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Abstract—Double patch clamp technique, using two mi-
cropipette electrodes to patch and measure electrophysiological
signals of two neurons, is essential for investigating the functional
connections between neurons in brain. However, the interactive
mechanical disturbances from the dual-micropipette motions
inside viscoelastic brain tissue cause dynamic drifts of neurons,
making double patching low efficiency and challenging. In this
paper, an interactive mechanical modeling of two micropipettes
approaching two cells in elastic environment was established
to estimate the dynamic drift of the cells. Based on that, a
synchronous descent strategy, an appropriate relative position of
two cells, and an online trajectory plan of two micropipettes were
determined to improve double patch clamp efficiency. Finally, a
robotic double patch clamp operation process was established for
functional connectivity measurement between neurons in brain
slice. The effectiveness of the proposed work is validated through
both finite element modeling and experiments. The double patch
clamp experiments on neurons in visual cortex demonstrate that
our method achieves a 40% improvement in success rate and
a 38% improvement in speed in comparison to the traditional
manual method. With the above advantages, diverse functional
connectivity activities between neurons were found using our
system, paving a solid ground for further research.

Note to Practitioners—The double patch clamp technique is
a critical tool for studying the functional connectivity between
neurons. However, its practical applications remain limited due
to the difficulty of controlling the approach of two micropipettes
to the cells, as cell drift induced by interactive mechanical
disturbances often results in low success rates and a time-
consuming process. This paper models the interactive mechanical
disturbances between micropipettes and cells, and applies a
synchronous descent strategy, an appropriate relative position
of two cells, and an online trajectory plan of two micropipettes
to reduce drift of cells. Through finite element modeling and
experimental validation, the proposed method increases both
the speed and success rate of double patch clamp experiments,
and the experimental results show that the proposed method
reduces dynamic drift by approximately 20%. For practitioners
in neuroscience and biomedical engineering, this system provides
a practical solution to reliably obtain dual-neuron recordings,
enabling more efficient investigations of functional connectivity
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between two neurons in brain tissues. Future efforts will aim to
extend the applicability of its motion control to more complex in
vivo settings, where coordinated control of multiple micropipettes
is required.

Index Terms—Double patch, functional connectivity, microop-
eration, robotic patch clamp, robotic cell manipulation.

I. INTRODUCTION

THE functional connectivity net among neurons is the
basis of normal functions of neuron systems such as

perception, cognition and memory formation [1], [2]. Many
neuron system diseases, such as Alzheimer’s disease and
frontotemporal dementia [3], [4] have been proved to be
related with abnormal functional connectivity among neurons.
The functional connectivity measurement may provide a solu-
tion for pathological and pathogenic mechanisms research of
the above neuron system diseases, and further, finding their
potential treatment methods.

Since invented by Erwin Neher and Bert Sakmann in 1976
[5], patch clamp technique has become the “golden standard”
for electrophysiological research of neurons due to its quan-
titative electrical stimulation and picoampere-level measure-
ment accuracy with ms-level sampling intervals [6]. Specially,
double patch clamp technique, using one micropipette to
electrically stimulate one neuron and the other electrode to
record the responding electrical signals of another neuron, is
a key technology for measurement on functional connectivity
between two neurons.

Taking the double patch clamp operation in brain slice as
an example, the two micropipette electrodes need to pass
through the brain tissue environment to approach and contact
the two target neuron, aspirate part of cell membrane into
micropipette opening to form a giga Ω-scale seal (gigaseal)
and then break the aspirated cell membrane (break-in) to
for recording the whole-cell signals. The above operation
process is schematically shown in Fig. 1. To operate the two
target neurons in brain slice, the operator has to move two
micropipettes step by step toward to the two target cells one by
one according to the visual feedback in brain slice in manual
operation. As the brain tissue environment is viscoelastic,
when one micropipette moves inside to approach its target
cell, the generated environmental deformation not only causes
the drift of its target cell, but also lead to the drift of the
target cell of the other micropipette electrode, and vice versa.
In summary, the above interactive mechanical disturbances
resulting from motions of two micropipette electrodes lead
to dynamic drifts of two target cells during double patch
clamp operation. Addressing the above problem, the operator

This article has been accepted for publication in IEEE Transactions on Automation Science and Engineering. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TASE.2025.3642790

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: NANKAI UNIVERSITY. Downloaded on December 12,2025 at 03:25:57 UTC from IEEE Xplore.  Restrictions apply. 



2

Fig. 1. The schematic of the double patch clamp on neurons in brain slices.

has to carefully and repeatedly move the two micropipettes
back and forth to approach, contact and then patch the two
target cells by trial and error, making the manual double patch
clamp a time-consuming and labor-intensive process with low
success rate. The high skill requisite and low efficiency of the
manual double patch clamp significantly limit its application
in brain science and neurons science. A new double patch
clamp operation method is desired to improve the operation
efficiency and promote its application.

In recent years, robotic patch clamp research has made sub-
stantial progress. For example, the plane patch clamp systems
are the first type of commercialized automated patch clamp
systems. These systems usually are equipped with a microchip
with an array of microholes connecting to a pump to patch and
measure multiple cells at one time [7]. However, the hole-
in-plane structure makes these systems only applicable for
suspended cells, which usually has no functional connectivity
among them. The blind patch clamp systems are equipped with
single [8] or multiple micropipette electrodes [9] to contact
target cells and finish gigaseal and break-in according to mea-
sured impedance without visual feedback. These blind patch
clamp systems can stimulate and measure single or multiple
neurons in brain slices or even neurons in vivo. However, as
lack of microscopic view guidance, the patch clamp operation
success rate is usually lower in comparison to the traditional
systems with microscopic view feedback. As an improvement,
differential interference contrast (DIC) imaging [10] and two-
photon microscopy imaging [11] depicting label-free neurons
in brain slices and the fluorescent dye-labeled neurons in alive
animal brains, respectively, have been utilized to guide robotic
patch clamp on these cell types. However, the equipped optical
path devices to view the cells significantly reduce the working
space of the micropipette electrode. Therefore, most of these
systems can only mount one micropipette electrode to opereate
single neurons in brain slice or in vivo. Only a few systems
have equipped more than one micropipette to operate single
or multiple neurons and measure the functional connectivity
among neurons in brain slices or in vivo according to the

literature [9], [12]–[14].
The representative multiple patch clamp systems for neurons

in brain slice and in vivo with view feedback are reviewed
as follows. Hao et al. [15] reported a manually operated
dual-arm patch clamp technique for recording mechanosen-
sitive currents of a single cultured cell. Lewis et al. [16]
applied stretch or poke stimulation and electrophysiological
recording simultaneously on single cell to achieve quanti-
tative functional characterization of mechanically activated
ion channels. In our previous work, a robotic fast dual-arm
patch clamp system [17], [18] was proposed to patch and
record only one neuron with a micropipette electrode, and
meanwhile, mechanically stimulate itself or its adjacent neuron
with the other micropipette. Through kinematic modeling and
three-stage motion control of two micropipette based on it,
the two micropipettes can arrive at target in shorter time
without collision incidences. However, as lack of interactive
mechanical modeling inside brain slice, we have found that
the gigaseal between one micropipette and its target cell can
be easily disrupted by the mechanical disturbances resulting
from further movement of the other micropipette inside brain
slice environment, significantly reducing the double whole-
cell patch clamp success rate for two cells. Gonzalez et
al. [14] developed a robotic quad patch clamp system to
approach multiple neurons in brain slices according to their
initial positions without consideration of the dynamic drifts
of neurons resulting from interative mechanical disturbances
during four micropiepttes to approach their target cells. The
success rate of achieving at least two patches simultaneously
was only 42%, significantly lower than single patch success
rate. Jouhanneau et al. [12] implemented a quad patch clamp
system guided by two-photon microscopy for neurons in
vivo. The four micropipettes are placed on the same side
and descended sequentially, leading to interactive mechanical
disturbances. To overcome the generated dynamic drifts of four
target cells, the operator manually adjust the movement of the
micropipettes back and forth, making the whole patch clamp
operation time last for tens of minutes.

According to the above analysis, the interactive mechan-
ical modeling when two micropipettes moving inside brain
tissue environment is key to design appropriate trajectories
of each micropipette electrode to reach its target. Wang et
al. [19] developed a interactive mechanical model during the
insertion of a needle into soft tissue. However, the needle is
centimeter-scale in size and flexible, which is different from
the micrometer-scale rigid micropipette tips used in dual-
arm patch-clamp experiments, making the model unsuitable
for our study. Therefore, In our previous research [20], [21],
the dynamic drift of target caused by the movement of a
single micropipette within intracellular space was modeled to
design an appropropriate trajectory of micropieptte to reach
its target. Our previous work may provide references for
dynamic drifts modeling of cells as both the intracellular space
and brain tissue environment are viscoelastic environment,
However, different from using single micropipette to reach
single target in our previous research without interactive me-
chanical disturbances, double patch clamp needs to control two
micropipetes to reach two cells respectively with much more
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complicated interactive mechanical disturbances to two cells.
The interactive disturbances to two cells can be influenced by
multiple factors such as the approaching strategy of the two
micropipettes (one-after-another or synchronous moving) and
the relative position between the two target cells. In summary,
to enhance the operational efficiency of the double patch
clamp technique and promote its application in functional
connectivity research, it is essential to study the interactive
mechanical disturbances caused by the movement of two
micropipettes within brain tissue.

In this paper, an interactive mechanical modeling of two
micropipette electrodes approaching two target cells in elastic
environment was established to estimate the dynamic drift of
two target cells in double patch clamp. Based on the above
model, two target cells with appropriate relative position, a
synchronous descent strategy and an online trajectory plan
of two micropipettes were determined to reduce the dynamic
drift of two cells for improving double patch clamp efficiency.
The effectiveness of the above work was validated through
both FEM modeling and experiments, and the experimental
results showed that the proposed method reduced dynamic
drift by approximately 20%. Finally, a robotic double patch
clamp operation process was established based on above work
for functional connectivity measurement between neurons in
brain slice. The double patch clamp experiments on neurons
in visual cortex demonstrate that our robotic double patch
clamp system achieves a 40% improvement in success rate
and a 38% improvement in operation speed in comparison to
the traditional manual double patch method. With the above
advantages, diverse functional connectivity activities including
action potential transmission and excitatory regulation between
neurons in visual cortex were found using our system. The
above finds prove the effectiveness of the proposed system
which paves a solid ground for further functional connectivity
research in alive animal brain.

II. SYSTEM SETUP

The robotic double patch clamp system is developed based
on our previous work [18], [22], as shown in Fig. 2. A standard
upright microscope (Eclipse FN1, Nikon) with a 2 cm × 2 cm
travel movement range in the X-Y plane with a repeatability
of ±0.1 µm is used to provide microscopic view feedback
for patch clamp operation. The system utilizes two robotic
arms to control the movement of two micropipettes. The left
micromanipulator (MP-285/R, Sutter) with a travel range of 2
cm × 2 cm × 2 cm and the right micromanipulator (PatchStar,
Scientifca) with a travel range of 2.5 cm × 2.5 cm × 2.5 cm
and both having a maximum speed of 1 mm/s and repeatability
of ±0.1 µm are utilized to hold micropipette electrode with
a tilt angle of 35°. The micropipettes are made of glass tubes
(BF150-86-10, Sutter) pulling by a micropuller (P97, Sutter)
and are injected with 20 uL of intracellular solution (mmol/L:
K-gluconate 140, KCl 10, HEPES 10, EGTA 0.1, MgATP
0.05, Na2GTP 0.05, and MgCl2 2, pH = 7.3) to simulate the
intracellular environment of neurons. An in-house-developed
pump box [22] provides pressures inside the micropipette
ranging from -5 psi to 15 psi with a pressure accuracy of

Fig. 2. Robotic double patch clamp system.

±0.1% full-scale maximum pressure. A charge-coupled device
(CCD) camera (lR-2000, DAGE-MTI) is mounted on the
microscope to capture microscopic images at a speed of 60
fps. The entire system is mounted on a vibration isolation
table (VIT) and covered with a Faraday Cage to isolate
external electrical disturbances. The dual-channel electrical
signals detected by micropipette electrodes are amplified by an
amplifier (MultiClamp 700B, Molecular Devices), converted
into digital signals (Digidata 1550B1, Molecular Devices), and
then transmitted to the personal computer (PC). A human-
computer interface (HCI) is developed in the PC, which is
responsible for tasks such as visual feedback, the motion
control of the microscope and manipulators, suction pressure
control and electrical signal recording. The detailed description
of HCI and preparations of brain slices can be found in Section
I and Section II of the supplementary file “Supplementary
file.docx”.

III. KEY METHODS

In this section, key methods for robotic double patch
clamp operation are introduced in detail. First, an interactive
mechanical modeling of two micropipettes in elastic environ-
ments is established to estimate the cell drift. Subsequently,
an approaching strategy of the two micropipettes and dual-
target cells selection strategy were determined based on the
interactive mechanical modeling. Then, motion trajectory of
two micropipettes was designed to approach target cells. Based
on the above work, the robotic double patch clamp operation
procedure was established to improve the operation efficiency
of double patch clamp in brain tissue environment.

A. Interactive Mechanical Modeling of Two Micropipettes
Moving in Elastic Environments for Dynamic Cell Drift Es-
timation

To analyze the dynamic drifts of cells caused by the move-
ment of two micropipette electrodes within the brain tissue, an
interactive mechanical modeling is established. Initially, the
tip center of each micropipette is positioned at the surface
of the brain slice, directly above the center of target cell. A
coordinate system O-XYZ is defined with the origin at the tip
center of the initial position of left micropipette (LM) , the
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brain slice surface as the XY-plane, and the depth direction
as the Z-axis, as illustrated in Fig. 3(a). To simplify the
analysis, the positions of LM and right micropipettes (RM)
are defined as Pl(xl, yl, zl) and Pr(xr, yr, zr), respectively,
and cell position is defined as its center position.

Subsequently, the mechanical response of the brain environ-
ments during micropipette descenting to approach target cell
is analyzed. When the micropipette moves a distance dl along
the Z-axis, it exerts a compressive force F1 perpendicular to
the contact surface on the underlying tissue, as shown in Fig.
3(b). Given that the angle between the micropipette and the
tissue plane is θ, F1 can be decomposed into a component
along the X-axis, F1X , and a component along the Z-axis,
F1Z , according to

F1X = F1 sin θ,

F1Z = F1 cos θ.
(1)

In addition, according to the Poisson effect, the viscoelastic
brain tissue subjected to a compressive force along the Z-axis
generates a tensile force in the XY-plane, as illustrated in Fig.
3(c).

Based on the above mechanical analysis, the plane Lc where
the target cell is located is further analyzed. Since F1 is
generated by the displacement dl of the micropipette, it is
assumed to be proportional to dl when dl is small. Moreover,
considering that cells farther from the micropipette experience
smaller forces, F1 is assumed to be inversely proportional
to the space distance between the micropipette and cell.
Therefore, the drift d1X(i, Pl) and d1Z(i, Pl) in X-axis and
Z-axis of cell i on the Lc plane caused by F1 can be expressed
as

d1X(i, Pl) = − k1dl
D(i, Pl;X,Y, Z)

(2)

d1Z(i, Pl) =
k2dl

D(i, Pl;X,Y, Z)
(3)

respectively, where k1 and k2 are constants related to the
mechanical properties of the tissue, and D(i, Pl;X,Y, Z)
denotes the distance between cell i and the LM Pl. For F2,
experimental observations indicate that the tensile displace-
ment in the XY plane is positively correlated with the distance
from the micropipette within the local microscopic field. For
short distances, this relationship can be approximated as linear.
Therefore, the drift d2X(i, Pl) and d2Y (i, Pl) in X-axis and Y-
axis of cell i on the Lc plane caused by F2 can be expressed
as

d2X(i, Pl) =
k3dl(xi − xl)

D(i, Pl;Z)
(4)

d2Y (i, Pl) =
k4dl(yi − yl)

D(i, Pl;Z)
(5)

respectively, where k3 and k4 are constants related to the
mechanical properties of the tissue, and D(i, Pl;Z) denotes
the distance between cell i and the LM Pl along Z-axis
direction. In the viscoelastic brain tissue, the displacement
in the XY-plane caused by the Poisson effect is smaller than
the direct compressive displacement [23]; thus, d1X(i, Pl) is
greater than d2X(i, Pl). Combining (2)–(5), when the LM

Fig. 3. Schematic diagrams of mechanical interaction between micropipettes
and cells in viscoelastic brain tissue. (a) Schematic diagram of micropipette
descent. (b) Schematic diagram of F1 analysis. (c) Schematic diagram of F2

analysis.

moves a distance dl along the Z-axis, the displacements of
the cell i in the X-, Y-, and Z-axis are respectively given by

dX(i, Pl) = − k1dl
D(i, Pl;X,Y, Z)

+
k3dl(xi − xl)

D(i, Pl;Z)
(6)

dY (i, Pl) =
k4dl(yi − yl)

D(i, Pl;Z)
(7)

dZ(i, Pl) =
k2dl

D(i, Pl;X,Y, Z)
. (8)

Similarly, when the RM moves a distance dl along the Z-
axis, based on the above analysis, the displacements of the
cell i along the X-, Y-, and Z-axes are respectively given by

dX(i, Pr) =
k1dl

D(i, Pr;X,Y, Z)
+

k3dl(xi − xr)

D(i, Pr;Z)
(9)

dY (i, Pr) =
k4dl(yi − yr)

D(i, Pr;Z)
(10)

dZ(i, Pr) =
k2dl

D(i, Pr;X,Y, Z)
. (11)

Interactive mechanical modeling of the dynamic drifts of
two target cells with two micropipettes moving in brain
environments are estimated based on (6)-(11) and subsequently
applied to dual-cell selection and trajectory design of the two
micropipettes.

B. Approaching Strategy Determination and Dual-target cells
Selection Based on the Interactive Mechanical Modeling

As mentioned in Introduction, the approaching strategy of
the micropipettes to reach two target cells (one-after-another
or synchronized moving), as well as the relative position of the
two target cells can affect interactive mechanical disturbances
to two cells with two micropiepttes moving inside brain
tissue environment. In this section, appropriate approaching
strategy and relative positions of the two cells are determined
based on the established interactive mechanical modeling to
reduce the dynamic drifts of the two cells for improving the
operation efficiency of the double patch clamp in brain tissue
environment.
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1) Approaching strategy determination based on the inter-
active mechanical modeling: Based on (8) and (11), move-
ment of the one micropipette along the Z-axis induces the
dynamic drift of cells in the same direction. Therefore, if a
micropipette moves down to approach and patch the target
cell first in Z-axis direction, the subsequent descent of the
other micropipette to its target cells may displace the first
cell along the Z-axis, enlarging the distance or disrupting
the established patch between the first micropipette and its
target cell. In that case, back and forth moving the two
micropipettes may be needed to finally approach and patch
both two cells, cost long operation time of double patch clamp.
In comparison, synchronous descent of the two micropipettes
until they approach the two cells both in Z-axis direction can
prevent repeated adjustment of position of two micropipettes
back and forth, which saves operation time. Besides, based on
(6) and (9), synchronous descents of the LM and RM exerts
opposing displacements on the same cell along the X-axis,
effectively offsetting each other and thereby reducing cell drift
in X-axis.

In summary, a synchronous descent strategy is determined
based on above analysis.

2) Appropriate relative position determination for two tar-
get cells based on interactive mechanical modeling: Subse-
quently, appropriate relative position of two target cells were
determined to reduce the dynamic drifts of two cells with
two micropipettes synchronous approaching them. In this way,
the operation efficiency of double patch clamp can be further
improved through choosing two cells with the determined
appropriate positions in the field of view as the dual target
cells.

First, the appropriate relative positions of two target cells
in the same horizontal plane is determined based on the
developed interactive mechanical model. As shown in Fig.
3(a), cell 1 at the (0, 0, zc) is fixed as the target cell for the
LM, while cells positioned at the same distance r from cell
1 in same horizontal plane but at different orientations are
considered as candidate target cells for the RM. The candidate
cells including cell 2 at (r, 0, zc), cell 3 at (0, r, zc) and cell
4 at (−r, 0, zc). Assuming the two micropipettes are located
at positions just above the two target cells at first, then the
two micropipettes moves downward by dl to approach the two
cells. The drifts of the two target cells caused by the motion
of two micropipettes are calculated to get the combined drift
of one target cell. When cell 2, cell 3 or cell 4 is selected as
target cell of the right cell, due to the geometrical symmetry of
the dual-micropipette configuration relative to the target cells,
the drifts of the two cells can be approximated as equivalent.
Thus, only the combined drift of cell 1 is calculated based on
the interactive mechanical model in above three cases.

Since the micropipettes are parallel to the X-axis, the
opening as well as the neighboring segment enter the brain
tissue environment during the approach, the effective X-axis
of each micropipette is assumed to be located at a distance
r1 from the opening. Therefore, the reference point of the left
(xl, yl, zl) is approximated as (−r1, 0, 0). First, the drift of

cell 1 caused by LM is calculated using (6)–(8) as

dX(cell1, Pl → cell1) = − k1dl√
r21 + z2c

+
k3dlr1
zc

(12)

dY (cell1, Pl → cell1) = 0 (13)

dZ(cell1, Pl → cell1) =
k2dl√
r21 + z2c

, (14)

where dX(cell1, Pl → cell1), dY (cell1, Pl → cell1) and
dZ(cell1, Pl → cell1) represent the drift components of cell
1 caused by LM in the X, Y, and Z directions, respectively.

When cell 2 is selected as the target cell for RM, the
reference point (xr, yr, zr) of RM is (r+ r1, 0, 0). Based on
(9)-(11), the drift of cell 1 caused by RM moving downward
to cell 2 can be calculated as

dX(cell1, Pr → cell2) =
k1dl√

(r + r1)2 + z2c
− k3dl(r + r1)

zc
(15)

dY (cell1, Pr → cell2) = 0 (16)

dZ(cell1, Pr → cell2) =
k2dl√

(r + r1)2 + z2c
, (17)

where dX(cell1, Pr → cell2), dY (cell1, Pr → cell2) and
dZ(cell1, Pr → cell2) represent the drift components of cell
1 caused by RM in the X, Y, and Z directions, respectively.
According to (12)-(17), the drift components of cell 1 caused
by two micropipettes in the X, Y, and Z directions are

dX(cell 1, Pl → cell 1, Pr → cell 2)

= − k1dl√
r21 + z2c

+
k1dl√

(r + r1)2 + z2c
− k3dlr

zc
(18)

dY (cell 1, Pl → cell 1, Pr → cell 2) = 0 (19)
dZ(cell 1, Pl → cell 1, Pr → cell 2)

=
k2dl√
r21 + z2c

+
k2dl√

(r + r1)2 + z2c
(20)

respectively, and are hereinafter abbreviated as dX , dY , and
dZ .The total drift of cell 1 d(cell1, Pl → cell1, Pr → cell2)
can be obtained by calculating the square root of the sum of
the drift components’ squares.

When cell 3 is selected as the target cell of RM, the
reference point (xr, yr, zr) of RM is (r1, r, 0). Based on (9)-
(11), the drift of cell 1 caused by RM moving downward to
cell 3 is

dX(cell1, Pr → cell3) =
k1dl√

r2 + r21 + z2c
− k3dlr1

zc
(21)

dY (cell1, Pr → cell3) = −k4dlr

zc
(22)

dZ(cell1, Pr → cell3) =
k2dl√

(r2 + r21 + z2c
, (23)

In this case, the drift components of cell 1 caused by RM
in the X, Y, and Z directions (denoted as dX(cell1, Pl →
cell1, Pr → cell3)), dY (cell1, Pl → cell1, Pr → cell3))
and dZ(cell1, Pl → cell1, Pr → cell3)), respectively) as
well as the total drift d(cell1, Pl → cell1, Pr → cell3), can
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be obtained using the same calculation method as described
above.

When cell 4 is selected as the target cell of RM, the
reference point (xr, yr, zr) of RM is (r1 − r, 0, 0). Based on
(9)-(11), the drift of cell 1 caused by RM moving downward
to cell 4 is

dX(cell1, Pr → cell4) =
k1dl√

(r1 − r)2 + z2c
− k3dl(r1 − r)

zc
(24)

dY (cell1, Pr → cell4) = 0 (25)

dZ(cell1, Pr → cell4) =
k2dl√

((r1 − r)2 + z2c
, (26)

In this case, the drift components of cell 1 caused by RM
in the X, Y, and Z directions (denoted as dX(cell1, Pl →
cell4, Pr → cell4)), dY (cell1, Pl → cell1, Pr → cell4))
and dZ(cell1, Pl → cell1, Pr → cell4)), respectively) as
well as the total drift d(cell1, Pl → cell1, Pr → cell4), can
be obtained using the same calculation method as described
above.

Figure 4(a) intuitively illustrates the dynamic drift direction
and magnitude of cell 1 when cell 2-cell 4 are selected
as the target cells of RM, respectively. The black arrows
stand for the drift of cell 1 caused by LM along different
directions, which remains constant according to (12)-(14).
It can be found that the movement of the LM primarily
induces drift of cell 1 in the XZ plane. When cell 3 is
selected, the movement of the RM additionally induces drift
of cell 1 in the Y-direction dY (cell1, Pr → cell3) based
on (21), making the overall drift more complex. Based on
(12)-(14) and (24)-(26), when cell 4 is selected, it can be
found that dZ(cell1, Pr → cell4)¿dZ(cell1, Pl → cell1) and
dX(cell1, Pr → cell4)¿dX(cell1, Pl → cell1), which means
the dynamic drift of cell 1 caused by RM moving toward to
cell 4 is larger than that caused by LM moving downward to
cell 1. In that causes cell 1 to move away from the LM with
a larger drift along the Z and X directions, which increases
difficulties for LM to reach and patch cell 1. Moreover,
the staggered opposing arrangement of the two micropipettes
increases the risk of collision. In comparison, when cell 2 is
selected as the target cell for the RM, the Z-direction drift of
cell 1 dZ(cell1, Pr → cell2) is relatively small, and the X-
direction drift dX(cell1, Pr → cell2) can partially offset drift
dX(cell1, Pl → cell1) induced by the LM. Therefore, cell 1-
cell 2 pair is prioritized as the targets for two micropipettes
in experiments.

To further evaluate the influences of the relative positions
of two cells in vertical direction on interactive mechanical
disturbances, cell 1 and cell 5 are located at below and above
the plane by

√
2
4 r respectively and with an distance r with each

other and with a coordinates (0, 0, zc) and (
√
2
4 r, 0, zc−

√
2
4 r),

respectively. When the two micropipettes descend at the same
speed, the RM will reach the cell 5 first. As a result, the
subsequent descend of LM may cause disturbance to cell 5,
and cell 1 loses counteracting drift in the X-direction from
the movement of RM, denoted as dX(cell1, Pr → cell5).
When the two micropipettes descend at the different speed to

Fig. 4. Analysis of the drift of target cells and the trajectory design of
micropipettes. (a) The drift direction and magnitude of cell 1 when different
target cells are selected. (b) Schematic diagram of drift analysis of target cell
when the micropipettes descend along Z-axis. (c) The trajectory design of
micropipettes. (d) Schematic diagram of drift analysis of target cell when the
micropipettes descend with a β angle.

reach targets simultaneously, the per-second descent distance
of RM is smaller than that of the LM, making a smaller
counteracting drift dX(cell1, Pr → cell5) and a larger drift of
cell 1 in the X-direction dX(cell1, Pl → cell1, Pr → cell5)
according to (6) and (9). Additionally, the use of different
descent speeds increases the complexity of control. Therefore,
selecting cell pairs at different depths is unsuitable for stable
dual-micropipette contact with the dual-cell. Unless it is neces-
sary to record neurons at different depths, laterally-symmetric
cells within the same focal plane is prioritized as targets for
double patch clamp operation based on the above analysis.

C. Motion Trajectory Design for Two Micropipettes to Ap-
proach Target Cells

Based on the above analysis, the two cells in the same
horizontal plane and with relative positions parallel with X
axis direction, which corresponds to the projection direction
of the two micropipettes, are preferred to be two target cells for
reducing the mechanical disturbance when two micropipettes
approach them. As shown in Fig. 4(c), the cell drift dR relative
to the target micropipette can be derived based on geometric
relationships

dR =
√
(dZ − dl)2 + d2X . (27)

A vertical descent by a distance dl along the Z-axis of the
micropipette above the cell leads to a deviation angle α

α = arctan
dX

dl − dZ
. (28)

As shown in Fig. 4(d), when the micropipette approaches the
cell at an inclined angle β, the α is updated as

α = arctan
dX − dl tanβ

dl − dZ
. (29)
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Therefore, the α can be reduced to zero by gradually control-
ling the micropipette movement angle β.

During the experiment, the β is dynamically determined
based on the drift of cells, and the detailed determination
process of β can be found in Section IV of the supplementary
file “Supplementary file.docx”. According to (18) and (20),
when the initial distance between the micropipette and cell
is large, the cell drift is relatively small. Therefore, the
trajectories of micropipettes are designed in three paths, as
illustrated in Fig. 4(b). In path 1, the micropipettes descend
three-quarters of the initial distance d0 along the Z-axis to
PL1 and PR1 to accelerate the approaching process. Then, the
dynamic drift direction and magnitude of the cell are detected
through mouse click, and the parameters β and dl for path 2
are updated accordingly, guiding the micropipettes to PL2 and
PR2. Then, the dynamic drift direction and magnitude of the
cell are detected again. In path 3, the micropipettes descend
with updated angle β. When the bath resistance increases by
0.1 MΩ, it is considered that the micropipette have made initial
contact with the cell. The micropipette then reduces its speed
and continues to descend vertically until a close contact with
the cell is established according to the significant rise of the
detected resistance of micropipette electrode.

D. Robotic double patch clamp operation procedure

Based on the above work, the robotic double patch clamp
operation procedure is established. Before the experiment, the
workspace calculation for the dual-arm and the placement of
the brain slice are implemented based on previous methods
[18] to guide the two micropipette tips to arrive at the brain
slice surface position above the two target cells.

The experimental procedure is shown in Fig. 5. First, the
two micropipettes are focused under a 4× microscope using
coarse-stage control and focused under a 40× microscope
using fine-stage control methods [18], [24]. Then, the objective
lens continues descending until the brain tissue is in focus,
as identified by the temporal standard deviation difference
using a sliding window approach [25]. Then, the objective lens
descends a further 20-50 µm to focus on a deeper plane where
cellular structures are better preserved, and two target cells
are identified through YOLOv7 [26] and selected based on
the aforementioned dual-cell selection strategy. The detailed
method can be found in Section V of the supplementary
file “Supplementary file.docx”. If the operator is not satisfied
with the result, the cell pair can be selected through mouse
click. Then, the two micropipettes are moved directly above
the target cells based on the precise-stage control method.
Next, the two micropipettes are synchronously descended
to the cell surface according to online-designed trajectories
introduced in Section III(C). During this process, the drift
in XY -plane are obtained by measuring the center position
variation in XY -plane of cells. The drift in Z-axis are
obtained by measuring the position variation in Z-axis of
objective focusing target cells. Based on the detected drift,
the trajectories of micropipettes are dynamically adjusted.
When the bath resistance increases by 0.1 MΩ in Path 3, it
is considered that the micropipette have made initial contact

Fig. 5. Diagram of robotic double patch clamp operation procedure.

with the cell. Therefore, the β is reset to 0 and the speed
is decreased to avoid piercing the cell, and a resistance-
based method is used to establish close contact with the cells
respectively [22]. Once the increased bath resistance reaches
a threshold within the range of [0.6–0.9] MΩ, the movement
is stopped. Then, a robotic whole-cell patch clamp method is
used to sequentially form gigaseal between each micropipette
and its target cell through exerting an aspiration pressure of
-0.5 psi, and then applies a series of negative pulses with
magnitudes of 5 psi to break the aspirated cell membrane [18],
[20], [24], ultimately forming a double whole-cell state. The
detailed operation process of above procedures are shown in
the uploaded supplementary file “Robotic double patch clamp
process.mp4”.

After that, one micropipette electrode applies electrical
stimulation (ES) to its target cell to activate it and records
the electrophysiological signals. At the same time, the other
micropipette electrode records the electrophysiological signals
of the other target cell without stimulation. This setup allows
for the simultaneous acquisition of electrophysiological signals
from two neighboring cells, enabling analysis of their synaptic
connectivity functions [27]. The above stimulation and record-
ing process can be found in the uploaded suplementary file
“Double whole-cell recording.mp4”.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, finite element simulations and a series of
experiments on neurons in visual cortex of mouse brain slices
were conducted to validate the effectiveness of the above key
methods and the proposed robotic double patch clamp system
in Section III. First, finite element simulations within a brain
tissue environment were conducted to validate the proposed
interactive mechanical model. In brain slice experiments, mi-
cropipettes approaching to neurons were conducted to validate
the interactive mechanical model and the selection strategy
of dual-cells. Then, robotic double patch clamp experiments
were conducted to validate the proposed strategies of dual-
cell selection and trajectory design, finally demonstrating the
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effectiveness of the proposed robotic double patch clamp
system.

All experimental procedures involving mice were approved
by the Committee for Animal Experimentation of the College
of Life Sciences at Nankai University (No. 2008) and were
performed in accordance with the NIH Guide for the Care
and Use of Laboratory Animals (No. 8023, revised in 1996).

A. Validation Results of Interactive Mechanical Model
Through Finite Element Simulation and Approaching Experi-
ments

In finite element simulations, simulations of single-
micropipette descent were performed to validate the interactive
mechanical model firstly. Then, simulations of sequential and
synchronous descent strategies of dual-micropipette descent
were conducted respectively to demonstrate that the latter is
better for reducing dynamic drifts of two target cells. Then,
simulations of dual-micropipette descent synchronously to
dual cells with different relative positions were conducted to
validate the dual-cell selection strategy. The above simulations
are presented in detail in Section III of the supplementary file
“Supplementary file.docx”, “Simulation 1.mp4”, “Simulation
2.mp4”, and “Simulation 3.mp4”.

In brain slice experiments, LM approaching to neurons were
conducted to validate the interactive mechanical model firstly.
Then, experiments of dual-micropipette approaching to dual-
cells at different orientations synchronously were conducted
to further validate the selection strategy of dual-cells. The
results indicate that selecting the cell 1–cell 2 pair is the
optimal configuration for minimizing interactive disturbance.
The detailed description can be found in Section VI of the
supplementary file “Supplementary file.docx”.

B. Robotic Double Patch Clamp Experimental Results

To validate the effectiveness of the proposed robotic double
patch clamp operation process, the number of 60 robotic
double patch clamp experiments were conducted on brain
slice, involving cell pairs with different spatial orientations and
different descent sequences, and each experimental condition
was repeated 10 times to reduce random error. The average
success rate of double whole-cell recordings and the average
operation time were used to evaluate the performance of
different strategies.

The results of above experiments are summarized in Table I.
When the descent sequence was treated as a variable, strategy
of synchronous descent consistently showed higher success
rates (70% vs. 50% for cell 1–2; 50.0% vs. 40% for cell
1–3; 20% vs. 20% for cell 1–4), and shorter operation times
(11.7±1.9 min vs. 12.8±1.3 min for cell 1–2; 13.3±2.5 min
vs. 13.8±0.9 min for cell 1–3; 14.2±0.2 min vs. 14.4±0.6
min for cell 1–4) than sequential descent across all cell pairs.
The binary logistic regression results showed that the descent
strategy had no significant effect on the success rate (p =
0.43), and the one-way ANOVA indicated that the difference in
operation time was also not statistically significant (F(1, 23) =
1.20, p = 0.28). Nevertheless, effect size analysis demonstrated
that synchronous descent increased the odds of success by 1.5

times (OR = 1.51), and produced a reduction in operation time
(η2 = 0.05) compared to sequential descent. When focusing
on synchronous descent, in experiments where the cell pair
was treated as variable, selecting cell 1–cell 2 pair achieved
the highest success rate (70% vs. 50.0% for cell 1–cell 3
pair (p = 0.37) and 20% for cell 1–cell 4 pair (p = 0.033)
and the shortest operation time (F(2, 11)=1.44, p = 0.28).
Effect size analysis further demonstrated that cell 1–cell 2
increased the odds of success by approximately 2.3 times (OR
= 2.33) compared with the cell 1–cell 3 pair and by about
9.1 times (OR = 9.09) compared with the cell 1–cell 4 pair,
while achieving the best operation speed performance (η2 =
0.21). Therefore, the results demonstrate that the proposed
strategies of dual-cell selection and trajectory design lead
to lower mechanical disturbance, and our robotic system is
capable of operating neurons in mouse brain slices with a
success rate of 70% (n=10) at an average speed of 11.7±1.9
min/experiment (n=7). Among the 3 failed cases, one was due
to excessive contact between micropipette and cell, resulting
in cell rupture. This occurred because the close contact was
assessed solely by change of micropipette resistance with an
empirical threshold of [0.6–0.9] MΩ. However, variations in
the mechanical properties of different cells lead to different
trends in resistance increase. Therefore, a fixed resistance
threshold may cause excessive or insufficient contact, resulting
in membrane rupture or unstable attachment, respectively. The
other 2 failures were caused by seal instability during break-in
operation, leading to unsuccessful whole-cell mode formation.
The experimental settings that contributed to seal instability
included the fixed resistance threshold, a constant aspiration
pressure of –0.5 psi to seal and pressure pulses of 5 psi to break
the aspirated cell membrane, which may cause the aspirated
membrane to loosen or even detach from the micropipette wall.
Beyond these failures, no instances of micropipette clogging
were observed across all 60 experiments.

TABLE I
ROBOTIC DOUBLE WHOLE-CELL PATCH CLAMP OPERATION RESULTS

cell pairs descent
sequence

average double
whole-cell

recording rate

average
operation
time (min)

cell 1–cell 2 1 0.5 (5/10) 12.8± 1.3
2 0.7 (7/10) 11.7± 1.9

cell 1–cell 3 1 0.4 (4/10) 13.8± 0.9
2 0.50 (5/10) 13.3± 2.5

cell 1–cell 4 1 0.2 (2/10) 14.4±0.6
2 0.2 (2/10) 14.2 ±0.2

*For descent sequence, 1 presents sequential descent, and 2 presents
synchronous descent.

We compared the performance of the proposed method with
recently reported automated multi-patch clamp systems, as
shown in the Table II. Previous automated systems achieved
success rates ranging from 30% to 63% and required similar
operation times. Automated four-arm patch clamp systems
with visual feedback for in vitro (brain slices) [14] and in vivo
[12] achieved success rates of 42% (5/12) and 63% (26/41),
respectively, for establishing at least 2 whole-cell recordings.
The in vivo blind multiple patch clamp system [9] achieved a
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success rate of 30.7% (13/41) and an operation time of 10.5 ±
2.6 min/experiment (n = 13). Furthermore, the number of 10
experiments conducted manually by an operator with more-
than-two-year experience in single patch clamp operation has
a success rate of 50% (5/10) at an average speed of 19±5
min/experiment. These results demonstrate that our approach
effectively improves the success rate of double whole-cell
recordings by reducing the mechanical disturbances.

TABLE II
PERFORMANCE COMPARISON

method
success rate
(whole-cell

recording>1)

operation time
(min)

Two-photon quadruple
patch clamp in brain

slices [14]
42% (5/12) /

In vivo two-photon
quadruple patch clamp

[12]
63% (26/41) /

In vivo blind quadruple
patch clamp [9] 30.7% (13/41) 10.5±2.6 (n=13)

Proposed method 70% (7/10) 11.7±1.9 (n=7)

Figure 6 illustrates an experimental process of dual-
micropipette and dual-cell contact based on cell 1-cell 2 pair
selection and proposed trajectory design. Figure 6(a) from
top to bottom shows the sequential changes in the positions
of the cells and micropipettes in microscopic images, which
are overlaid in an image, as shown in Fig. 6(b). It can be
observed that the cells drifted primarily along the X-axis
toward their respective micropipettes, and the micropipettes
were adjusted accordingly. The position relationship of the
cells and micropipettes along the Z-axis in this experiment
is presented by the blue line in Fig. 6(c), while gray lines
correspond to other trials. The data indicate that cells exhibited
considerable drift along the Z-axis, which increased more
rapidly as the micropipettes approached. Despite this drift,
successful contact between the cells and the micropipettes
was ultimately achieved, demonstrating the effectiveness of
the proposed methods.

C. Functional Connectivities Measurement Results

Electrophysiological signals of double whole-cell recordings
obtained from the robotic double patch clamp experiments
are shown in Fig. 7. In the successful experiments, only 8%
(2/25) exhibits presynaptic and postsynaptic signals, primarily
because most adjacent neurons are not functionally connected.
This result is consistent with previous studies, which reported
that only approximately 10% of adjacent neurons exhibit
synaptic connectivity [27].

The presynaptic and postsynaptic signals under different
stimulation protocols are presented in Fig. 7(a)-(c). The Fig.
7(a) displays action potentials (APs) of cell 1 induced by ES,
which subsequently trigger excitatory postsynaptic potentials
(EPSPs) in cell 2. The Fig. 7(b) shows the ion channel currents
of cell 1 caused by ES, leading to EPSCs in cell 2. The Fig.
7(c) illustrates the EPSCs generated of cell 1 and cell 2 when
the membrane potential is clamped at -70 mV. Additionally,
figure 7(b) compares the recorded voltage traces of dual cells

with (left) and without (right) functional connectivity, when
current stimulation was applied only to cell 1. In the left,
APs generated in cell 1 triggered EPSPs in cell 2, indicating
functional connectivity. In contrast, the right shows no such
response in cell 2. These results demonstrate the existence
of synaptic transmission between the two cells, consistent
with previous studies on functional connectivity in cortical
networks [12], [27].

Furthermore, figure 7(c) illustrates the double whole-cell
recordings of a single experiment in which current stimulation
were sequentially performed on cell 1 or cell 2 (from R1
to R4), and the lines in different colors represent voltage
traces recorded under different stimulation intensities (from
60 pA to 200 pA). An intriguing observation emerged from
this sequence: in R1, ES was applied only to cell 1, but
no APs were observed. In R2, ES to cell 2 evoked APs,
while no response was detected in cell 1. When ES was
reapplied to cell 1 in R3 again, it elicited dense APs, markedly
different from the response in R1, and the resting membrane
potential of cell 1 shifted from -35 mV in R1 to a more
physiological -60 mV in R3. In R4, ES to cell 2 again
induced APs, and corresponding EPSPs were observed in cell
1. This dynamic process shows that cell 1 exhibited distinct
electrophysiological responses under comparable stimulation
conditions. However, the emergence of corresponding EPSPs
in R4 and the restored excitability of cell 1 in R3 suggest
that cell 2 may modulate the excitability of cell 1 either
through neurotransmitter release or by altering the extracellular
environment [28]. A detailed presentation of the electrophys-
iological signals shown in Fig. 7 can be found in Section VII
of the supplementary file “Supplementary file.docx”.

These results demonstrate that our robotic double patch-
clamp system is capable of simultaneously recording the
electrophysiological activites of two neurons within the brain
environment, showing great potential for functional connectiv-
ity measurements between neurons.

Fig. 6. Experimental process of dual-micropipette and dual-cell contact. (a)
The sequential changes in the positions of the cells and micropipettes in
microscopic images. (b) Extract and integrate the contours of cells and tips
in (a). (c) The position relationship of the cells and micropipettes along the
Z-axis.
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Fig. 7. Electrophysiological signals of double whole-cell recordings.

V. DISCUSSION

In this paper, a robotic double patch clamp is proposed
based on interactive mechanical modeling for functional con-
nectivity measurement between neurons. However, due to arti-
facts in DIC imaging, the complexity of the brain environment,
and interference from the micropipette, the three-dimensional
localization of the cells is still performed manually. In future
work, fully automated operation may be achieved by incorpo-
rating the 3D cell detecting and tracking algorithm [29].

The real cortical tissue exhibits heterogeneity and anisotropy
at the microscopic level, partly due to layer-dependent vari-
ations in the vascular network. Large vessels are primarily
located on the pial surface, while penetrating arterioles en-
tering the cortex have micrometer-scale diameters and branch
into capillaries with outer diameters peaking at 7–9 µm [30].
Since our experiments focused on a local region of the visual
cortex and submillimeter scale deformation, the influence of
vascular distribution on the model is limit. However, hetero-
geneity and anisotropy from other microstructures make the
assumption of a homogeneous, isotropic viscoelastic medium
an oversimplification, contributing to drift prediction errors
and resulting in slight deviations when approaching the cells
along the planned trajectory. Additionally, the model assumes
micropipette motion quasi-statically, while viscoelastic tissues
exhibit rate-dependent relaxation. Given that brain tissue re-
laxation time of 0.1–10 s [31] is shorter than the micropipettes
approaching duration of 15 s, the tissue could sufficiently relax
to near equilibrium, making the quasi-static approximation
appropriate. Future work will incorporate anisotropic and
rate-dependent viscoelastic models to better capture tissue
mechanics and improve motion prediction accuracy.

In addition, the used methods still rely on traditional
techniques including resistive contact detection based a fixed
resistance threshold, constant-pressure gigaseal formation, and
constant pulse-pressure break-in, which may suffer from poor
excessive or insufficient contact, unstable sealing, and seal

loosening during break-in in some cases. Therefore, in future
work, both the resistance feedback and the membrane defor-
mation of the cell should be detected during the contact stage
to more accurately reflect the contact status and improve con-
tact quality. During the sealing stage, the aspiration pressure
could be dynamically adjusted based on real-time resistance
feedback to achieve a tighter gigaseal. During the break-in
stage, the effects of negative pressure pulse parameters on
break-in efficiency and patch stability should be investigated
to achieve low-disturbance break-in, ultimately improving the
success rate of the double whole-cell recording.

This study is currently limited to brain slice environment,
while in vivo experiments offer more complete neural connec-
tivity and greater research significance. In in vivo experiments,
cell staining, fluorescent micropipette labeling, and target
detection techniques [11] are required to achieve automated
localization of cells and micropipettes. Furthermore, given the
increased complexity of interactive mechanical disturbances in
vivo, the future work will also focus on improving the current
mechanical interaction model.

At present, the low probability of functional connectivity
between neurons limits the success rate of this method in
detecting synaptic connections. In the future, pre-identifying
synaptically connected neurons through staining techniques,
followed by double recording using the approach proposed in
this study, may significantly enhance the detection efficiency
of functional connections.

VI. CONCLUSION

In this paper, an interactive mechanical modeling of two
micropipette electrodes approaching two target cells in elastic
environment was established to estimate the dynamic drift of
two target cells. Based on the above model, an appropriate
relative position of two target cells, a synchronous descent
strategy of two micropipettes to two target cells and an
online trajectory plan of two micropipettes were determined
to reduce the dynamic drift of two cells for improving double
patch clamp efficiency. Finally, a robotic double patch clamp
operation process was established based on above work for
functional connectivity measurement between neurons in brain
slice. The effectiveness of the above work was validated
through both FEM modeling and experimental results. The
double patch clamp experiments on neurons in visual cor-
tex demonstrate that our robotic double patch clamp system
achieves a 40% improvement in success rate and a 38%
improvement in operation speed in comparison to the tradi-
tional manual double patch clamp method. With the above
advantages, diverse functional connectivity activities including
action potential transmission and excitatory regulation between
neurons in visual cortex were found using our system. The
above finds prove the effectiveness of the proposed system
which paves a solid ground for further functional connectivity
research in alive brain.
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