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Abstract

This paper presents a sensitive and fast cellular shear adhesion force measurement method using an atomic force
microscope (AFM). In the work, the AFM was used both as a tool for the imaging of cells on the nano-scale and as a
force sensor for the measurement of the shear adhesion force between the cell and the substrate. After the cell
imaging, the measurement of cellular shear adhesion forces was made based on the different positions of the cell on
the nano-scale. Moreover, different pushing speeds of probe and various locations of cells were used in experiments
to study their influences. In this study, the measurement of the cell adhesion in the upper portion of the cell is
different from that in the lower portion. It may reveal that the cancer cells have the metastasis tendency after
cultured for 16 to 20 hours, which is significant for preventing metastasis in the patients diagnosed with early cancer
lesions. Furthermore, the cellular shear adhesion forces of two types of living cancer cells were obtained based on
the measurements of AFM cantilever deflections in the torsional and vertical directions. The results demonstrate that
the shear adhesion force of cancer cells is twice as much as the same type of cancer cells with TRAIL. The method
can also provide a way for the measurement of the cellular shear adhesion force between the cell and the substrate,
and for the simultaneous exploration of cells using the AFM imaging and manipulation.
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1. Introduction
Cell adhesion refers to cell-cell and cell-matrix interactions, which is not only a main approach for the
communication between cells but also an important biological phenomenon for the maintenance of morphology and
functions in multi-cellular organisms [1, 2]. For the research of artificial organs, the cell-cell adhesion and cellsubstrate adhesion are closely related to the biological compatibility of artificial implants. Meanwhile, the cellsubstrate adhesion is the key factor critical for the success of the implantation operation of artificial organs. Thus,
great attention has been paid to the cell-cell adhesion, cell-matrix adhesion, related cell morphology structure,
function, deformation ability and adhesion of cells [3, 4].
To understand the mechanical properties of single cells as well as their variations, it is necessary to establish a
proper method for the measurement of cell-cell adhesion or cell-matrix adhesion in vivo and overcome the
limitations of current methods [5]. There were several methods developed for the measurement of cell adhesion,
including the mechanical method, parallel-plate flow chamber (PPFC), cell isolation, micro-fluidic method, micropipette, optical tweezers and atomic force microscope [6, 8]. The mechanical method evaluated the cell adhesion
through calculating the percentage of tumor cells [9]. The PPFC and cell isolation methods detected cells in groups
[10]. Currently, the micro-pipette and micro-fluidic methods make the very significant portions of cell adhesion
measurements [11]. However, as a result of the complicated deformation features of cells, it is difficult to obtain the
precise value of an adhesion force. Optical tweezers could manipulate cells accurately on the pN-scale. However,
during the manipulation, cells could be injured due to the high-intensity laser beam [12].
The AFM is used as a tool for the imaging of cells on the nano-scale [13]. It can implement the mechanical
detection of a single cell with high precision based on the optical lever, and obtain the cell morphology in real-time.
The probe cantilever can detect the morphology character on the cell surface as a terminal executor. Meanwhile, as a
manipulator, it can also acquire various mechanical properties on the cell surface. Applying lateral forces to
characterize cell detachment forces by AFM has been investigated in numerous studies. They used the back of
cantilevers to detach cells and characterize detachment forces and completely ignored the tip of probe [14, 16].
Hence, most of studies for the detection of the cell adhesion force with an AFM lacked methods to measure the shear
adhesion force of living cells and obtain the morphology character at the same time. Moreover, the shear adhesion
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force was usually calculated by the deflection of cantilever with one direction. There might be some extent errors in
the lateral direction and without including the effects of pushing speeds. Thus, in this work, a simple and sensitive
method to measure the cellular shear adhesion force by AFM has been presented. The AFM was used both as a tool
for the imaging of cells on the nano-scale and as a force sensor for the measurement of the shear adhesion force
between the colon cancer cell and the substrate. The method displaced the cell using the AFM cantilever tip along
the sample surface and measured the resulting deflections with the lateral signal and vertical signal of the cantilever.
An optical feedback system based on a charge-coupled device (CCD) camera was used together with an AFM to
manipulate cells in real-time, so that it was able to perform the morphology measurement of some specific targeted
cells. Moreover, different pushing speeds of probe were the first used in experiments to study their influences. The
experimental results have shown that the method can provide an effective way for the measurement of the horizontal
shear adhesion force between the cell and substrate, and for the exploration of shear adhesion forces of cancer cells
using both the AFM imaging and manipulation systems. The method is described in detail in the following sections.

2. Materials and Methods

Cell culture
The present studies were performed for the implementation of the tumor necrosis factor-related apoptosisinducing ligand (TRAIL)-induced apoptosis of cancer cells [17]. Hence, two types of cancer cells were observed and
manipulated in the experiment, including SW480 human colon cancer cells and the same type of cancer cells with
the immune expression of TRAIL. The SW480 human colon cancer cells were divided from the standard cell line
with both the typical ability to invade to other tissues and be less prone to rupture due to the highly reactive
molecules of cells. The different status of the same type of cancer cells can be used to verify the improved method
for AFM based cell adhesion measurements. Those cells were passaged simultaneously in the endothelial cell basal
medium (RPMI-1640) with 10% fetal bovine serum and cultured in a controlled environment of 5% CO2 at 37.5℃.
The cells were seeded on a non-coated cover-slip and used for the experiment under the same condition. The final
concentrations of TRAIL were 300ng/ml and 200ng/ml. The cancer cells and cells with TRAIL were cultured for 16
to 20 hours. Those cells were separated from the same batch, and cultured in the same conditions, so that the
different topographies and shear adhesion forces could prove that the TRAIL did work on the cells.
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Modeling of the manipulation of cells under pushing
During the operation to manipulate cells, the nano-scale tip of AFM will suffer from the various forces such as
the Van der Waals force, electrostatic force, capillary force, friction force, surface tension and Coulomb force. All of
these forces can make the twist and bend deformations of the cantilever. A model for the deformation of the
cantilever in three dimensions has been established for the forces along with the three orthogonal coordinate axes
(Fx, Fy and Fz), as shown in Figure 1.
The cell manipulation task is implemented by the self-made AFM system, and the cellular shear adhesion force
will act on the probe tip and make it bending due to the shear adhesion force between the cell and the substrate.
When the torsional force of the cantilever is greater than the cellular shear adhesion force, the cell will be separated
from the substrate. Thus, the cellular shear adhesion force can be obtained by the cantilever deflection.
In the components of the three forces along with the three orthogonal coordinate axes, the force Fx will produce
the twist of the cantilever around its central axis, and it can be expressed as [18]

S
Fx ( H + ) = k tθ
2
where H is the height of probe, S is the thickness of cantilever, kt is the torsion spring constant of cantilever, and

(1)

θ

is

the twist angle from the rest position. The torsion strength of cantilever is [19]

k t = GβwS 3 / L

(2)

where G is the shearing elasticity modulus of the cantilever material, w is the width of cantilever, L is the length of
cantilever, and β is the constant calculated by S/w. Here, L=450µm, H=18µm and kt=1.71×10-7N.m/rad can be
obtained.
As shown in Figure 1B, a torque is generated on the cantilever by Fy1 which is the component of the force Fy
and perpendicular to OP. According to the triangle OPQ, the following equations are obtained:

sinβ =

(H + S / 2)
2
L + (H + S / 2)
2

op = L2 + (H + S / 2)

2

Hence, the torque T can be calculated as

4

(3)

T = op × Fy1 = Fy × sin β × op = Fy (H + S / 2 )
where

(4)

β is the torque angle of cantilever in the vertical direction.

Moreover, there is no torque generated by Fy2 which is along with the other component of force Fy. When the
probe acts on the cell, the force Fy in the Y axis direction will make the cantilever bend in the vertical plane, and it
can be calculated by

Fz L + Fy (H + S / 2) = kδL
where L is the length of cantilever, k is the force constant of cantilever, and

(5)

δ

is the vertical deflection of cantilever

induced by the force Fy.
When the probe acts on the cell, the cantilever will be deflected and detected by the position-sensitive detector
(PSD) through the optical lever collecting the reflected laser signal. The PSD will output two signals. One is the updown signal in the vertical direction representing the deflection of cantilever in the Z direction, and the other is the
left-right signal in the horizontal direction representing the twisting deflection of cantilever. Then the offsets can be
expressed as

δ = kv Sv
θ = kh Sh

(6)

where kv and kh are the deflection and torsional sensitivities of the optical lever detection system, Sv is the vertical
signal output, and Sh is the horizontal signal output of PSD. A large displacement of the light spot introduced by the
optical lever can be detected using the PSD. Since the light intensity distributions are different, the deflections of
cantilever can be measured through the differential signals from the up-down and left-right outputs.
When the cellular shear adhesion force reacts on the probe tip, the deflection of cantilever can be measured by
PSD. Assume that the sample is pushed away from the substrate by the cantilever with the angle a, the relationship
between Fx and Fy can be expressed as

Fx = Fy tanα

(7)

With the modeling of the manipulation of cells under pushing, the 3-D force can be obtained. Hence, the
resultant force of cantilever F can be calculated by

F = Fx2 + Fy2 + Fz2

(8)

In order to realize the accuracy acting on the manipulation, the relation constants in each equation need to be
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obtained and calibrated. Firstly, a standard grating is used to calibrate kv, and the relationship between the PSD
vertical signal and the vertical deflection of cantilever. Moreover, a hard probe with the spring constant of 30N/m
and the length of 129μm was used in this experiment to avoid the influence of ambient noise. According to equation
(6), the parameter kv can be calculated based on the linearly regressed fitting, and here kv=72.6±3.9nm/V.
Secondly, when the vertical deflection angle equals to the twisting angle, the PSD signal outputs should be
equal. Moreover, the two angles are so small that θ is approximately equal to tanθ. Hence, the relationship between kv
and kh can be expressed as

δz

kS
= v v = kh Sh
l
l

where

(9)

l is the cantilever length used in the calibration experiment. For the PSD with the same sensitivity in both

deflections, it can be calculated as k h = k v / l . Hence, kh=0.56±0.03×10-4 rad/V.
According to the thermal noise measurement method, the thermal energy calculated from the absolute
temperature is equal to the energy measured from the oscillation of the cantilever. The frequency measured in the
experiment is used to calculate the spring constant as [18]

k=

f 2 ρLH
0.1043

(10)

where k is the spring constant, ρ is the density of the cantilever material, and f is the measured resonant frequency.
Here, k=0.6N/m. According to equation (8), the force value can be calculated, and the cellular shear adhesion force
between the cell and the substrate can also be obtained by the force modeling of the cell described in the following.
When the probe acts on the cell, it has a certain distance to the substrate. Thus, the deformation of the cell
mainly occurs in the upper domain of its surface. Considering the stress relaxation phenomenon of the cell, the
cellular shear adhesion force can be approximately equal to the horizontal component of the cantilever twist force,
and the force is applied to the cell. The relation between the cellular shear adhesion force and the horizontal
component of resultant force of cantilever can be expressed as

Fc = Fh − Fz ⋅η
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(11)

where Fh = Fx2 + Fy2 is the horizontal component of resultant force of cantilever. η is the friction coefficient
between the cell and the non-coated substrate. It is calculated by each two measurements of cellular shear adhesion
force due to the correlation of the area of cells and Fc, here η ≈ 0.9 .
As the pushing force acts only on the cell parts close to the probe and the probe displacement is zero in the Y
direction, the pushing force is considered too far to affect the measurement of cellular shear adhesion forces. In this
case, the friction between the probe and the cell is neglected.
If the cell is further pushed away from the substrate surface, the shear adhesion force will cause the cantilever
twist in the opposite direction until it is completely detached from the surface, and there are no additional forces
acting on the Z axis since the probe is non-contact with the substrate during the manipulation. Hence, according to
the superposition principle of forces, when the horizontal component of the cantilever twist force equals to the
cellular shear adhesion force, there is a balance between the forces on the cell-probe.
In this method, the cell samples at 30%-40% of cell confluence were collected for the measurement of cells. A
self-made AFM system was used to implement the measurement of the cellular shear adhesion force under the
cultured environment. The scanning rate was 0.4Hz and the image size was 512×512 pixels obtained from the
contact mode.

3. Experiments and results

Cell imaging and positioning
After the cell manipulation was modeled, the motion of cells was viable once the minimum pushing force was
applied. The samples in the experiment were SW480 human colon cancer cells grown on an unsupported cover-slip
in culture. Initially, an inverted microscope was used to observe cancer cells. Then, the probe was moved to the
selected location showing only the non-overlapped cells in the scanning area, avoiding any damage of single cells in
the manipulation. Figure 2 shows the topographical images of SW480 cells without and with TRAIL (Figures 2A and
2E) and their cross section plots (Figures 2C and 2G). The experiments reveal a phenomenon in the measured
topography of two cells. The finding indicates that the cells treated with TRAIL show the round shapes, and the
apoptosis of SW480 is gradually appeared. The dimensions of the cells treated with TRAIL are smaller than those of
the cells without TRAIL. Moreover, there might be some proteinaceous adhesive secretions on the cell surfaces and
7

interfered with the cell imaging. Hence, the edge fuzzy phenomenon exists in the cell scanning. As shown in Figures
2C and 2G, and the highest point of the cell can be observed. An appropriate pushing location along the highest line
was selected in this study. The histograms of elastic modulus-frequency count distributions obtained by the tapping
mode are shown in Figures 2D and 2H. It clearly shows that the elastic modulus of SW480 cells without TRAIL is
much smaller than that of the cells with TRAIL. The surfaces of cells with TRAIL become more stiffness and this
indirectly reflects that the viability of SW480 cells with TRAIL will be reduced [20].

Cell manipulation with different working speeds
In the cell manipulation, the probe was set to a distance of about 1μm from the substrate. According to the
Saint-Venant’s Principle [21], when the manipulation was far away from the load acted area, the stress would be
close to zero. Hence, the complex detachment process was simplified in this case, and the horizontal component of
the cantilever twist force was approximately equal to the cellular shear adhesion force when there was a distance
between the manipulating position and the substrate. The image of cell populations captured by CCD is shown in
Figure 3. The cells under the probe were used for scanning and manipulation by AFM, and those cells were
independently grown on the unsupported cover-slip and easily manipulated. After the manipulation, the cell was
separated from the substrate and floated in the culture indicated by the arrow, as shown in Figure 3B. Then, the
maxima of probe deflections both in the up-down and left-right directions were selected and calculated by the
manipulation model established above, as shown in Figure 4. Since the living cell could response to mechanical
perturbation when the AFM approaching to it, different probe speeds were presented to study the influence of
manipulation in this work. The probe pushed the different surfaces along the highest cross section with the
piezoelectric transducer (PZT) from the right to the left direction at the speeds of 15µm/s, 20µm/s and 30µm/s,
respectively. The cantilever was deformed in the vertical direction and the torque direction due to the effects of
cellular shear adhesion force and the angle

α

between the probe lateral direction and the manipulating direction.

The up-down and left-right signals detected by PSD are shown in Figure 4, and the cellular shear adhesion force can
be calculated by equation (8). It can be seen from the measurements that the resultant curves become smoother with
the increase of manipulation speed due to the reduced detachment time in the shear direction. The impact of cell
adhesion between the cell and probe can be reduced by the increase of pushing speed. If the speed of probe is slow,
the maximum deformation of probe will be disturbed by some influences such as the mechanical perturbation, the
8

fluctuation of the liquid and the resistance. Then, the horizontal component of the twisted direction will present
interference signals around the maximum deformation. However, the faster speed might cause the oscillation during
the manipulation or damage the cell, and due to the viscosity of culture, the horizontal component of the twisted
direction will generate a certain deflection in the initial state which will affect the measurement of the lateral force.
Thus, the different speeds of the probe were presented to study the influence of manipulation, and a suitable
manipulation speed is important to reduce the extra effect without distortion in the experiment.

Cell manipulation in different locations
According to the highly precise imaging for the cell, various locations of the cell can be manipulated on the
nano-scale. Moreover, the trisection locations in the middle part and the both sides of different similar cells were
manipulated respectively at the speed of 20µm/s, as shown in Figure 5. Among them, the cellular shear adhesion
force measurements in the both sides of the cell were implemented on the same cell. It can be seen that the
maximum deflection of the probe manipulated on the middle part is far greater than that of the other two sides. Since
the cell was separated from the substrate and floated in the culture, the measurement in the middle side reflected the
holistic shear adhesion force of the single cell. Furthermore, the cell manipulation in both sides of cells was not
completely the same in the measurements. After the manipulations in both sides, the cell was not separated from the
substrate due to the effect on the major part of the cell, and the force curves of the two output signals showed the
difference with the manipulation in the middle part. Moreover, the measurement of the cell adhesion in the upper
portion of the cell is twice as much as the measurement in the lower portion. It may reveal that the cancer cells have
the metastasis tendency after cultured for 16 to 20 hours. The cell adhesion is the most important factor for the
research of the cell metastasis. On the basis of mechanic research of physical translocation with a novel perspective
on the metastatic process, it is important for preventing metastasis in the patients diagnosed with early cancer lesions
[22].

Cell manipulation for different types of cells
Cell manipulation can not only research for the metastasis of cancer cells, but also identify the cell viability.
The experimental conditions were kept the same with the cell culture during the measurement. Figure 6A shows the
cellular shear adhesion force measurements of twenty SW480 cells. The cell adhesion can be quantitatively
9

expressed by the shear adhesion force of the unit area. Thus, combined with the morphology character of cells on the
nano-scale, the cellular shear adhesion force of the unit area can be calculated, and the adhesion changes on different
surfaces can be obtained. Figure 6B shows the corresponding measurements of each cellular shear adhesion force
per unit area. It clearly shows that the shear adhesion forces of unit area are performed in the same level when cells
cultured in the same batch.
The experimental environment was kept to the same conditions during the culture and measurements. Figure 7
shows the average shear adhesion force measurements with three types of samples on each substrate from 20 force
curves. The shear adhesion forces of cancer cells were 1.7±0.3×10-7N on the non-coated cover slip. On the other
hand, the shear adhesion forces of the same type of cancer cells with the TRAIL of 300ng/ml were 0.71±0.2×10-7N
on the same cover slip, and the cancer cells with the TRAIL of 200ng/ml were 0.87±0.2×10-7N. The results show that
the shear adhesion force is decreased when the cells are cultured with TRAIL, which agrees well with the previous
research [23]. The proposed method of cellular shear adhesion force measurement is easy to perform and
quantitatively identify the viability of single cells. Moreover, combining with the high resolution images of cells
before and after cantilever manipulations, the cells of interest can be presented with more information in single cell
analysis.

4. Discussions

Cell adhesion is a biological phenomenon to maintain the morphology structure and functions of cells. It is
mainly mediated by the adhesion molecules on the cell surface involved in signal transduction and cell recognition
of normal cells to maintain the integrity of tissues. In cancer cells, the changes in adhesion are important factors for
the invasion and metastasis of cancer cells [15]. For the cancer cells detached from the tumor, the adhesive force is
weakened, and in the case that the cancer cells attach to the endothelium and then migrate into the tissue, the
adhesive force must be sufficient to overcome the hydrodynamic forces in the blood. Thus, the cancer cells are able
to regulate the adhesion and implement the invasion and metastasis processes.
Other methods for measuring the cell adhesion only rely on the vertical component of force since the AFM
cantilever is moved vertically to the cell. Samples with displacement in a different direction are usually not used in
the analysis, and the impacts of other directional force components and pushing speeds are not discussed. Moreover,
the visual feedback with an optical microscope or an environmental scanning electron microscope (ESEM) could not
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present an accurate position of the cell and obtain the morphology character at the same time. With this method, a
model for the deformation of the cantilever in three dimensions was established for the forces along with the three
orthogonal coordinate axes, and the probe with the elastic deformation property was placed horizontally adjacent to
the cell. Based on the superposition principle and the transferability of the force, cells and probes were subjected to a
critical status for the detachment through a horizontal force introduced by PZT. When the probe was twisted by the
force for the detachment between the cell and the substrate, the horizontal component of the twisted force was used
to calculate the cellular shear adhesion force. In the measurement, the accurate manipulation on the nano-scale can
be performed based on the cell morphology, especially for the different locations of the cell manipulation which is
potentially beneficial to the mechanic research of physical translocation with a novel perspective on the metastatic
process. Thus, the cellular shear adhesion force per unit area can be obtained and analyzed, combined with the
adhesion changes on different surfaces. It reflects the physiological state of cells more accurately in molecular level.
Furthermore, in this work, the experimental results show that the cellular shear adhesion force will be reduced
when the cells are cultured with the immune expression of TRAIL, as shown in Figure 7. TRAIL expressed by in
vitro can protect from tumor metastasis and suppress the growth of cancer cells. In addition, the cell indentation
research also shows that the elastic modulus of SW480 cells without TRAIL is much smaller than that of the cells
with TRAIL, and it reflects that the viability of SW480 cells with TRAIL will be reduced due to the declined shear
adhesion force and the gradually-hardened cell surface. In the experiment, two different concentrations of TRAIL
have been used to study their impacts on the shear adhesion force of cells.
In this method, the variation tendency of shear adhesion forces and the morphology changes can be performed
simultaneously on the nano-scale. Before the measurement of the shear adhesion force of the cancer cell, the cell
was adhered to the substrate for more than 16 hours, so that the shear adhesion force between the cell and the
substrate was almost unchanged, and the measurement deviation was minimized. With this method, the cellular
shear adhesion force can be obtained.

5. Conclusions

In this work, an AFM was used to obtain the morphology character of targeted cells on the nano-scale and the
cellular shear adhesion force at the same time. All the manipulations can be obtained according to the high precision
imaging for the cell on the nano-scale. A cell manipulation model was established based on the probe of the
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ContGB-G type (BudgetSensors), and two types of living cancer cells were pushed by the probe in culture. All
manipulations were monitored by a CCD camera. We presented the results of ten individual measurements of yield
strength on two types of cancer cells, one in the native state and one with the immune expression of TRAIL that
reduced the binding strength. Moreover, different pushing speeds of the probe and various locations of cells were
used in the experiments to study their influences. In this study, the measurement of the cell adhesion in the upper
portion of the cell is different from that in the lower portion. It may reveal that the cancer cells have the metastasis
tendency after cultured for 16 to 20 hours, which is important for preventing metastasis in the patients diagnosed
with early cancer lesions. This method provides a way for the measurement of the horizontal shear adhesion force
between the cell and the substrate, and for the simultaneous exploration of shear adhesion forces of cancer cells
using the AFM imaging and manipulation.
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Figure Legends

Figure 1 — Modeling of a cantilever-tip in three dimensions. (A) AFM cantilever deformation model in three
dimensions. (B) Model of Fy action on the cantilever. (C) SEM lateral view of the AFM tip used for the single
cellular shear adhesion force measurement. (D) SEM top view of the AFM cantilever, and the diameter of cantilever
tip is less than 10nm.

Figure 2 — Nano-scale topography of a SW480 colon cancer cell obtained by AFM in culture. (A) Topography
image of two SW480 cells, obtained by the contact mode, and the area of cell is about 416.25µm2. (B) 3D
topography image of the cells. (C) Cross section plot of a single cell in the upper part of figure. It is oval in shape,
27.04µm long, 19.60µm wide and 3.2µm high. (D) Histograms showing the elastic modulus-frequency count
distribution of SW480 cells from 136 force curves by the quantitative imaging mode, and the mean standard
deviation of the elastic modulus is 352.08±241.81Pa. (E) Topography image of a single SW480 cell with TRAIL,
obtained by the contact mode, and the area of cell is about 254.47µm2. (F) 3D topography image of the cell. (G)
Cross section plot of the single cell. The cell in the upper part of figure is round with the radius of 14.34µm and
4.3µm high. (H) Histograms showing the elastic modulus-frequency count distributions of SW480 cells with TRAIL
from 131 force curves by the quantitative imaging mode, and the mean standard deviation of the elastic modulus is
1121.59±943.54Pa.

Figure 3 — The image of cell populations captured by CCD. (A) CCD image of cell populations before
manipulation. The AFM tip was moved to the target single cell. (B) CCD image of the cell population after
manipulation.

Figure 4 — Experimental results. (A) The left-right signal detected by PSD when the probe speed is 15µm/s. (B)
The up-down signal detected by PSD when the probe speed is 15µm/s. (C) The left-right signal detected by PSD
when the probe speed is 20µm/s. (D) The up-down signal detected by PSD when the probe speed is 20µm/s. (E) The
left-right signal detected by PSD when the probe speed is 30µm/s. (F) The up-down signal detected by PSD when
the probe speed is 30µm/s.
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Figure 5 — Experimental results. (A), (B) and (C) were the left-right signal and up-down signal detected by PSD
when the cell was manipulated in the middle part, and the schematic diagram of the manipulation, respectively. (D),
(E) and (F) were the left-right signal and up-down signal detected by PSD when the cell was manipulated in
relatively slender part on one side, and the schematic diagram of the manipulation, respectively. (G), (H) and (I)
were the left-right signal and up-down signal detected by PSD when the cell was manipulated in relatively large part
on the other side, and the schematic diagram of the manipulation, respectively.

Figure 6 — Cellular shear adhesion distributions. (A) The cellular shear adhesion force measurements of twenty
cells. (B) The corresponding measurements of each cellular shear adhesion force per unit area.

Figure 7 — Average shear adhesion force measurement with the deviation of two types of samples on each
substrate.
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