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World-class environment for interdisciplinary

clean rooms; microstructuring;

category 2 biology lab;

chemistry lab;

surface science lab;

Extremely-low vibration labs in basement;

7 labs with inertial blocks

0 dB room;

2 labs with keel slabs on air jacks + control lab nanoscience 
research;

Flexible space to respond quickly to new directions;

Seminar room (Access Grid Node)

Environment in which new ideas are generated;
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Content

High-speed AFM : contact mode + superlubrication
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mode

+ molecular
water layers
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EPSRC Nano Equipment Access
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High-speed Atomic Force Microscopy:

Why go fast?
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to follow many processes;

to examine large areas of a specimen;

to create or manipulate structures over usefully large areas.

Go fast ...
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Why not go fast?
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Inertia  - response times

scan stage and z feedback

AFM cantilever response

Resonance - positioning 

scan stage

cantilever

SNOM probe

Electronic/software feedback response

AFM is a Mechanical Microscope
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Shifting the timescale

Decrease the mass of the scanning system

Increase the stiffness of the scanning system

Decrease the mass of the cantilever

Increase the stiffness of the cantilever

Decrease the Q factor of the cantilever

Faster feedback electronics & faster data capture
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High-speed AFM by operating at higher frequencies

Myosin V

Miniature
cantilever

Toshio ANDO (Kanazawa University, Japan)
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A Different Solution
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Resonant scan stages

A Different Solution
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Resonant scan stages

Superlubricity ‘contact-mode’ AFM

A Different Solution
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Resonant scan stages

Superlubricity ‘contact-mode’ AFM

A Different Solution
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Resonant scanning AFM

conventional 
scan tube

cantilever

piezo stack (y)

QCR (x)

top

side Resonant sample scan stage (x)

Piezo stack for ‘slow’ scan (y)

No electronic feedback

Mechanical feedback 

 super lubricity

 water in confined geometry

Scanned tip mode also possible

Extra down force (electrostatic)

ADL Humphris, MJ Miles, JK Hobbs, 
Applied Physics Letters, 86(3), Art.No. 034106 (2005)
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High-speed AFM of Chitosan Film

30 frames/s
(Infinitesima vAFM)

Ulcinas, Payne, Heppenstall-Butler

1µm x 1µm

Conventional AFM

 - tuning-fork resonance scanning
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High-speed AFM of Chitosan Film

30 frames/s
(Infinitesima vAFM)

Ulcinas, Payne, Heppenstall-Butler

1µm x 1µm

Conventional AFM

> 3000 Faster than conventional AFM

 - tuning-fork resonance scanning
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High-speed flexure stage and cantilever set-up

High speed
Contact Mode
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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Figure 1. (a) A schematic diagram of the high-speed flexure scanning stage in relation to the microcantilever; (b) the scan tube and liquid cell
in relation to the cantilever and flexure stage.

fast feedback do not produce significant damage to most
specimens even after thousands of images have been collected.
This contact-mode high-speed AFM has particular advantages
over the small-cantilever tapping-mode method for scanning
larger sample areas with greater height variations. HS AFM
has also achieved the highest AFM imaging rates with over
1000 frames s!1 being reported on biomolecular samples
(Picco et al 2007).

2. Experimental details

2.1. High-speed AFM instrumentation

A high-speed scanning system based on a flexure stage,
constructed in-house, was employed for video rate imaging in
both air and liquid. The high-speed system was mounted on
a Veeco Dimension 3100 such that conventional AFM could
also be performed. In conventional and high-speed AFM,
the fast scan direction (x) was set as the horizontal direction
in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
in real time to account for the nonlinear tip velocities. A
sine wave was also used to drive the x axis when taking
measurements of the velocity dependence of the lateral forces
on the tip.

The cantilevers used were supplied by Infinitesima Ltd
(Oxford, UK). Cantilever bending was measured by the optical
lever method (Alexander 1989, Meyer 1990) . DeflectionQ.2

data were captured and image construction performed in
real time using either Infinitesima electronics (Infinitesima

Ltd, Oxford, UK; http://www.infinitesima.com) or in-house-
designed National Instruments LabView software. The
bending and torsional displacement of the cantilever were
detected by a quadrant photodiode. The bending signal was
used for image formation and the torsional signal was used to
investigate the dependence of the frictional and viscous lateral
forces on the tip as a function of tip–sample velocity, in order to
gain an insight into the origin of the unexpectedly low damage
to the sample at high velocities.

2.2. Human chromosome preparation

Human lymphocytes were taken from heparinized peripheral
blood of healthy donors and were cultivated in a karyotyping
medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
ratio of the lengths of their chromatid arms, and are numbered
beginning with the longest. In this dry state, the height of the
chromosomes is around 80 nm. High-speed AFM imaging in
air of such a set of chromosomes resulted in a sequence of
images taken at a video rate of 30 frames s!1 (media ref 1
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in the image and the slow scan as the vertical direction (y).
The cantilever was mounted on the scan tube with its long
axis aligned with the slow scan direction (see figure 1(a)).
The scan tube also provided the z-direction control used to
maintain on average a constant preset cantilever deflection.
During HS imaging the frame scan was driven by a triangular
voltage waveform. The line scan, however, was created from
a sinusoidal waveform; this serves to prevent the introduction
of higher-order vibrational modes into the fast scan direction
(Rost et al 2005). The displayed images are easily corrected
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of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
metaphase chromosomes can be identified by their size and the
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forces on the tip as a function of tip–sample velocity, in order to
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medium (PB-max, Gibco, Invitrogen Co, Carlsbad) with 10%
foetal calf serum for 72 h at 37 "C under 5% CO2 and 95%
air. Colcemid was added to the culture medium at a final
concentration of 0.05 µg ml!1 for 1 h, resulting in arrest
of lymphocytes in metaphase. The suspension of cells was
then exposed for 30 min at room temperature to 75 mM KCl
and fixed with an acetic acid and methanol mixture (1:3).
Chromosome spreads were prepared by dropping the cell
suspension onto glass coverslips, followed by air-drying in a
humid condition for 10 min.

3. Results and discussion

Sets of human metaphase chromosomes spread on glass
coverslips were examined with both conventional AFM and
HS AFM. Figure 2(a) shows a contact-mode image of a set
of human chromosomes imaged in air with conventional AFM
with standard feedback electronics and software. Particular
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Collagen Fibres

Banding 
periodicity: 67 nm

30 fps
L M Picco, L Bozec, A Ulcinas, D J Engledew, M Antognozzi, M A Horton and M J Miles
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High-speed AFM Collagen Collage

12 images involved  - acquired in 200 ms
L M Picco, L Bozec, A Ulcinas, D J Engledew, M Antognozzi, M A Horton and M J Miles
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Scanner Arrangement for kilohertz AFM

`

piezo drivers operating in tandem

tuning fork scanning
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Human Chromosomes
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a b

Figure 2. Conventional contact-mode images of a set of human chromosomes (a) in air and (b) in 2 mM NaCl buffer. Image size:
36 µm ! 36 µm; height range: 250 nm.

(a)

(b)

Figure 3. (a) Montage of HS AFM chromosome images passing over the ends of two chromatids. (b) Montage of a metaphase chromosome. Q.A

(available at stacks.iop.org/Nano/19/000000)). Several of these
images from neighbouring regions can be assembled into a
montage such as that shown in figure 3.

It is remarkable that objects as tall as this can be imaged
repeatedly with no significant damage using a method in which

the feedback used is essentially that of a conventional AFM
and so too slow to reposition the tip above the sample at high
speed in order to minimize the force imposed. One possible
explanation for samples which exhibit significant viscoelastic
behaviour is that the sample deformation rates associated with

3
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(a) 

(b) 

Figure 5. (a) Montage of HS AFM chromosome images. (b) Higher-resolution image of the top of a chromosome (chromosome 2) showing
chromatin structures.

One explanation is that, at these velocities, conditions exist for
superlubricity to be significant, that is, the velocity of the tip
through the water layer generates a hydrostatic pressure which
results in the tip lifting off the sample surface, thus removing
the surface friction component of the force on the tip (Skotheim
and Mahadevan 2005). This mechanism provides an automatic
feedback, since, with increasing tip–sample separation, the
hydrostatic pressure produced will decrease. Thus, for a
given tip and velocity an equilibrium tip–sample separation
distance will be attained. An additional possibility is that at
high velocities the slip length may change and this is also
velocity-dependent (Thompson and Trolan 1997). For both
of these cases, the result is lower shear forces applied to the
sample by the tip and thus provides an explanation for the
considerably reduced sample distortion and damage observed
at these speeds.

Figure 2(b) shows a conventional contact-mode AFM
image of a set of hydrated human chromosomes recorded in
water. Note that the height scale of figures 2(a) and (b)
is the same, emphasizing the dramatic height increase. In
the aqueous environment, the chromosomes have swollen
by a factor of five in height such that they are sometimes

over 500 nm thick. This also indicates that the hydrated
chromosomes have softened considerably as compared with
dried specimens. Figure 5(a) shows a composite image of
a metaphase chromosome (chromosome 2) created from a
series of HS AFM images collected at 30 frames s!1 in water.
It was possible to move around the sample in real time,
as might be done with a conventional optical microscope,
and image different chromosomes (media ref 2 (available at
stacks.iop.org/Nano/19/000000)). From such a movie, larger
scale montages can be constructed. A comparison of the
observed structure from the HS AFM with conventional AFM
indicates that similar variations in height and width along
the length of the chromatids are seen (Hoshi et al 2004).
Figure 5(b) shows a higher-magnification HS AFM image of
the top surface of one chromatid in water. These images
have sufficient resolution to show structures on the surface
such as chromatin structures (Ushiki and Hoshi 2008) and it is
possible to move along the length of the chromosome, imaging
continuously.

Extension of high-speed contact-mode AFM imaging
to the liquid environment opens up many possibilities not
accessible to imaging in air alone. These are the first
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Figure 5. (a) Montage of HS AFM chromosome images. (b) Higher-resolution image of the top of a chromosome (chromosome 2) showing
chromatin structures.
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considerably reduced sample distortion and damage observed
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scale montages can be constructed. A comparison of the
observed structure from the HS AFM with conventional AFM
indicates that similar variations in height and width along
the length of the chromatids are seen (Hoshi et al 2004).
Figure 5(b) shows a higher-magnification HS AFM image of
the top surface of one chromatid in water. These images
have sufficient resolution to show structures on the surface
such as chromatin structures (Ushiki and Hoshi 2008) and it is
possible to move along the length of the chromosome, imaging
continuously.

Extension of high-speed contact-mode AFM imaging
to the liquid environment opens up many possibilities not
accessible to imaging in air alone. These are the first
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High-speed Transverse Dynamic Force Microscope
(TDFM)
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3D Mapping of Water Layers above a Surface
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TDFM approach curve - water layers
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Conventional TDFM
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High-speed Non-contact TDFM

Thursday, 11 June 2009



Small high-frequency probes are easy to make

TDFM is a non-contact force microscopy 

High vertical rigidity of probe

Circular symmetry of probe - choice of oscillation

Probe carrier away from sample

Wide choice of materials for probes

Why is TDFM a good candidate for High-speed?

1.8 MHz  FIB’d cantilever
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Small high-frequency probes are easy to make

TDFM is a non-contact force microscopy 

High vertical rigidity of probe

Circular symmetry of probe - choice of oscillation

Probe carrier away from sample

Wide choice of materials for probes

Tips: etched; cut; FIB; CNT;  etc. from silicon, glass, 
metal, polymer, nanowires, ...

Why is TDFM a good candidate for High-speed?

1.8 MHz  FIB’d cantilever
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Compare with problems making and using small cantilevers
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Probe

Sample

A New Detection Arrangement

An evanescent wave is generated above 
the sample surface

Only the very end of the vertically mounted 
probe enters the evanescent wave and is 
illuminated

The light scattered by the tip of the probe is 
collected and directed to a multi-segment 
photodetector 

The x and y position of the tip is then 
monitored directly

The evanescent field is present under both 
ambient conditions and in liquid 
environments

Antognozzi, Ulcinas, Picco, Simpson, Heard, Szczelkun, Brenner, Miles, 
Nanotechnology 19 (2008) 384002 
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Image of -DNA molecules deposited onto 
mica and observed in a 5 mM NiCl2 solution. 
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Non-imaging

Electrochemical oxidation of passivated silicon
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Local AFM electrochemical oxidation 
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Local AFM electrochemical oxidation 

Can be used to pattern surface -
conventional AFM too slow to pattern large areas
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All oxidation experiments performed in an environmental chamber 
- typically at 50 % RH
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250 nm

10 ms; -12 V Si tip; 
conventional  AFM

non-contact

All oxidation experiments performed in an environmental chamber 
- typically at 50 % RH
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250 nm

10 ms; -12 V Si tip; 
conventional  AFM

non-contact

All oxidation experiments performed in an environmental chamber 
- typically at 50 % RH
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Topographic AFM images of oxide nanostructures created with a 
-12 V tip bias for pulse times. Height range: 2 nm.

100 µs

50 µs

10 µs

5 µs

1 µs

500 ns

Oxidation of Silicon with high-speed AFM

Picco, Vicary
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The fast scan axis is provided by a quartz crystal resonator with  
perpendicular slow scan direction by a piezoactuator.

Cantilever is mounted on the scan tube of a conventional AFM.          

High-speed resonant scan stage

James Vicary & Mervyn Miles, Nanotechnology 20 (2009) 095302 
Thursday, 11 June 2009



Resonant scanner mounted on Veeco Dimension 3100

15 fps

James Vicary & Mervyn Miles, Nanotechnology 20 (2009) 095302 

Every 4th frame is shown

Whole scan area oxidized - bias time set to half a frame (33 ms) 
and repeated at 1 Hz, triggered from scan drive.
Scan area is also panned in x 1 Hz; these images are the 8th frame 
of the pan so that the edge of the oxidation can be seen.
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After oxidation

HS AFM

 c AFM

The profile shows the oxide to be thicker at the ends - this is 
due to the sinusoidal scan speed of the resonant scanner.
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James Vicary & Mervyn Miles, Nanotechnology 20 (2009) 095302 

Three oxidation bias pulses triggered from scan drive

Simultaneous oxidation and HS AFM imaging;
oxidation growth rate affected by sample tilt and 
sinusoidal scan velocity
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James Vicary & Mervyn Miles, Nanotechnology 20 (2009) 095302 
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High-speed AFM

Simultaneous writing (oxidation) and imaging

3 voltage pulses synchronized to fast line scan

30 fps

Read-Write

Picco, Vicary
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Conventional AFM of oxidized lines on Si

James Vicary & Mervyn Miles, Nanotechnology 20 (2009) 095302 
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Summary

High-speed ‘contact-mode’ AFM - most useful for:

large areas & high specimens

very high speeds

high-speed oxidation of Si

Non-contact TDFM - proof of concept:

single molecule imaging

low forces

water structure

easy probe fabrication from a wide range of materials
Thursday, 11 June 2009
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