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Abstract
Cell transportation, using a micropipette to pick and place cells from one droplet to another, is a key step in many cell
engineering applications. However, most of the current cell transportation operations rely on microscope vision
guidance, unsuitable for the future integrated and automated cell engineering applications where microscopic views
are usually missed. The presenting microscopic view-free cell transportation systems are only applicable for special
giant cells due to the bilayer structure of operation micropipettes. In this paper, a robotic cell transportation system
based on micropipette resistance modeling was developed to transport common-sized cells without a microscopic
view. First, a narrow-necked micropipette (NNM) was fabricated for holding the target cell inside the micropipette
during transportation. Then, a gap resistance model, an aspiration resistance model, and an injection resistance model
of the micropipette were developed to land on the cell plane, pick and release the cell without a microscopic view,
respectively. Based on the above work, a robotic transportation process was established to transport the common-
sized cells without a microscopic view. Finally, experimental results demonstrate that the proposed system can land on
the cell plane with 100% success rate. It can transport 10 μm-level sized HeLa cells and 100 μm-level sized porcine
oocytes with efficiencies comparable to common microscopic view-based methods and without harm to cell survival
rate. Our microscopic cell transportation system can be upgraded to a high-throughput version for integrated
automated cell engineering applications in the future.

Introduction
Cell transportation, pick-and-place the target cells from

one place to another with a micropipette, is a key step in
cell engineering applications such as nuclear transplan-
tation1,2, embryo vitrification3,4, cell culturing process5,
cell manipulation and measurement6,7. The cell trans-
portation process is schematically shown in Fig. 1. The
operator usually uses a common straight micropipette to
land on the petri dish bottom where the cells stay, aspirate
one cell into the micropipette, position it at a location
close to the micropipette opening through aspiration
pressure adjustment, move to another droplet and release

the cell with a positive pressure pulse4. The above cell
transportation tasks usually need to be performed under
microscopic view to obtain the positions of cells and
micropipettes. However, there are still many cell engi-
neering applications where microscopic views are not
available while cell transportation tasks are still desired.
For example, in-box cell culturing and operation devi-
ces3,8,9 are key equipment for future integrated and
automated cell engineering applications. Integration of
the microscope inside them is a challenging task due to
the narrow space inside them (see Fig. 1b). However, these
cell transportations are still requisite for medium change
for suspended cells, such as animal oocytes/embryos in
these devices. Besides, for some cells stained by fluor-
escent dyes, over-exposure of them under bright field may
lead to photobleaching issues10,11, which may cause extra
difficulties in the observation of the target cells after
transportation. Thus, the transportation of these stained
cells under dark conditions without a microscopic view is
preferred to prevent photobleaching issues. For the above
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applications, the microscopic view-free cell transportation
systems are highly desired.
In recent years, automated cell transportation system

research has made significant progress. For example,
Zhang et al. proposed a single sperm aspirating and
positioning technique inside a micropipette and achieved
closed-loop robust control of sperm dynamics12. Shan
et al. 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
positioning9. Zhao et al. used an extended state observer
(ESO)-backstepping controller to control cell movement
for precise cell positioning in a micropipette13. Sun et al.
realized precise aspiration and positioning of microbeads
based on the dynamics of spherical cells inside and

outside the micropipette14. Zhang et al. modeled the
dynamics of embryo motion and developed a linear
quadratic regulator controller to pick multiple embryos
one by one into the micropipette for embryo vitrifica-
tion15. However, the micropipettes utilized in these sys-
tems are still the common straight micropipettes with
constant inner diameters. Due to the lack of structure in
the common micropipette to quickly stop and hold the
aspirated cell by force (as shown in Fig. 1b), the cell
positioning inside the micropipette needs to be realized by
repeatably adjustment of aspiration pressure through
microscopic view-based cell motion control methods. The
microfluidic devices have been designed to conduct
cell holding and solution exchange tasks inside micro-
fluidic chips16–18. In comparison to traditional cell
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Fig. 1 Schematics: cell transportation for cell engineering applications. a Traditional cell transportation procedures and system setup.
b Micropipettes used in microscopic view-free cell transportation for in box cell engineering applications
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transportation methods, these devices can save some
microscopic visual-based steps, such as cell positioning
and the travel of cells from old droplets to new droplets.
However, the target cell picking and solution exchange
tasks still need to be performed under microscopic view
feedback. Relying on a microscopic view limits the
applications of the above automated cell transportation
systems in future integrated in-box cell engineering
applications.
From the above analysis, a new micropipette with a

special structure to stop and hold the cell by force is
required to transport the cell without microscopic view
feedback. Using a common straight micropipette with an
opening size smaller than the cell size can hold the cell at
its opening16,19, and thereby, saving the cell positioning
and holding problems. However, in that way, part of the
cell membrane will be exposed outside when the micro-
pipette passes through the space between two droplets. As
the space among droplets is usually an oil and air envir-
onment, the exposed cell membrane may be dissolved or
oxidized by oil or the air20. To protect the cell and
meanwhile solve the positioning and holding tasks, the
cell is preferred to be stopped and held inside the
micropipette during transportation. To achieve this, a new
narrow-necked micropipette (NNM), with a larger open-
ing to aspirate cells in and a small inner diameter inside
the micropipette to hold the cell, is required for trans-
porting cells. In previous research, we have assembled a
bilayer micropipette by inserting a thinner glass tube into
a thicker one from behind21. The bilayer micropipette can
aspirate the cell into the larger opening of the outer thick
tube and hold the cell with the smaller opening of the
inside thin tube, as shown in Fig. 1b. However, due to
their small diameter (hundreds of microns) and relatively
long length (centimeter size), the crush between the two
micropipettes easily occurs during the assembling pro-
cess, which easily breaks the two glass tubes. At present,
only a thick enough bilayer micropipette with an inner
diameter of 1 mm and an outer diameter of 1.5 mm was
successfully assembled for transporting 1-mm-level-sized
giant cells, such as zebrafish embryos, in our previous
research. For the common-sized cells, such as 100-μm-
level-sized domestic oocytes and 10 μm-level-sized
somatic cells, a new thin, narrow-necked micropipette
needs to be designed and fabricated.
Even with appropriate narrow-necked micropipettes

suitable for small cells, key steps in cell transportation,
such as landing on the petri dish bottom, picking, and
releasing the cell, still need to be realized without a
microscopic view. With a microscopic view, the landing
task can be realized through first autofocusing of the cell
and then lowering the micropipette to the focal plane of
the cell22. As the cells usually stay at the bottom of the
petri dish, Wang et al. introduce a contact detection

method between the micropipette tip and the petri dish
bottom based on the prolongation of the tip after it
contacts the bottom23. Unfortunately, the prolongation
detection still relies on a microscopic view. The com-
pressing force on the bottom exerted by the micropipette
tip can be utilized to judge the contact between them
without a microscopic view21. However, when the
micropipette tip becomes thinner, the contact force
decreases significantly and may become too slight to be
detected due to the resolution limitation of microforce
sensors. Further, lowering down the tip, although it can
increase the contact force, may also increase breaking
incidence possibility of the thin micropipette tip.
Addressing this, a noncontact landing detection of the
micropipette tip to the petri dish bottom is required to
prevent the breakage of the thin micropipette tip.
Besides the landing detection, the holding and release

detections also need to be realized without microscopic
view feedback. In time holding detection can stop further
aspiration pressure increase, which may cause further
mechanical harm to cell by the squeezing of the narrow
neck after cell holding. Realtime release detection can
prevent too much medium being released into the new
droplet, reducing the contamination incidences in the
new droplet. When the cell is held and released by the
micropipette, the variation speed changes of pressure
inside micropipette resulting from the blockage and
reopening of the gas channel have been utilized to judge
the holding and release21. However, the above pressure
variation speed changes are positively correlated with the
opening size of the micropipette. In previous study, we
found that when the inner diameter of the micropipette is
less than 300 μm, the above pressure variation speed
changes become too weak to be detected by commercial
pressure sensors21,24,25. For the thinner micropipettes for
transportation of common cells with diameter less than
300 μm, new detection methods of cell holding and
release are still required for microscopic view of free cell
transportation. The detailed summary of the related
research work is presented in Table 1.
In this paper, a robotic cell transportation system was

developed to transport common-sized cells without a
microscopic view. First, an NNM was fabricated through a
heating and rotating method to hold the cell inside the
micropipette during transportation. Then, a gap resis-
tance model of the tilting NNM approaching the petri
dish bottom was developed to guide the former to land on
the latter without microscopic view feedback. Further, an
aspiration resistance model of the NNM was developed to
hold and release the cell without microscopic view feed-
back. Based on the above work, a robotic micropipette
resistance-guided transportation process was developed
for transporting common-sized cells without a micro-
scopic view. Experimental results demonstrate that the
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proposed system can land on the petri dish bottom with a
100% success rate. It can transport 10-μm-level sized
HeLa cells and 100-μm-level sized porcine oocytes with
efficiencies comparable to traditional microscopic view-
based methods. The viability testing results demonstrate
no harm to the cell survival rate of our system. Our
microscopic cell transportation system can be upgraded
to a microfluidic version, which is able to perform high-
throughput cell transportation for integrated and auto-
mated cell engineering applications in the future.

Materials and methods
Narrow-necked micropipette (NNM) design and fabrication
for robotic transportation of common-sized cells
As shown in Fig. 2a, to fabricate an NNM from a

common straight micropipette, three key geometrical
parameters of NNM include the inner radius at the
micropipette opening DO, inner radius at the narrow neck
position DN and the distance between the micropipette
opening and narrow neck position dON.
The value of DO should be larger than the target cell size

in order to aspirate the latter in. However, the large DO
may cause too long a time and too much energy to gen-
erate a narrow neck inside a micropipette, which needs to
be smaller than the size of the target cell. Through a large
number of tests, the inner diameter of the micropipette
opening is set as 1.2-folded cell diameter to aspirate the
cell into it.
For the inner radius of the narrow neck DN, on one

hand, it should be large enough to generate a large
enough aspiration pressure to aspirate the target cell into
the micropipette opening. On the other hand, a too large
DN may fail to hold the cell at the narrow neck position.
The maximum value of DN is determined by the max-
imum aspiration pressure and the size of target cell
according to our previous study. The detailed determi-
nation process of DN has been provided in Section 1 of the
Supplementary file.
Furthermore, the liquid stored between the micropip-

ette opening and the narrow neck position will be injected
into the new droplet during the release of the cell.
Therefore, a too large dON increases the amount of liquid
introduced to the new droplet from old droplet in cell
transportation, increasing the contamination rate in new
droplet. Meanwhile, a too-small dON could not provide
enough space to save the cell body during the cell trans-
portation. According to fabrication results using our
commercial microforge equipping a glass heating ball
with a 250 μm diameter, the length of the generated
narrow neck section is usually about 2–3 folded DO to
transport 10-μm-sized somatic cells. For NNMs to
transport 100 μm-sized oocytes, the length of the narrow
neck section is about 2–3 folded DO. Considering the
above points, the dON of NNMs for 10 μm-sized somaticTa
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cells and 100 μm-sized domestic oocytes are set as the
4-folded and 3-folded DO, respectively.
Detailed methods for fabricating the NNMs for trans-

portation of 10 μm-level and 100 μm-level sized cells are
presented in Section 4 of the Supplementary file.

Robotic microscopic view-free cell transportation
system setup
The proposed robotic cell transportation system is

developed within our laboratory21. The system setup is

shown in Fig. 2d. The proposed robotic cell transportation
system consists of five units, namely the Motion control
unit, Cell transportation unit, Pressure control unit,
Micropipette resistance detection unit, and Host com-
puter unit. The pressure control unit functions to provide
and monitor the pressure inside the micropipette, and it is
composed of a motor, an in-house developed micro-
injector13,26,27 and a pressure sensor (PXM459-
350HCG485-5V, OMEGA) with a resolution of 10 Pa.
The specific functions of each unit of the robotic cell

DO

Cell transportation unit

Oocytes Micromanipulator

Microforce sensor

Pressure control unit

Host computer unit

Micropipette resistance 
detection unit

Motion control unit

Manipulator controller

A
B

C

D
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b c

d
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Motor Microinjector
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Fig. 2 The fabrication process of narrow-necked micropipette (NNM) and system setup of robotic cell transportation system. a Three key
geometrical parameters of NNM, the inner radius at the micropipette opening DO, inner radius at the narrow neck position DN and the distance
between the micropipette opening and narrow neck position dON. b The heating devices and four heating points to fabricate NNM from common
straight micropipette. c The operation procedures of heating-and-rotating process to fabricate NNM. d Hardware device and information
communication process in the robotic cell transportation system
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transportation system are detailed in Section 6 of the
Supplementary file.

Landing detection of micropipette tip based on gap
resistance model
The measured impedance of the micropipette electrode

after it enters the extracellular liquid and before it con-
tacts any targets such as the cell or the petri dish bottom
is termed bath impedance28. This section presents a
landing detection method of the micropipette tip based on
the gap resistance model. An electrical model of the
micropipette landing process is established, analyzing
resistance trends at the micropipette tip before and after
landing. Real-time measurement of the liquid’s electrical
resistance enables automatic detection of electrically
guided micropipette landing. The detailed content is
presented in Section 7 of the Supplementary file. The
liquid composition exerts a significant influence on the
measurement results of micropipette resistance. The type
and composition of the liquid are presented in Section 8
of the Supplementary file.

Aspiration and injection resistance modeling for cell
holding and release detection
This section presents a method for cell holding and

release detection based on aspiration and injection resis-
tance modeling. The detailed content is presented in
Section 9 of the Supplementary file.

Robotic cell transportation process without
microscopic view
Based on the above work, a robotic visual cell trans-

portation process is established as shown in Fig. S3. To
save the paper length, the detailed introduction of the
robotic cell transportation process and control diagram
has been provided in Section 10 of the uploaded supple-
mentary file “Supplementary file.pdf”.

Results
A series of experiments are conducted in this section to

validate the effectiveness of the proposed work in this
paper. First, landing experiments of NNMs with different
opening diameters were conducted to determine the size
ranges of NNM openings suitable for gap resistance-based
landing detection methods. Then holding and release
experiments on NNMs with different narrow neck dia-
meters were conducted to determine the inner diameter
range suitable for micropipette resistance-based detection
of cell holding and release. Further, robotic transportation
experiments on HeLa cells and porcine oocytes were
conducted to test the performance of our robotic trans-
portation system on 10 μm-level sized and 100 μm-level
sized cells. Finally, viability tests were conducted after
transportation to evaluate the potential harm to cells.

Landing detection experiments based on micropipette
resistance and based on contact force
Six NNMs with an inner opening diameter ranging from

10 μm to 60 μm with an interval of 10 μm. The inner
diameter of the narrow neck of each micropipette is set as
0.6-folded opening diameter, which is close to the deter-
mined value in our previous study21. Each micropipette
was mounted with a tilt angle of 45°. Each micropipette
tip moves down to contact the petri dish bottom under
the microscope at a constant speed of 10 μm/s. The
landing experiments were conducted under microscope,
with microscopic view to confirm the contact between the
micropipette tip and petri dish bottom. When a hor-
izontal motion of the micropipette tip is detected through
the tip detection method in our previous research22,
which means the micropipette tip has touched the petri
dish bottom, the recorded resistance of all micropipettes
before and after the contact was plotted as shown in
Fig. 3a.
It can be found that micropipette resistance basically

remains constant at first because the micropipette resis-
tance is too small to detect its variation when micropip-
ette tip is still far away from the bottom, according to Eq.
(16) in the Supplementary file. A significant rise in mea-
sured micropipette resistance occurs when the micro-
pipette tip is close to the bottom before contacting it. It
can be found from Fig. 3b that the above increase
amplitudes reduce with the increase of opening diameter
of the micropipette. When the diameter of the micro-
pipette opening increases up to 50 μm, the above increase
becomes too weak to be detected by our resistance
recording system. After contact, the micropipette keeps
moving downward and the measured micropipette resis-
tance basically keeps constant or slight decrease when the
micropipette opening diameter is larger than 50 μm. The
above trend is in accordance with the analysis results in
the section “Landing detection of micropipette tip based
on gap resistance model”.
In summary, the resistance variation measured by our

system becomes too weak to be detected for landing
detection when the micropipette diameter increases up to
50 μm. A new landing detection method is required for
NNMs with an opening diameter larger than 50 μm.
To test the contact force of NNMs for 10 μm level-sized

somatic cells, five of the above six NNMS with opening
diameters varying from 10 μm to 50 μm with an interval
of 10 μm were selected for the landing detection experi-
ments through contact force. Besides, to test the contact
force of NNMs for 100 μm level-sized domestic oocytes,
NNMs with opening diameter varying from 50 μm to
800 μm with an interval of 100 μm were prepared for
landing detection results.
Before micropipette landing on the petri dish bottom,

the force sensor below the petri dish bottom is set to zero.
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Then, after the micropipette tip contact is detected
through horizontal motion of the micropipette tip, the
detected force before and after the contact are plotted.
The full results of all micropipettes are shown in Fig. 3c. It
can be found that the contact force correlated positively
with the opening diameter. When the opening diameter is
less than 30 μm, the generated contact force after landing
is too slight to be detected by our force sensor.
In summary, it can be found that for NNMs with an

opening diameter larger than 50 μm, the contact force is a
better indicator for landing detection. For the NNMs with
an opening diameter of less than 30 μm, the micropipette
resistance is a better indicator for landing detection. For
the NNMs with an opening diameter between the above

two threshold values, either of them can be utilized for
landing detection.

Cell holding and release experiments of NNMs
To facilitate the blockage of NNM with different sizes, a

series of NNMs with narrow necks fabricated at the
opening are prepared for cell holding and release
experiments. As the distance between the opening and
narrow neck is only 3–4 folded cell diameter, which is far
less than the length of the whole micropipette, the resis-
tance of the liquid between the opening and narrow neck
is far less than the whole liquid resistance inside NNMs
RE2 in Eq. (13) in the Supplementary file, which can be
ignored in the cell holding and release process. Thus,
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when the narrow neck is fabricated at the opening of the
micropipette, the detected resistance of the NNM can be
treated as equal to a normal NNM with a narrow neck
fabricated inside the micropipette, which means these
NNMs can be utilized to test the proposed micropipette
resistance-based cell holding and release method.
Five NNMs with inner diameter of narrow neck (which

is also the micropipette opening) varying from 10 μm to
50 μm with an interval of 10 μm, and seven NNMs with
inner diameter of narrow neck varying from 100 μm to
400 μm with an interval of 50 μm were prepared for the
holding and release experiments. In the holding and
release experiments, the NNMs with narrow neck sizes of
10 μm and 20 μm were utilized to hold and release the
HeLa cells (with a diameter of 10-30 μm). The NNMs
with narrow neck sizes varying from 30 μm and 100 μm
were utilized to hold and release the porcine oocytes (with
a diameter of about 150 μm). The NNMs with a narrow
neck size larger than 100 μm were utilized to hold and
release the zebrafish embryos (with a diameter of about
1 mm). The experiments were conducted under a
microscope just for confirmation of the holding and
release of the cell.
Figure 4 shows the resistance variation of NNMs during

holding and release. It can be found that a sudden
increase and decrease of the micropipette resistance were
found for all micropipettes with different inner diameters
of the narrow neck, which are in accordance with the
analysis results in the section “Aspiration and injection
resistance modeling for cell holding and release detec-
tion”. The increase and decrease amplitudes of the
micropipette resistance decrease as the increase of the
inner diameter of narrow neck, as shown in Fig. 4b, c. This
is mainly because of the following two reasons. First, the
initial bath resistance of the micropipette decreases as the
section area of the micropipette increases with the
increase of the narrow neck size. Second, the quality of
the seal between the cell membrane and narrow neck
decreases as more gaps may be formed as the increase of
contact area between the micropipette opening and cell
surface, which reduces the top resistance value after cell
holding.
In summary, all NNMs with an inner diameter of nar-

row neck from 10 μm to 400 μm show detectable increase
and decrease of the micropipette during holding and
release of the cell. Thus, the micropipette resistance of
NNMs can be utilized for holding and release detection
without a microscopic view.

Robotic transportation experiments on somatic cells and
domestic oocytes
A total number of forty HeLa cells were prepared to

validate the effectiveness of the proposed robotic trans-
portation process for 10 μm level-sized somatic cells. The

HeLa cells were prepared according to standard protocols
given in Section 3.1 of the uploaded supplementary file
“Supplementary file .pdf”. Forty HeLa cells were randomly
divided into two groups (twenty cells /group). The first
group of cells was transported using the proposed
methods in the section “Robotic cell transportation pro-
cess without microscopic view”. The microscopic view is
provided not for transportation guidance but only for
monitoring experimental processes and confirmation of
experimental results. The second group of cells was
transported by a common micropipette according to a
previously developed automated transportation method
based on microscopic view13. The operation process and
detected micropipette resistance in landing, holding, and
release are shown in Fig. 5a.
Eighteen of twenty HeLa cells were successfully trans-

ported from one pit to another through observation
results in two pits after experiments, with a success rate of
90% (18/20). It is higher than the 55% (11/20) transfer
success rate achieved by the conventional method.
Meanwhile, this result is also higher than the 83.3% (25/
30) transfer success rate achieved by the manual trans-
portation method using NNM and the 53.3% (16/30)
transfer success rate achieved by the previous robotic
transportation method using CSM29. Experimental results
of Hela cell transportation success rate with different
methods are presented in Table 2. Through a recorded
microscopic view of the operation process, two failures
occur because they adhere to the micropipette surface
during the searching process, leaving them to the previous
droplet by the interface force between the previous dro-
plet and the paraffin oil covering it when the micropipette
leaves the previous droplet. For the eighteen cells which
are successfully transported, the average operation time is
20.1±1.8s/cell (n = 18), which is faster than the manual
microscopic view-based method using a common
micropipette (28.3±3.3s/cell). For our method, about 63%
of the time is spent in cell searching and moving from one
droplet to another. For the cell positioning task, which is
usually time-consuming for the traditional cell transpor-
tation task, the responding cell holding time in our
operation, defined as the time from the moment micro-
pipette resistance starts to increase to the moment it stops
increasing, is only about 2 s according to Fig. 5a, which is
faster than13 is the shortest among related microscopic-
view based method, which costs about 3 s on average for
micro beads with similar size to HeLa cells in13. The
above results demonstrate that our method can effectively
reduce the cell positioning time in comparison to the
traditional microscopic view-based method. This is
mainly because the NNM can stop the cell by force with
its narrow neck. The detailed robotic transportation of
HeLa cells is provided in the uploaded supplementary file
“Robotic transportation of HeLa cells .mp4”.

Zhao et al. Microsystems & Nanoengineering           (2026) 12:65 Page 8 of 13



A total of forty porcine oocytes were prepared to vali-
date the effectiveness of the proposed robotic transpor-
tation process for 100 μm-level-sized domestic oocytes.
The porcine oocytes were prepared according to standard

protocols given in Section 3.2 of the Supplementary file.
Forty porcine oocytes were randomly divided into two
groups (twenty oocytes/group). The first group of cells
was transported using the proposed methods in the
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Fig. 4 Results of cell holding and release experiments of NNMs. a Resistance value changes in micropipettes with different inner diameters
before and after aspiration and release. b The increase amplitudes of the micropipette resistance reduces as the increase of inner diameter of narrow
neck. c The decrease amplitudes of the micropipette resistance reduces as the increase of inner diameter of narrow neck
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section “Robotic cell transportation process without
microscopic view”. The second group of cells was trans-
ported by a common micropipette according to a pre-
viously developed automated transportation method
based on microscopic view13. The transportation process
and detected micropipette resistance and contact force in
landing, holding and release are shown in Fig. 5b.
Nineteen of twenty oocytes were successfully trans-

ported from one pit to another through observation
results in two pits after experiments, with a success rate of
95% (19/20). It is higher than the 80% (16/20) transfer
success rate achieved by the conventional method. The
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Fig. 5 Robotic transportation results of HeLa cells and porcine oocytes and cell viability test results. a The microscopic images of
micropipette landing, HeLa cell holding and release, and the corresponding resistance curves of these three processes. b Microscopic image of
micropipette landing, oocyte holding and release. and the corresponding resistance curves of these three processes. c The bright field images of
HeLa cells and oocytes cultured for 24 h after transportation, and the corresponding fluorescent field images stained with FDA

Table 2 Experimental results of Hela cell transportation
with different methods

Method Cell transportation

success rate

Average

operation time

Robotic CSM29 53.3% (16/30) –

Manual NNM 83.3% (25/30) –

Conventional

method13
55% (11/20) 28.3 ± 3.3 s/cell

Our method 90% (18/20) 20.1 ± 1.8 s/cell
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detailed robotic transportation of porcine oocytes is
provided in the uploaded supplementary file “Robotic
transportation of porcine oocyte .mp4”. One failure
occurs because two oocytes adhere to each other during
cell picking, making one stay outside of the NNM opening
and left in the previous droplet. For the nineteen cells that
are successfully transported, the average operation time is
24.3 ± 5.2 s/cell (n= 19), which is comparable to the
microscopic view-based methods (about 25 ± 3.1 s/cell).
The cell positioning time is only about 1 s. This control
time is faster than the results of porcine oocytes reported
in ref. 13, which is about 3 s/cell, and totally comparable to
the embryos positioning time of the linear quadratic
regulator (LQR) controller in ref. 15 (about 1 s on average),
which is fastest in microscopic view according to our
knowledge.

Cell viability testing results
Ten HeLa cells and ten porcine oocytes operated by our

robotic transportation method were cultured to evaluate
the viability of these cells. In comparison, the same
number of HeLa cells and porcine oocytes were trans-
ported by common straight micropipettes with a micro-
scopic view, and the same number of cells not transported
were also cultured to test their viabilities.
After 24 h culture, the HeLa cells and porcine oocytes

were stained by the fluorescein diacetate (FDA) to observe
whether the cells were still alive. The FDA fluorescent dye
molecules can combine with active lipases in living cells
and be hydrolyzed into fluorescent fluorescein, accumu-
lating in the cells and emitting green fluorescence upon
stimulation. The HeLa cells and porcine oocytes with
green fluorescence are considered alive (see Fig. 5c). Else,
they are treated as dead cells. The culturing results
demonstrate that 9 of 10 HeLa cells and 10 of 10 porcine
oocytes are alive after being operated on by our methods,
showing 90% and 100% survival rates. In comparison,
100% (10/10) and 90% (9/10) survival rates of HeLa cells
and porcine oocytes were achieved by a microscopic view-
based method. For HeLa cells and porcine oocytes with-
out transportation, the survival rates are all 100%.
The above results demonstrate that our microscopic-

view-free method based on NNMs has a comparable
survival rate in comparison to the traditional microscopic-
view-based method using a traditional straight micro-
pipette. This means our cell transportation method has
limited harm to the cell survival rate.

Discussion
The common straight micropipette with a constant

inner diameter lacks a structure inside the micropipette to
stop the aspirated cell by force. Thus, the cell has to be
positioned carefully by repeated adjustment of the
aspiration pressure inside the micropipette. The above

restrictions of common straight micropipettes limit their
applications in cell transportation. This paper fabricated
an NNM to hold the cell at the narrow neck position by
force. Apparently, the cell holding can generate some cell
deformation and mechanical stimulation to the target cell.
Unfortunately, through setting an appropriate increase
threshold of micropipette resistance to stop the aspira-
tion, the generated cell deformation can be limited, which
has been validated by the cell viability testing results in the
section “Cell Viability Testing Results”. Further, by setting
an appropriate decrease threshold of micropipette resis-
tance during cell release, the volume of liquid released to a
new droplet can be limited to reduce the potential con-
tamination problems.
At present, due to the power limitation of the micro-

forge, the proposed heating and rotating fabrication
method can only fabricate the NNMs with an opening
diameter suitable for transporting 10-μm-level-sized
somatic cells and 100-μm-sized domestic oocytes. For
giant cells such as fish eggs, the bilayer micropipette made
by inserting a thinner micropipette into a thick one can
provide a large enough opening diameter for transporting
the above giant oocytes. By equipping the bilayer micro-
pipette, our system is expected to transport all cell types
from 10-μm-level size to 1-mm-level size.
At present, the proposed gap resistance model can only

detect the landing of a micropipette with an inclined
angle. For the micropipette with the tip bent by a certain
degree to let its tip be parallel with the horizontal plane,
no gap resistance can be detected using our model. For-
tunately, the above horizontal micropipette may not be
suitable for a microscopic view-free cell transportation
task because the horizontal tip of the micropipette may
squeeze the target cell during the landing process. Thus,
the gap resistance model is still suitable for landing
detection for micropipette use in microscopic view-free
transportation of cells.
The mechanical properties of the target cells, such as

the cell stiffness and frictions on the cell surface, have
significant influences on the resistance values detected
during both holding and release processes. During cell
holding, an excessively low Young’s modulus can lead to
excessive cell deformation under negative pressure,
causing the cell to be completely aspirated into the
micropipette. This not only prevents normal resistance
signal measurement but also reduces the amplitude of the
detected resistance variation, compromising the reliability
of the cell holding detection. Further, the friction of the
cell surface can also influence resistance measurements. If
the friction between the cell surface and the narrow neck
is large, the cell surface tends to adhere tightly to the
inner wall of the narrow neck, significantly reducing the
gap between them. According to Eq. (28) in the Supple-
mentary file, this reduced gap increases the gap resistance
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REC2, combined with Eq. (27) in the Supplementary file,
the total resistance REC during cell holding correspond-
ingly increases, making the rise in electrode resistance
during holding more pronounced. Similarly, during cell
release, the decrease in electrode resistance becomes
more pronounced, facilitating both holding and release
detection. Future work will systematically investigate the
effects of these cellular mechanical properties and
micropipette-cell interfacial friction characteristics on
transportation performance to further improve the
robustness and applicability of the system. In addition, the
effects of environmental conditions such as temperature
and humidity on the robotic transportation experiments
have not been analyzed in detail. The temperature and
humidity of the experimental environments will be
adjusted in future studies to further explore their poten-
tial effects on the accuracy of electrical resistance
measurements.
The quality of the seal between the micropipette and the

target cell affects both holding and release-detection
based on the resistance model. Specifically, Eq. (28) in the
Supplementary file indicates that if the cell adheres tightly
to the inner wall of the micropipette with a good seal, the
gap between them will be significantly reduced, thereby
increasing the gap resistance REC2. Combined with Eq.
(27) in the Supplementary file, during cell holding, the
total resistance increases correspondingly, resulting in a
more apparent rise in the micropipette electrode resis-
tance. Similarly, when the seal between the micropipette
inner surface and the target cell is strong, the decrease in
electrode resistance during release becomes more pro-
nounced, facilitating timely and accurate detection of
release events. Conversely, if the seal between the cell and
the micropipette wall is insufficiently tight, resulting in a
larger gap, the resistance changes during both cell holding
and release are reduced, which increases the difficulty of
achieving reliable detection based on resistance variations.
Therefore, good sealing quality is an important condition
for ensuring the sensitivity and reliability of the holding
and release detection method in this manuscript.
To enhance operational efficiency, the following opti-

mization strategies can be implemented in the future:
first, multiple target cells can be stored in a thick
micropipette prior to the experiment and injected out of
the storage micropipette one by one in cell transportation,
thereby reducing the time spent on searching for target
cells within droplets and accelerating the whole transfer
speed. Second, the distance between droplets can be
optimized to shorten the distance between the source
droplet and the target droplet, further improving the
execution efficiency of the transportation system. To
enhance cell transfer success rates, utilizing higher-
sensitivity microforce sensors to accurately detect mini-
mal contact forces can improve the detection accuracy of

micropipette tip landing on the bottom of the peri dish,
reducing operational errors, and thereby increasing the
success rate of the cell transportation. Besides selecting
amplifiers with superior performance to enhance the
sensitivity of the resistance detection system enables the
system to accurately capture minute resistance changes
during cell holding and release, thereby further improving
system stability and transportation success rates.
At present, our system still uses traditional cell opera-

tion tools such as micropipettes to transport cells, which
makes it hard to form a parallel system due to the limited
number of micropipette holding devices. As the resistance
detection and pressure control can be realized through
microfluidic devices fabricated by micro-electro-
mechanical systems (MEMS) technique, our system can
be upgraded to a parallel version to improve the operation
through put in the future. With the small size of the whole
microfluidic system, the future version is highly expected
to be utilized in the full in-box cell culturing and opera-
tion system in the future.

Conclusion
This paper proposed a robotic cell transportation sys-

tem to transport common-sized somatic cells and oocytes
without microscopic view. A narrow-necked micropipette
(NNM) was fabricated to hold and release the cell inside
the micropipette during transportation. A gap resistance
model, an aspiration and injection resistance model of the
NNM were developed for landing on the petri dish bot-
tom, holding, and releasing the cell without microscopic
view feedback. Based on the above work, a robotic
resistance-guided transportation process was developed
for transporting common-sized cells without a micro-
scopic view. Experimental results demonstrate that the
proposed system can land on the petri dish bottom with
100% success rate. It can transport 10-μm-level-sized
HeLa cells and 100-μm-level-sized porcine oocytes with
efficiencies comparable to common microscopic view-
based methods. The culture results and viability testing
results demonstrate no harm to the cell survival rate. Our
microscopic cell transportation system can be easily
upgraded to a microfluidic version, which is able to per-
form high-throughput cell transportation for integrated
and automated cell engineering applications in the future.
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