sample and the indenter are fully immersed in liquid. The cells are then allowed to attach to the
glass bottom for around 20 hours. The oocytes are examined on the same day of their preparation.

3.2.2. Cell compression

The flat glass probe that was used for cell compression was obtained by cutting a microscope
glass slide into pieces and gluing one of the opposing smooth sides to the cantilever. This flat
probe forms a parallel-plate compressor with the glass bottom of a confocal dish (TC-treated,
VWR). These glass plates have significantly higher elastic moduli (61-72 GPa [28]) compared to
soft biological materials (0.1-100 kPa) and can thus be considered rigid in these experiments. In
this case, only the sample deforms during compression and the bending of the cantilever should
not be significant enough to cause a non-uniform load distribution. The recorded loads can also
be then directly attributed to the deformation of the sample.

The cell compression is done by moving the flat probe downwards following the sample profile
shown in Fig. 2. The cell is compressed by 1 µm first and is kept at that level for 30 seconds
but no images are taken. The cell is again compressed by another 1 µm and after 30 seconds,
its volume is scanned by the confocal microscope for about 4-5 minutes. The 30 seconds is
used as a stabilization time. It is a time given to the cantilever and the piezo to stabilize their
positions and keep the compression level constant using Eq. (5). The load and position of the
piezo and the bending of the cantilever are continuously recorded by the LabVIEW program.
Based on preliminary experiments, the stabilization time is dependent on the size and shape of
the probe. For the flat probe in use, the stabilization time of 30 seconds was found to be optimal
even at higher compression levels. This procedure repeats at different compression levels up to
36 µm but the imaging is not done on every one of them. It is worth noting that the non-imaging
compression levels increases with depth and the reason for that is it takes longer for the system to
stabilize as the cell gets more compressed and these intermediate levels provide "resting" periods.

3.2.3. Imaging

The cell stain is excited by tuning the laser source to a wavelength of 488 nm. The laser is set to
1% of its total power to prevent electronic saturation of the camera and to minimize fluorophore
depletion. The axial distortion due to refractive index mismatch between the immersion medium
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Fig. 2. Sample compression profile. The piezo is dictated by the LabVIEW program to
move downwards at an interval of 1 µm and speed of 20 µm/s. Upon reaching user-defined
levels, the system keeps the depth constant by continuously balancing the position of the
piezo and the bending of the cantilever. This gives time for the confocal microscope to scan
the entire volume of the sample.

and the objective lens immersion (air) is not emphasized in this study for two reasons: 1)
low NA (0.5) aberrations have less effect on confocal images [29] and, more importantly, 2)
calculations involving axial measurements, such as the axial deformation and the Poisson’s ratio,
are normalized with respect to the initial axial dimension (which is also distorted by the same
factor) thereby cancelling any effect in the resulting value. The images are 512 pixels by 512
pixels with pixel size of 0.65 µm by 0.65 µm and an axial separation of 1 µm, recorded at 1.1
frames per second.

3.3. Data analysis

The confocal images are saved in stacks, one for each imaging compression level. Each of the
stacks is analyzed using standard Fiji/ImageJ functions with the procedure adopted from [30].
The images are first processed with a 2-dimensional median filter to help define the edges. Next,
background subtraction is applied using a rolling ball method to correct the uneven background
illumination. The images are then smoothened using a 2-D Gaussian filter. Finally, the pixel
values are thresholded automatically using the default algorithm for a more robust and consistent
process.

As shown in Fig. 3, the fluorescent signal from the Zona Pellucida (ZP) is indistinguishable
from the background. One way to include the ZP is to lower the intensity threshold value
during the final step. The result is shown in red in Fig. 4. In doing so, some of the background
noise gets included and it makes measurements more complicated and less precise. To simplify
things, only the cytoplasm (yellow) is considered further in this work. This means that the
experiments are carried out on whole oocytes but only the dimensions and properties of the
cytoplasm are measured. In a way, the technique in this study exploits the optical sectioning
capability of the confocal microscope by being able to examine a region within a sample
without physically isolating it from the whole. This technique could be handy in investigating
different parts simultaneously within a sample, provided that these parts are stained properly and
have well-defined boundaries. Potentially, this means that its applications can be extended to
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investigating cell physiology. In the case where the nucleus and the cytoplasm are stained with
different dyes that are excited at different wavelengths, it should be possible to examine both of
them simultaneously through proper image processing procedures.

Fig. 3. Images of fixed bovine oocyte stained with HCS CellMask Green under an optical
microscope (left), confocal microscope with 488 nm as excitation wavelength (center), and
(right) after image processing. The raw confocal image (center) suggests that the dye was
not effective in staining the ZP, about 100x less fluorescent than the cytoplasm. Note that
the oocyte on the left is different from the one in the center and right panels.

Fig. 4. Oocyte 3D reconstruction from the confocal images. Yellow is the resulting image
after the standardized image processing; red is an attempt to reconstruct the entire oocyte by
lowering the threshold intensity value to include the zona pellucida (ZP). With the red image
being clipped and unable to distinguish the zona pellucida from the background, only the
cytoplasm (yellow) is considered in further measurements. The dome shape of the of the
cytoplasm is due to the fact the it was allowed to attach to the glass bottom of the petri dish
for around 20 hours. It is also worth noting that the oocytes in this experiment are fixated
and permeabilized and may therefore have shapes different from the live ones.
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As explicitly shown in Eqs. (1)–(4), three parameters are needed to determine the E and ν
values: height, width, and contact area. Deformations in the height and width will be used to
calculate the ν while the contact area is divided from the piezo load to determine the stress value
or the E calculations. Note that the contact area in these experiments is measured at every level
and not assumed to be equal to the initial contact area, unlike in the compression tests for regular
materials. Instead of engineering stress, therefore, this study measures and uses the true stress,
which is more useful in measuring the fundamental properties of the material [31,32].

The dimensions of the sample are measured after the image processing had been implemented.
After processing the images, the frames are stacked and interpolated along the z-axis to form
a 3D reconstruction of the sample. Dimensions are measured in pixels and then converted to
metric units. The height and width are measured by projecting the 3D-reconstructed image in
the x-axis and z-axis, respectively. Both of these projections are analyzed through the use of a
plot profile, as shown in Fig. 5. The dimensions are determined by measuring the width of their
profiles as shown in Fig. 5(B) and 5(D). The conversion factor from pixel to µm is the camera
pixel size divided by the magnification of the objective lens. The height is measured only in one
orientation while the width is measured at 5 different lateral orientations: at angles 20 degrees
away from one another about the z-axis. This is especially important for experiments that aim to
investigate the anisotropicity of the sample. Mechanical anisotropy of cells has already been
shown in [33,34].

Fig. 5. Measuring the height and width of the oocyte from the y-z (A) and x-y (C)
projections, respectively. The dimensions are measured by marking the boundaries of the
intensity plot profile. The difference between these markers, which is in unit pixels, is then
converted to microns. The profile width in (B) gives the height while in (D), it gives the
width/diameter of the sample. The projection in (C) is then rotated by 20 degrees 4 times to
measure the widths in different orientations.
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To investigate this, ν shall be determined at every lateral orientation n and takes the form

νzn =
ϵn
ϵz

(6)

where νzn and ϵn are the Poisson’s ratio and the true strain for different n, respectively [35,36].
Instead of a line, a box is used to span both the height and the widths in Fig. 5(A) and 5(C). In
this way, the gray values in the vertical axis are averaged and selecting a specific line is no longer
needed. This is a convenient way to measure the width because there is no need to specify a
geometrical center. Since the images are already binary after the image processing, it is easy to
identify the boundaries.

A simpler approach is used to measure the area. Instead of relying on the 3D-reconstructed
image, this procedure relies on pixel counting. Each of the frames in the stack are scanned and
the number of pixels are counted and converted to square microns using the Fiji plugin Voxel
Counter, which was originally made to measure volumes [37]. The plugin tabulates the areas of
the frames within the stack. The widest area in the list is chosen for calculating for the Young’s
modulus because that is where the deformation is largest. The location of this area has been
observed to go downwards as the oocyte got more compressed.

4. Results

Shown in Fig. 6(A) are projections of an oocyte cytoplasm at different levels of compression.
From panel (i) to panel (ii), the transformation due to compression can already be observed but it
is only panel (iii) where the flattening is starting to become more apparent. It is no coincidence
that the bottom part of the cytoplasm gets flatter as it gets more compressed since it is already in
contact and attached to the glass bottom of the petri dish.

The measured pre-compression dimensions; width, height and widest area, of the bovine
oocytes (mean ± SD) were 76.3 ± 2.9 µm, 156.7 ± 1.6 µm and 43552 ± 1319 µm2, respectively.
The width values are taken from 15 measurements (3 oocytes × 5 orientations). Due to instability
of the indenter at larger axial strains during practice experiments, only the data up to 20% axial
strain are considered and used for calculations of the E and ν values. The width and the widest
area are constantly increasing as the cell got more compressed, which suggests that the ν is
positive. Pairing the big size of the oocytes with the piezo’s high axial resolution of 3 nm
effectively increases the range at which linear deformation can be done.

From the engineering and true stress-strain curves in Fig. 6(C), the Young’s moduli are 315 ±

52 Pa and 249 ± 44 Pa, respectively. The Poisson’s ratios from the engineering strain in Eq. (2)
and true strain in Eq. (4) are 0.210 ± 0.043 and 0.182 ± 0.039, respectively. The mean values are
averaged from the 3 oocytes, each with 5 measurements. The errors presented are calculated via
error propagation. Although the anisotropicity of the oocytes is considered in the analysis, it is
hard to pinpoint the reason behind such behavior because the oocytes are all fairly circular and
the images in this study are limited in terms of internal structural information; unlike in [32]
where the cells are elliptical and the anisotropicity can be attributed to the orientation of the actin
stress fibers. The standard deviation of the measured deformations along different orientations
is less than the width of 1 pixel (0.65 µm) which means that there is no significant display of
anisotropicity. This also implies that the other isotropic material properties of the oocytes, such
as the shear modulus and bulk modulus, can be calculated from the determined Young’s modulus
and Poisson’s ratio.
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Fig. 6. (A) Projections of the cytoplasm as the cell is compressed by (i) 0 µm, (ii) 4
µm, (iii) 12 µm, and (iv) 30 µm. The widening of the sample is apparent as it gets more
compressed. The flattening of the bottom part in panels (iii) and (iv) is expected, given that
the cell is pressed against the glass bottom of the petri dish. (B) Lateral strains as functions
of the respective axial strains for both infinitesimal (black) and finite (red) deformation
considerations (mean ± SD, N = 5). The slopes of the linear fits are the negative values of
the respective Poisson’s ratios. (C) Engineering and true stress-strain curves from a cell
compression test (mean ± SD, N = 5). Absolute values are used in the x-axis. The slopes of
the linear fits are the respective Young’s modulus. The data can be found at Dataset 1 [45].

5. Discussion

This study has similarities with the technique presented in [34]. Both present methods of
investigating how cells behave under compression and both are combinations of an indenter and
a confocal microscope. However, there are key differences that set these experiments apart from
each other. First, the indenters used in these studies work differently. Whereas the indenter in the
mentioned literature is like a miniaturized version of the compression setup for regular materials,
the indenter in this study is aided by interferometry that enables it to actually detect when the
probe of the indenter makes contact with the sample. This event is denoted by a "spike" in the

https://doi.org/10.6084/m9.figshare.18418415
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signal coming from the interferometer. Even if the glass probe reflects some of the light, it is
easy to distinguish the top of the cytoplasm from it since they are separated by the relatively
low fluorescent ZP which is approximately 20 µm thick. Another difference is how the axial
deformations are being measured, which is a consequence of the first one. The axial strain in this
study is determined purely from the confocal images unlike in the literature where it is dependent
on the position of the piezo. An important advantage of the indenter used in this study is the
ability to control the compression level while the confocal microscope scans the entire volume of
the sample. This is especially important when dealing with soft biological materials that could
relax after the load has been applied. Keeping the compression level ensures that the height of the
sample is kept constant while it is being scanned by the confocal microscope. The measurement
of the axial deformation is essential in the precise calculations of both the Young’s modulus E
and the Poisson’s ratio ν. In both of these studies, the use of confocal imaging makes the need
for assumptions of the cell’s geometry unnecessary. Another point that separates this study from
the current literature is that the values of ν here are measured and not assumed to be 0.5. Note
that ν = 0.5 implies incompressibility of the sample, which is not the case in this experiment. All
three cells decreased in volume due to compression up to a certain level. The highest volume
reduction recorded in this study is 5.1%, caused by a 19.0% axial strain. The volume is measured
via the Fiji plugin Voxel Counter which sums up all the volumetric pixels (voxels) found in a
confocal scan.

In order to characterize the mechanical behavior of a sample under compression, at least
two properties need to be determined [38]. In this study, the E and ν values are determined
by measuring the deformations in the width, height, and area. These dimensions are all purely
measured from the 3D-reconstructed image of the sample via confocal imaging. Only the force
to calculate the E was measured mechanically. The downside of relying fully on imaging in
measuring dimensions is that it is limited by the resolution of the imaging technique. For
3D imaging, especially, there is an additional problem of distortion along the optical axis
[29,39]. However, it can be fairly assumed that this distortion is uniform all throughout the
sample, regardless of depth. This means that as long as this premise stands, measuring the right
dimensions along the optical axis is just a matter of finding the linear z-factor to correct the
distortion. Thankfully, this problem is not an issue when measuring normalized parameters such
as strains. The distortion factor vanishes as the change in dimension is divided by the initial
value since both of them are distorted by the same factor. In this study, the distortion factor is not
necessary to measure the axial strain. It is important to note, however, that any (0,0) data point
involving the axial strain should be excluded from the analysis. All the other data points in the
set scales with the distortion factor, except the (0,0). Depending on the scaling factor, any curve
with the axial strain as the x-axis will either move to the left or to the right. In any of these cases,
the (0,0) remains bounded at the origin. Excluding the (0,0) ensures that the slope of the dataset
does not change with the distortion factor. This is an essential part in the data analysis since the
E and ν are the slopes of the stress-strain and the lateral strain-axial strain curves, respectively.

As shown in Fig. 6(A), the oocyte is visibly flattened and widened as it gets more compressed.
Qualitatively, this already means that ν is a positive value. To quantify this, the changes in the
height (axial) and width (lateral) are measured at every compression level. Shown in Fig. 6(B)
are the lateral strain-axial strain curves for both infinitesimal (black) and finite (red) strain values
used in Eqs. (2) and (4), respectively. The infinitesimal ν is calculated to be 0.210 ± 0.043 while
its finite counterpart is 0.182 ± 0.039. The values presented have not been compared to other
results due to scarcity of available literature, most assign the value to be 0.5 for simplicity of
calculations and for the fact that cells are around 70% water.

Modelling the cells as compound structures made of water and solid components, the effective
ν can then be approximated as

ν = cwνw + (1 − cw)νw (7)
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where cw is the percent water content, νw and νs are the Poisson’s ratios of water and the solid
component, respectively (νw = 0.5). For cells with 70% water, ν = 0.5 if and only if the solid part
is also incompressible but is rarely the case. Solids can also have negative values of ν (auxetics)
[40]. The resulting values for ν in this experiment imply a few possibilities: (a) the water remains
inside the oocytes and the solid component is highly auxetic, (b) a huge amount of water leaks
out of the cell and the solid component has ν ≥ 0, and (c) a small amount of water leaks out and
the solid component is mildly auxetic. Considering the harsh processes involved in preparing the
oocytes for the experiments, either (b) or (c) is more probable to be the case due to the exodus of
water through the holes in the cell membrane left by the fixation and permeabilization processes
[41]. As the cells get more compressed, the more water is excreted. This can be checked with an
experiment on live oocytes which are too delicate for the current setup.

The E values, slopes of the linear fits in Fig. 6(C), from the engineering stress-strain and true
stress-strain curves are 315 ± 52 Pa and 249 ± 44 Pa, respectively. Reported values from previous
studies are in the order of 1-100 kPa, depending on the maturity stage oocyte [42] and the type of
test used (AFM [43,44] or micropipette aspiration [27]). It is important to note, however, that
these experiments: 1) only focused on measuring the localized mechanical properties of the ZP
while this experiment measures the cytoplasm, and 2) assigned a value for the ν to either 0.5
(incompressible) or 0.3. By assigning ν = 0.5, the deformations are automatically assumed to
be infinitesimal and the volume invariant, which are not the case in this study. Shown in Fig. 7
is the comparison of the actual change in volume of an oocyte to geometrical approximations.
This graph highlights the importance of direct measurements. This also shows that, while
logical, geometrical approximations do not always result to a precise representation of the actual
transformation.

Fig. 7. The measured fractional change in volume compared to oblate spheroid, cylindrical,
and spherical approximations given the changes in the height of an oocyte due to compression.
A ∼19% compression only corresponds to a measured 5% change in volume while it is more
than doubled in both geometrical calculations.

As with any other method, this technique comes with disadvantages. Mainly, the dimensional
measurements in this paper rely heavily on the resolving power of the confocal microscope and
the shorter the excitation wavelength, the better the resolution. A shorter wavelength, however,
corresponds to a shallower penetration depth. Even for longer wavelengths, it is still important
to note how much light is absorbed and scattered due to the optical properties of the sample.
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The next challenge is to find the right dyes for the samples and for specific applications. The
penetrability of the staining solution matters a lot. The dye used in this experiment is membrane
impermeant thereby requiring the oocytes to be fixated and permeabilized for it to be effective.
Using proper staining solutions will make it possible to measure live samples. Multiple dyes
can also be used to simultaneously examine multiple regions within a sample, given that the
dimensions are within the resolution of the microscope and the excitation wavelengths of the
dyes are available in the setup. It is worth noting that the results for the E and ν are from the
measurements on fixated and permeabilized oocytes. This means the structural integrity of the
cell is compromised and the measured mechanical properties should not be used to represent
live oocytes. An experiment on live samples with proper membrane permeant dyes should be
carried out to obtain results relevant to actual biological applications such as in vitro fertilization
(IVF) and bioengineering. This research is done almost purely to demonstrate the technique
presented. Experiments on phantoms would have been a solid addition to the data presented in
this paper. There were several attempts to make 3D printed polymer samples that are suitable for
our setup in terms of stiffness and compatibility with staining but the least stiff structure that was
synthesized was still too stiff for the existing setup. Unfortunately, we could not acquire any data
using these phantoms.

6. Conclusion

To summarize, this study introduces a new method of measuring mechanical properties of
soft biological materials under compression. The technique can be viewed as a miniaturized
engineering compression test that is developed for soft materials. The sensitivity of the
interferometry-aided indentation system and its capability to control the compression level play a
fundamental role in making this technique work. The optical sectioning feature of the confocal
microscope is the key to measuring the deformations and the localized mechanical properties
of a sample that is within a bigger sample, such as the cytoplasm or ZP. As already mentioned,
it could be possible to measure more parts simultaneously as long as these parts are stained
properly and have well-defined boundaries. The values of E and ν were measured from fixated
and permeabilized oocytes and cannot be translated to the corresponding values for the live ones.
Lastly, it is very important to note that the mechanical properties presented in this study are all
taken from measured quantities and no additional modelling and parameter fitting were needed
to determine their values.
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