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Abstract—In this article, a narrow-necked micropipette
(NNM) was designed, fabricated, and utilized for robotic fast
cell positioning in cell transportation. First, key geometrical
parameters of NNM were determined through the aspira-
tion model and computational microfluidics model. Then,
a heating-and-rotation method was developed to fabricate
a narrow neck structure inside the micropipette based on
a heating model. Further, the dynamic models of the cell
before and after being held by the narrow neck were con-
ducted. Based on that, a sliding mode motion controller
and a deformation controller were designed for fast posi-
tioning of the cell at the narrow neck position and reducing
the cell deformation, respectively. Robotic transportation
results of 15 sheep oocytes demonstrate that our system
can position the cell with a 100% success rate at doubled
throughput in comparison to the traditional methods. The
average positioning error and cell deformation degree are
significantly reduced to 1.89 pixels and 2.59%, respectively.
In addition, experiments on HelLa cells showed an average
position time of 2.1 s with 100% success rate. Besides,
limited harm to the cell survival rate is found through cul-
turing experiments. With the above advantages, our robotic
system is expected to improve cell transportation efficiency
in the future.
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[. INTRODUCTION

ELL transportation, pick-and-place the cell among dif-

ferent culture medium droplets, is a key step in many
biological and medical applications, such as cell vitrification [1],
[2], cell washing during culture processes [3], cell pairing ma-
nipulation [4], [5], single-cell analyses [6], [7], disease detection
based on cell state [8], tumor cell detection [9], mechanical
and electrical characterization of cells [10] et al. Current cell
transportation tools include optical tweezers [11], [12], [13],
microfluidic devices [14], [15], dielectrophoresis [16], [17],
microgrippers [18], and micropipettes [19], [20], [21], [22],
[23]. Among them, the micropipette is most widely used in
cell transportation due to its easy availability and no additional
equipment requirements.

The key step in cell transportation based on a micropipette is
the cell positioning inside the micropipette, in which the operator
aspirates a target cell into a micropipette and then positionsitto a
designated position close to the micropipette opening, as shown
in Fig. 1(a). In this way, the cell is kept in the field of view
during whole-cell transportation. More importantly, the amount
of liquid from the old culture medium droplet being injected
into the new droplet during placing the cell can be limited to
reduce the contamination incidences to the new droplet. As a
lack of structure inside the common straight micropipette (CSM)
to stop and hold the cell by force, the operators usually manually
adjust the aspirating pressure to conduct the cell positioning task
inside the CSM. Due to the small volume and light weight of
a single cell, the cell moves easily even under small pressure
disturbances. Thus, the operators need to carefully adjust the air
pressure repetitively based on the position of the cell inside the
CSM with trial and error, which usually requires high opera-
tion experience and long operation time, significantly limiting
the broad application of cell positioning in cell transportation.
In response to the problems of manual operation, automated
cell positioning technologies inside CSM have been developed
in recent years. For example, Zhang et al. proposed a single
sperm aspirating and positioning technique based on a CSM
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Fig. 1. Schematic: Cell positioning methods based on different kinds
of micropipettes. (a) Common straight micropipette (CSM). (b) Bilayer
micropipette. (c) Our proposed narrow-necked micropipette (NNM).

and achieved closed-loop robust control of sperm dynamics [20].
Shan et al. [21] considered the compressibility and deformation
of oil and proposed a cell aspiration model based on an oil-driven
pump, then designed an adaptive controller for cell position-
ing. Zhao et al. [22] used an air pump integrating an ADRC
controller to control cell movement for precise cell positioning
in a CSM. Zhang et al. [2] modeled the dynamics of embryo
motion and developed a linear quadratic regulator controller to
pick multiple embryos one by one into the CSM for embryo
vitrification. The traditional cell transportation methods based
on CSM usually need to conduct the cell positioning task by
repeated adjustment of aspiration pressure, due to a lack of struc-
ture inside CSM to stop the cell by force, which usually costs
some time.

Using a CSM with an opening diameter smaller than the cell
size to hold the cell with its opening can conduct cell positioning
tasks by force in a short time. However, in that way, part of the
cell surface needs to be exposed to the oil or air environment
while the CSM with the cell moves from one droplet to another.
However, in that way, part of the cell surface needs to be exposed
out of CSM opening. While the CSM with the cell moves out
of the droplet during transportation, the held cell may be pulled
off the CSM by the significant force generated at the interface
between the droplet and oil environment covering it. To keep
the cell and meanwhile conduct the cell positioning task, a
new narrow-necked micropipette (NNM) with a large opening
diameter and a small inner diameter inside the CSM is required
for aspiration of the cell with its large opening and to hold it
with the narrow-neck structure inside. In previous research, we
developed a bilayer micropipette made by inserting a thin glass
micropipette into a thick one [24] as shown in Fig. 1(b), which
aspirates a cell into the opening of the outer micropipette (OM)
and holds the cell with the opening of the inside micropipette
(IM). However, to reduce the pressure leakage through the gap
between the two micropipettes, the outer diameter of the IM
needs to be close to the inner diameter of the OM. The above
requirement significantly increases the challenge in assembling
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the bilayer micropipette when inserting the thin micropipette
into the thicker one, easily leading to a crush between them. To
prevent the break of them in the crush, the two micropipettes
need to be thick enough to guarantee enough strengths. For
example, the IM in the previous studies had to choose the
commercial glass micropipette with a 1 mm outer diameter and
an inner diameter of 800 pm, making it only capable of holding
special giant cells with a diameter larger than 800 pm, such as
zebrafish embryos. For common domestic oocytes and somatic
cells with much smaller sizes, the above bilayer micropipette
is not suitable for transporting them. Besides lacking an ap-
propriate NNM, the deformation of the held cell needs to be
limited to reduce the mechanical harm to the cell during the
cell-holding process. In summary, a new thinner NNM with a cell
deformation control method is required for the transportation
of common-sized cells and reducing mechanical damage to
them.

This article developed a robotic fast cell positioning method
for transportation of common-sized cells based on a self-
developed NNM as shown in Fig. 1(c). First, the key geo-
metrical parameters of the NNM were determined through the
aspiration model and computational microfluidics model. Then,
a heating-and-rotation method was developed to fabricate a
narrow-necked structure inside the CSM based on force analysis
and a developed heating model. Further, dynamic models of
the cell before and after being held by the narrow neck were
carried out based on fluidic simulation and force analysis, re-
spectively. Furthermore, a sliding mode controller combined
with cell position feedback was designed to accelerate the
cell positioning process before the cell is held. Finally, a cell
deformation controller was designed to reduce the mechanical
damage to cells after it is held by the narrow neck. The NNM
fabrication results demonstrate that the proposed fabrication
method can make the narrow neck structure with inner diam-
eter errors of less than 1.23% and position variations below
1.28%, showing a good repeatability of the fabricated narrow
neck structure. The experimental results of 15 sheep oocytes
demonstrate that the method can position the cells at the narrow
neck position in an average of 1.06 seconds, which is a doubled
throughput of the traditional methods, with a 100% operation
success rate, a positioning error of 1.89 pixels and 2.59% cell
deformation degree on average (versus 5.34 pixels and 6.34%
of manual positioning results using NNM). In addition, ex-
periments with 30 HeLa cells showed an average positioning
time of 2.1 s, which is a triple throughput of the traditional
methods. The cross-droplet transportation of HeLa cells was
tested, and the success rate based on robotic NNM was as high
as 100% (vs. manual NNM 83.3% and manual CSM 53.3%).
Oocyte culturing results demonstrate a 100% oocyte survival
rate after being operated on by the proposed system, compared
with an 81.3% survival rate of the manual cell transportation
method using NNM. HeLa cells culturing results demonstrate
a 100% survival rate (versus manual NNM 84%). With the
above advantages, the proposed robotic cell positioning method
is expected to improve cell transportation efficiency in the
future.
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Fig. 2. Photo and schematic of robotic cell positioning system for
cell transportation. (a) Partial enlarged view of the Petri dish. (b) Sys-
tem photo Schematic. (c) Schematic: robotic cell transportation system
based on NNM.

Il. SYSTEM SETUP

The robotic cell positioning system for cell transportation
in this article is built within the laboratory [22] as shown in
Fig. 2. The system is conducted based on an inverted micro-
scope (Nikon, Eclipse TI-E, Japan) with a CCD camera (Balser,
acA645-100gm, Germany) integrated into it to capture micro-
scopic images at 50 frames/second with a resolution of 640
x 480 pixels. An X-Y microstage (Prior, ProScan III, U.K.)
with a motion range of 120 mm x 80 mm and a positioning
resolution of 0.05 pm is equipped to place and position the petri
dish culturing cells. In addition, an X-Y-Z micromanipulator
(Sutter, MP285, USA) with a motion range of 25 mm x 25 mm
x 25 mm and a positioning resolution of 0.04 pm is equipped to
mount an NNM for cell positioning. A pneumatic microinjector
(Narishige, IM-11-2, Japan) with a pressure variation range
of about —200 to 200 hPa is utilized to provide the pressure
inside the micropipette for cell positioning. A stepper motor
(Hanpose, 42BYGP40-G19, China) with a motor driver (Vince,
VSMD103, China) is used to control the motion of the piston of
the pneumatic microinjector and thereby adjust the pressure for
cell position. A host computer is in charge of image processing,
motion control of the microstage and micromanipulators, and
pressure control of the air pump.

[ll. KEY TECHNOLOGIES AND METHODOLOGIES

A novel NNM is designed and fabricated in this section for
achieving a fast cell positioning task in cell transportation. Then,
the dynamic models of the cell before and after it is held by the

narrow neck are conducted for the following positioning control.
Based on the above work, a sliding mode controller and a cell
deformation controller are designed for fast positioning of the
cell and reducing the cell deformation after it is held by the
narrow neck, respectively.

A. Key Geometrical Parameters Determination for NNM
Based on Aspiration Model and Microfluidic Model

The key geometrical parameters of the NNM needing to be
determined include the diameter of the micropipette opening
D,, the inner diameters of the narrow neck D,,, and the distance
between the opening and narrow neck L .

The opening inner diameter D, is determined by the size of
the target cell types, which is slightly larger than the size of the
target cell. In comparison, the determination process of inner
diameter D,, at the narrow neck position is rather complicated.
The narrow neck inner diameter should be neither too large to
hold the cell nor too small to generate enough aspiration force
to aspirate the cell into its opening or generate a steady flow
inside the micropipette for precise cell positioning. Thus, an
appropriate range of the inner diameter of the micropipette at
the narrow neck position needs to be determined.

When the length of the narrow neck structure is significantly
longer than the cell size, the narrow neck position can be sim-
plified as a local thin micropipette inside the thick micropipette.
According to the aspiration model of our previous research [24],
the maximum inner diameters of the narrow neck part required
for holding the spherical solidlike cells can be determined ac-
cording to the aspiration model as

R i 8TET3
Pmaz =\ 90 Py maw — 4TE

where R p,yq. 1S the maximum value of narrow neck radius, £
is the Young’s modulus of the cell, r.. is the radius of the cell,
is a term that depends weakly on the ratio of the thickness of the
pipette wall to the radius of the pipette. A typical value for  ~
2.1. Pamaz 1s the maximum value of aspiration pressure that the
pump provides. The reader may find details of the cell aspiration
model in Section I of the supplementary file “Supplementary
file.pdf” or our previous paper [24].

To determine the minimum appropriate inner diameter of the
narrow neck D,,, the microfluidic fields inside and outside of
the micropipette are simulated based on a computational mi-
crofluidic model. The detailed introduction of the computational
microfluidics model is given in Section I1 of the uploaded supple-
mentary file “Supplementary file.pdf”. The geometrical model
of the micropipette is determined according to the observation
results of the made NNM. The aspiration pressure inside NNM
is set to be consistent with that required for aspiration of the
cell into the CSM with the same opening inner diameter. For
aspiration of sheep oocytes in the MII stage, the inner diameter of
the micropipette opening and required aspiration velocity are set
as 200 um and 0.1 mm/s, respectively, according to experiments.
The obtained microfluidic fields of NNM compared to those of
the CSMs are shown in Fig. 3, and a larger range of simulation
results is shown in Fig. S2.

ey
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Fig. 3. Computational microfluidic model inside and outside of NNM.

(a) Computational fluid dynamics simulation results in a CSM when the
aspiration velocity at the inlet wall is 0.1 mm/s. (b) Computational fluid
dynamics simulation results in an NNM when the aspiration velocity at
the inlet wall is 0.1 mm/s. (c) Liquid velocity curve in the X -axis direction
(straight micropipette and d,,, = 80—120 um, step size is 10 um).

It can be found that the existence of the narrow neck causes
larger and varied liquid speeds along the central axis near the
narrow neck position. According to Fig. 3, it can be found
that when the inner diameter of the narrow neck is less than
a half-folded of the opening diameter, which is less than 90 ym
in Fig. 3(c), the moving speed of the flow along the central axis
increases significantly. This is mainly because the flow amount
entering the micropipette in unit time is constant, given the
constant moving back speed of piston of the pump. The section
area at the narrow neck position reduces as the decrease of inner
diameter increases at the narrow neck position, increasing the
flow speed given a constant flow amount into the micropipette
in unit time. Too large a flow speed at the narrow neck position
can increase the cell positioning errors and increase mechanical
harm to the cell after it is held by the narrow neck. Therefore,
the minimum inner diameter of the narrow-neck is determined
to be a 0.45-folded opening diameter, which is 100 um here.
In summary, the appropriate range of inner diameter at the
narrow-necked position is determined to be the 0.5-folded inner
diameter of the micropipette opening according to the above
analysis and (1).

From Fig. 3, it can be observed that the flow field stabilizes
at a distance of approximately 2 times the inner diameter of the
micropipette. To ensure complete stabilization and account for
potential variations, we conservatively selected a distance of 2.5
times the inner diameter (500 m in our simulation). The liquid
speed along the central axis becomes consistent with that of
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Fig. 4. The fabrication process of NNM based on force analysis and

the heating-and-rotation method. (a) Force analysis of the micropipette
during the heating process and bending the micropipette on a side
by heating with a glass ball embedded with a platinum wire. Then the
micropipette rotated by 180° and was heated at the other side, thereby
causing a depression in the middle of the micropipette. (b) Temperature
field obtained by Thermal Diffusion Equation model.

CSMs. As the aspiration force of the micropipette is generated
by the flow inside the micropipette. The above similar flow at
the NNM opening can provide the similar pulling force to pick
the cell to that of the CSM when the narrow neck of the NNM is
fabricated at a distance more than the 2.5-folded inner diameter
of the micropipette from the opening. As mentioned before, the
cell should be positioned as close to the opening as possible to
save the liquid being injected into the new droplet during cell
placement. Thus, the narrow neck position holding cell should
be localized to be as close to the opening as possible, which is
set as the 2.5-folded inner diameter of the micropipette from the
micropipette opening.

B. NNM Fabrication Based on Heating-and-Rotation
Method

Before NNM fabrications, straight micropipettes with con-
stant inner diameter are prepared according to protocols given
in Section III of the uploaded supplementary file “Supplemen-
tary file.pdf”. To fabricate a narrow neck structure inside the
micropipette, the obtained CSM is vertically mounted on the
microforge (Narishige, MF-900, Japan). A heating glass ball
is made on the platinum wire of the microforge to heat the
micropipette. With the glass ball, a heating-and-rotation method
is developed to fabricate the NNM with the above-determined
geometrical properties.

1) The Force Analysis of Micropipette During Heating Pro-
cess: As shown in Fig. 4(a), when a vertical micropipette tip
is moved close to the heating ball, the side of the micropipette
close to the ball will be heated up at a higher temperature than
the other side. The glass materials of the micropipette at the
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heating point expand vertically, exerting a vertical expanding
force on the other section of the micropipette. As the temperature
of the near side (to the heating ball) of the micropipette is
higher than that of the far side, the expanding force at the
near side Fj, is larger than that of the far side Fj, ;. According
to Newton’s Third Law, the other section of the micropipette
exerts a reaction force on the glass materials at the heating
point. Apparently, the reaction force at the nearside Fj,,, is also
larger than that of the far side F}, s, as the nearside has a higher
temperature. The above reaction force squeezes the hot and soft
glass materials at the heating point in the vertical direction,
enlarging the thickness of the micropipette wall at the heating
point [see Fig. 4(a)], shortening the length of the micropipette in
the vertical direction at the heating point, and finally narrowing
the inner diameter of the micropipette. Meanwhile, with a higher
temperature, the glass at the near side is softer than that at the
far side. Therefore, the increase in wall thickness and shortening
degree of the micropipette length at the nearside are both larger
than those at the far side, finally leading to the micropipette
bending to the heating glass ball as shown in the second subfigure
of Fig. 4(a).

The micropipette is heated after rotating around the central
axis by 180°. The already bent micropipette bends in the opposite
direction, which becomes straight again within a narrow neck.

2) Heating Parameters Determination Based on Heating
Model: To generate the aforementioned geometrical properties
of the NNM, the required heating properties of the commercial
microforge need to be determined first. To achieve this, a heating
model of a micropipette is developed to estimate the temperature
field around the micropipette generated by the heating ball of
the microforge, as shown in Fig. 4(b) and uploaded supple-
mentary video file “Dynamic expanding process of heating field
video.mp4”. The detailed introduction of the heating model and
the determination of heating parameters are given in Sections [V
and V, respectively, of the supplementary file “Supplementary
file.pdf™.

3) NNM Fabrication Based on a Heating-and-Rotation
Method: Based on the above work, a heat-and-rotating fabri-
cation method is developed to generate a narrow neck inside
the micropipette and keep the micropipette straight in the axial
direction. As shown in Fig. 5(a), four heating points A, C, B, and
D with a 90° interval from one to another are selected to fabricate
the NNM. First, the glass ball heats a micropipette at A. When
the micropipette is detected to be bent by 10°, the micropipette
is rotated by 180° around the central axis of the micropipette to
heat the opposite point B, bending the micropipette in the reverse
direction to make it straight again. Then, the micropipette is
rotated by 90° to heat at point C, bending the micropipette again
by 10°. After that, the micropipette is then rotated by 180° to
heat at point D for straightening the micropipette again. The
above heating process is repeated until the inner diameter at the
narrow neck position is detected to be reduced to the determined
value. The reader may find more details of the above process
in the uploaded supplementary video file “Heating-and-rotation
method video.mp4”.

During the above process, the rotation degree of the mi-
cropipette is quantified by a mark on the micropipette holder.

Fig. 5. The fabrication process of NNM. (a) The four heating points of
the heating-and-rotation method. (b) The NNM bends 30° for mounting
on the manipulator. (c)—(f) The fabrication process photos based on the
heating-and-rotation method.

The bending degree and inner diameter at the narrow neck of
the micropipette are calculated by the image processing methods
based on the online-captured microscopic images and confirmed
by the operator through the angle mark in the field of view.
After each two heating steps, when the micropipette becomes
straight again, the inner diameter of the micropipette at the
narrow-necked position is detected through image processing
methods to confirm that an appropriate narrow neck has been
achieved for cell holding. The detailed introduction of image
processing methods for bending degree and inner diameter de-
tection of the micropipette has been introduced in Section VI
of the uploaded supplementary file “Supplementary file.pdf”.
Before being mounted on a micromanipulator, the NNM is
finally bent by 30° using a tweezer after it becomes soft under
heating at a point far away from the narrow neck (point E in
Fig. 5(b)), making its tip horizontal after being mounted on the
manipulator. The micropipette fabrication procedures, including
heating, bending, and straightening at points A and B, are shown
in Fig. 5(c)—(f).

C. The Dynamic Model of Cell Before Held by Narrow
Neck

The cell positioning process is shown in Fig. 6(a) and Fig. S9
in Section VIII of the uploaded supplementary file “Supplemen-
tary file.pdf”. When using an NNM connected to a pneumatic
microinjector to aspirate a target spherical cell, the piston of
the pneumatic microinjector is pulled backward to generate
an aspiration pressure as shown in Fig. 6(a). This aspiration
pressure generates a fluid flow and produces a dragging force to
move the cell. Defining the central axis of the micropipette as
the X -axis direction, the dragging force Fy; can be obtained as

Fy=mci. @

where m, is the mass of the cell; x. is the position of the
oocyte along the X-axis direction of the NNM. According to
Stokes” Law [25] and [26], the dragging force can be calculated
according to

Fy=6mnre(dy — o)A 3)
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Fig. 6. Schematic diagram of cell positioning process and detected cell

results. (a) Schematic of cell positioning. (b) Position and deformation
curves of the cell positioning process with the force analysis in the
contacting state of the cell.

where 7. is the radius of the cell, which is set as 75 pm for sheep
oocytes; @ is the flow velocity of the culture medium around
the cell; 7 is the viscosity coefficient of the culture medium. A
is a correction factor related to the relative dimensions of the
inner wall radius of NNM and the radius of the cell, which can
be calculated according to

re

L= “

rn(ze)

where 7, (x.) is the inner wall radius of the NNM at the cell’s
position. Assuming the gas inside the gas channel between the
piston and the liquid inside the micropipette is the ideal gas
fulfilling the Clapeyron Equation and ignoring the temperature
variation of the gas during the oocyte positioning process, the
pressure variation A P, and the volume variation AV fulfill

PyVy = (Py+ AP)(Vy + AV) (5)

when the piston of the pneumatic microinjector moves, where F
and V) are the pressure and volume at the beginning, respectively.
Changing the representation of (5) to a different way, and due
to Vo > AV, we have
AV AV
AP =—-FPy——— ~ —FPy— 6
AV 0y (6)
For the pressure system, the gas space is enclosed by the piston
and the gas-liquid interface (GLI) inside NNM. Assuming the
positions of position and GLI are x,, and x;, respectively. The
change in gas volume can be obtained as

AV = AV, — AV, = A Az, — AjAx; 7

where AV, is the change in gas volume caused by the movement
of the piston; AVj is the change in gas volume caused by the
movement of GLI; A,, is the cross-sectional area of the channel at
which the piston moves, and A; is the cross-sectional area of the
space inside NNM at the GLI position; Az, is the displacement
of the piston, and Ax; is the displacement of GLI inside the
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TABLE |
POLYNOMIAL FITTING COEFFICIENTS FOR VELOCITY OF NNM IN
(0 pm, 700 pm)

NO. Dy (um) a b c d R?
1 80 0.995
2 90 0.996
3 100 0982  0.0225 457967 0.0405 0.998
4 110 0.996
5 120 0.995
TABLE Il

POLYNOMIAL FITTING COEFFICIENTS FOR VELOCITY OF NNM IN
(700 pm, 950 pum)

NO. Dy, (um) g h R2
1 80 0.995
2 90 0.996
3 100 4.221 x 105  —2.827 x 107 0.998
4 110 0.996
5 120 0.995

NNM. The value of A, and A; can be calculated according to
Ap = 71'7“12) (8)
: ©)

where 7, is the inner radius of the channel at the piston position,
r; is the inner radius of NNM at the GLI. Substituting (7), (8),
and (9) into (6) yields

VOP 7“12j

€Ty = =T
ﬂ'PorZ-z 7“% P

(10)

In the NNM, there is a relationship between the velocity at
the GLI #; and the velocity of the culture medium & ; of the cell
position as

iy = flxe)i (11)

Substituting (3), (10), and (11) into (2) yields
Vo P r2
( O+ ’;x'p> f(xc)—j;c]. (12)

7TP07“Z2 3

6mnr.>

Te =

M (Zc)

The expression of f(z.) is quantified according to the afore-
mentioned microfluidics model. In the model, the mass den-
sity and viscosity coefficient of the culture medium are set to
1008.2 kg/m? and 1.6569 x 103 m?/s, respectively, according
to reference [27]. The geometrical properties of the micropipette
are determined by the aforementioned image processing meth-
ods in Section III(B). To obtain the universal relationship, the
obtained velocity data were centralized and scaled according to

TG T d; . € (0,700 pum]
(d% + h) (zc —700)* +1,  x. €(700,950 pm]
(13)

f(xv) =

The parameters of the fitting results are shown in Tables I, II,
and Fig. S10 in Section IX in the uploaded supplementary file
“Supplementary file.pdf”, respectively.
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D. The Dynamic Model of Cell After Held by Narrow
Neck

After a cell comes into contact with the neck, the culture
medium no longer flows. The generated aspiration pressure A P
and aspiration force Fj, to the cell can be obtained according
to

F, = APS = APrr} (14)

respectively, where S is the cross-sectional area of the inner
space of NNM at the position where the cell is held. In addi-
tion, the target cell is also subjected to supporting force and
friction force exerted by the inner surface of the micropipette in
the X-axis direction. According to Newton’s Second Law, the
acceleration of a cell moving along the X -axis direction can be
obtained according to

_Fp*F‘sx*an

Te =

15)
Me

where F, is the component of cellular frictional force along the

X-axis direction and F),, is the component of supporting force

along the X -axis direction.

E. Robotic Fast Cell Positioning Process in Cell
Transportation

Cell positioning controller design before and after cell holding
is introduced in Section X in the supplementary file “Supple-
mentary file.pdf”. After the NNM is manually moved into the
field of view, a contact detection between the micropipette and
the petri dish bottom is performed to lower the micropipette tip
to the petri dish bottom [28]. Then, the system automatically
scans the oocyte area to conduct a global localization of oocytes
through image stitching [29]. According to the localized cell
positions, the cell is moved into the field of view for the cell
positioning and transportation operation one by one. Based on
the detected cell position and micropipette tip position, the
NNM tip approaches the cell and aspirates it into its open-
ing. During this process, the cytoplasm contour is measured
online to localize the cell and calculate the cell deformation
indicator. The sliding mode motion controller controls the cell
motion before it is held by the narrow neck. After the cell
holding is detected through the cell motion speed, the system
automatically switches to the deformation controller to reduce
the cell deformation indicator to a threshold value. After the
positioning task is conducted, the micropipette moves out the
present droplet, enters the target droplet according to its set
position before the experiment, and then injects the held cell with
positive pressure to finish the cell placement. The detailed cell
positioning process and transportation can be found in the up-
loaded supplementary video file “Robotic oocyte transportation
video.mp4”.

[V. EXPERIMENT RESULTS

In this section, five NNMs with an inner diameter of about
200 pm and about 100 pum at the opening and narrow neck
part, respectively, were fabricated to validate the repeatability
of the proposed fabrication method of NNM in Section III(B).

~400 —
g
2300 - —
2
§ 200 ] e
100 I-:.E.: — -
0
Dn/!E Dn(‘l_) Do/lli DuL‘D L(Mb‘ Ld('D
Fig. 7. Geometrical characterization of the fabricated NNMs. (a)—(e)

Images of five independently fabricated NNMs, showing the consistency
of the fabrication process. (f) Statistical results of the key geometrical
parameters (n = 5 for each group): the inner diameter of the narrow
neck viewed from the A-B plane (D,, 4p) and the C-D plane (D,,cp),
the inner diameter of the opening (D,a5, Docp), and the distance
from the narrow neck to the pipette opening (Lgag, Lacp). The small
variations in these parameters demonstrate the high repeatability and
precision of the proposed heating-and-rotation fabrication method. Error
bars represent standard deviation.

Then, robotic positioning results of sheep oocytes in the MII
stage, which usually have a diameter of 140-160 pum using the
proposed system, were compared with the manual operation
results using a CSM as well as an NNM to evaluate the motion
control errors and cell deformation. Following the NNM fabri-
cation protocol, we further produced thinner NNM:s suitable for
transporting HeLa cells, with opening and narrow neck inner
diameters of 40 um and 10 pm, respectively. These devices
were used for robotic positioning of HeLa cells, and the results
were compared with manual operations in terms of success rate.
Finally, the viability of the oocytes and HeLa cells after a robotic
positioning operation was tested to evaluate the influence of
mechanical harm to the cell during the cell holding process on
the cell viability.

A. Fabrication Results of NNM

The repeatability of inner diameter, section length, and dis-
tance to the opening of the narrow neck of the NNMs was tested
to validate the effectiveness of the proposed heating-and-rotation
method. The NNMs fabrication results (n = 5) are summarized
in Fig. 7.

The inner diameters of each NNM at the narrow neck position
between different heating point pairs were measured through
mouse clicking and compared with each other to estimate the
inner diameter control errors during the heating process. As
shown in the left two bars in Fig. 7(f), the average inner diameter
of five NNMs between the heating point A and B (denoted as
D, ap) and that between heating point C and D (denoted as
D,cp) are (98.87 £ 2.74 um (n = 5) and 99.08.4 £+ 2.76 um
(n = 5), respectively. It can be found that they are both very close
to the set value (100 pum) with average error less than 1.23%,
proving the effectiveness of the inner diameter control of the
heating-and-rotation fabrication method of NNM. Further, it can
be found that the above two values are very close to each other
with an average error of less than 0.21% (p = 0.66, two-tailed
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test), proving the good consistency of inner diameter at narrow
neck position around the axis direction. The above consistency
indicates our method can generate a smooth and consistent inner
surface of narrow neck structure around the axis direction, which
is key for preventing fluidic turbulence.

Further, the inner diameter of the micropipette opening ob-
tained from the A-B point view (denoted as D, p5) and that
obtained from the C-D point view (denoted as D, p) are 201.03
+6.45 pm (n = 5) and 200.94 £ 5.23 um (n = 5), respectively,
as shown in the central two bars in Fig. 7(f), which both are very
close to the initial set value 200 pm (with average error less than
0.51%) and also close to each other. The results demonstrate that
our NNM fabrication method has very limited influence on the
opening size of the NNM.

Moreover, the distances from the narrow neck position to the
micropipette opening of each micropipette are obtained from
different views to validate the repeatability and consistency of
the narrow neck position control error of our fabrication method.
The average distance from narrow neck position to micropipette
opening obtained from A-B point view and that obtained from
C-D view are 503.31 £ 6.45 ym (n = 5) and 501.86 + 4.45 um
(n = 5), respectively, as shown in the right two bars in Fig. 7(f).
It can be found that the above two values are close to each other
with an average relative difference less than 0.29% (p = 0.28,
two-tailed test) and the variations of the above two distances are
less than 1.28%, proving good repeatability and a small control
error of the NNM position of our fabrication method.

B. Robotic Oocyte Positioning Results

The sheep oocytes prepared according to standard protocols
[24] were selected for the robotic positioning task in cell trans-
portation. These oocytes were first aspirated into an aspiration
micropipette with an inner diameter of 200 m and then placed
into the petri dish. Then they were operated one-by-one accord-
ing to procedures introduced in Section III-E. As a comparison,
the oocytes were then manually positioned by an operator with
more than one year of experience using the same NNM and CSM
with a constant inner diameter same as the opening size of the
NNM.

For cell positioning using NNM, successful cell positioning
is considered to be conducted if the target oocyte is finally stuck
by the narrow neck inside NNM. The final positioning error
is defined as the error between the real cell position and the
ideal position in the narrow neck with no cell deformation.
For cell positioning with a CSM, successful cell positioning
is considered to be conducted if the target cell stops at a
position close to the designed position. The positioning error
is defined as the distance between the final cell position and
the designed position. The cell deformation degree ¢ is defined
as the difference between the deformation index of the cell
shown in Eq. (S10) of the supplementary file “Supplementary
file.pdf”. The experimental results of the above three methods
are summarized in Fig. 8.

Experimental results demonstrated our system can position
the oocytes with a 100% success rate (15/15) at an average
speed of 1.06 s/cell. The average positioning error and cell
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Fig. 8. Results of cell positioning experiment. (a)—(d) Cell positioning
process by NNM. (e)—(g) The average operation time, positioning error,
and deformation degree of the robotic method using NNM, the manual
method using NNM, and the manual method using CSM.

deformation degree are 1.89 pixels (10x, 1 pixel = 2.90 pm)
and 2.59% on average, as shown in Fig. 8. The cell positioning
speed is significantly faster than that reported by robotic methods
based on CSMs, such as reference [22] (3.22 s/cell for oocytes),
proving the effectiveness of using NNM to accelerate the cell
positioning speed. The average positioning error based on NNM
is similar to the current level with CSM, such as reference [21]
(3pixels, 1pixel = 2.1 pum), proving that the cell positioning
accuracy using NNM was similar to that of CSM.

In comparison, the manual cell positioning using a CSM only
has a success rate of 81.3% (13/16). The 3 failure cases occurred
when the oocytes disappeared from the CCD’s field of view.
Without a narrow neck to squeeze the cell, the cell deformation
using a straight micropipette has the least cell deformation
among the three methods (0.22%), which is mainly caused by
the image processing errors. However, a lack of narrow structure
to hold the cell during the cell positioning process, the average
operation time of manual cell positioning using a CSM is as long
as 4.30 s/cell, which is the longest among the three methods. The
manual positioning errors are comparatively large, mainly due
to the lack of a cell holding structure inside micropipette and
accurate cell positioning methods.

In comparison to the above two methods, the manual cell
positioning method using NNM operates cells with a success
rate of 100% (15/15) at an average speed of 2.48 seconds/cell,
which is about 233.96% slower than the robotic method. More
importantly, as a lack of cell positioning controller and cell defor-
mation controller in Section III, the average cell deformation and
cell position error of the manual cell positioning using NNM are
6.34% and 5.34 pixels, which are 2.45-folded and 3.15-folded
those of the robotic method, respectively.

In summary, the higher operation speed in comparison to
the two other manual operation speeds proves the effectiveness
of the narrow structure and integrated cell motion controller
for NNM in Section III(C). Besides, the much smaller cell
deformation in comparison to the manual operation results using
NNM proves the effectiveness of the cell deformation controller
in Section III(D).
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Fig. 9. Transportation of a HelLa cell using an NNM. (a) Bright-field
microscopy image of a single Hela cell in suspension. (b) CCD Image
of the fabricated NNM in the microforge. (c) Optical micrograph showing
the successful holding of the HelLa cell by the NNM via aspiration.

TABLE IlI
EXPERIMENTAL RESULTS OF HELA CELL TRANSPORTATION SUCCESS RATE

Method Cell transportation success rate
Manual CSM 53.3% (16/30)
Manual NNM 83.3% (25/30)

Robotic NNM 100% (30/30)

C. Robotic HelLa Cell Positioning Results

This article also tests the capability of NNM for cell trans-
portation from one droplet to another droplet in small-sized
cells (10 pum-level scale). HeLa cells (approximately 20 pm
in size) are a typical small-sized cell as shown in Fig. 9(a).
According to the design principle in Section III, we achieved
the fabrication of NNM for HeLa cell transportation as shown in
Fig. 9(b). Due to the small size of HeLa cells and the small depth
of field under high-power microscopes, HeLa cells are usually
defocused during positioning, so it is difficult to segment the
image and calculate the deformation of HeLa cells. This article
adopts the PID control method to achieve position control of
HeLa cells. Based on NNM, a single HeLa cell is positioned and
held by the narrow neck of NNM, as shown in Fig. 9(c). The
complete cross-droplet transportation video of a single HeLa cell
can be found in the uploaded supplementary video file "Robotic
HeLa cell transportation video.mp4.

As shown in Table I11, the success rate of HeLa cell transporta-
tion using robotic CSM is only 53.3%. This limited performance
is primarily because the CSM lack structural constraints to stop
HeLa cells. Consequently, HeLa cells are prone to be lost from
the field of view, leading to positioning failure and ultimately
resulting in transportation failure. In comparison, the manual
NNM performed by an experienced experimenter with over
1 year of operational expertise achieved a considerably higher
success rate of 83.3%. This improvement can be attributed to the
narrow neck structure of the NNM, which effectively restricts
the movement of HeLa cells. However, some transportation
failures still occurred due to excessive pressure application,
causing HeLa cells to penetrate through the constriction of
narrow neck. Remarkably, the robotic NNM approach achieved
a perfect success rate of 100% (30/30), enabling rapid cell trans-
portation. The average positioning time was approximately 2.1 s
(n = 30), significantly faster than current small-cell aspiration
techniques, while the complete transportation process averaged
6s[21].

Fig. 10. Oocyte culturing results. (a)—(b) A survival oocyte after
12 hours of culture and a dead oocyte after 12 hours of culture.
(c)—(e) Oocytes were cultured for 12 hours after transportation by CSM
manually, NNM automatically, and NNM manually, respectively.

TABLE IV
EXPERIMENTAL RESULTS OF HELA CELL SURVIVAL RATE AFTER CULTURE

Method
Manual NNM
Robotic NNM

Survival rate after 12 hours of culture
84% (21/25)
100% (30/30)

D. Oocyte Culturing Results After Cell Transportation

The survival rates of the three groups of oocytes were tested af-
ter they were operated on by the aforementioned three methods,
respectively, to evaluate the harm caused by the above methods
to the oocyte viability.

The operated oocyte is considered to survive if an integrated
cytoplasm with a clear membrane exists (see Fig. 10(a)) after
12 hours of culture. If the cytoplasm is loose or without a
clear membrane (see Fig. 10(b)), it means the viability of the
oocyte is damaged and the oocyte may be dead. The viability of
the oocyte was also evaluated using fluorescein diacetate [30]
live-cell staining as shown in Fig. S12 of the supplementary file
“Supplementary file.pdf”. According to the observation results
[see Fig. 10(c)], O of 14 oocytes was found with cytoplasm
loose or without clear membrane, which proves a 100% (14/14)
oocyte survival rate of oocytes operated by manual method using
CSM, which is the same to that of the oocytes operated by
robotic method using NNM (100%,15/15) [see Fig. 10(d)]. This
can be attributed to the limited cell deformation of our robotic
method with the cell deformation controller. In comparison [see
Fig. 10(e)], the survival rate of manual operation using NNM
is 86.7% (13/15) due to the larger cell deformation during
cell positioning. The above results demonstrate that our cell
positioning method has no significant damage to the cell survival
rate in comparison to the manual method using a CSM.

E. Hela Cell Culturing Results After Cell Transportation

The survival of HeLa cells was determined by the fluorescein
diacetate method as shown in Fig. S13 of the supplementary
file “Supplementary file.pdf”. As shown in Table IV, following
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manual NNM transportation, the cell viability reached 84%
(21/25) after 12 hours of cultivation. This suboptimal survival
rate can be attributed to the substantial momentum with which
HeLa cells frequently impacted the narrow neck region dur-
ing manual operation, despite the structural capability of the
narrow neck to physically retain the cells. In contrast, the cell
viability of the proposed robotic NNM-based transportation
method reached 100% (30/30), incorporating a controller that
dynamically adjusts the control output in real time, thereby
optimizing the translational velocity of HeLa cells through
the narrow neck. This active motion regulation minimizes me-
chanical impact and effectively reduces cellular damage during
transportation.

V. DISCUSSION

Different from the other current cell positioning methods re-
lying on complicated pressure control algorithms inside a CSM,
this article improved the micropipette fabrication protocols and
developed a narrow-necked micropipette, which uses the special
narrow neck structure to hold the cell and thus “position” it force-
fully. Experimental results demonstrate that the narrow neck
can stop a fast-moving cell immediately by force, significantly
accelerating the positioning process. Meanwhile, the holding of
the cell may generate cell deformation and cause mechanical
stimulation to the cell. Through the designed deformation con-
troller, the aspiration pressure is adjusted after the cell is held
to reduce the cell deformation and potential mechanical harm to
the cell. Besides, the cell survival testing results also proved the
proposed cell positioning method has no significant damage to
cell viability in comparison to the traditional positioning method
using a CSM.

The target cells in this study were porcine oocytes (diameter
~150 pm) and HeLa cells (diameter ~20 pm). The NNM
achieved high success rates (100%) and rapid transport times
(1.06 s for porcine oocytes and 2.1 s for HeLa cells), demon-
strating its capability for cross-scale cell transportation across a
wide size range (~20 to ~150 pm). Due to the power limitation
of the microforge used in this article, it is a challenging task
to fabricate a narrow structure inside a micropipette with an
opening diameter larger than 500 pum. To quickly position the
giant cell larger than the above thresholding value, such as zebra
fish embryos, new fabrication of NNM should be developed. Our
previously developed bilayer micropipette [24] may be an ideal
tool for fast positioning of the giant cells.

It is worth noting that the influences of the cell are ignored in
the computational microfluidic model, as shown in Fig. 3(a)
and (b). Fortunately, the NNM with geometrical properties
determined by the computational model still has a better per-
formance in cell transportation than CSM, which proves the
above simplification may have limited negative influences for
cell positioning control. Besides, our system is only able to
operate one cell at a time due to only one NNM is mounted
in the system. In the future, the narrow neck structure can be
realized in the microfluidic channel, which can be assembled
into a parallel system with multiple channels in a chip. In that
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way, multiple cells are expected to be positioned and transported
in parallel.

The cell dynamics model derived in this article is based on
the Stokes drag formulation, which introduces certain errors
in confined flow fields. However, the core advantage of the
sliding mode controller designed in this article lies in its inherent
robustness to variations in model parameters and unmodeled
dynamics. Consequently, even with some model errors, the sys-
tem’s asymptotic stability remains assured, ultimately validated
by experimental results.

VI. CONCLUSION

This article developed a robotic fast cell positioning method
based on a self-made NNM. Dynamic models of cells before and
after being held by a narrow neck were carried out through fluid
dynamics simulation and force analysis, respectively. Based on
that, a sliding mode controller and a deformation controller
combined are designed for motion control and cell deformation
control, respectively. The experimental results demonstrated that
the method positions the cells at the narrow neck position in
an average of 1.06 seconds, which has a double throughput
of than the traditional methods, with a 100% operation suc-
cess rate, a positioning error of 1.89 pixels and 2.59% cell
deformation degree on average, and no observable harm to the
survival rate of oocytes. Furthermore, cross-droplet transporta-
tion of HeLa cells was successfully achieved, with an average
aspirating time of 2.1 s, a 100% success rate, and 100% cell
viability after 12 hours of cultivation. With the above advan-
tages, the proposed robotic cell positioning method is highly
expected to improve cell transportation efficiency in biological
applications.
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