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ABSTRACT

In this paper, we proposed an oocyte orientation selection method based on the minimum strain position in the penetration process in
order to maximize the developmental potential of the operated oocytes. Considering the symmetry of an oocyte during the penetration
process, we analyzed only the intracellular strain of the lower half of the oocyte (from 3 o’clock to 9 o’clock). Firstly, the strain distribution
in the penetration process was calculated using the finite element analysis method. The influences of penetration force, zona pellucida thick-
ness, oocyte radius, Young’s modulus of the cytoplasm, and zona pellucida on the strain distribution were studied. The simulation results
showed that the strain values at the 4 o’clock and 9 o’clock areas were significantly smaller than those at the 5 o’clock, 6 o’clock, 7 o’clock,
and 8 o’clock areas. Secondly, the experimental strain distribution during penetration was evaluated for the first time using an optical flow
method. The experimental strain distribution was strongly positively correlated to the aforementioned simulated results. Finally, the develop-
mental potential of the penetrated porcine oocyte with different orientations was evaluated using the cleavage rate (48 h after penetration
and parthenogenetic activation). The cleavage rate was strongly negatively correlated to the intracellular strain. We inferred that a smaller
strain on the polar body areas in the penetration process caused less potential damage, which leads to a higher developmental potential of
the penetrated oocyte. The optimized oocyte orientations, with the polar body at the 4 o’clock and 9 o’clock areas, are determined based on
the minimum strain position in the penetration process.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086320

I. INTRODUCTION

Oocyte penetration has been playing important roles in many
cell manipulations, such as nuclear transfer (NT),1–4 embryo
microinjection,5–7 and intracytoplasmic sperm injection (ICSI).8–10

Although the success rate of oocyte penetration is very high now
(e.g., success rate: 90% in Ref. 11), the developmental potential of
the operated cells/embryos has not been significantly improved. For
example, Mattos automatically injected the blastocyst, which
resulted in a 20% yield of chimeras that was slightly lower than the
manual blastocyst microinjections (22.2%).12 During the penetra-
tion process, the oocyte suffers tremendous deformation leading to

huge intracellular strain. Some literature studies have reported that
strain could reduce the cell’s developmental potential. For example,
Scott et al. reported that apoptosis may occur in response to short-
term, high strain mechanical loading;13 Gladman et al. have proved
that the mechanical deformation could affect the spinal nerves and
their associated dorsal root ganglion cells.14

Oocyte orientations in the penetration process, which are
usually denoted by the polar body positions, have also been found
to affect the developmental potential. For example, some research-
ers found that different polar body positions in the penetration
process resulted in different developmental potentials of the
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oocytes in ICSI.15,16 Van der Westerlaken et al. found that the
oocytes injected with the polar body at 6 o’clock (36%) in ICSI
had a higher pregnancy rate than those with other directions.15

Rienzi et al. found that the misalignment between the meiotic
spindle and the first polar body predicted an increased risk of fer-
tilization abnormalities.16 Thus, we hypothesized that reducing
the strain at the polar body position during penetration may
result in a higher developmental potential of the oocytes.

In this paper, we simulated the penetration process by the
finite element analysis method. For the first time, the influences of
penetration force, thickness of zona pellucida, radius of the oocyte,
Young’s modulus of the cytoplasm, and zona pellucida on the
strain distribution were studied. The simulation results showed that
the strain values at the 4 o’clock and 9 o’clock areas were signifi-
cantly smaller than those at the 5 o’clock, 6 o’clock, 7 o’clock, and
8 o’clock areas. Secondly, using the optical flow method, we calcu-
lated the experimental intracellular strain for the first time. The
obtained results showed that the strain values at the 4 o’clock and
9 o’clock areas were also significantly smaller compared with those
at the 5 o’clock, 6 o’clock, 7 o’clock, and 8 o’clock areas. The mea-
sured strain distribution was strongly positively correlated to the
aforementioned simulated strain distribution. Furthermore, we cul-
tured the penetrated porcine oocytes with different orientations.
The orientation of the penetrated oocyte was defined as the clock
position of the polar body in the focal plane. The developmental
potential of the porcine oocytes was evaluated using the cleavage
rate of the oocyte at 48 h after parthenogenetic activation.17,18 The
results showed that the cleavage rate of the penetrated oocyte with
the polar body at the 4 o’clock and 9 o’clock positions was signifi-
cantly higher than that with the polar body at other positions. We
concluded that the developmental potential of the porcine oocytes
increased as the intracellular strain decreased. We inferred that a
smaller strain on the polar body around 4 o’clock and 9 o’clock in
the penetration process caused less potential damage on the oocyte,
finally leading to a higher developmental potential. The optimized
oocyte orientations are determined based on the minimum strain
position in the penetration process.

II. METHODS AND MATERIALS

A. Finite element analysis simulation method

To simulate the penetration process by the finite element
analysis method, we first measured Young’s modulus of zona pellu-
cida (ZP) and the cytoplasm of the porcine oocytes (Fig. 1).

The Shell model, which models the oocyte as a compressible,
homogeneous, elastic layer with a finite thickness overlaying an
isotropic homogeneous elastic cytoplasm, was used to measure
Young’s modulus of ZP (see Appendix A for more details).19–21

Young’s modulus of ZP can be estimated as

E ¼ 2C(h*)(1� ν2)
ΔP

ΔL=Rp

� �
, (1)

where ν is the Poisson ratio, h* represents oocyte’s dimensionless
thickness, which is defined as the ratio of the ZP’s thickness (h) to
the micropipette’s radius (Rp), and C(h*) is a function of h*.
We assumed the ZP and the cytoplasm to be incompressible and
the volume remained unchanged when deformed, so ν is set as 0.5.

The half-space model, assuming the cytoplasm as an isotropic,
incompressible, elastic half-space medium, was used to measure
Young’s modulus of the cytoplasm (see Appendix A for more
details).21,22 To get the cytoplasm out from the surrounded ZP,
oocytes were immersed in “proteinase K” for 1 min. During this
period, the ZP was dissolved and the cytoplasm without ZP was
obtained. Young’s modulus of the cytoplasm can be estimated
according to

E ¼ Φ
3
2π

ΔP
ΔL=Rp

� �
, (2)

where ΔP is the suction pressure, ΔL is the increment with the
changing of the aspiration pressure, Rp is the micropipette’s radius,
Φ is a term that weakly depends on the ratio of the thickness of the
micropipette-wall to the radius of the micropipette, and Φ is set as
2.1 in our experiment.

Young’s modulus of ZP was measured as 20+ 4:6 kPa
(n ¼ 15), Young’s modulus of the cytoplasm was measured as
784+ 50:3 Pa (n ¼ 15), the radius of the oocyte was measured as
80+ 5 μm (n ¼ 100), and the thickness of ZP was measured
as 20+ 5 μm (n ¼ 100) (see Appendix B for more details about
the measuring results). Then, the cell deformation during penetra-
tion was simulated by ANSYS Student (Fig. 2):

Step 1: Materials setting: We defined ZP and cytoplasm as
structural, linear, elastic, and isotropic materials based on the Shell
model and the half-Space model. We set Young’s modulus of ZP as
15 kPa, 20 kPa, and 25 kPa, respectively, based on the measured
results. We set Young’s modulus of the cytoplasm as 730 Pa,
784 Pa, and 830 Pa, respectively. To judge the effect of Young’s

FIG. 1. (a) Measuring Young’s modulus of the zona pellu-
cida (ZP). (b) Measuring Young’s modulus of the
cytoplasm.
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modulus on the intracellular strain, different values of Young’s
modulus of ZP and cytoplasm were tried.

Step 2: Geometry construction: We set the radius of the
oocyte as 75 μm, 80 μm, and 85 μm, respectively, based on the mea-
sured results. We set the thickness of the zona pellucida as 15 μm,
20 μm, and 25 μm, respectively. Set the holding part fixed, and the
value was 55.6 μm. To judge the effect of the oocyte radius and ZP
thickness on intracellular strain, different values of oocyte radius
and ZP thickness were tried.

Step 3: Constraint condition: We assumed that the cytoplasm
and the zona pellucida were bonded to each other. Different values
of penetration force, 0:5� 10�5 N, 1� 10�5 N, 1:5� 10�5 N,
2� 10�5 N, 2:5� 10�5 N, and 3� 10�5 N, were exerted along the
�X direction according to the point-load model (see Appendix C for
more details about the point-load model).23 We set the penetration
force to be exerted at the central point on the ZP surface of oocytes.

B. Porcine oocyte penetration experimental method

We rotated the oocyte to move the polar body to the desired
clock position using the previous developed cell rotation

method24 and penetrated the oocyte through visual detection and
motion control.

The Hough transform algorithm25 was used to locate the
oocyte [Fig. 3(a)]. As the porcine oocytes usually have spherical
shapes, the Hough transform is utilized to detect cell contour cycle.
Using detected cycle, the cell center coordinate (XO, YO) and the
oocyte radius R were determined. The injection micropipette (IM)
tip position (XI , YI) is located using the template matching
method.26,27 The poking depth is set as three quarters of the diame-
ter to ensure that the oocytes could be penetrated [Fig. 3(b)]. The
coordinate of the starting point and the ending point of micropi-
pette during the penetration process were calculated by

Xstart ¼ XO þ 5
4R, Ystart ¼ YO;

Xend ¼ XO � 1
2R, Yend ¼ YO:

�
(3)

C. Intracellular strain calculation method

The edge detection28,29 was utilized to obtain the cell area.
The intracellular points were evenly selected in the cell area for
intracellular strain calculation (see Fig. 4). Optical flow approach

FIG. 2. The structure model used in the finite element
analysis. ZP, zona pellucida.

FIG. 3. (a) Determination of the penetration point through
visual detection. (b) Penetrating to the center of the
oocyte.
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was used to detect the positions of the intracellular points.30 Then,
the velocities of all the points were calculated by the positions
of the intracellular points in the adjacent two frames. Figure 4
shows the positions of the intracellular points at different penetra-
tion stages. The red points stand intracellular points, while the
green lines show the velocities of the points.

Finally, the strain distribution of the oocyte was obtained by
calculating the ratio of the variation of the distance between two
adjacent points to their initial distance. The strain between two
adjacent points was obtained by

ε ¼ lim
L!0

ΔL
L
, (4)

where L is the initial distance between the two adjacent points and
ΔL is the distance variation after the deformation. Since the defor-
mation and strain of the oocytes occurred mainly in the horizontal
direction, we only calculated the horizontal component of the
strain given in Eq. (4).

D. Parthenogenetic activation

The oocytes were washed three times in phosphate buffer
saline (PBS) solution, then gradually equilibrated in activation
medium after being penetrated. For activation, the oocytes were
placed between electrodes covered with activation medium in a
chamber connected to a BTX (CF-150B, Biological Laboratory
Equipment, Maintenance and Service Ltd). Oocytes were acti-
vated with a single direct current pulse with an electrical intensity
of 120 V/cm for 100 μs. Then, the oocytes were washed three
times in porcine zygote medium-3 (PZM-3), placed into 50 μl
PZM-3 droplets covered with mineral oil, and then cultured
at 39 �C.

III. STATISTICAL ANALYSIS

Data were evaluated by one-way analysis of variance
(ANOVA) with Tukey’s test for comparisons between groups using
IBM SPSS Statistics 20 and were expressed as mean + SEM. A P
value less than 0.05 was considered as a significant difference.

IV. ETHICAL STATEMENT

All the procedures were approved by the Animal Care and
Use Committee of Tianjin Animal Science and Veterinary Research
Institute and were performed in accordance with the NIH Guide
for the Care and Use of Laboratory Animals (No. 8023, revised
in 1996).

V. SYSTEM OVERVIEW

The experiment in this paper was performed on the
self-developed NK-MR601 micro-operation system (Fig. 5).31–35

The system consists of an optical microscope (CK-40, Olympus);
a CCD camera (W-V-460, Panasonic) for the acquisition of the
real-time image at 30 frame/s; a motorized X-Y stage (with a travel
range of 100 mm with a repeatability of +1 μm/s and a maximum
speed of 2 mm/s); a pair of XYZ manipulators (travel range of
50 mm with a repeatability of +1 μm/s and a maximum speed of
1 mm/s); an in-house developed micro-injector provides the nega-
tive and positive pressure; an in-house developed motion control
box controls the microplatform, micromanipulators, and micro-
injector through the host computer.

The holding micropipette (HM) was made from borosilicate
glass tubes with an outer diameter of 1 mm and an inner diameter
of 0.6 mm. The holding micropipettes were pulled by the puller
(MODEL P-97, Sutter Instrument) and fractured by the microforge

FIG. 4. Positioning the tracking points at different pene-
tration stages.

FIG. 5. NK-MR601 micro-operation system.
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(MF-900, NARISHIGE) to generate a micropipette with a diameter of
50–80 μm. Then, the HM was melt by alcohol lamp through the pro-
fessional operator to smooth the tip opening. The injection micropi-
pette (IM) was bought from CooperSurgical (TPC, LBC-OD20BA90)
with the diameter of 20 μm and a slope angle of 45�.

VI. EXPERIMENTS AND RESULTS

A. Simulated intracellular strain distribution

As the injection micropipette penetrated the oocyte along
the �X direction, the oocyte deformation mainly occurred in the
horizontal direction. Thus, we ignored the vertical cell deformation
and only considered the strain in the horizontal direction.
Figure S1 in the supplementary material showed the simulated
strain distribution in the oocytes with different penetration forces.
In the simulation, the oocyte radius, ZP thickness, Young’s modulus
of ZP, and the cytoplasm were set as 80 μm, 20 μm and 20 kPa and
784 Pa, respectively (see the supplementary material). The simulated
results showed that the strain distribution under different forces was
completely consistent. Thus, we only analyzed the strain distribution
when the penetration force was set as 2� 10�5 N.

Considering the symmetry, we only analyzed the intracellular
strain of the lower half of the cell [Fig. 6(a)]. The statistical results
were shown in Fig. 6(b) (see Fig. S2 in the supplementary material

for more details). The simulated intracellular strain values at the 4
o’clock and 9 o’clock areas were significantly smaller than those at
other areas (P , 0:05). The simulated intracellular strain increased
from the 4 o’clock area to the 6 o’clock area and decreased from
the 7 o’clock area to the 9 o’clock area.

We varied Young’s modulus of ZP and cytoplasm and retained
the oocyte radius and ZP thickness unchanged (oocyte radius:
80 μm; ZP thickness: 20 μm). Figures 6(c) and 6(d) showed two rep-
resentative results with different Young’s modulus of ZP and cyto-
plasm (see Figs. S3 and S4 in the supplementary material for more
details). Then, we varied the radius of oocytes and the thickness of
ZP and retained Young’s modulus of ZP and cytoplasm unchanged
(Zp: 20 kPa; cytoplasm: 784 Pa). Figures 6(e) and 6(f) showed two
representative results with different oocyte radius and ZP thickness
(see Figs. S5 and S6 in the supplementary material for more details).
The simulated results all showed that the strain values at the
4 o’clock and 9 o’clock areas were also significantly smaller than
those at other areas (P , 0:05). The intracellular strain increased
from 4 o’clock to 6 o’clock and decreased from 7 o’clock to 9 o’clock.

Above all, we could conclude that the simulated strain values
at the 4 o’clock and 9 o’clock areas were significantly smaller than
those at the 5 o’clock, 6 o’clock, 7 o’clock, and 8 o’clock areas
(P , 0:05). The intracellular strain increased from 4 o’clock to
6 o’clock and decreased from 7 o’clock to 9 o’clock.

FIG. 6. (a) The simulated strain distribution. (b) The stat-
istical results with Young’s modulus of ZP: 20 kPa, cyto-
plasm: 784 Pa, oocyte radius: 80 μm, ZP thickness:
20 μm. (c) The statistical results with Young’s modulus of
ZP: 15 kPa, cytoplasm: 730 Pa. (d) The statistical results
with Young’s modulus of ZP: 25 kPa, cytoplasm: 830 Pa.
(e) The statistical results with oocyte radius: 75 μm, ZP
thickness: 15 μm. (f ) The statistical results with oocyte
radius: 85 μm, ZP thickness: 25 μm.
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B. Experimental intracellular strain distribution

Six groups of porcine oocytes (10 oocytes in each group) were
penetrated. The porcine oocytes in different groups were penetrated
with the polar body at the 4 o’clock, 5 o’clock, 6 o’clock, 7 o’clock,
8 o’clock, and 9 o’clock positions, respectively.

The oocytes were penetrated at a speed of 50 μm/s, and the
strain distribution was calculated using the aforementioned optical
flow method [Fig. 7(a)]. Six 3� 3 areas at the 4 o’clock, 5 o’clock,
6 o’clock, 7 o’clock, 8 o’clock, and 9 o’clock positions were selected
to study the strain in each clock position [Fig. 7(b)]. The maximum
and average strain values in each area were calculated (see Fig. S7
in the supplementary material for the normalized histograms) as
shown in Fig. 8. The statistical results revealed that the experimen-
tal intracellular strain values at the 4 o’clock and 9 o’clock areas
were significantly smaller than those at other areas (P , 0:05).
The experimental intracellular strain values also increased from 4
o’clock to 6 o’clock and decreased from 7 o’clock to 9 o’clock.

We calculated the correlation coefficient between the
maximum and average experimental strain and the maximum and
average simulated strain: 0.9178 and 0.9303, which demonstrated
that the experimental and simulated strain was strongly correlated.

C. Cleavage rate with the different orientations

A total number of 1800 porcine oocytes were selected to
perform penetration experiments. These cells were divided into six
groups (300 cells/group) according to the polar body position in
penetration (4–9 o’clock positions). Each group is named according
to the polar body clock position of cells (Groups 4–9). In each
group, the cells are further divided into three subgroups (100 cells/
subgroup) according to the penetration speed (10 μm/s, 20 μm/s,
and 50 μm/s).

The oocyte was first rotated to move the polar body to the
desired clock position, and then penetrated according to the process
introduced in II(B); see Fig. 9 (Multimedia view). The penetrated
cells were activated and cultured for 48 h. The cleavage rates of the

embryos were shown in Fig. 10 (see Tables I–III in Appendix D for
the detailed data).

Experiment results showed that the cleavage rate decreased
from Group 4 to Group 6 and increased from Group 7 to Group 9
under different penetration speed, and the cleavage rate increased as
the penetration speeds increased. When the penetration speed was
50 μm/s, the cleavage rate of Group 4 (a) and Group 9 (a) was signifi-
cantly higher than that of Group 5 (ab), Group 6 (bc), Group 7 (c), and
Group 8 (ab). When the penetration speed was 20 μm/s, the cleavage
rate of Group 4 (a) and Group 9 (a) was significantly higher than that
of Group 5 (ab), Group 6 (ab), Group 7 (b), and Group 8 (ab). When
the penetration speed was 10 μm/s, the cleavage rate showed no sig-
nificant difference among groups. However, the cleavage rate of
Group 4 and Group 9 was still slightly higher than the other groups.

The correlation coefficient between the cleavage rate and
experimental maximum strain, experimental average strain, simu-
lated maximum strain, simulated average strain are �0:8376,
�0:8499, �0:5605, and �0:6271, respectively (50 μm/s group).
The results showed that both the simulated and the experimental
strain were strongly negatively correlated to the cleavage rate. We
inferred that the developmental potential increased as the intracel-
lular strain decreased.

D. Discussion

In the finite element analysis simulation, we crudely defined
the materials as linear, elastic, and isotropic material materials. The
motive of using this simple assumption is expending the applicabil-
ity of our method and results. If the simulated results in these con-
ditions were still similar with the experimental results, our method
will be of more universal significance. Fortunately, both the simu-
lated and the experimental intracellular strain increased from the 4
o’clock area to the 6 o’clock area and decreased from the 7 o’clock
area to the 9 o’clock area. The intracellular strain was strongly neg-
atively correlated with the cleavage rate. The results showed that
these assumptions are suitable.

FIG. 7. (a) Experimental intracellular strain distribution
with the largest deformation in the penetration process.
(b) Six 3� 3 areas at 4 o’clock, 5 o’clock, 6 o’clock,
7 o’clock, 8 o’clock, and 9 o’clock to analyze the intracel-
lular strain at each areas.
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We compared our results with the previous theoretical predic-
tions. A. A. Boulbitch deduced the expression of the free energy
describing small local deflections of a cell membrane and simplified
the expression assuming the membrane as quasiflat.36 They found

that under the applied localized force, the local bending of a curved
membrane was always followed by its local stretching. In our study,
the strain on the zona pelludica (ZP) indicated that there was also
bending and stretching at the same time. Considering the ZP in

FIG. 8. The statistical results of the experimental strain in each area when penetrated the oocytes with different orientations (penetrate the oocytes with the polar body at
the 4 o’clock, 5 o’clock, 6 o’clock, 7 o’clock, 8 o’clock, and 9 o’clock areas).

FIG. 9. The strain distribution with the penetration speed
of 20 μm/s. Multimedia view: https://doi.org/10.1063/1.
5086320
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our work was much thicker than the membrane in Boulbitch’s
study, the results of the two methods are considered as consistent
with each other.

From Evans, we have learned that the deformation of the bio-
logical membrane was nonuniform over the membrane, and the
internal dissipation of mechanical energy as heat would limit the
rate at which the membrane material deformed as a solid struc-
ture.37 We found that the simulated strain and the experimental
strain was not identical in this paper. The reason might be that the
material assumptions were set crudely. Some researchers defined
ZP as more complex material to describe the character of ZP more
accurately. For example, Tan et al. treated ZP as nonlinear
Mooney-Rivlin material.38 Ladjal et al. assumed the overall cell as a
homogeneous hyperelastic model.39 Our future work will improve
the simulation accuracy by adjusting the materials.

There were some interesting findings in the experiments.
We found that the simulated strain was significantly smaller when
Young’s modulus of ZP was bigger; however, the simulated strain
showed no significant difference when we changed Young’s
modulus of the cytoplasm. Meanwhile, the simulated strain was sig-
nificantly smaller when the thickness of ZP was smaller; however,
the simulated strain showed no significant difference when we
changed the radius of the oocytes. We inferred that the thickness of
ZP and Young’s modulus of ZP could affect intracellular strain in
the oocyte and further have influence on the developmental poten-
tial of the oocytes. Our results were consistent with the findings
that the zona pellucida thickness and elasticity could affect the
embryos developments.40,41

We compared our results with a previous study. Liu et al.
investigated the mechanical damage of the cell by counting the
number of ruptured bonds.42 They found that although the larger
velocity caused the larger injection force, the smaller velocity gener-
ates more number of ruptured bonds.43,44 So, the larger velocity
caused less damage, and the cells had better developmental poten-
tial. Meanwhile, we found that the cleavage rate of the porcine
oocyte increased as the penetration speed increased, which was
consistent with their findings.

VII. CONCLUSION

This paper proposed an oocyte orientation selection method
based on the minimum strain position in the penetration process.
In this study, the penetration process with different parameters was
simulated by the finite element analysis method. The experimental
intracellular strain in the penetration process was calculated using
the optical flow method. Both the simulated strain and the experi-
mental strain were significantly smaller at the 4 o’clock and 9 o’clock
areas than those at other areas. The developmental potential of the
porcine oocyte was evaluated using the cleavage rate (48 h after pene-
tration and parthenogenetic activation). The experimental results
showed that the cleavage rate was significantly higher when we pene-
trated the oocyte with the polar body at the 4 o’clock and 9 o’clock
areas than the 5 o’clock, 6 o’clock, 7 o’clock, and 8 o’clock areas, and
the cleavage rate was strongly negatively correlated to the intra-
cellular strain. The developmental potential increased by 61.51%
(10 μm/s group), 54.09% (20 μm/s group), and 40.13% (50 μm/s)
after the oocyte orientation selection. The method could increase the
efficiency of oocyte penetration and reduce the dead oocytes in
animal clone, ICSI, genetic microinjection, and so on. Meanwhile,
this paper opened a door to explore the relationship between a cell’s
developmental potential and cell orientation in manipulation.

SUPPLEMENTARY MATERIAL

See the supplementary material for the complete simulated
strain distribution with different penetration forces, different
Young’s modulus of ZP and cytoplasm, different oocyte radius, and
ZP thickness.
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APPENDIX A: YOUNG’S MODULUS MEASUREMENT

We used the widely used Shell model (Fig. 11) to estimate
Young’s modulus of zona pellucida (ZP).19–21 In this model, the ZP
of the oocyte was assumed as a homogeneous, elastic layer and the
stiffness of the cytoplasm was assumed as zero.

Young’s modulus of ZP was quantified through the fitted
slope of the aspiration pressure vs the normalized aspiration length
Lp=Rp. Figure 12 shows the fitted slope when Young’s modulus of
ZP is 15.6 kPa.

We used the half space model (Fig. 13) to estimate Young’s
modulus of the cytoplasm.21,22 In this model, the cytoplasm was
assumed as an isotropic, incompressible, elastic half-space medium.

Young’s modulus of the cytoplasm was also quantified
through the fitted slope of the aspiration pressure vs the normalized
aspiration length Lp=Rp. Figure 14 shows the fitted slope when
Young’s modulus of the cytoplasm is 762 Pa.

FIG. 10. Average cleavage rate at the penetration speed of 10 μm/s, 20 μm/s,
and 50 μm/s with different oocyte orientations.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 125, 154701 (2019); doi: 10.1063/1.5086320 125, 154701-8

Published under license by AIP Publishing.

ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-125-038915
https://aip.scitation.org/journal/jap


APPENDIX B: OOCYTE RADIUS AND ZP THICKNESS
MEASUREMENT

The radius of oocytes and the thickness of ZP were obtained
by microscopic image processing. We got the radius of oocytes and
cytoplasm by fitting the oocyte and cytoplasm with circles. Then,
the thickness of ZP was got by subtracting the values of two radius.
Figure 15 shows a figure when the oocyte radius was 75 μm and the
thickness of ZP was 17.5 μm.

FIG. 11. The Shell model used to estimate Young’s modulus of ZP.

FIG. 12. The relationship between the holding pressure and the elongation of
the ZP when its Young’s modulus is detected as 15.6 kPa.

FIG. 13. The half space model used to estimate Young’s modulus of the
cytoplasm.

FIG. 14. The relationship between the holding pressure and the elongation of
the cytoplasm when its Young’s modulus is detected as 762 Pa.

FIG. 15. The oocyte radius was 75 μm and the thickness of ZP was 17.5 μm.
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APPENDIX C: POINT-LOAD MODEL

The penetration force was estimated according to the point-
load model (Fig. 16).23

According to this model, the penetration force F was esti-
mated by

F ¼ 2πEhω3
d

a2(1� ν)
3� 4ζ2 þ ζ4 þ 2lnζ2

(1� ζ2)(1� ζ2 þ lnζ2)3

� �
, (C1)

where E is Young’s modulus of ZP, ωd is the depth created by the
penetration force, h is the membrane thickness, a is the radius of
dimple, c is the radius of IM, and ζ ¼ c=a. ν is the Poisson ratio
which is traditionally set as 0.5.

We calculated the penetration using the point-load model.
The calculated magnitude of the penetration force was 10�5 N.
In the point-load model, the tip of the injection micropipette
was flat. The width of the injection micropipette had been
taken into consideration to calculate the penetration force. In
our experiments, the tip of the injection micropipette was
sloped. It is believed that the injection micropipette and the
oocyte are contacted by point. Because it takes less force to
penetrate a cell with a sloped tip micropipette than it does
with a flat tip micropipette, the calculated penetration force
was big enough for simulation. The penetration force was a
point force in the simulation process.

In our experiments, the tip of the injection micropipette
was sloped and sharpened. Thus, the contact between the injec-
tion micropipette and the oocyte can be considered as the
point of contact. The tip of injection micropipette is flat in the

point-load model and is different with our micropipette. The
required penetration force calculated using a flatten micropi-
pette tip in the point-load model is larger than the required
penetration force using our micropipette with a sharpened tip.
Thus, the calculated force using the point-load model is large
enough for simulation. The calculated penetration force was
exerted on the central point on the cell surface as shown in
Fig. 2.

APPENDIX D: CLEAVAGE RATE DATA

Tables I–III show the detailed cleavage rates at the penetration
speed of 10 μm/s, 20 μm/s, and 50 μm/s. The data of the
“Experiment 1” in Table III are not available as the oocytes were
polluted in that experiment.

FIG. 16. Schematic of the point-load model.

TABLE I. Cleavage rate at the penetration speed of 10 μm/s with different oocyte
orientations.

Experiment Cleavage rates (%)

4
o’clock

5
o’clock

6
o’clock

7
o’clock

8
o’clock

9
o’clock

Experiment 1 55.56 46.67 20.69 53.85 65.52 62.96
Experiment 2 60.00 50.00 53.33 3.33 40.00 46.67
Experiment 3 63.33 68.00 80.00 53.57 72.41 63.33
Average 59.63 54.89 51.34 36.92 59.31 57.65

TABLE III. Cleavage rate at the penetration speed of 50 μm/s with different oocyte
orientations.

Experiment Cleavage rates (%)

4
o’clock

5
o’clock

6
o’clock

7
o’clock

8
o’clock

9
o’clock

Experiment 1 … … … … … …
Experiment 2 92.85 86.51 61.53 60.00 80.00 86.67
Experiment 3 80.00 76.67 73.33 63.33 80.00 90.00
Average 86.42 81.59 67.43 61.67 80.00 88.34

TABLE II. Cleavage rate at the penetration speed of 20 μm/s with different oocyte
orientations.

Experiment Cleavage rates (%)

4
o’clock

5
o’clock

6
o’clock

7
o’clock

8
o’clock

9
o’clock

Experiment 1 84.14 76.67 79.31 80.00 86.67 83.33
Experiment 2 83.33 79.31 54.84 44.83 65.51 83.33
Experiment 3 80.00 70.97 60.00 34.48 70.97 73.33
Average 81.82 75.65 64.72 53.10 74.38 79.99
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