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Abstract—Intracellular pressure regulates cell physiological ac-
tivities and impacts cell micromanipulation results. The measure-
ment of intracellular pressure may reveal the mechanism of these
cell physiological activities and improve the micromanipulation
accuracy for cells. Current intracellular pressure measurement
methods usually rely on specialized and expensive devices or have
significant cytotoxicities on cells. In this paper, a simple robotic
intracellular measurement method based on an improved balance
pressure model is developed on the traditional cell manipulation
system setup. First, an improved balance pressure model is pro-
posed to calculate the intracellular pressure. Then, a traditional
glass micropipette is utilized as a probe to penetrate the cell
membrane to measure intracellular pressure. After cell mem-
brane penetration, the key parameters of the improved balance
pressure model including the cell deformation and the moving
distance of the gas-liquid interface (GLI) inside the micropipette
are measured in time to calculate the intracellular pressure.
The experimental results on porcine oocytes demonstrate that
the proposed method has an 80% success rate at an average
measurement speed of 12 seconds/cell. Further, no intracellular
pressure leaking was tested during the measurement process,
guaranteeing measurement accuracy. Further, an 87.5% survival
rate of operated oocytes was obtained after the measurement,
proving limited damage to cell viability. Our method is highly
expected to be applied in biological applications requiring in situ
measurement of intracellular pressure.

Index Terms—Intracellular pressure measurement, robotic cell
manipulation, micromanipulation.

I. INTRODUCTION

CELLS can maintain positive intracellular pressure com-
pared to the extracellular environment. Intracellular pres-

sure is an important component of the intracellular environ-
ment, which ensures the normal physiological function of
cells. It is also the main source of mechanical stimulation
to intracellular structures such as organelles [1] and plays
an important role in cell division [2], [3], differentiation [4],
[5], migration [6], diseases [7], [8] and embryonic tissue
development [9], [10]. Besides, intracellular pressure affects
the results of cell micromanipulation. For example, the positive
intracellular pressure hinders the delivery of injected materials,
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resulting in a lower deposition volume of cell microinjection
[11], [12]. In addition, the existence of intracellular pressure
generates a force that supports cells’ swell, making cell surface
”feel” harder from the outside, which affects the measurement
results of cell mechanical properties such as cell elasticity.
Therefore, intracellular pressure measurement is beneficial for
revealing the mechanism of cell physiological activities and
improving the accuracy of cell micromanipulation.

Some methods have been reported to measure the intracellu-
lar pressure of cells. Intracellular pressure was first estimated
indirectly from the cortical tension of cells, according to
Laplace’s law [13], [14]. However, this method assumed the
cell to be a liquid ball which makes it only effective for
cells with thin membranes. For oocytes or embryos with thick
zona pellucida (ZP), the measurement errors of this method
may be too large to be applicable. The intracellular pressure
has also been measured through the variations in the poking
force-cell deformation curves obtained before and after the
release of intracellular pressure [15]. Although this method is
applicable for oocytes or embryos with thick ZPs, it used laser
cutting to release intracellular pressure and microforce sensors
to obtain the poking force-cell deformation curves. Thus,
that method has a complex operation process and requires
expensive equipment, significantly limiting its application.
In previous research, we proposed a measurement method
of intracellular pressure based on the modeled relationship
between the applied pressure and the deposition volume of
the oil injected into cells [12]. Although this method applies
to traditional cell manipulation system setup, the oil droplets
injected into the cells in this method have significant cytotoxi-
city to the viability of the cells. A commercial micro-pressure
system from WPI with fast feedback control of the output
pressure has been used to measure intracellular pressure [16]–
[19]. The system used a micropipette electrode to penetrate
the cell membrane, measured the electrode resistance variation
and then compensated for it with fast adjustment of the output
pressure. Then the variation of the output pressure is obtained
to measure the intracellular pressure. Although this system can
measure the intracellular pressure of a variety of cells and has
limited harm to cell viability, its complicated operation process
and the involved expensive devices for precise measurement
of electrode resistance, such as the specified amplifier, sig-
nificantly limit its widespread use. In summary, a simple
intracellular pressure measurement method using traditional
cell manipulation tools and with less harm to cell viability is
still highly desired.

We previously proposed a balance pressure model at the gas
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liquid interface (GLI) inside micropipette in which a positive
injection pressure is applied to balance the extra negative
pressure caused by the capillary effect (capillary pressure) and
the hydrostatic pressure [20]. Using that model, the hydrostatic
pressure can be calculated indirectly through capillary pressure
and injection pressure. After the micropipette penetrates the
cell membrane and enters the intracellular space, the hydro-
static pressure will be replaced by the intracellular pressure. In
that case, the intracellular pressure may be calculated by the
positive injection pressure and capillary pressure. However,
the cell deformation and motion of the gas-liquid interface
(GLI) resulting from the cell membrane penetration also
affect the balance state of the above three pressures. Thus,
an improved balance pressure model considering the above
factors is required to measure intracellular pressure.

In this paper, a simple robotic intracellular pressure mea-
surement method is developed based on an improved balance
pressure model. First, an improved balance pressure model
is established to calculate the intracellular pressure. Then,
a traditional measurement micropipette with a sharpened tilt
opening penetrates the cell membrane to measure the intracel-
lular pressure. The key parameters of the improved balance
pressure model including the cell deformation and moving
distance of GLI were calculated in time by developed imaging
processing methods to measure the intracellular pressure. Fi-
nally, a robotic measurement process of intracellular pressure
is established based on the above work. The experimental
results on porcine oocytes demonstrate that our method is
capable of measuring intracellular pressure at an average speed
of 12 seconds/cell with an 80% success rate. The measurement
efficiency of our method is significantly higher than that of
methods based on micropipette electrode resistance, which is
expected to measure only dozens of cells at most per day [21].
Further, no intracellular pressure leaking was observed during
the measurement process according to the diffusion results
of the fluorescence injected into the cell, guaranteeing the
measurement accuracy of the intracellular pressure. Further,
an 87.5% survival rate of operated oocytes was obtained after
measurement, proving limited damage to cells. More details
of the comparison between our method with the other three
methods are listed in Table I. Without the involvement of
specific devices and having low damage to cell viabilities, our
method is highly expected to achieve in situ measurement of
intracellular pressure in biological applications.

II. SYSTEM SETUP

The robotic intracellular pressure measurement was per-
formed using the in-house developed NKTY-MR601 micro-
operation system [22]–[24]. As shown in Fig. 1, this system
was built around an inverted microscope (CK-40, Olympus).
A CCD camera (W-V-460, Panasonic) acquires microscope
images at a speed of 30 frame/s. An in-house developed
motorized X-Y stage (with a travel range of 100mm, a
maximum speed of 2mm/s, and repeatability of ±0.1µm)
was mounted on the microscope to position the oocytes. A
pair of X-Y -Z micromanipulators (with a working space
of 50mm×50mm×50mm, a maximum speed of 1mm/s, and

TABLE I
COMPARISON OF METHODS FOR MEASURING INTRACELLULAR

PRESSURE

methods reference
[15]

reference
[12]

micro-
pressure

system from
WPI [19]

[21]

this paper

technology laser
ablation

oil
injection

sustaining
concentra-

tion gradient
at electrode

tip

improved
balance
pressure
model

equipment

micro-
manipulators,

biopsy
laser and
magnetic
tweezer

micro-
manipulators

micro-
manipulators
and micro-

pressure
system from

WPI

micro-
manipulators

cost USD
500,000

USD
10,000

USD
100,000

USD
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efficiency / 20
cells/day 10 cells/day 20-30

cells/day
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time / / 2 weeks 1 week

viability / 0% 90% 87.5%
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Fig. 1. Robotic intracellular pressure measurement system. (a) System setup.
(b) Micro-operation workspace.

repeatability of ±0.1µm) were used to position the holding
micropipette and the measurement micropipette. An in-house
developed pneumatic pump provided the holding pressure
(with a resolution of 10Pa) and injection pressure in the
measurement. A host computer was utilized for microscopic
image processing, pressure adjustment, motion control for the
stage and manipulators. The holding micropipette was made
from borosilicate glass tubes with an outer diameter of 1 mm
and an inner diameter of 0.6mm. The holding micropipettes
were pulled by the puller (MODEL P-97, Sutter Instrument)
and fractured by the microforge (MF-900, NARISHIGE) to
generate a micropipette with an inner diameter of 50-60µm.
Then, the holding micropipette was melted by the microforge
to smooth the tip opening. The measuring micropipette was
bought from Cooper Surgical (TPC, LBC-OD20BA90) with a
slope angle of 45◦.

III. KEY METHODOLOGIES AND TECHNOLOGIES

A. Improved Balance Pressure Model

When the micropipette is immersed in the culture medium,
part of the culture medium will enter the micropipette to form
a gas-liquid interface (GLI) under the effect of hydrostatic
pressure, capillary force and injection pressure.
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According to the interface mechanics [25], the capillary
force Fc can be estimated by

Fc = σ2πR cosβ (1)

where R is the inner micropipette radius at the position of
GLI, β is the contact angle between the GLI and the inner
micropipette surface, and σ is the coefficient of surface tension
of the liquid, which was measured by the abruption method
[20].

The compressing force Fm of the inner surface to the liquid
can be estimated by

Fm = π(R2 −R0
2)Pin (2)

where Pin is the intracellular pressure and R0 is the inner
radius of the micropipette at the opening.

The intracellular pressure force Fin on the liquid inside the
micropipette can be estimated by

Fin = πR0
2Pin (3)

where Pin is the intracellular pressure. The injection force Finj

produced by the micropipette air pressure on the liquid can be
estimated by

Finj = πR2Pinj (4)

In the balance state (see Fig. 2(a)), the above four forces
satisfy the following equation:

Finj = Fin + Fm + Fc (5)

Substituting (1), (2), (3) and (4) into (5), the intracellular
pressure is obtained as

Pin = Pinj − (2σ cosβ)/R (6)

At the beginning of cell penetration, when the micropipette
tip presses against the cell, the cell is deformed and the
volume of the cell decreases (see Fig. 2(b)), which causes the
increase in the intracellular pressure. After the micropipette
tip penetrates the ZP, the intracellular pressure is released into
the micropipette, which pushes the GLI far from micropipette
tip (see Fig. 2(c)). With the recovery of cell deformation, the
intracellular pressure decreases and the GLI moves back by a
distance (see Fig. 2(d)).

The relationship between intracellular pressure, cell volume,
and GLI moving distance before and after GLI movement can
be written as

PinVcell = Pin
′(Vcell

′ +∆LπR2) (7)

where Pin and Vcell are the actual intracellular pressure and
volume of the cell before penetration, respectively. Vcell

′ is the
volume of the cell after penetration and Pin

′ is the measured
pressure inside the cell after penetration. ∆L is the moving
distance of the GLI.

Besides, after the pipette tip penetrates the cell, the pipette
and the liquid in it occupy part of the space inside the cell,
which was misregarded as a change in the internal volume of
the cell, and thus, needs to be excluded to calculate the actual
volume of the cell. The relationship between intracellular
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Fig. 2. The schematic of the intracellular pressure measurement process based
on the improved balance pressure model. (a) The force analysis of the liquid
in the micropipette. (b)-(d) Micropipette penetration process.

pressure, cell volume, GLI moving distance and pipette tip
volume can be adjusted to be

PinVcell = Pin
′(Vcell

′ +∆LπR2 − Vtip) (8)

where Vtip is the volume of intracellular space occupied by
the pipette tip that penetrates the cell. For a pipette with a
slope tip of 45◦, the pipette volume pierced into the cell can
be calculated as

Vtip = πR0
3 + πR0

2Lin = πR0
2(R0 + Lin) (9)

where Lin is the length of the measurement pipette entering
the intracellular space.

To eliminate the measurement error caused by cell de-
formation, the GLI position is detected when the detected
cell deformation recovers (Vcell = Vcell

′). In that case, the
volume of the cell equals to that before penetration, and the
relationship between the measured intracellular pressure after
ZP penetration Pin

′ and the original intracellular pressure
before ZP penetration Pin can be estimated by

Pin =
Vcell + πR2∆L− Vtip

Vcell
Pin

′ (10)

Based on the improved balance model, substituting Pin in
(6) into (10) as the measured pressure Pin

′ after penetration,
the original intracellular pressure Pin can be obtained as

Pin =
Vcell + πR2∆L− Vtip

Vcell
(Pinj − (2σ cosβ)/R) (11)

which indicates that the measurement of intracellular pressure
requires the identification of the following key parameters: the
cell deformation, the GLI moving distance, the micropipette
inner radius, the radius of the cell, and the contact angle
between GLI and the inner surface of the micropipette.

B. Determination of Measurement Micropipette Diameter

The diameter of the measurement micropipette was de-
termined based on a comprehensive consideration of the
identification of improved balance pressure model parameters
and the prevention of intracellular pressure leakage during ZP
penetration.

On the one hand, micropipettes with too small diameters
were inappropriate for the intracellular pressure measurement
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because of the following reasons. As aforementioned, the
probing of intracellular pressure was based on the response
of the GLI under the push of intracellular pressure, including
GLI movement and contact angle changes. Limited by the
imaging resolution of the acquired microscopic images, the
relative error of measured contact angle β and micropipette
radius R based on imaging processing for micropipettes with
too small radius are larger, which further results in a larger
measurement error of Pin according to (6).

On the other hand, too large micropipette dimensions may
lead to intracellular pressure leakage from the large opening,
necessitating the restriction of micropipette diameters to en-
sure that the ZP effectively seals the micropipette opening
during penetration. To validate the sealing, the geometry of the
ZP and the micropipette opening at the moment of penetration
was analyzed. The shape of the ZP was fitted using the
point-load model (equation (4) in reference [26]), taking into
consideration that the micropipette makes contact with the ZP
through its pointed tip. The relationship between the depth of
the concave segment P1P2 of the ZP and its radius can be
approximated by a parabolic model (12) with P2 as the vertex
(see Fig. 3(a)).

w = −wd

a2
(a− r)2 + wd (12)

where P1 is the point of the micropipette tip, P2 is the
inflection point of the ZP, wd and a correspond to the
horizontal and vertical distances between P1 and P2, respec-
tively. P1Pe is the sloped opening of the micropipette. All
of these aforementioned parameters were obtained through
image processing of the cell and micropipette. With the 20µm
size micropipette in Fig 3(a), it is calculated that the entire
parabolic curve at the depth of P1P2 lies above the line P1Pe.
This verifies that the contour of the ZP completely covers the
micropipette opening at the moment of penetration. In the case
of penetration experiments using a 30µm micropipette, the
calculations indicated that the parabolic curve in this segment
did not entirely lie above the micropipette’s opening, leading
to intracellular pressure leakage from the micropipette’s tip to
extracellular space (see Fig. 3(b)).

Based on the above considerations and calculations, the ap-
propriate diameter of the measuring micropipettes for porcine
oocytes was selected to be 20µm.

C. Key Parameters Calculation for Improved Balance Model
Based on Image Processing

As aforementioned in Section III(A), several key parameters
of the improved balance pressure model need to be calcu-
lated to measure the intracellular pressure using the improved
model. These parameters include the cell deformation, the GLI
moving distance, the micropipette inner radius, the radius of
the cell, and the contact angle between GLI and the inner
surface of the micropipette. Among them, the calculation
processes of the inner radius of the micropipette, cell radius,
and contact angle have been introduced in detail in our
previous published papers [20]. The readers may find more
details about them in these references. In this section, we only
focus on cell formation detection and GLI tracking as follows.
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Fig. 3. Measurement micropipette diameter selection experiments. (a) A 20-
micron diameter micropipette was used to penetrate the oocyte. (b) A 30-
micron diameter micropipette was used to penetrate the oocyte.

1) Cell deformation detection based on optical flow
method: Since the micropipette moves inside the focal plane
of the cell and penetrates the cell along the central axis of
the cell, the restoration of the intracellular area in the image
was utilized to evaluate the restoration of cell deformation
and intracellular space volume. The irregular edges of the
cytoplasm generated after being contacted by the micropipette
may cause significant measurement errors in the cytoplasm
area. Addressing this problem, the cytoplasm area during
penetration is estimated by the area enclosed by ZP, which is
usually clearer, with the edge easily detected and less affected
by cell deformation compared with the cytoplasm.

Before cell deformation, the outer contour and inner contour
of ZP were detected by the Canny edge detector and Hough
circle detector as introduced in our previous research [20],
[27], [28], respectively. In this way, the ZP area was obtained
and the pixels in ZP were determined for the following
detection of the ZP area during ZP penetration. Then the mi-
cropipette squeezes the ZP, penetrates ZP, and retreats unless
cell deformation fully recovers. During the above processes,
the optical flows [29] of the pixels on the ZP were calculated
from adjacent frames of cell images to track these pixels, and
subsequently, determine the ZP area online. The cytoplasm
area can be calculated through the area enclosed by the ZP
area. The obtained ZP area in the above processes is shown
in Fig. 4(a)-(d). The variation trend of cytoplasm area value is
shown in Fig. 4(e). The squeezing stage, penetration moment,
recovering stage, and total recovery moment can be founded in
Fig. 4(e), which are in accordance with the operation process
in Fig. 4(a)-(d). The above results demonstrate the feasibility
of using cytoplasm area to estimate cell deformation.

2) GLI moving distance calculation based on template
matching: The moving distance of the GLI is calculated
through the GLI motion relative to the micropipette. To
measure it, the tracking of the micropipette and GLI need to
be conducted first. Although the tilted tip of the micropipette
is a region that can be detected to track the movement of the
micropipette, it was covered by cytoplasm after ZP penetration
which usually has poor optical transparency, making the
localization of the micropipette a challenging task after ZP
penetration. Except for the tilted tip, there are no significant
feature points on the micropipette facilitating the track of
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Fig. 4. Cell deformation detection results during the intracellular measurement
process. The obtained ZP area in the (a) squeezing stage, (b) penetration
moment, (c) recovering, and (d) total recovery. (e) The variation trend of
cytoplasm area during cell penetration.

the micropipette. Addressing this, a marker, chosen from
appropriately sized granulosa cells in the culture medium,
is attached to the measurement micropipette. The detailed
description of attaching the marker can be found in the
”Supplementary file.doc” under the section ”Marker Forma-
tion on Micropipette”. The marker is utilized to localize the
micropipette indirectly as it usually has no relative movement
to the micropipette tip. Then the template of the micropipette
marker and GLI were selected through mouse dragging and
utilized to localize the micropipette and GLI as shown in Fig.
5(a).

Considering the size of the porcine oocytes (usually with a
diameter of 130-160 µm), the 10x objective lens was chosen
to image the oocyte and the GLI in the same field of view. For
the captured images with a resolution of 720 × 480 in this field
of view, the relative movement of the GLI and the micropipette
was only a few pixels to tens of pixels (0.625 µm/pixel).
To improve tracking precision, bilinear interpolation was used
for image preprocessing to achieve sub-pixel GLI movement
precision. Then template matching algorithm was used to track
the absolute positions of the GLI and the micropipette, from
which the relative movement of the GLI to the micropipette
was obtained as the moving distance of the GLI in the
micropipette during penetration (see Fig. 5(b)). It can be found
that the moving distance of the GLI in the micropipette starts
to increase after the ZP penetration moment, arrives at its peak
after penetration, decreases in the recovering stage of the cell
deformation, and finally stops at a constant value after the cell
deformation fully recovers. Then the constant value is obtained
to be ∆L in (11).

D. Robotic Measurement Process of Intracellular Pressure for
Batch Oocytes Based on Improved Balance Model

After the target oocyte, measurement micropipette, and
holding micropipette are positioned in the field of view, the
system automatically autofocuses and then 3-D localizes them
according to the imaging processing method reported previ-

2.5 3 3.5 4 4.5 5 5.5
time (s)

104

106

108

110

re
la

tiv
e 

po
sit

io
n 

(μ
m

)

0 2 4 6 8 10 12
time (s)

100

150

200

250

300

350

po
sit

io
n 

(μ
m

)

GLI position
micropipette position
relative position

GLI template

micropipette marker template

350300250200150

(a) (b)

GLI movement distance

10 m

m

Fig. 5. Calculation results of the GLI moving distance during the intracellular
measurement process. (a) The obtained micropipette marker template and GLI
template. (b) The obtained relative position of GLI to micropipette equaling
GLI moving distance inside micropipette during the intracellular pressure
measurement.

ously [24], [30]. Then the system positions the measurement
micropipette at the same height as the holding micropipette
autofocuses it, and positions its central axes to coincide with
that of the holding micropipette. After that, a positive pressure
is increased to push the GLI into the field of view. Then,
the operator selects the marker template and GLI template
through mouse dragging. Then the robotic system automati-
cally searches the whole area where target oocytes are stored
and build a global map containing all oocytes through image
stitching, and subsequently, localizes their positions and sorts
them as introduced in our previously published paper [27].

After the above preparations work, the robotic system moves
microstage to position one target oocyte into the field of
view according to its located position on the global map.
Then the system moves the holding micropipette to approach
and aspirate it automatically according to their 3D positions.
Further, the system moves the measurement micropipette to
penetrate the ZP of the oocyte along the central axis of the
micropipette and retreats it to let the cell deformation recover.
During the above process, the cell deformation, measurement
micropipette positions, GLI positions, and inner radius of the
micropipette at GLI position were calculated in time using
imaging processing methods. After the cell deformation fully
recovers, the cell volume, the contact angle, and GLI moving
distance inside the micropipette were calculated to obtain
the intracellular pressure. After that, the system moves the
microstage to the area for storing operated oocytes and releases
the target cell with a positive pressure inside the holding
micropipette. Then, if there is any oocyte left, the system
moves microstage to position the next oocyte into the field
of view, pick up it and repeat the above processes. The above
robotic operation procedures were summarized in Fig. 6(a).

During the above robotic measurement process, the objec-
tive lens, pressure valve, microstage, holding micropipette, and
measurement micropipette are moved coordinately through
PID controllers to conduct the tasks including autofocusing of
the oocyte and two micropipettes, picking up of the oocyte, ZP
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Fig. 6. Robotic measurement process of the intracellular pressure based
on improved balance pressure model. (a) The operation flow of the robotic
measurement of intracellular pressure. (b) The control diagram of the robotic
intracellular pressure measurement system.

penetration, the retractions of the measurement micropipette
and release of the oocyte. Imaging processing algorithms
were utilized to calculate the key parameters of the improved
balance pressure model required for intracellular pressure
measurement. The control diagram of the robotic system is
shown in Fig. 6(b). The mathematical derivations of the control
loop related to the openness of the pressure valves (equation
(A1) in reference [20]) and the motion of micromanipulators
(equation (28) in reference [24]) have been included in our
previous research.

IV. EXPERIMENTAL RESULTS

A total number of twenty MII-stage porcine oocytes were
prepared to test the effectiveness of the work introduced in
Section III. First, ten of twenty oocytes were measured by the
robotic procedure shown in Fig. 6(a) to validate the feasibility
of the proposed intracellular pressure measurement method.
Pressure-leaking tests were then performed on the other ten
oocytes to evaluate the measurement accuracy of the proposed
method. Finally, the operated oocytes were observed after two
hours of culture to evaluate their viability after the operation.

Fig. 7. Cell images during robotic measurement process of the intracellular
pressure based on improved balance pressure model. (a) Before contact. (b)
ZP penetration. (c) Recovering process. (d) Full recovery.

A. Intracellular Pressure Measurement Results

A number of ten porcine oocytes were measured using the
proposed intracellular pressure measurement method. After the
target oocyte was immobilized by the holding micropipette,
the measurement micropipette was controlled to contact the
oocyte, penetrate ZP, and retreat until the cell deformation
recovered totally. Fig. 7 shows the cell images of one oocyte
during the measurement process.

During the measurement process, the cytoplasm area, and
motion of GLI and micropipette were measured in time using
image processing methods introduced in Section III. The
reader may find more details about the measured results in time
in the supplementary video ”In-time calculation results of key
parameters.mp4”. After the cell deformation fully recovered,
the contact angle between the micropipette wall and the GLI,
β, was calculated. Together with the radius of the micropipette
R, the moving distance of GLI inside micropipette ∆L, the
size of the tilted micropipette tip Lin, the cell volume obtained
by cell radius Rcell, and the injection pressure Pinj, the cell
inner pressure Pin was calculated. The obtained results of the
above parameters are summarized in Table II.

In a series of experiments, some important parameters
were statistically analyzed to guide the experiments. These
parameters, including penetration speed, penetration depth,
deformation recovery rate, micropipette retract distance, GLI
moving distance and contact angle, are listed in Table SI in
the ”Supplementary file.doc.” These data served as references
for the cellular state and measurement effectiveness. The
measured results are considered valid when most of the exper-
imental parameters closely align with those in Table SI. When
significant deviations from the reference parameters occur,
such as the absence of cell deformation, penetration failure, or
incomplete deformation recovery, the system will give a hint
to the operator to interrupt the current measurement process
to identify and address potential issues. The troubleshooting
methods related to each parameter are also listed in Table SI.

It can be found that the obtained intracellular pressure of
the fourth and seventh oocytes are negative values, which
are apparently false results. According to the observation
results from an embryo technician with more than 20 years
of experience, the fourth oocyte is recognized to be a dead
one with an extremely abnormal soft body, making ZP not
penetrable even the tip of the measurement micropipette had
almost touched the holding micropipette opening. In this
matter, a negative calculation value of Lin is obtained, finally
resulting in the negative intracellular pressure of the fourth
oocyte. For the seventh oocyte, we found that one stain on
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TABLE II
INTRACELLULAR PRESSURE MEASUREMENT RESULTS

Pinj

(hPa)
β (◦) ∆L

(µm)
Lin

(µm)
Rcell

(µm)
R

(µm)
Pin

(hPa)
1 91.81 51.10 1.13 7.50 56.56 10.63 5.75
2 93.22 50.81 0.44 18.75 51.88 10.63 6.63
3 93.42 51.53 1.88 25.63 55.10 10.63 8.17
4 93.46 30.90 0.06 -8.13 52.19 10.63 -24.13
5 101.26 44.56 0.63 30.00 56.88 10.63 3.62
6 106.23 43.62 2.06 23.13 56.56 10.63 7.03
7 107.11 30.41 1.31 32.50 52.81 10.63 -11.07
8 95.27 49.36 0.75 32.56 53.75 10.63 6.02
9 94.32 50.55 0.81 18.75 55.31 10.63 7.25
10 92.65 51.29 2.31 28.13 55.31 10.63 6.95

the micropipette surface occlude part of the GLI contour after
cell deformation recovery was detected, which leads to a large
fitting error of the contact angle β and subsequently, causing
a false calculation result of the negative pressure. Apparently,
abnormal situations similar to those of the above two oocytes
can be prevented in the future after the target oocyte selec-
tion and clearance of the measurement micropipette before
experiments. Except for the above two oocytes, the measured
results of the rest 8 oocytes were all in accordance with
the intracellular pressure ranges reported in related references
[12], [14], [15], [19] with an average value of 6.43±2.81 hPa
(n=8), proving the feasibility of the proposed measurement
method. The measurement success rate of the proposed method
is up to 80%.

The average operation time for each cell from cell picking
up to intracellular pressure calculation is only 12.0±3.1(n=10)
seconds/cell. Although the 3D localization time of the two
micropipettes and oocytes before oocyte picking up usually
costs about 1 minute, it is only conducted once for the same
batch of oocytes. Thus, it has limited influence on the average
measurement speed of oocytes, especially when the number of
measured oocytes is large. The measurement efficiency of our
method is significantly higher than those methods relying on
micropipette electrode resistance which is expected to measure
only dozens of cells at most per day [21].

B. Intracellular Pressure Leaking Testing Results during the
Measurement Process

During the cell penetration process, the ZP and outside
wall of the micropipette need to be well sealed to avoid
leakage of intracellular pressure. Otherwise, the leakage of
intracellular pressure leads to a falsely smaller value of mea-
sured intracellular pressure than its original one. Appropriate
penetration speeds of the measurement micropipette also need
to be determined to reduce the probability of leakage. In
this part, the fluorescent dye solution back-filling into the
micropipette was injected into cells after ZP penetration to
detect possible leakage of intracellular pressure (see Fig. 8(a))
during measurement.

First, a fluorescent dye (HTPS, 1mM) solution was back-
filled into the micropipette. After the ZP penetration, the
culture medium around the cell was replaced by a clean one to
exclude the potential dye leakage before ZP penetration. Then,
a positive pressure pulse was exerted inside the micropipette

holding 
micropipette

measuring 
micropipette

220 m
oocyte

fluorescent dye

r

(a) (b) r = cytoplasm radius

Fig. 8. Intracellular pressure leaking testing. (a) The combined cell image in
the bright and fluorescent field of view. (b) The integration of fluorescence
intensity at different radii.

to deposit a 2 pL volume of solution, only about 0.25% of the
total volume of the oocyte calibrated by the method mentioned
in previous research [31]. Then the field of view switches
between the fluorescent field and bright field to check the
scope of the fluorescent dye during the whole measurement
process.

According to Lambert-Beer’s law [32], the brightness of
the fluorescence in the image is directly proportional to the
concentration of the fluorescent dye. In the circular regions
centered around the cell’s centroid with varying radii, the
fluorescence intensity was calculated through integration (see
Fig. 8(b)). This integration enabled the quantification of the
total amount of fluorescent dye within the regions of different
radii. The experimental results on 10 oocytes indicated that
the majority of the fluorescent dye is confined within the cell,
with minimal to no increase in fluorescent dye beyond the
cell’s radius, which means no leakage of intracellular pressure
during the measurement process (see Fig. 8(b)), guaranteeing
the measurement accuracy of the intracellular pressure using
our method. The above results also prove the feasibility of the
diameter and penetration speed selection of the measurement
micropipette (20 µm and 50 µm per second respectively) for
intracellular pressure measurement.

C. Cell Viability Testing Results after Intracellular Measure-
ment

The survival rate of the operated oocyte was tested after
intracellular pressure measurement to evaluate the harm caused
by the proposed method to the oocyte viability. The operated
oocyte is considered to survive if the cytoplasm edge is
observed to recover to an integrated and clear state (see
Fig. 9(a)-(c))) during 2 hours of culture. If the edge of the
cytoplasm dose not recover, the viability of the oocyte is
considered to be damaged and the oocyte may be dead.
According to the observation results, only one oocyte out
of the eight successfully measured was found to have an
unsmooth cytoplasmic edge near the wound. The above results
demonstrate that the survival rate of the oocyte measured by
the proposed method is up to 87.5% (7/8), proving limited
harm to cell viability.

V. DISCUSSIONS

In comparison to most intracellular pressure measurement
methods relying on specific and expensive devices, the pro-
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1010 m
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Fig. 9. The oocyte image during 2 hours of culturing after the measurement.
(a) The oocyte image right after the measurement, with visible spilled
cytoplasm in the wound on the zona pellucida. (b) The oocyte image after
1 hour of culturing following the measurement, with no visible cytoplasm
in the wound on the zona pellucida, but the cytoplasmic edge near the
wound remains unsmooth. (c) The oocyte image after 2 hours of culturing
following the measurement, with no visible cytoplasm in the wound on the
zona pellucida, and the cytoplasmic edge near the wound has smoothed out.

posed robotic intracellular pressure measurement method can
be achieved based on the traditional cell injection system
setup. In this method, the measurement micropipette penetrates
the ZP of the oocyte to sense the intracellular pressure. As
the ZP penetration operation is the first required step for
many manipulation tasks of oocytes/embryos such as cell
microinjection, the proposed method is able to achieve in-situ
measurement of intracellular pressure before cell manipula-
tion. This advantage of our method is vital for reducing the
disturbances of intracellular pressure to manipulation results
such as the injection volume. Besides, in comparison to our
previous intracellular pressure method based on the volume of
oil injected into cells, the proposed method does not deposit
any harmful materials into the intracellular space during the
measurement process. This advantage is vital for keeping the
viability of the operated cell.

As our method is an invasive measurement, the intracel-
lular pressure will be released from the cut generated in ZP
penetration after the measurement micropipette retreats out of
the cell. Thus, after being measured by our method, the in-
tracellular pressure does not exist again, making it impossible
to be measured again by the other methods. To benchmark
our method and evaluate its measurement error, our method
will be applied to cells without ZP in the future. For these
cells, their intracellular pressure will be first noninvasively
measured by the cortical tension of the cell [13], [14]. Then
these cells will be measured by our method. In this way,
the measurement accuracy of our method can be evaluated
through the comparison between the obtained results using
two methods for the same cell.

Theoretically, through the back-and-forth motion of the
measurement micropipette inside the cell, the intracellular
pressure measurement can be repeated if an effective seal
between the ZP and the outside surface of the micropipette
maintains. Unfortunately, we found that the seal between the
ZP and the outside wall of the micropipette easily breaks
under multiple back-and-forth motions of the measurement
micropipette inside the oocyte. Thus, the repeatability test of
our measurement method is still a challenging task before
an effective method to maintain the intracellular pressure is

developed in the future.
The main measurement error of the proposed method results

from the calculation error of Pinj, β, R, Vtip, and Vcell. Among
them, Pinj has been calculated indirectly by the openness
degree of the valve according to the calibrated relationship
between them [20]. Through this method, the resolution of
Pinj can be improved to 0.1 Pa level. Thus, the influence of
Pinj on the measurement error of the intracellular pressure is
rather limited. In comparison to Pinj, the other four parameters
are calculated through image processing methods. The imaging
resolution has a significant influence on the measurement er-
rors of them. Equipping microscopes and cameras with higher
imaging resolution may improve the measurement accuracy of
these parameters in the future.

Besides, only twenty oocytes were tested due to the influ-
ence of the Covid-19 epidemic during our research period.
More cells will be measured in the future to further validate
the effectiveness of the proposed method in this paper.

VI. CONCLUSIONS

This paper presented a robotic intracellular pressure mea-
surement method based on an improved balance pressure
model. With the traditional cell manipulation tools and de-
vices, this method is demonstrated to measure porcine oocytes
with an 80% success rate at an average speed of 12s /cell.
With improvement in the selection of oocyte and measurement
micropipette, the success rate can be further improved in the
future. Besides, no observable intracellular pressure leakage
was found through fluorescent dye injection after ZP penetra-
tion. Moreover, the operated cells have a high survival rate of
87.5% after measurement. The independence from specific and
expensive devices and low harm to cell viability enable our
method high applicability in biological applications requiring
in situ measurement of intracellular pressure.
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