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80 Introduction

0.1 JPK NanoWizard® SPM and DP software

This manual covers the use of the DP software supplied with the JPK NanoWizard® AFM system. The software is
designed for use on data produced during normal operation of the JPK NanoWizard® SPM software, and is not de-
signed for reading in data in other formats or from other instruments.

0.2 JPK data formats
0.2.1 Images

Images produced by the JPK SPM software consist of multiple channels of data for a single scan, with a file name of
the form “filename.jpk" and “qi-fit-flename.jpk-qi-image”. These files will then generally be read into the DP software to
produce data in a format for reading by other software programs, for instance to export images as standard TIFF files
for use in presentations or reports. Other image formats are also available, note particularly the PNG format which
offers lossless compression and can therefore export images that have a reasonably small file size but keep the text or
lines sharp. Most of the features in DP are designed for processing images, or reading out data from image scans. In
addition, some systems have software allowing calibration and import of optical images into the SPM program, using
the Direct Overlay feature. In this case these same optical images can also be imported into the DP program.

0.2.2 Force curves

The force curves produced during normal spectroscopy mode are written in a compressed binary file format (file name
of the form "filename.jpk-force"), so they cannot be read into normal mathematical or spreadsheet processing software
programs. They contain the data of the trace and retrace segments as well as time delays or force clamp steps.

There is the possibility to export force curves as text files, either as .out files (old ASCII force format) or as a .txt file.
Converting curves into .out files is not recommended, since some information will be lost (for instance, data collected
during pauses and clamps, which were not supported in the old format). The text export produces normal text files
containing all the curve data. The text export files cannot be read back into the DP software, all DP processing should
be completed before the export.

To convert a large batch of force files, there are two scripts to convert a directory of force files. The script “jpk-force-
legacy-export” creates .out files, and “jpk-force-export” creates text dump files. Both are used from the Linux terminal.

0.2.3 Force maps and QI data files

Force maps and QI data files are written in a compressed binary file format (filename.jpk-force-map, filename.jpk-gi-
data), in a format related to the single force files, which can only be read by the JPK Data Processing software. These
files contain all the force curves of the map in the normal force format (see Section 0.2.2 above) with the correspond-
ing spatial information. Force maps of the old file format (filename.map_txt) can also be read in.

Once a map is read into the DP software, there are several options to save the data. It is not possible to process single
curves as part of the map, but the map can be easily split into single force curves of the JPK-force or text format for
further processing. There is also the possibility to export the map as a JPK force map image (filename.force)/ JPK QI
image (jpk-fit-filename.jpk-gi-image), which can then be processed like a normal JPK image. Or the image can be

DP Data Processing Software  Version 4.2 1



l “ l ( Nanotechnology for Life Science

Instruments

exported in a standard graphic format like TIFF or JPEG.

0.2.4 Other data formats

There are several other forms of data generated by the SPM software, such as real-time scans, frequency spectra
from either AC mode tuning or thermal noise data, etc. These are in the form of ASCII data in columns, suitable for
reading into mathematical or spreadsheet processing software programs.
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81 Software overview

1.1 Starting the program

i- Click the JPK icon labeled “DP” and the program will launch. The shortcut and menu options depend which
type of file is being processed, so when the software starts, the only option is File Open. New menus and

icons appear when a file is opened, depending on the file type.

The software can also be opened from a Linux console or shell window by typing "dp".

= JPK Data Processing

Eile

(=1

Help

EICEIEINE]

1.2 JPK image files

1.2.1 Theimage menu bar

The image menu options appear when an image window is active, which contains all the operations available to
process an image file, or measure information from an image. The following table contains an overview of the menu
options with links to the relevant sections of this manual.

File Edit Manipulate Measurement Analysis Layout Setup Window Help
Details in
Pull down menu in the menu-bar Brief explanation section:
File
& open Ctrl-0 Open and load JPK files 21
& Import Optical Image Import an optical image with a corresponding calibration §5
ket Open Batch of Spectroscopy Curves Batch processing 6.5
Save Image Data Ctrl-s Save modified JPK file for current channel 25.1
S Export current channel view as a TIFF image 2.5.2
(%] Close Frame Close current channel window
Exit ctrl-Q Close all windows and exit DP software
Edit
% Remove Operation Ctrl-R Remove last processing operation 234
% crop Image Select an area to crop and form a new image file 4.2

DP Data Processing Software  Version 4.2 3
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Manipulate

Manipulate
2 Polynomial Line Fit Subtract a line fit from each scan line independently 3.21
M Histogram Line Fit Fit polynomial to part of each scan line and subtract 3.2.2
4 subtract polynomial surface Subtract a plane fit from the whole image 3.1
B rRemove Lines Remove selected scan lines, replacing with interpolation 3.3
B0 £ 4ge Detection Highlight edges 3.5
@ Curvature
& |nvert Image Invert the height of the current image 3.6
Filter 3 High or low pass filtering options for the whole image 3.4
Measurement
A8 Measurement Measure distances and angles 41.1
Mark Points Measure point values 4.1.2
m Analysis
Cross Section Open cross-section panel for measuring heights 4.1.3
4b, Histogram Open histogram window to show height distribution 4.1.4
FillereizE Open Fourier Analysis window for spatial frequencies 415
Layout
D 3D View Open 3D view window 4.3
Colortable ’ Change colortable for current image
Default Colortable ¥ Change initial colortable for newly opened images
Setup
Logging Settings Open the Logging Settings 15
Window
Tile Wertically
usticuzontally Settings to allow tidy alignment of currently open windows
Cascade
[ Close all Frames
v A Wit eyt Start/stop the automatic saving of frame properties
Forget Saved Window Layout Save the current frame properties
Quantitative Image: qgi-data-2011.12.08-17.00.29.jpk-qgi-data Reset the frame settings to delivered defaults
Dverview . .
List of currently open windows
View relative location of scans in the image viewer
Help
About . .
Credit Information about the current software version 14.2
Credits

DP Data Processing Software  Version 4.2



1.2.2 The image shortcut bar

Below the menu bar there are icons to launch the most commonly used features. These provide shortcuts for the oper-
ations available to process an image, or measure information from an image. Processing operations grouped together
on the left hand side, measuring operations grouped on the right hand side. A short explanation for each icon is shown
in the table below.

Elelc/am @ « [sz[=xE 2= B [sa =i@ (3 (=
. . . Details in
Shortcut icon  Brief explanation .
Section:
IE'.‘ Open and load JPK files 2.1
IE‘ Import optical images with a corresponding calibration (when available) §5
Open a batch process of force curves 6.5
Save modified JPK file for current channel 251

Open the Overview image viewer to show AFM and optical images and force curves togeth- 2.2

V¢ B B B T

er
Export current channel view as a TIFF image 252
Remove last processing operation 234
Subtract a linear/ polynomial fit from each scan line independently 321
+ 44
allic Fit a polynomial to a selected height range of each scan line and subtract from each line 3.2.2
I independently
n Filter by replacing pixels with the median value of neighboring pixels 3.4.2
o
i.H Subtract a plane fit from the whole image 3.1
E Remove selected scan lines, replacing with interpolation 3.3

DP Data Processing Software  Version 4.2 5
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Apply a Gaussian low pass filter

Apply a high-pass filter by subtracting a low-pass filtered image (unsharpen mask)

Highlight edges in the image

Invert the height of the current image

Measure distances and angles

Measure point values

Open cross-section panel for measuring heights

Open histogram window to show height distribution

Open Fourier Analysis window to show spatial frequencies

Select an area to crop and form a new image file

Open 3D view window to show a 3D height projection of the current channel

1.3 JPK Force files

1.3.1 The force curve menu bar

A different set of menu options appear when a force curve window is active.

File Edit Measurement Setup Window Help

3.4.1

3.4.3

35

3.6

41.1

41.2

413

4.1.4

4.1.5

4.2

4.3
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Pull down menu in the menu-bar

Brief explanation

Details in sec-

tion:
File
& open ctrl-0 Open and load JPK files 6.1
& Import Optical Image Import an optical image (where available) §5
k= Open Batch of Force Scans Open a batch of force curves (batch processing) 6.5
Save Force Scan Save force scan data 6.3.1
Export as Picture Export current channel view as a TIFF image 6.3.2
Bt e Ve Export current force scan as a text-file 6.3.1
%] Close Frame )
Exit ctri-Q Close current channel window
Close all windows and exit DP software
Edit
% Remove Operation CtrlR Remove last processing operation 6.2
Measurement
~ Calibrate vDeflection Calibrate the cantilever 6.4.1
47 Smoath Force Data Smooth the Force Data 6.4.2
Yt Subtract Baseline Offset and Tilt Adjust the Baseline to set the zero force level 6.4.3
%= Find Contact Point Find the Contact Point of the curve 6.4.4
E’ Shift Origin Offset the x- and y- axes manually 6.4.5
TLEENE EREETEET Calculate the Tip-Sample Separation 6.4.6
Z' chain Model Fit Apply a Chain Model Fit 0
I!_l‘_ Elasticity Fit Apply the Hertz Model to fit the Young’s Modulus 6.4.8
4+ Step Fit Find and Fit Steps in the data 6.4.9
v Curve Minimum Measure the Minimum value from the curve 6.4.10
v Area under the Curve
X Measure the Area under the curve 6.4.11
M~ Measure slope
e . . . Measure the Slope of the indentation part of the curve 6.6
"~ operation-setpoint-height
Find the height corresponding to the setpoint 6.4.1
¢- Filter Series . . . .
Filter in a Batch Processing Series 6.6
"+ Measure Distances Measure the Distance between two coordinates 6.4.13
Layout
ASCIl Export Settings Open the ASCII Export Settings 6.3.1
Logging Settings Open the Logging Settings 1.5

Tile Vertically
Tile Horizontally
LCascade

% Close All Frames

v Auto-save Window Layout

Forget Saved Window Layout

Overview

Quantitative Image: qi-data-2011.12.08-17.00.29.jpk-gi-data

Window

Settings to allow tidy alignment of currently open windows

Start/stop the automatic saving of frame properties
Save the current frame properties
Reset the frame settings to delivered default

List of currently open windows
View relative location of scans in the image viewer

DP Data Processing Software
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Help
About Information about the current software version 1.4.2
Credits

1.3.2 The force curve shortcut bar

Different icons appear when a force window is active. These show shortcuts for the operations available to process or
analyze the force curve. A short explanation for each icon is shown in the table below.

EEEE o 3wl ] (2 N ] S
. . . Details in
Shortcuticon  Brief explanation .
Section:
IE‘ Open and load JPK files 6.1
] Save modified force curve data (JPK force file format) 6.3.1
=
Export current force curve view as a TIFF or other graphical format image 6.3.2
(]
] Export current force curve data as a text file 6.3.1
m .
Open the Overview image viewer to show AFM and optical images and force curves 2.2
ﬂ together
% Remove last processing operation 6.2
"l-m.r‘.t (Re)Calibrate the V-deflection by adjusting sensitivity and spring constant 6.4.1
V-+F
’.n"’ Smooth the Force Data 6.4.2
j Subtract the Baseline to set the zero force level 6.4.3
}I-—-I Find the Contact Point of the force curve 6.4.4

8 DP Data Processing Software  Version 4.2
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Shift the Offset for the x- and y- axes to set the origin where the tip meets the surface

Correct the height for the cantilever bending to calculate the Tip-Sample Separation

Apply a Chain Model Fit to a force-distance curve (WLC and FJC)

Apply an Elasticity Fit to determine the Young’'s Modulus (Hertz and related models)

Find and Fit Steps in the data

Measure the Minimum value from the curve

Measure the Area under the curve

Perform a Filtering Series operation to filter data in respect to a chosen parameter.

Measure the Slope of force curves, as in the SPM software

Find the Height corresponding to the Setpoint

Measure the Distance between two coordinates

1.4 Software versions and updates

6.4.6

6.4.8

6.4.9

6.4.10

6.4.11

6.6

6.4.12

6.4.1

6.4.13

The JPK NanoWizard® is delivered with the newest version of the JPK software. JPK’s Software “SPM” and “DP” are
written and maintained by JPK developers. If you have any suggestions for improvement of the software or if you find
any bug please contact us: support@jpk.com

If you find a software bug it is helpful for us to get as much information about the circumstances as possible. If any
error or warning/information message occurs the included text is automatically written to a special log file that you find
in your directory \user\jpkdata\. It is helpful for our software support if you can send us the content of the log file or the
whole file as an attachment. The name of the log file consists of the date and the time the software was last launched,
for example “spm-2005.05.27-21.16.43.log".

DP Data Processing Software  Version 4.2
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1.4.1 Updating your software

To download your free software updates, please go to the following web page on the JPK Instruments website:

http://customers.jpk.com

This web page is password-protected; please enter the login name and password. The login-name is your device
number, e.g. a0016, which you can find on the sticker on your AFM head. The password is provided with the AFM
system. Note: The password required here is NOT the administrator password for your Linux computer. The software
download and installation will update both the SPM and DP software versions at the same time.

If you have lost or forgotten your password, or have problems downloading or installing the upgrade, please contact us
for assistance. E-mail support@jpk.com or call our technical support line on +49 30 5331 12545.

1.4.2 SPM software version

If you contact JPK for assistance concerning the software it is
helpful for us to know which version of the SPM software you
are using. From the main drop-down menu at the top of the
window open Help — About to get the version number.

In this example Version 4.0.13+ is used.

1.5 Logging Settings

About JPK Data Processing x

Data Processing
L

i
- \\\.‘\‘\'\ |

©1929-2010 JPK Instrurments AG, all rights ressrved - www jpk.com
MNanoWizard, LightWizard, CallHesion, ForeeRobot, TAD, BioMAT and
NanaoTracker are trademarks or regi: trademarks of JPK Instruments AG

LK .......

Instruments

< Version spm-4.0.13+ )

The settings for the error logging can be adjusted via Setup —
Logging Settings Logging Settings

Logging Settings
Log - File - Logger

Dialog - Logger [Log each message

StatusBar - Logger[Log monitored tasks 'l

The logging settings determine where relevant messages, errors
and warnings should be displayed:

» Log-File: information written in /jpkdata/*.log

» Dialogs: information displayed in pop-up dialogs

» Status Bar: information appearing in the lower status bar of

the SPM software

10 DP Data Processing Software
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Log each message b Each logger can be adjusted separately by setting what is to be logged. Warnings
Log method traces and errors can give useful information about the status of the AFM and may be a
Log debugging message
Log hint message

Log monitored tasks

guide to the source of a problem.

Before deactivating all loggers, please keep in mind that these loggers are used to

Log each message . . .

Log errors and warnings A track unforeseeable errors that might occur. Especially the log files can be used for
Log only errors later bug fixing.

Log nothing

DP Data Processing Software  Version 4.2 11
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2.1 Opening a JPK image file

q Open Strg-0
- .
= Import Optical Image
L= Open Batch of Force Scans
Exit Strg-Q
s2r Open an AFM data file @
toskIn: |3 555 M EIREEE
3 ip & o detals avalable
save-2006,10,27-13.28, 10, jph
ave-2006,10,27-13.43.00. jph
ave-2006,10,27-13,53, 34, jpl
;ave-2006,10,27-14.04.09.jplk.
a T llretat: 7 Jpicimage fies|
File Name; lsauea SeeiE it |
Files of Type: | JPK image / -
| open || cancel |

Move up a directory in the file tree

Files displayed in a list

| 157 [e5) ()

Files displayed as icons.

oo
oo

Image files and the processing window

To open a JPK SPM file, select File—Open from the pull down
File menu.

&

The Open file dialog will open. The default folder that is dis-
played initially is the jpkdata folder of the user that is logged
in. With each subsequent image that is opened the folder
displayed within the Open file window will be the last folder

Alternatively, click on the open file icon:

from which an image was opened.

The JPK SPM program generates different kinds of data, such
as images or force curves, however, all type of JPK data files
is displayed in the open file dialog. The default setting is to
display All JPK files. To display JPK image files within the
given directory choose the JPK Images option at the bottom
of the window. All image files will appear as a thumbnail and a
filename in the form filename.jpk.

Jump to the home directory of the current user

12 DP Data Processing Software
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421 Open an AFM data file 3

EEFEEE]

LookIn: |3 555

¥ Rename | Delete |

Name no name entry —
Account kate

Comment no comment entry

Prone epoxy

sss

save-2006.10.27-13.43.00.jpk| topside

0.900 Hz

=& | ine Rate

Save-2006.10.27-13,53.34.jpk S M H

Size 10.26%10.26 um

Offset -12.97,-25.94 ym
save-2006.10.27-14,04.00.jpk Piels 512x512

Date oct27, 2006

Time 1:2810 P B

4] TelfTotal: 7 sPKimage files[Size: 4.2 b, 2008 10 27, 03:42

FleName:  [save-2006.10.27-13.28. 10.5pk |

Files of Type: [ JPK image ~|

[ open || cancel |

Channel Trac Retrace
Error signal F 7]
Height "]
Height (measured) IF] ]
Lock-in phase [F] ]
| selefal || Selectal |

(o s
J#t Select channels to process from save-2006.... E

Channel Trace Retrace
Error signal F
Height ]
Height (measured) ]
Lock-in phase [F
( Select Al ) | Select Al |

| Load | |Cance| |

To select a file, click on the thumbnail or the filename, the selected
file will then be highlighted in blue, and the name will be displayed
under Filename at the bottom of the window.

When a file is selected the File info will be displayed on the right.
This includes details of the scan size, resolution, imaging mode and
any information saved with the SPM file by the user under probe or
comments, as well as the Approach ID.

To open the selected file, click the Open button.

The DP program offers a dialog to select which channels should be
opened. The dialog window shows the list of saved channels for
the selected image. An inactive box (light grey border) corres-
ponds to an unsaved, channel, for instance when a channel is
saved in the trace but not retrace image. The channels that are
now selected with the tickboxes will all be opened for processing
when Load is clicked.

By clicking the Select All icon, all saved Trace or Retrace chan-
nels will be selected.

All channels that are loaded into the DP program will be opened in
their own window.

DP Data Processing Software
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2.2 The Overview image viewer

In the SPM program the image viewer shows multiple images in the correct locations. The Overview window in the DP
software shares many properties with the image viewer in the SPM program.

The Overview window is already displayed before any
images have been opened. As AFM or optical images, force
curves and other kinds of data are opened, they will appear in
the Overview window.

The blue square represents the 100 x 100 pum range of the
piezo, and images that are opened will be displayed with the
offset of the original scan.

The Overview window generally functions like the image
viewer in the SPM program and provides the scan
comparison and combination in the offline software.

As each image is opened it will appear in its own data
processing window, as well as in the Overview window. A
thumbnail for each image appears in the right panel of the
overview window, like the scan list in SPM. As the images
are manipulated in the processing window, the image in the
Overview window will also be updated.

Each image will be displayed with the original offset from the
image acquisition. It only makes sense to compare images in
the Overview window that have the same approach ID (and
hence same lateral offset).

A single click on the thumbnail will select the image (as in
SPM), so it is plotted on top of the other images. To display it
at)maximum size within the Overview window, click on the
Focus button. Focus All expands the view to fit all the opened
files in the Overview window.

The general plotting order of the images can be adjusted
using the green arrows at the top of the right hand panel.

EIEE2E)

Double-clicking on the thumbnail raises the corresponding
processing window to the front of the DP display, so that the
image can be modified.

14 DP Data Processing Software  Version 4.2



Angle (Degrees)

The View function works in the same manner as it does in the
SPM program. When View is selected a Scale bar and Angle
bar are displayed. The user can then manually adjust the
scale and angle of the display.

The mouse wheel also functions as in SPM. Scroll the mouse
wheel to zoom in and out from a particular location. Click and
drag with the mouse wheel to shift the view within the
window.

o o g
3 90 45 0 45 0 13 180

(v ] Focus ) Foae)

An image of the current Overview window display can be
exported by using a right-mouse click within the window and
then selecting the Export as picture option.

@ ! Innﬁ Ipk

Also available in the right-mouse menu are options to change
the view and also to Measure Distance.

All the processing of images is done on each individual image
in the Processing window. The axis and color scale settings
are also controlled by the Processing windows.

2.3 The processing window

2.3.1 Processing and Overview windows

7 JPK Image Processing,

When an image is loaded into the DP program it is

ECIEEICE

[

a|

E2/B[x

displayed within a new processing window and also

‘“m 5

Lozl

in the Overview window. In the right panel of the
image viewer a thumbnail of the image will appear

 Height : trace (001.jpk)

[View ] [Focus | [Focue |

An image can be selected for analysis by double-

[ \j:f:‘ clicking on the thumbnail, or clicking once within the
processing window itself. The selected image is
highlighted with a blue header bar, whereas in the
. oot other, inactive images the header bar is grey.
R
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4 JPK Image Processing

Ble  Edt  Maripulat

a4l

| | @jeeTy a®.ms

* Height : trace (001.1pk)

=

@ ven” @10,
Channel: Height
Trace

Name: noname entry
Comment: no comment entry

Line Rate 0111 Hz

Overscan: 05005
50.00%50.00 um
offsat. 0,00, 0.00 pm

_
Fourier Analysis size:

S Crop Image:

Colortable R Pixels: 512x512

3D DV

Dae: Nov1, 2002
Time: 11:1212 A0
Mode: Contast mode

Relative Color Scale
Gain: 2400 Hz
= PGain 0.0053

When an image window is active, the data
processing and measurement functions are now

available in various locations:

These can be accessed from the pull down menus
at the top of the screen.

Alternatively, the most commonly used functions can
be accessed via the short-cut icon bar, with data
processing functions to the left and measurement to
the right.

The common functions used for measurement can
be opened using the right mouse button menu.

-1 “m int 530 m D -
2.3.2 View panel

* Height : trace (001.ipk) o & E . . . . .

=] The default display in the right hand side of the processing
@ View | @ 1Info | =l . B - . . .
oo e v At cole bl window is the View panel. Here are the settings for displaying
and configure additional elements of the .
iz the image.

5 statistics

) MinMax

O Fixed Range

Offset [ 1227 &

0.000 10,000
[ Reser

Maximum of color scale 1118 pm
Minimum of color scale 15um
Image maximum 15um

Image minimum 1.76 um

Show axes
Show color scale
[ Relative color scale

* Height ; trace (001.jpk)

The tick box Show axis adds the xy axis display to the image.

The Show color scale tickbox displays the color scale in the

image view. The range of the colorscale is displayed as text in
the View panel. The colorscale can be adjusted to highlight the
features of interest, see Section 2.4 for more details.

= The Relative color scale tickbox displays the numerical values

@ vew ', @) 1ok | =
Customize the view. Adjustthe colortable

and configure additional elsments ofthe
vigw.

(%) Statistics
O Minbtax
() Fixed Range

Offset B2 1227 &

2.000
Muttiplier

0.000 10.000

Maxirmum of color scalz 1118 um
Minimum of color scale 1.5um
Image maximum 15 pm

Image minimum 1.76 pm

Show axes

(2 ShowrToTOT ST I
Relative color scale

41 2 Iv

for the height range with the lowest value set to zero.

The absolute values are still shown in the panel above the
tickboxes, but the displayed image now shows a relative range.
This format is usually used for exporting images for presenta-
tions, since the absolute piezo position is not usually relevant
(Rese information.

The currently set axis and color scale settings have no effect on
the saved data, but they are used for the image export, see
Section 2.5.2.
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2.3.3

Info panel

Channel

Name

Account:

Comment

Probe:

Line Rate
Overscan:
Size:
Offset:

Pixels:

Date
Time

Mode:

IGain:
PGain
Setpoint:

Baseline:
Approach ID:

& view " [ Info\

Height

Trace

no name entry

kate

no comment entry

no probe entry

1.000 Hz
0.053s
100.0x100.0 um
-0.0,0.0 ym
512x512

Apr 21, 2008
12:04:01 PM

Contact mode

480.0 Hz
0.0360
-180 my
oov

<]

2006.04.21-10.39.57-00018

The other panel that is always available on the right hand side of the data processing
window is the Info panel. This contains information about the saved scan, e.g. scan
parameters and the time and date of image acquisition, as well as the account within which
the scan was saved.

Any comments entered by the user when the scan was saved in the SPM program are also
displayed here.

The Approach ID is a reference number that is updated every time a stepper motor ap-
proach is made. Therefore the coordinates from different files with the same Approach ID
should be the same. This information can be used to link different images where the coor-
dinates have not been reset by moving to a different area.

2.3.4 History bar and remove operation

* Height : trace (npc-2006.02.27-11.16.30.jpk)

o el B

In the data processing window, there is a history
bar across the top of the window. This shows the
list of operations that has been applied to the
image. Previous processing steps can be viewed
or changed by clicking on the icons in the history

TLF2) | @ View | @) Info |, (=
Subtract a polynomial fit from each scan ling]
independently

— =
SRS I

Excluded areas
¥t | vt | width | Height

bar.

E Height : trace (npc-2006.02.27-11.16.3
[EEE
- R

Individual operations can be removed from the
list using Remove operation. This can be se-
-1 lected from the icon bar or by using the right
mouse button in the history bar and selecting

-| Remove operation.
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2.4 Colortables

2.4.1 Choice of colortables

Image data can be displayed in one many different color tables. The color table can be
changed for the selected image by choosing the pull-down menu under Colortable, or the
default for a certain DP session can be changed by selecting Default Colortable. The
colortables are also available from the right-click menu in any data processing window when
the mouse is over the image panel. The currently selected colortable is indicated in the list.

3D 3D View
Colortable
Defaulk Colortable

7% GUI Settings

Darkgold is the default colorscale for both SPM and DP. This is a relatively
simple colorscale, with one main color gradient from dark brown through gold
to white. This is relatively flexible, but for many cases a different colorscale
will be chosen. Often this is a matter of personal preference — the Default
Colortable option allows a new default selection for the current DP or SPM
session. Currently open images are not affected, but newly opened images
are shown in the new default colors.

There are also some general rules that can enhance visualization of different
types of samples, depending on the data range of the image. Here are a few
general suggestions for finding a good choice of colortable.

Images with many small features through a much larger overall height range

Samples such as cells contain small structures against the background of the
large height differences due to the cell body. With a default colortables these
features are difficult to visualize — a colortable is required with many different
color changes to highlight small features over the whole range.

In such a case the High-structures 1 color table shown here can highlight
more detailed surface structure. There are several High Structures colors-
cales which all have multiple bands of color, so contrast can be seen on
many different levels in the image.

For images where higher contrast is required than Darkgold, for instance, but
the structures are not as tall as cells, there are a number of three-color color
tables. Peacock is shown here, these colorscales can highlight smaller fea-
tures against a background. In this case smaller structures on top of the
spheres are more apparent than if a single-color color scale is used. With a
clear double color change, small features are highlighted, without being so
confusing as colortables with many color changes. Rainforest is another
useful mid-range colortable, with dark blue, green and yellow.
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Images with distinct features against an uninteresting background

Fine detail within samples with small height differences can often best be
visualized if a color table based on a dark background color is used, such as
this Darkbrown color table. The low contrast in the lower end of the scale
gives a subdued background, so that the bright highest features are seen
sharply.

The apparent resolution can also be affected by the colortable — changing
from Darkgold to Darkbrown for an image such as this one will increase the
apparent resolution, although the image data is of course completely unaf-
fected.

Screen color versus print color, 2D view versus 3D view

Remember that the colors displayed on screen are different from the colors
that will be printed. The conversion from RGB (screen) to CMYK (most prin-
ters) is difficult for many colors, particularly light greens for instance. Some-
times it may be better to make the conversion in a graphics package after
image export, and adjust the overall color range if necessary.

The colors also appear different in the 2D and 3D views. The shadows in 3D
enhance the contrast, where for some colortables the image in 2D view had
too little contrast. Often a color range with light colors shows up the shadow-
ing in 3D view best, although it may seem low in contrast in the normal 2D
processing window (compare 2D and 3D views of this image, which are
shown for the same settings and colortable).
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2.4.2
& View | () Info |
Customize the view. Adjustthe colortakle
and configure additional elements of the
wiew.
() Statistics
Minhax
) Fixed Range
Offset | » 0,900 | &
+2.000 2,000
Multiplier (v a
0.000 10,000
|Reset
Maximurm of color scale 466.5 nm
Minimum of color scale 3821 nm
Image maximum 451.7 nm
Image minimum 358.7 nm
(3) Statistics
() MinMax
() Fixed Range
Offset [+ 0,900 | &
I — 1) |_
2,000 2,000
[ 10k — |_
0.000 10,000
|Reset
Maximum of color scale 466.5 nm
Minimum of color scale 3821 nm
Image maximum 451.7 nm
Image minimum 3587 nm

() Statistics

(3) MinMax

() Fixed Range

Maximum | - l 115' a |%

[ 1ok 1
F100% 200%
T S I

L m ]
~100% 200%

|Reset
Maximum of color scale 466.5 nm
Minimum of color scale 3821 nm
Image maximum 451.7 nm
Image minimum 3587 nm

Statistics, MinMax and Fixed Range colorizers

In the View panel are the settings for how the image data (height, deflection,
phase etc) is converted into the different colors. The JPK software generally
uses a conversion based on the statistics of the image data range. This allows
the software to automatically choose suitable settings for images over any range,
regardless whether the height range is nanometers or microns. The color set-
tings also adjust automatically during processing when the height range of an
image is changed, for instance during Linefit. This is designed so that for most
images the settings do not need adjusting during data processing.

When an image is ready for export, these settings may need adjusting — e.g. to
set a particular height range for comparing different images. There are three
different conversion functions available in DP; Statistics, Min/Max and Fixed
Range. Statistics and Min/Max are the same as in SPM. Fixed Range is only
available in DP.

The numbers show the overall maximum and minimum data values in the image,
and the max and min versions used in the color scale for comparison.

Statistics

Sigma is the full width at half maximum of the data range
distribution over the whole image, and is the reference for
the settings. Offset and Multiplier are dimensionless num-
bers in terms of sigma.

Multiplier is the factor that is applied to scale the width o of
the color scale.

Offset shifts the centre position of the color table relative to
the data range.

MinMax

The minimum and maximum values of the color range can also be set as a per-
centage of the minimum and maximum data values.

For images with a few outlying points that are far above the main data range, the
Statistics conversion will tend to ignore these particular points (which is good if
they are just due to noise, or the cantilever sticking briefly to the surface). Min-
Max can be used to scale the color table over the whole data set, regardless if
most of the points fall in a much narrower range. Note the numbers in the panel
showing the color range and data range.

20

DP Data Processing Software

Version 4.2



() Statistics
1 MinMax
() Fixed Range

Fixed Range

This is rather different to the other colorizer settings, because the numbers here

— |— 1 ?|nrn are defined in fixed units (the same as the image data), rather than being dimen-
— — sionless quantities. This allows the user to set, for example, a defined height
Range | B4 i'"m range of 10 nm for several different images, or change the height range to make
[Reset | it a "round" number.
Maximum of color scale 466.5 nm . .

o The offset can be used to move the fixed range through the image data, to make
Winimum of color seale 3821 nm the whole image darker or lighter. Here, for instance the Range with the default
Image maximurm 451.7nm| settings is 184.5 nm. This could then be set to 200 nm, for example, and the
Image minimum 3587 nm| Offset adjusted to take account of the slight color shift.

Changing between different colorizer settings

Since the Statistics colorizer does the best job of choosing a reasonable height range for general images, the Reset
button sets the image back to the default Statistics colorizer settings, regardless of which colorizer is being used at the
time. Hence Reset will produce different values of MinMax for example, depending on the image data.

2.4.3 Adjusting the colorizer settings

* Height : trace (save-2006.11.02-14.34.10.jpk)

o &' E

[FEE

Fraquency (x10%

i 2 4 6 8

b, Histogram 'y 215 F(2) " @ View | @ Info |,

Customize the view. Adjustthe ea
coNfigurs additional leMEnts drerege— e,

(%) Statisties.
) MinMax
() Fixed Range

I

offset e

(=]

2,000 2,000
Multiplier
=
=
0.000

10,000

[ Reset

I

Histogram (nm)

log(F requency)

e - N ow = o

0 2 4 6 8
Histogram (nm)

Maximum of color scale 3.83nm

Minimum of color scale -0.867 nm

Image maximum 12.36 nm

Image minimum -1.23nm
[ Show axes

[T]Show coalor scale

[T Relative colar scale

The Statistics colorizer bases the color con-
version on the average value and the width of
the height distribution. This automatically
gives reasonable settings for many images.

The Statistics settings are not always optim-
al when most of the image is a flat back-
ground, as shown here. The Histogram tool
(see Section 4.1.4) is useful for checking
color settings. The linear histogram display
here shows that most of the points are in the
background, with a range of around 1 nm.
Only a very few points are at the top end of
the height range, around 12 nm.

Using the logarithmic Histogram display
shows the full range of height values — here
the low, broad peak of the higher objects is
also visible. In the colorscale below the his-
togram there is no color contrast for the high-
est features (above 4 nm), they are all white.
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ve-2006.11.02-14.34.10.jpk) o &'

Here the settings have been adjusted to give

; Cﬂ'=-|”‘“"g‘j:\fi'é*‘z‘ ‘T":\I’:‘hf\d "~ contrast over the whole range. The Multip-
. configure additional elements of the view. Iler haS been Increased tO glve a broader
© staistes distribution, and the Offset has been in-
() MinMax
) Fixed Range . . . .
L = e creased t.o bring the centre of the distribution
=21l | towards higher features.
Multiplier |E 5.420 E :
001 0 wo| | Note that for this case, Offset has been set to
[ Reset . .

e em— wom| 5.0, outside the range of the slider. Any
‘M‘”"”“m”””‘”m'* 1::;”“ number can be typed in the text field, the
A i

o : Imags minimum azm(| | slider just gives the most commonly used

I W e - range in a convenient form.

[ E [v] show calor scale

g i [ Relative color scale

 — o The color in the image now shows contrast
0 2 4 6 8 10 12 .
Histogram (m) = over the whole range of the higher features.

2.5 Saving data and exporting images
After processing an image there are two options for saving. The image data can be saved such that it can be reloaded
into the DP program or an image file in TIFF format can be exported.

The easiest way of saving data as a processed file or as a graphics image is using the right-mouse click window in the
image panel. This can also be used for saving image exports of analysis functions such as the Histogram or Section
tools.

2.5.1 Save data

As the DP program only reads the JPK file format, any images that are to be processed further should be
@ saved in this file format. If the image has been processed then the altered version of the image, not the raw
data, is saved. Only the single channel in the processing window is saved, as a separate file from the origi-
nal data, so the original data is usually not overwritten.

2.5.2 Exportimage

To be able to open the image in other programs for the production of reports or presentations, files can be
exported in TIFF or another graphics format. The image, exactly as it is displayed in the processing window,
is exported as an 8-bit TIFF file. The current DP settings for axes, color scales etc are all used for the TIFF
export. If a Section line is drawn in the image, this will also be exported, but boxes drawn for processing
operations will not be shown (for instance during the leveling process).
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+2x Export as Picture E]

EIREEE

SaveIn: | New Folder

Decoration

[]Include filename

[ Include channel name

["] Transparent hackground

[] Use a larger font

Image Size

() Original size (512x512 pixels)

(O Scaledto = A pixels

File Name: ‘save'2006.11.02—14G‘?.leEight)lacat\F |

Files of Type: | TIFF image (uncompressed) -

| save ||cancel |

Standard export (axes and colortable enabled in View
panel):

244.1nm

slow [um]

fast [um]

File and channel names included.

Filename: save-2005.09.26-17.09.53 _height_trace.jpk
Channel: Height; trace

2
“‘“} 244.1nm
IB m_w’, ;j’

slow [um]

fast [um]

The Export as Picture dialog allows many different export
options for the graphical image — the file format and con-
tent can be modified using the options in this dialog.

The filename and channel name can be added as text to
the top of the exported image using the tickboxes here.

A transparent background can be selected. This back-
ground may appear black in certain preview programs that
do not support transparent format, but in PowerPoint pres-
entations, for instance, this will remove the solid rectangle
normally surrounding the image.

The file format can be TIFF, PNG, JPG or BMP. The
option "Use a larger font" increases the font size in the
exported image if axes or colortable values are included in
the image.

The Image Size options are particularly useful for export-
ing images with a very small number of pixels, as for in-
stance for mapping images or cropped parts of images.
This rescales the output to a fixed number of pixels. This
can also be used for presentations or reports where im-
ages have different pixel numbers, for instance if 512 and
256 pixel images are to be displayed together.

Larger font, no extra text.

10

244.1 nm

slow [pum]

fast [pm]
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Map image with 128 pixels, exported using the standard Same map image exported scaled to 512 pixels.
options.

26,41 V/pm

=S
=
= H
&
(%51 = o~
o 2 4
fast [pm)

OVium

fast [um]
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8§ 3 Data processing operations

The DP program offers a number of ways to process images. The first step in processing an image would usually be to
adjust the z-data such that the structures of interest are visible. This is necessary when interesting features lie within a
limited data range that is obscured by a variation or tilt in the background. In contrast to the rescaling in the View panel
described above (see Section 2.3.2), the operations described in this section actually modify the image data. There
are two basic approaches for modifying the z- (height) data:

*_j_!’

3.1 Plane fit

measured data.

* Height (measured) : trace (tip-2007.06.22-09.41.40.jpk)

= View @ Info

Customize the view. Adjust the color
table and configure additional elements
of the view.

G statistics
O MinMax
() Fixed Range

offset v 0.915 T‘
—_———

-2.000 2.000

Multiplier v 3.620[ &

0.000 10.000

| Reset

Maximum of color scale 8,422 ym

Minimum of color scale 8.06 pm

Image maximum 8,506 um

Image minimum 8,084 ym

[ show axes
[[] show color scale
[ Relative color scale

The plane fitting function is designed to remove background information that arises from an overall sample
tilt. In this case a user-defined plane is subtracted from the image as a whole, so that the relationship be-
tween adjacent scan lines is kept.

Alternatively, correction for an offset in the height data can be corrected line by line. In this case, the scan
+_+ | lines are fitted with a user-defined polynomial and the fit is then subtracted. The fit and subtraction is calcu-
lated for each scan line independently.

Any tilt of the sample support during imaging will be seen in the height or height measured channels. The
Plane fit operation fits a plane (linear or curved) to the selected sample regions and subtracts this from the

In this example, most of the image shows the edge
of a cell. On the left, the glass substrate can be
seen, but this shows a color gradient because it is
not level compared to the scanner. This must be
leveled so that the height of the cell edge can be
accurately measured.

The first-order (linear) option is good for removing
the tilt angle from the sample mounting. The advan-
tage of the Plane fit function compared to Line fit is
that information about the offset between scan lines
is not lost. The plane is only fitted to the selected
regions, but the fitted plane is then subtracted from
the whole image. So there are no line-to-line offsets.
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*Height (measured) : trace (tip-2007.06.22-09.41.40.jpk)

A FL [ @ view | @ info

subtract a polynomial surface fitted
through one or more rectangular regions

measured) : trace (tip-QDglass-2007.06.22-13.36.18_heightMeasured_trace-tilt.jpk)

N[ A1) [[@View Info

Subtract a polynomial surface fitted
through one or mare rectangular regions

e

Regions defining the surface
\ Width | Height
1 1

hz7 [

*Height (measured) : trace (sample-2007.06.22-10.24.22.jpk)

@ View @ Info

Customize the view. Adjust the color
table and configure additional elements
of the view,

(&) Statistics
O MinMax
O Fixed Range

offset (=] 0.900] 4
_———m,——
-2.000 2.000

wipier (7] aon[a)
—_—————

0.000 10.000
Maximum of color scale 9,322 um
Minimum of color scale £.082 um
Image maximum 9.308 pm

Image minimum 8,25 um

[] show axes
[ Show coler scale
[ Relative color scale

Here, Degree = 1 is selected, meaning that a simple
(linear) plane fit is used. The selected region can be
seen as the red box on the left hand side. It is best
to select all the area where the background can be
seen, to get the best average and offset on the
plane.

Multiple regions can be selected in the image area,
and the rectangles can also be resized and shifted.
The Clear button removes all the selected regions
from the list.

If the tilt is large and the features are small, as in this
example, then the sample structures cannot be easi-
ly distinguished. One option is to select the whole
image area with a large rectangle selection box.

It is also possible to select three “points”, as in the
old version of this feature. By clicking once in the
image, a 1x1 pixel region is selected, and this can be
repeated to add more points. Note that if only three
points are used, they should be widely spaced, and
not in a straight line. A large triangle, spread over
the whole image region, is the best arrangement.

The plane fit operation can also fit higher order poly-
nomials. This can be useful to remove a curved
background, for instance here where the image is of
the nuclear region of a cell. The cell covers the
whole image region, and the image is dominated by
the bright nucleus.

In this case, the motivation is to remove the large-
scale curvature of the cell surface in order to visual-
ize the small features better. The plane fit is there-
fore used as a form of high-pass filter. If used care-
fully, this can sometimes keep the relative height of
small features by subtracting the overall background
curvature.
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* Height (measured) : trace (sample-2007.06.22-10,24.22.jpk)

3.2 Line fit

(HFQ) [[®View [ @ Info

Subtract a polynomial surface fitted
through one or more rectangular regions

Sl —

Regions defining the surface

X W Width Height

Clear

For this example, Degree = 9 is chosen, to remove
as much curvature as possible. The whole image
region is selected so that the fit covers the whole
image. The small protrusions on the cell surface can
now be seen much more clearly.

In contrast to the plane fit operation, line fitting corrects for offset within the image line by line. Each scan line can be
fitted with a chosen model, for instance with a simple offset (degree 0), straight line (degree 1) or higher polynomials.
The calculated fit for each line is then subtracted from the same line independently. It is important to keep in mind that
information about the measured offset between scan lines is lost. However, the line fitting operations are best for ad-
justing images when the structures are small in height and the offset between lines can be significant.

3.2.1 Linefit

* Height ; trace (save-2006.11.02-13.18.42_1_1x256_253.ipk)

o el B

T

SAFL) | @ view | @) Irfo |
Sublract a plane fit. Define a plane to
subtract by choosing 3 points in the image
to.

Points defining plane

| Clear |

D

Each scan line is fitted with a linear or polynomial fit, which is then subtracted from the data. The aim is
L generally to correct for the “background” height changes and exclude the areas of the image containing
particularly high or low features. This allows the height of these features to be measured afterwards.

Here is a case where a line fit needs to be used.
The raw data has already been treated with a plane
fit, however, as the structures at the surface are
only a couple of nanometers in height the offset
between each line is noticeable.

As soon as the Linefit icon is clicked, the fit will be
made and subtracted from each line.
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* Height : trace (save-2006.11.02-13.18.42_1_1x256_253.jpk)

o=

TR @ view | @) Info ! [
Subtracta polynomial fit from each scan line|
independently

Degree = F

1o |L‘i'i‘

Excluded areas
x| vt | widh | Height
4] I»
* Height : trace (save-2006.11.02-13.18.42_1_1x256_253.jpk) =]

Bls

[ * Height : trace (quantum-dots-keith-ic-air-2005.05.23-18.48.59.ipk)

i) | @ View | @ Info !,
Subtracta polynomial fit from each scan ling
independently

Degree = )
o9 4 <4
Excluded areas

[/ x V1 Width | Height
233 5 12

16 16
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ID

[«

EE

Height (nm)

3 4

2
Offset (um)

(@ Infa (=
Cross Section | 4 F(1) | @ View
Measure a cross section through the image
Click and drag on the image to selecta line

profile.

x1 18] 2|

i 20| &

X2 a7 &

¥z

Ll e]e]

286.0 il 2

Minimum in Z-Range; not selected

Maximum in Z-Range: not selected
Length of Line:

[/] Shaw Izngth on ling

not selected

The operation removes the offsets between adja-
cent scan lines, so flat areas of background now
look smooth. However, there are characteristic
shadows around high features in the image.

This is because the fit is to the whole scan line, not
just the "background" areas that should be made
flat. Where high features are included, the average
for the whole line is shifted down to compensate,
leaving the characteristic striped shadows.

The areas with high features in the scan lines
should be excluded from the line fit.

Select regions by using click and drag in the image
display area. The selected boxes will be shown in
the image and details about the excluded areas
appear in the right hand panel of the image win-
dow. In this case there are many features on the
surface, so the image should rather be fitted with
the Histfit feature, see Section 3.2.2.

The active box is shown outlined in red, the others
are outlined in black. Clicking on an entry in the list
of areas will activate that box. Active boxes may
be shifted, or the boundaries moved with the
mouse. The Clear button clears all the marked
areas from the list.

The Linefit function allows a polynomial of degree
up to 9 to be fitted to each line and subtracted.

The selection of which order polynomial to use will
depend on the background curvature. In this ex-
ample a Plane fit has already been used to re-
move the overall tilt. However, as the structures on
the surface are in the nanometer range the offset
between scan lines is clearly visible. A cross sec-
tion taken along a scan line also shows the curva-
ture of the background surface. The more curved
the background the higher the fit that is required.
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‘ * Height : trace (quantum-dots-keith-ic-air-2005.05.23-18.48.59.ipk)

o ' [
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TR Y [ CrossSection | @ View
Subtract a polynomial fit from each scan line
independently
Degree = e
1o |:i‘
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3
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Offset (um)
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independently

Degree —
P

Excluded arsas

Xt [ vt | width [ Height
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354 320 3 32
133 57 35 3t

TETH A T

| clear

[«

Here a second order polynomial (Degree = 2) has
been used. However, the background is still
curved, showing that the fit order is not high
enough.

Note that the options in Linefit are the same as the
"Leveling" display options in the SPM software.
The degree, of the polynomial used to fit the indi-
vidual scan lines can also be chosen there, al-
though the labeling is constant, linear, quadratic etc
rather than degree = 0, 1, 2 etc. In SPM the opera-
tions are just used to display the image, but the raw
data is always saved. Here the modified data can
be saved as a new file, or the image exported for
use in graphics or presentation software.

To generate an image with a completely flat back-
ground, here the Degree = 9 was set and each
high feature excluded from the line fit by clicking
and dragging a box over each region of interest.
The areas excluded from the fit are displayed in the
right hand panel. The cross section tool shows that
the background surface now appears flat.

The Histfit operation is an extension of Linefit, designed to make the selection between "back-
ground” and "features” easier and more convenient. A histogram is used to define a certain
range of pixels, along each line, that should be excluded from the fit. This enables background

and features to be distinguished without drawing exclusion areas. A histogram is made of each
scan line individually, and only the range of pixels between Lower limit and Upper limit are
used to make the fit.

The default settings are Lower limit = 0 %, and Upper limit = 70 %, so only the pixels in the
range 0 — 70 % of the histogram for each line are used for the fit.

Note that If there is a sample tilt then a plane fit may be useful first, so that in each scan line the
higher and lower pixels correspond to the features and background, not just the sample tilt.
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* Height : trace (save-2006.11.02-13.18.42_1_1x256_253.jpk) o &

ID

N AL FO) | @ view | @) info |

Subtract 3 polynomial fitfrom each scan ling
indepndantly, using anly the data rangs
between the lower and upper limits

oo 2] 1[2]
Lower imit

ot [ s|afx
wowmcton 7] o afe) )

Excluded areas
x| vi | widh [ Height

[o]

3.3 Remove Lines

the image.

*Height : trace (save-2007.11.14-12.00.36_height_trace_60_30x443 413.jpk}

F(1) [ @ View Info

Replaces lines in the image by
interpolating from neighboring lines,

Line

The right hand panel allows selection of the poly-
nomial Degree to be used for the fitting and also
the range of pixels to be included in the fit.

Here, the Lower limit is 5 %, and the Upper limit
is 90 %, so the lower 5% and upper 10 % of pixels
for each line are excluded from the fit. The pixels of
the high features are now automatically excluded,
so the same results as in the Linefit example
above are achieved without needing to draw boxes
around the features. Additional areas can also be
excluded manually from the fit function if needed.

The operation Remove lines can be used to replace a scan line with the average between the neighboring
scan lines. This is useful if there are some scan lines where the tip sticks and then pulls off, leaving streaks in

On sticky samples, the tip can become stuck at some
point on the same, causing a streak in the image as
the piezo pulls the tip free from the surface.

When the operation is open, the cursor will change to
show a symbol for erasing lines. Click on the image
to mark the lines for removal.
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* Height : trace (save-2007.11.14-12.00.36_height_trace_60_30x443 413.jpk)

BEr0) [®view | @ info

Replaces lines in the image by
interpolating from neighboring lines.

Line

| clear New |

Mark Removed Lines

* Height : trace (save-2007.11.14-12.00.36_height_trace_60_30x443 413.jpk)

EF(I) & View @\nfu

Replaces lines in the image by
interpolating from neighboring lines.

Line

| clear New |

["1Mark Removed Lines|

3.4 Low and Highpass Filters

Multiple lines can be marked. Lines listed in the
table on the control panel can be selected by clicking
on the relevant table entry. Once a line is selected it
is highlighted in red and the table entry can be
changed manually. Lines can also be moved around
the image using the mouse.

Delete removes the selected line from the list. Clear
removes all marked lines from the list and New al-
lows a new line number to be typed directly in the list.

The data in the lines is replaced as soon as they are
selected. The black marking of the lines can be
switched on and off with the tickbox “Mark Removed
Lines”. With the marking removed, the image can be
seen as it will appear for export or further operations.

Sometimes it is helpful to modify the data across the whole image, rather than changing individually selected scan
lines. The filtering operations change the balance in the image between the smaller features and the larger features.
For images where noise is a problem, then selectively removing small features (using Lowpass or Median filter) can
make the background topography clearer. For images where the interesting features are small, and not so easy to see
against large background topography changes, then a Highpass filter can selectively highlight the small features.

3.4.1 Lowpass

-+ N

The Lowpass operation convolves the image with a Gaussian kernel; the width of the Gaussian is specified

as a number of pixels.
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1132 nm

0nm

fastnim]

A F(2) @ view | @) Info ',
Convolve the image with a Gaussian kerne|

Degree of smoothing.

o2k
o[ eml=

Sigma X

0.100 px

T/Bandwicth X: 0.32nm

=]_owlah
o oma)

sigma ¥

0.100 px 10,000 px

1/Bandwidth - 032nm

Same smoothing in X and Y

10,000 px

1.086 nm

anm

fast[nm]

N F2) | @ view | @) Info

Convolve the image with a Gaussian kernel.

Degree of smoothing.

=]zl
o[ swdla)

Sigma X

0100 px

1/Bandwidth X: 1.22 nm

=1 o[z
=1 swla]

Sigma Y

0,100 px 10,000 px

1/Bandwidth ¥: 1.22 nm

Same smoothing in X and ¥

10,000 px

Here is an example of a height
image where noise can be
seen.

This is clearer in the right hand
image, where the same infor-
mation is displayed with the
"High structures 1" color table,
which shows up the smaller
features.

The smoothing here is with a Gaussian of width 0.9
pixels, and the noise has basically been smoothed
without affecting the underlying topography.

In this case the scan was taken with 1024 x 1024
pixels, so even with after applying a low pass filter
there will still be more information than in an image
with 512 x 512 pixels.

In this case the image has probably been over-
smoothed; the Gaussian of width 3.4 pixels is probably
too much for this particular image.

The optimal value will depend on the size of the noise
or features to be removed. Since a 3D view of the
height generally enhances the small features, some-
times a little more smoothing is required for 3D projec-
tions than for the standard height view.
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The image filtered with a 0.9 pixel Gaussian, back in
the original color table.

3.4.2 Median filter

n The action of the Median filter is similar to the Lowpass filter. It works in this case by replacing pixels with the

Py median value of neighboring pixels.

* Height : brace (save-2006.10.27-14.36.32.jpk) F B

=

The Mask shape controls the arrangement of neigh-
7\ @ ven | @ rfo | = boring pixels that are considered, and the Mask size
Replace pixel value with the median value of]
e i | CONtrols how many pixels in this shape are consi-
musthe an ndd numhber of nivels |

dered.

Yo

Mask shape ‘Suuare "
PR —

1119 nm This image is the same as the example used for the
Gaussian Lowpass example. This time a Median filter
(square, 7 pixels) has been applied.

anm

The Median filtered image returned to the original
color table.
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3.4.3 Highpass

|I||I|I A high-pass filter enhances information with a higher spatial frequency. This is in a general sense equivalent
] . . .

‘| to subtracting the background (low spatial frequency) curvature from an image to better show the small fea-
tures on the surface.

N—+m

Height Error signal In this pair of height (left) and error signal (right)

¥ images, many of the smaller surface features, such
as the pitting, are only visible in the error signal
image. In the height image, the information is there,
but hidden by the curvature of the cell.

1 * Height : trace (save-2005.06.19-15.12.26.jpk) o B E

The highpass filter is applied by subtracting a lowpass
) R0 | vewy @ o'y ~| filtered version of the image, and then adding this
Unsharpen mask: amplifies the

e Al highpass filtered image to the original with a scaling
factor (this procedure is known as unsharpen mask).

LowBass)

Scales the low pass filtered image.

seo ovpass [y [usse [ e The low-pass filtered image represents the back-

0.0% 1000000.0%
ground curvature on the surface, and the difference
Degree of smoothing. 4
sigmax [ | 1000] o between this and the original image shows the small
e i
OIS O details on the surface.
1/Bandwidth X: 0.024 ym

S“”m“‘ The top part of the panel gives a scale factor for the
0.100 px 10.000 px . . .
UBanowisnY. 0026 pm low-pass filtered image, and the lower panel gives the

G R R degree of smoothing of the low-pass image (this is as

for the Lowpass Gaussian — see Section 3.4.1).

1 D

AR

Here both the scale factor and the degree of smooth-
p| e @ ven i @urto, = ing have been set quite high.

Customize the view. Adjust the color table

and configure additional elements ofthe
view.

The Scale affects how large the change is to the im-
S age. The Degree of smoothing affects the length-

() Fixed Range

otsat = .m[-] | range over which the smoothed and original images
are different. Compare this image and the one directly

above with the original image — the differences from

; R o the original image are greater here (larger Scale), and

i | TS length-scale of the differences is also larger (the

el rl smallest lines are not so highlighted, but median-sized
A | high and low regions are clearer).

[] Show color scale
[[J Relative colar scale

2,000 2.000
Multiplier = 2829 & |

0.000 10,000

| Reset
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Note that after the Highpass filter, the displayed height of small features is no longer reliable — for large values of Scale,
the height is artificially enhanced. This feature can be used to highlight the distribution of small features, but the data
should not be used for measuring small height differences after this operation.

3.5 Edge detect

" Height : trace (save-2006.11,03-14.28.24.ipk)

FFE:

[ EFG) | @ View | @ Ifo

Detect edges

o il

BEFG) | @ Vien | @ Info |,

Y | Detectedaes

I

[T

This function highlights edges in the image. Below are shown the original height image (left) and the edge-
enhanced image (right), with edge enhancement in both directions (default).

* Height : trace (save-2006.11.03-14.28.24.jpk) < E

| .\\‘.‘. BEFE) | @ View | @) Info |, =
N Detect edges

&

[\

R

The edge detection can also be chosen for either the x- or
y- direction independently.

With the setting to y-direction only, the scan lines can be-
come more prominent.

With the setting to x-direction only, the height image be-
comes very similar to the normal error image; both are re-
lated to the gradient of the height information along the fast
scan direction.

Error signal image
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3.6 Invert image

ﬂ This operation inverts the data in the image. An example is shown below where a standard height image is
m. [inverted. The height information is also shown as a line section (see Section 4.1.3 for more details). The
image is shown inverted in terms of the color scale, and the line section shows that the height information is

converted to negative values.

N = \.1 v Info 2l { @0 =i
WiFE) B Cross Section | & View ©r@E " B cossedion | @ View
Measure a cross section through the image. Measure a cross section hrough the image.
Click and drag on the image to selecta line Click and drag on the image to selzcta line
profile profile
X1 (= o1 4] x (=] 8.1 2]
i (=] sl a] ¥ (=] 219 |
x (=d 32 = x ] w2 =]
vz (=] R R 2 (=] a6 ||
Minimum inZ-Range:  -877 pm Minimum in ZRange:  -271 pm
Maximum in ZRange: 271 pm Madmum in ZRangs: 677 pm
Length of Line: 604.1 nm Length of Line: 604.1 nm
o [¥] Show length on line s 4] Show length on line
s Pointto-point measursment 0 Pointto-point measurement
Lengtn: 0.000m Length 0.000m
£ 04 € 0o
£ Difference in values 0.0m L1 |[E Difference in values 00m
E 02 £ 02 N
=) =
I oo I s
.02 06
I . . . . . . o0 H H . . . .
0 100 200 300 400 500 600 = 0 100 200 300 400 500 600 =
offset (nm; =
nm) il 3 D Offset (nm) i - D
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8§ 4 Other image tools

4.1 Image analysis tools

In addition to the operations that are available for modifying the information in scanned images, there are also some
tools available for measurement and analysis. These tools do not modify the information saved in the channel, but
they can be used to extract numbers from the images.

These tools open another tab panel in the control panel side of the image window. Some tools, such as Section,
Histogram and FFT also open another panel in the image side of the window to display the data graphically. These
functions provide data that can either be saved as an ASCII file with the numbers in, or a view of the graphical panel
can be exported in TIFF format. Measure and Points just provide quick measurement of values, without data export.

4.1.1 Measure

The Measure tool allows the measurement of distances and angles
from images, as in this example of collagen microfibrils

4

Large-area orientation of repeating units, can also be analyzed using
the FFT tool (see Section 4.1.5).

1B

=o ee | The first click sets the corner point for the angle measurement (the
upper point here). The second click sets the fixed arm for the mea-
surement (the lower point here).

Distance: 0.180um

Angle.

=

The Distance is measured between these first two points.

I

The third click sets the moveable angle arm for the measurement (left
hand point here). The Angle is measured between the two arms.
Further clicks in the image panel reset the third point, so different an-
(&) gles can be measured. To reset all the points, click Clear in the con-

trol panel Measurement tab.
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4.1.2 Points

Height : trace (airheight.jpk)

F el E
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4.1.3 Section

Height : trace (NP-2005.11.03-17.08.15_height_trace.jpk)
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Measure a cross section through the image
Click and drag on the image to select a line
profile
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Minimurm in Z-Range: not selected
Maximum In ZRange:  not selected
Length of Line not selected
Show length on line

Point-te-point measurement
Length: B713nm

Difference in values 138 pm

The Points tool can be used to measure the
channel value at a point. In this case, the image is
height, so the height information is read out at the
position where the points cursor is set.

The coordinates are given in pixels (l,j), and as
lengths — within the image, and relative to the
overall (x,y) coordinates of the scan piezo.

The Section tool opens a cross-section panel for
measuring the range of image values along a line.

Y

[T

The line is set by clicking and dragging in the image
panel. The coordinates can also be entered or ad-
justed by hand, so the same sections can be made
through several images.

The range of values along the line is given in the
Cross section control panel tab. The length of the
line can be shown in the image using Show length
on line.

Images exported from the main image panel will
show the section line, and also the length value if
selected. The cross-section is updated dynamically
as operations are applied to the image.

If the mouse is used to click and drag in the cross-
section panel rather than the image panel, then
markers are shown on the line section. The point-to-
point measurement is also shown in the control
panel. This can be used to measure the separation
or height difference between features. In this case
the periodicity of the collagen fibrils is measured as
67 nm.
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10 | | |

@ Export as Picture

E Save Cross Section Data

= o), "
Cross Section
-_'I'=‘. Histagram
Fourier Analysis

0 100 200 300
Offset (nm)

4.1.4 Histogram
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EFE)" l, Hitogram | & View | @) Info ||~
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[ Logaritmic Histagram
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Average value; 2419 nm
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Using the mouse to right-click in the cross-section
panel shows a menu for exporting the cross-section
information. Save data exports the ASCII values as
a file. Save image exports a TIFF image of the
current cross-section view. This menu can also be
used to change the view to other analysis tools, such
as Histogram or FFT (Fourier Analysis).

The Histogram tool plots a histogram of the channel
values.

Here, for instance, the large peak around 0 nm
height value is due to the glass background, where
all the heights are within a narrow range. There are
two broad peaks, one around 50 nm and a second
around 150 nm, corresponding to the nuclear debris
and the chromosomes, respectively.

(Note — the color scale is also shown on the histo-
gram panel, this can help with setting the View pa-
rameters, see Section 2.3.2)

When a region is selected in the image panel, the histogram is only calculated using the pixels in the selected area. In the
left hand screenclip, an area of the mica is selected, and the histogram shows only values around 0 nm. In the right hand
screenclip, an area corresponding to chromosomes sitting on nuclear debris has been selected, and the two broader
peaks are now clearly distinguished.

G . Hstogram | & View ! @) Info |~ Er(@" al, Hstogram |, & view ' @) Info "
Galtulate the Histogram. Select a rectangle Galculate the Histogram. Select a rectangle
1o choose an area you are interested in to ehoose an area you are imerssted in
["] Logarithmic Histogram [ Logarithmic Histogram
Physical size:  13.26x10.66 um Physical sizer  11.76%11.07 ym
Size in pixels: 87 78 pixels Size inpixels:  86x81 pixels
Average value: 1501 nm Average value:  103.9nm
RMS deviation: 4109 nm RMS deviation:  30.60nm
Current position: Gurrent position:
10 8
g 5 6
2 X
= L 5
2 5 g 4
T 2 2
&
‘N e |
) 100 300 200 - 0 100 o 200 300 400
Histogram (nm) al o istogram (nm) T I
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Height : trace (NP-2005.11.03-17.08.15_height_trace.ipk)

o & B

al, Histogram ' & view ' (@) Info |, |

Caleulate the Histogram. Select a rectangle
to choose an area you are interested in

[ Logarithmic Histogram

Physical size:  5.000 x 5.000 ym

Sizeinpixels: 512512 pixels
Averagevalus:  -5.575nm
RMS deviation:  7.213 nm

Current postiion

i‘

z
2
=

log(Frequency)

logiFrequency)

-10
Histogram (nm)

Lagarithmic Histagram

Height : trace (Collagen-FFTstripes_height_trace.jpk)

Physical size:  5.000%5.000 ym
3 Sizeinpixels:  512x 512 pixels ml
5 Averagevalus:  -5.575nm
RMS deviation:  7.213nm
1 Gurrent posttion
‘O 0 e
-20 -15 -10 -5 0 =
Histogram (nm) e I
4 |
]
3 m Save Histogram Data
@ Export as Picture
2 v Logarithmic Histogram
I
E Cross Section
1 al, Histogram
Fourier Analysis
| O I
-20 -15 -10 =4 0
Histogram {nmj)

e

[=

Fourier Analysis ', &@ View | (@) Info ',
Frequency domain processing. The rate of
cycling from lower to higher z values and
back represents the image's spatial
franuen,

Spectra of image

O Magnitude

(@ Magnitude squared
Color mapping

(& Logarithmic

The height can be measured by clicking in the histogram
panel and the value is shown in the control panel.

Sometimes a high number of pixels from one height level
obscures smaller peaks. This may be the case with ob-

jects against a flat background, or as here where some

lipid layers show more area than others.

In these cases, displaying the log of the frequency values
as shown here allows the smaller peaks to be better dis-
tinguished.

Histograms can be saved using the right mouse button
menu — either as ASCII data or as a TIFF image.

The FFT tool opens the Fourier Analysis panel, which
shows the image information as spatial frequencies
(i.e. 1/length). The center of the FFT panel corres-
ponds to the smallest spatial frequencies (largest dis-
tances measured in the image). The edges of the FFT
panel correspond to the largest spatial frequencies
(smallest distances in the image).

() Statistics
Uppervaiie | ¥ -15.00| &
15100
Lower value I
15.00 15.00 1
[ Reset -
4 DN

The display options for the FFT panel are shown at the
bottom, these require careful setting, since the range
of values is so high.
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[ Export as Picture

Real

Imaginary

Magnitude

® Magnitude squared

Phase

Colortable

. i
E Cross Section

ﬂ'-_'. Histogram

Fourier Analysis

4.2 Crop

The Crop tool can be used to select an area to form a new image file.
group of micelles is selected on the left hand side, and the cropped image is shown on the right hand
side. The new image has the same number of pixels as were selected from the original image, and

The right-click menu shows various options for the
view, including an option to change the colortable (for
the FFT panel only, this does not affect the real-space
image display). The FFT view can also be exported as
a TIFF file using Export Image.

In the example below, one

can be rectangular or square. The coordinates in the Crop panel can be used to set specific regions
for cropping, for example to crop the same region from several different images.

@i, [

o CropRectanie ', BB F(2) | @ view
Select a rectangle inthe image to copythe
selected data to @ newimage.

Physical iz 0.803x 0.689 pm

x (=] 5[]
Y (= 33 a]
Width (= 310 a
Height ‘L 266 :\

[ create aopped mage

4.3 3D View

| Height : trace (airheight.jpk)

o &' [E

@ View | (@ Info !,

Customize the view. Adjustthe color table
and configure additional elzments ofthe
view.

() Statistics
) MinMax
() Fixed Range

Mutiplier

0.000

[ Reset

offset (= 1729| &

2,000 2,000 22
= -

10,000

Maximum of color scale 162 nm

Minimum of colar scale -26nm

Image maximum 161.3nm

Image minimum -6.4nm
[] Show axes

[] Shaw color scals

[ ] Relative color scale

[4]

@ vien | @ Irfo |, =i
Customize the view. Adjustthe color table
and configure additional elements ofthe

2,000
Multiplier

G o)
S sead

0.000 10,000
[Reset
Niaximum of color scale 17.82nm
Minimum of color scale -8.64nm
Image maximum 1382nm
Image minimum -05mm| |

[] show axes
[] show color scale
[ Relative color scale

In addition to the normal view of the images shown in the
processing windows, as here, the information can also be
displayed as a projection of the 3D information. The 3D
icon opens the 3D view window.

3D
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22 3D; Height : trace (airheight. jpk)

o 3D; Height : trace (airheight. jpk)

22 3D; Height : trace (airheight. jpk)

[ Detal', @ projection |

Adjust data ranges and color mapping

Range of data shown in view

wnman (=] ea[aJm
(=] eos]

0.0nm 167.7 nm

woimn =] 167]am
(=] wi]a)

0.0nm 167.7 nm

Data mapped to color values

Colormin. |?T‘nm
7 =’

0.0nm 167.7 nm

Color max. |?T‘nm
= =

0.0nm 167.7 nm

| Data " & Projection |

Adjustthe prajection ofthe 30 vizw.
Click and drag to rotate
Shifl-click and drag to zoom
—Ctikplickand drantomave
Coordinates
[1Box

| Reset viewpoint |

Height of Z axis

ZRatio |7?\%
L7 =

100% 20000%

Rotate View
Rotate X |EE\
———
0 180°
Rotate Y
-180°

Rotate Z

-180° 180°

Data " @ Projection |

Adjust the projection ofthe 3D view.
Click and drag to rotate
Shift-click and drag to zoom

Ciil click and dran to m

[“] Caordinates
[]Box

[ Reset Vienpeirt

Height of Z axis

ZRatio [=] =eo[a]s
L= =

100% 20000%

Rotate View

Rotats X (=] =[=])
Fe— o
N )
rlﬁ%w

Rotate 7

-180° 180°

The Data panel in 3D view can be used to select a re-
duced range of data to show in the projection, or to
change the range of the color scale.

Generally the smaller surface features are highlighted by
viewing the 3D height projections, so often different color
scales or height ranges need to be used to give better
results in 3D. The colortable is taken from the image when
3D is opened, so to change the colortable, close 3D view,
change the image colortable and re-open the 3D window.

The Projection panel in 3D view can be used to set the
viewing angles, as well as the scale factor applied to the z-
axis.

In this example, the Height of z axis has been increased
compared with the previous view.

The image can be rotated using the sliders here in the
Rotate View section. Clicking and dragging in the image
panel with the mouse allows the view to be changed free-
hand.

If the control key is held down during the mouse move-
ment (Ctrl-click and drag), then the projected image is
shifted around relative to the view window.

The whole view window can be resized to change the
proportions of the view for exporting images.
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2n.3D; Height : trace (airheight. jpk)

RrTH ]

Data ' & Projection |

~a

Adjust the projection ofthe 3D view.
Click and drag to rotate
Shifl-click and drag to zoom

[%] Goordinates
[1Box

| Reset viewpaint |

Height of Z axis
ZRatio |T?\%
L= =

100% 20000%

Rotate View

Rotate X [=] 6] al

0 180°

Rotate Y [=] s[al

-180° 180°

Rotate Z |T\
—_———

-180° 180°

=

If the shift key is held down during the mouse movement
(shift-click and drag), then the projected image is zoomed
in or out, changing the way it fills the 3D view window.

The tickbox Coordinates in the Projection panel can be
used to switch on or off the axis display on the image.
Box adds a rectangular box outline showing the data
range (without any numbers).

TIFF images can be exported by using the right-click
menu and choosing Export as picture.

When the image is finally exported, then the whole region
within the left hand panel here is exported as a TIFF. The
black surrounding region is converted to a white back-
ground, and the spacing around the projected image is
maintained. If the image is zoomed to show only part of
the data, then only this part is exported.
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8§ 5 Direct Overlay

For those systems that have the Direct Overlay feature installed in SPM, calibrated optical images can be imported
into the DP software. The calibration must always have been made in SPM during measurement, as this is the conver-
sion from camera pixels to AFM coordinates. Any image file can be opened, so long as it has the same geometric
relationship as the calibration file. The illumination (phase contrast, fluorescence etc) and image format (jpg, png, tiff
etc.) are not important.

5.1.1 Opening Optical images

To open a JPK SPM file, select File > Import Optical Im-
& gpen Stig-0 age from the pull down File menu. Alternatively, click on
the blue open file icon.
(25 save Data Strg-5
Export as Picture
[X] Close Frame
Exit Strg-Q IE'
i select Optical Cakibration File and Image 2B A dialog will open in which the Calibration file and Image
Calibration file: | HE| file are chosen. Multiple Image files can be opened with
Image file: | I\EI the same Calibration file, so long as they have the same

[cancel] geOMmetrical relationship between camera and AFM posi-
tions.

The optical image will appear in its own individual window
(similar to the processing window for AFM image scans) as
well as in the Overview window.

There are no processing operations for the optical images,
as the DP program is specialized for AFM images. The
optical images can be modified beforehand in other suitable
software. All processing operations that change color, in-
tensity, etc. are completely compatible with the optical cali-
bration and will not cause any problems. Processing that
changes the image geometry (cropping, scaling etc.) should
not be applied, as this will invalidate the calibration.

*Optica Image (optcalshited)
=l
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@1Info’ @ View | Caibration |

Custamize the view. Configure additional
elements ofthe view.

[ Bhow axes|

[(@Info [ @ \View | calibration |

Calibration file:

|zsktopfoptca|ext1Clllfoptcal| | [ =] |
Image file:
zsktopfoptcalextlOllffll.jpg| | = |

| Import again |

5.1.2 Shift Optical Image

opteakshified

save-2008.10.20-17.10.37 jpk
asured) s hace

a.o

opteakshified

s ave-2008.10.20-17.10.37 Jok
) trave

In the right hand panel under View, the user can chose to
show or hide the axes around the optical image.

The axes will appear in both the individual window and the
Overview window.

Also in the right hand panel, by selecting the Calibration
tab, the user can exchange the calibration or the image file.

The initial selection of the tip position during the optical cali-
bration procedure may be slightly incorrect, resulting in a shift
between the optical and AFM image. This correction shift is
usually made in SPM, but it is also possible in the DP soft-
ware.

First select the optical image in the scan list to the right of the
Overview window so that it is plotted on top of all images.
Then click the right mouse button within the Overview image
view and select Shift Optical Image.

As soon as Shift Optical Image is selected, the optical image
is shown semitransparent and can now be shifted using click
and drag with the mouse.

The image should be shifted so that the AFM and optical
images are aligned. To go back to the normal view, click the
right mouse button and select Shift Optical Image again, or
just click on another image in the scan list.
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*Optical Image (c
5]

= Export Optical Image.

554

== Only the calibration of the selected optical image is modified.
Once it has been changed, it can be saved from the individual

optical image window.

_ *Height (measured) : trace (save-2008.10.20-17.10.37 jpk) & E

Save [n: |Cl jpkdata

&3 configuration
C3 scripts

2 save-2008.12.12-11.10.39_1_0x256_253_14_1
) save-2008.12,12-11.10.39_1_0x256_253 14 1

pié
[ CHO-2008.08.06-13.01. 13_strainGaugeHeight._t

a 7 i

Center
CenterY:
With:
Height:
Angle.

File Narne: ‘

Fles of Type: |PNG image

| save |[cancel|

HF(1) | @ view @ Info | =
Channel. Height (measured)
Trace
Name no name entry
Account tneumnann
Carnrrent no comment entry

Probe no probe entry

Line Rate: 0300 Hz

Overscan

Direction: Top to bottom

Size

25.37x25.27 pm

Ofiset:

-3.88,-5.92 um

Pixels

256% 256

Date:

The optical image can be exported in
calibrated form for processing in an
external program.

When exporting the optical image,
the user can set the pixel number and
the region that is exported (with re-
spect to the AFM offset). This allows
the user to export a specific region of
the optical image to match individual
regions scanned with AFM.

The size, pixel number and offsets
can be read from the Info panel of
the desired AFM image and entered
into the Export size and Area to
export fields in the Export Optical
Image panel.
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86 Force curve files, processing and analysis

6.1 Opening a JPK force curve file

Strg-0
=t Open Batch of Force Scans
Exit Shrg-0)

T Open an AFM data file 5]
Look In: |03 ForceClamp -] (=[]
I force-clarmp-save-2009.01,08-12.5¢ | Rename
[ PRERN Curves| @ Info |
B force-save-2009.01,08-13.44.02,pk 12 12
L force-save-2009.01.08-13 44,08, pk
B force-save-2009.01.08-14.07.55 3ok s 10 v

= 08 s =
£ 8
H a
5 08 06 z
3 3
: :
= 0.4 04 El
2 =
0.2 0.2
0.0 0
76 77 78 78 80 B1 82
Helght (measured) (um)
[ Display time based
4] 5 | T [retat: & spic rarce curves files[ize: 52 kb, 2008 01 08, 01:22
File MName: |force—save—2008 11.27-16.41.17 ipk-force |
< Files of Type: IJPK force curves =

6.2 The force

B

Edit Measurement Layout Window

curve window

To open a force curve file, select File > Open from the pull down
File menu. Alternatively, click on the Open file icon.

=

All type of JPK data files is displayed in the open file dialog. The
default setting is to display All JPK files. To display JPK force
files files within the given directory choose the JPK force curves
option at the bottom of the window. All force files will appear as a
thumbnail and a filename in the form filename.jpk-force.

When a filename is selected, a preview of the curve is shown in
the Curves panel on the right hand side. In the Info panel, other
data about the force curve is displayed, such as times, dates,
settings, and a channel list. Multiple curves in the list can be
selected using control-click or shift-click and opened together.

The preview always shows the first saved channel (generally the
feedback channel — either vertical deflection or amplitude). All
other channels are available after the file is opened, and all
channels are opened in the same processing window.

e
ufThe force curve is shown with the curve plotted

EEEEE

B o [3)wleer] (2

[ Overview

" Spectroscopy: force-Xanthan-2004.11.15-19.57.16-0.out

Vertical deflection: extend (v)

[aJB][~1]
(@ view | @i |

Horizontal axis

xmn ¥ 5[ jum
XAds  [Height (meas. smth) _ ~
Vertical axis

(th1 ['chz | cha | cha]

signal

A

L e
57 I P
Color (extend) |red -

Color (retract) [red-dark -]

Display
¥ Max

Y Min

(0 veNRI WODBED EAEA

-4
45 50 55 60 65 7.0 7.5

-4
80 &85 9.0

Height (measured & smoothed) (um)

(Vertical deflection ]

in the main panel of the window on the left, and
the display and function options in a panel on the
right hand side.

[EEE]

The history works the in the same way as for
image files, so processing operations can be
viewed, modified or removed (see Section 2.3.4)

Additionally, a thumbnail of each force curve will
be shown in the Overview window and the force-
spectroscopy point is plotted with the x, y posi-
tion and index number.
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The common functions used for display settings,
saving and measurement can be opened using
the right mouse button menu.

In the data processing window, there is a history
bar across the top of the window. This shows
the list of operations that has been applied to the
image. Previous processing steps can be viewed
or changed by clicking on the icons in the histo-
ry bar.

Bl e

Individual operations can be removed from the
list using Remove operation. This can be se-
lected from the icon bar or by using the right
mouse button in the history bar and selecting

Remove operation.

.

The View panel, along with the standard oscilloscope toolbar above it, can be

used for setting the force curve data display options, such as axes.

The Horizontal axis and Vertical axis areas of the panel function in the same
way as for the force scan oscilloscope in the SPM program. All the channels

\" bt
B e

35 435

30 - 430

25 425
% [l Full Rangs g
= 20 Q Foom 12.0 g
5 a
5 15k Save Force Scan 115 %
15 [E5] Export as Picturs =
S 3
% 10k Export as Text » 110 e
= Save Process 3
[1] =]
= 05 Load Process do0s =
T =
> =

00 — 100

-05 - 1-05

10 I 1 I 1 I 1 10

0 50 100 180 200 250 300
Tip-sample separation (nm)
6.2.1 View

ENEIREYES
[ & \iew @Info
Horizontal axis
XMax | ¥ 9.0| & |um
XMin | ¥ 4.5| & |um
X Axis |Height (meas. smth.) '|

Vertical axis
[chl [ch2 [ch3 [cha|

saved in the original force curve are available.

The Horizontal Axis can display the height channels (height (measured & smoo-

Signal |vertical deflection  ~| | thened), height (measured) and height) or the time (see screenshot below).

Display |AII v|

S [+ 3[alv Using the channel tabs in the Vertical axis section all recorded channels can be
: = [ switched on or off as well as the single curve segments (extend or retract). The

¥ Min | 4| alv

Color (extend) [red ~| colors for display can also be changed here — for each channel and for extend and

Color (retract) |red-dark - retract separately.
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"1 *Spectroscopy: bad-2009.01.09-14.15.04.jpk-force

Vertical deflection (nh)

(e @] (=] 1]

The X Axis either can display one of
the height channels or the Time

Y FL) | @ view Info . . .
Horizontal axis channel. Displaying the time chan-
2r v (gl 2124 nel, the delay times or force clamp
XMn [+ 024[als ) i
1 steps can be visualized.
X Axis Time -

0.0 0.5 10 15
Time (s)

2.0

Vertical axis
(ch1fch2 [ch3 [cha]
Signal [Vertical deflection ']

Display [AII ']

6.2.2 Display toolbar and zooming

In the Display menu all segments
can now be selected to be displayed,
either separately (extend, extend
pause...) or All together (default).

Most processing operations use the
force-distance display rather than
the force-time display.

l Q “ niu l [ bt " I ‘ The standard oscilloscope toolbar contains various shortcuts for displaying the

force curves. The arrow buttons reset the axes to the full data range in the force
curve. The options are for both X and Y (both arrows), Full Range X and Full

Range Y.

The Zoom tool allows a rectangular zoom region to be set in the plot area. Acti-
vate this mouse feature, then click and drag in the plot area to set the zoom region.
The display will automatically update to the new ranges.

(@ view [ @ Info [ ® View [ @ info
3r 13 Horizontal axis -lar -l4 Horizontal axis
X Max v 8.0 : L X Max v 7.0 : Hm
2| 1z XMin [w 4.5.”" =LE | g =L XxMn ¥ 6.0 i um
X Aods Height (meas. smth.) L 5 g ot e I X s Height (meas. smth.) =
e 1r 12 % Vertical axis S 5 Vertical axis
o Ed o El
g g [(cht | S 5 =a .o § [Chi[ChZ|Tha|cha
3 ol 4o %  signal vertical deflection @ S signal Vertical deflection =
s 5 Display Al b g . 22 5 Display Al b’
g a2 vmax v 3 : v = 2 yMax - 1.4 : v
3 3 < i
B ' 3 vMin - 4 i v w 24 “24 5 vMin v 3.0 i v
£ 2 2 2
g a2t Nl 15 2 color (extend) [red - § 2 Color (extend) [red 2
\ 2.6 -2.6
| Color (retract) Color (retract)
? - -2.8 -2.8
L N S T S S S 4 30 S S S S S S S P
45 50 55 60 65 7.0 75 80 85 90 61 62 63 64 65 66 67 68 69 70
Height (measured & smoothed) (um) Height (measured & smaothed) (um)

It is also possible to adjust the display ranges using the mouse wheel. The wheel can be rotated to zoom into or out of
the curve by changing the x axis. The curve can be shifted by clicking and dragging with the mouse wheel. Once the
correct region of the curve is selected, a Full range Y can be activated to scale the y axis for the new region.

If the right mouse button is clicked inside the plot area, the menu provides additional options for rescaling the display
and adding analysis features as well as several saving options.
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6.2.3 Info
[ ®view [ @ Info
Name: no name entry
Account: rachel
Comment: no comment entry
Probe: no probe entry
Segment Extend '|
Channels: Vertical deflection

Time
Height (measured)
Height

Date: 1/8/09 6:26 PM

Feedback Mode: Contact mode

Force Settings: relative
Z Length: 0.5 um
Z Scan End: 0.0 pum
Setpoint: 400.0 mv

Baseline status:  off
Baseline value: -0.000 W

Exp. Pixel Nurm: 1024

Pixel Mum: 1024

Data Rate: 2048.000 Hz
Speed 1.0 umfs
Duration: 0.500 s
Position Index: 0

Position: ¥ -490.41 nm

¥: -373.13 nm

Approach ID:
2009.01.08-18.19.16-00002

The Info panel shows data about the settings used in SPM to obtain the data as well
as comments that were stored with the curve. The available channels are listed,
along with information about the force curve segment (Extend, Extend Pause...) and
their control settings for the piezo movement.

X and Y Position show the SPM coordinates for the force curve. The position index
corresponds to the numbers in the X, Y position list that was created in SPM to
record the force curve. If no particular position has been specified, the index number
is set to zero. The position index is also displayed with the marked point in the image
viewer.

The Approach ID is a reference number that is updated every time a stepper motor
approach is made. Therefore the SPM coordinates from different files with the same
Approach ID should be the same. This information can be used to link the force
curve coordinates with features in the correct images.

6.3 Saving data and exporting force curves

After processing a force curve there are two options for saving. The data can be saved such that it can be reloaded
into the DP program or another mathematical standard program, or an image file of the spectroscopy window in TIFF
or PNG format can be exported. Data can be saved by using the File pull-down menu, the saving buttons of the short-
cut bar or the right mouse button menu.

6.3.1 Save and export of force data

m As the DP program only reads the jpk-force file format, any force curves that are to be processed further
= should be saved in this file format using the data button or Save Force Scan. If the data has been

processed then the modified data, not the raw data, is saved.

m If force curves are to be read into another mathematical program, they can be Exported as text files,
= either as .out files (Export as old force format) or as an ASCII file (Text export). Converting curves into

.out files is not recommended, since information will be lost (for instance, data collected during pauses
and clamps, which were not supported in the old format). The text export produces normal text files con-
taining all the curve data. The text export files cannot be read back into the DP software, all DP
processing should be completed before the export.
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G Eper DEEIlL S o Open the ASCII Export Default Settings under the Setup pull-

Header down menu.

©|Full settings|

O channel info only The Header information can be reduced to channel information
Output Unit for Vertical Deflection only.

(=) Force (if available)

O Distance (if available) The Output Unit for the Vertical Deflection can be chosen.
voltage

Segments The desired segments for the exported force curves can be se-
extend lected.

retract

pause These settings apply for the Text export of all force curves.

There are two scripts to convert force files of the jpk-force format into other file formats. The script “jpk-force-legacy-
export” creates .out files, and “jpk-force-export” creates text dump files. Both scripts are used from the Linux terminal.

E To run a script, open the Linux terminal window.

The terminal window automatically opens the user specific jpkdata-directory. To apply a script the directory containing
the script must be selected (“cd /opt/jpkspm/bin”) and finally the script (“/.scripthame”) and the corresponding data,
which are to be processed by the script, along with the storage directory, are to be specified
(“~/jpkdata/directory/filename”). The script then finally processes the file and stores the new file in the same folder. In
case that all force files of the file name root “Force....jpk-force”, located in the directory jpkdata/Test, are to be con-
verted into out files, the corresponding commands are to be entered:

= Srnegmanni@pcel3: foptfjpkspm/bin

File Edit wiew Terminal Tabs Help

tneumann@pccl3:~$ cd fopt/jpkspm/bin
tneumann@pccl3: fopt/jpkspm/bin$ ./jpk-force-legacy-export ~/jpkdata/Test/Force*.jpk-forcd ]

If all jpk-force files of a directory (e.g. Test) are to be converted, either “*.jpk-force” (i.e. without any filename root) is to
be entered, i.e. all files of the jpk-force type are processed, or only the directory containing the files is specified with no
particular reference to files:

= SEnegrmann@pccl3: foptfjpkspm/bin

File Edit View Terminal Tabs Help

tneumann@pccl3:~$ cd fopt/jpkspm/bin
tneumann@pccl3: /opt/jpkspm/bing ./jpk-force-legacy-export ~/jpkdata/Test

In case that reference to the files is used to convert files (i.e. “*.jpk-force” or “filenameroot*.jpk-force” is entered), there
is one problem that can occur if a huge batch of curves is to be processed: The filename wildcards are expanded be-
fore the command is executed. That means, even if “*.file extension” is entered (which means all files in the given
directory with exactly this extension are processed), the script appends one file with the complete filename after the
other. And since there is a limit on the allowed length of the expanded command line the script will abort if this limit is
exceeded. In such case the directory alone should be specified rather than the filenames.

Jipk-legacy-export ~/jpkdata/experiment/*.jpk-force - wildcards limitation
Jipk-legacy-export ~/jpkdata/experiment/ - unlimited number of files

There are additional scripts which can be applied to force curves or force maps, like “splitforcefile”, which separates
the extend and retract curve into two files, and “splitmapfile”, which splits a force map into separate force files.
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6.3.2 Exportimage

PIC

E]

The force curves can be exported in PNG or TIFF format for import into other programs, for the production
of reports or presentations. The plot, exactly as it is displayed in the spectroscopy window, is exported as
an 8-hit file. If a line is drawn in the image or if any operation (like the chain model or Hertz fit) has plotted

a fit curve in the force display, these will also be exported.

= Export as Picture

%)

- @)z 8l

Save In: ‘EI ¥anthan_Curves

Decoration

[ Include filename

[ ] Transparent background
["] Use a larger font

[] Analysis markers in white
Image Size

(5) Original size (EE0x637 pixels)
v

() Gealedto A pixels

File: Marme: |f0rce-)<and1am-2004. 11.15-19.46.26-0_CldFormat.png ‘

Files of Type: |PNG image

b ‘

| Save ‘ | Cancel ‘

The Export as Picture dialog allows many different
export options for the graphical image — the file format
and content can be modified using the options in this
dialog.

The filename can be added as text to the top of the ex-
ported image using the tick box here.

A transparent background can be selected. This back-
ground may appear black in certain preview programs
that do not support transparent format, but in PowerPoint
presentations, for instance, this will remove the solid
rectangle normally surrounding the image.

6.4 Force curve processing operations

In this section, force curve processing operations are introduced separately. These operations can also be automati-
cally combined and applied to a whole directory of force curves as batch processing. This is explained in Section

6.4.15.

6.4.1 (Re)Calibration of V-deflection

""l-up

V=+F

during data processing.

| *Spectroscopy: $2 -2010.01.14-15.41.38.jpk-force

10 - q1l0 Optimize data plotting

This operation allows to add/change or to remove a calibration of the V-deflection after the experiment, i.e.

In some cases the cantilever is calibrated
after the experiments, for instance because
of a sensitive modification/coating or the use

& \iew ®Infu
os o PLLEDG el eH of another calibration method than the in-
r 1k X Max [ b 4.0( & ]pm
Xmin [¥ 5] & jum built thermal noise measurement. Then the
;;) as| {os 2 xaus vertical deflection is given in units of Volts.
= E Vertical axis
> % (ch1 [ch2 [ch3 [ch4
g0 1°% g sonal
% g Display All -
%’ 02} Joz B vuax I' 1.0 ‘]V
= 2 vmn [+ 02[alv

0.0

H0.0

-02 I i I I i i _0.2
-05 00 05 10 15 20 25 30 35 40
Height (measured & smoothed) (um)

Color (extend)
Color (retract)
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"1 *Spectroscopy: 52 -2010.01.14-15.41.38.jpk-force

=
:

@ =
oS o

=
"

Vertical deflection: Ext

0.0

-0.2

Height (measured & smoothed) (um)

L I I I L L I
-05 00 05 10 15 20 25 3.0 35 4.0

0.8

0.6

0.4

0.2

0.0

-0.2

(MUY 1DBAIFY (UOIIB|EP [EIILBA

Optimize data plotting
y F(1) [ & View Info

Apply a vDeflection calibration by
adjusting sensitivity and spring constant.
The calibration can be changed or
switched off for calibrated curves

Sensitivity:

(oo

[JIgnere sensitivity
[[]Forget sensitivity

Spring Constant:

[Jignere spring constant

[[] Forget spring constant

0.8

0.6

0.4

0.2

Vertical deflection: Extend (nMN)

0.0

-0.2

ctroscopy: 52 -2010.01.14-15.41.

Height (measured & smoothed) (Wm)

I I | | | L L
-05 00 05 10 15 20 25 30 35 40

0.8

0.6

0.4

0.2

0.0

-0.2

(NU) 1IENIZY UDIDBEP [BIILEA

Optimize data plotting

v F(l) [ @ View Info

Apply a vDeflection calibration by
adjusting sensitivity and spring constant.
The calibration can be changed or
switched off for calibrated curves

Sensitivity:

REED

[Jignore sensitivity
[[] Forget sensitivity

Spring Constant:

[Jignore spring constant
[] Forget spring constant

Vertical deflection: Ext@
o
o

4]

=3

1 #Spectroscopy: 52_-2010.01.14-15.41.38.jpk-force

Height (measured & smoothed) (Wm)

I i i i i I I
-05 00 05 10 15 20 25 30 35 40

35

30

25

20

Q

=3

(LUu) 19ENEY (U038 [BIILBA

Optimize data plotting

Sy F(l) | @ View Info

Apply a vDeflection calibration by
adjusting sensitivity and spring constant.
The calibration can be changed or
switched off for calibrated curves

Sensitivity:

REED

[ Ignore sensitivity

[[]Forget sensitivity

Spring Constant:

[] Forget spring constant

The (Re)Calibration operation allows the
calibration or adjustment of the vertical
deflection by setting the Sensitivity and
Spring Constant. If no value is set, default
values (25 nm/V and 50 nN/m) are applied.
Now the vertical deflection is given in units
of Force.

The default values can then be changed to
the measured or desired values and the
vertical deflection is calibrated correspon-

dingly.

If there were already Sensitivity and
Spring Constant values saved in the file,
they will be seen here as the default values
and can also be left unchanged.

And vice-versa it is possible to remove a
calibration, either partly, to display the ver-
tical deflection in nanometers, or complete-
ly, to display the vertical deflection in Volts.

Ignore spring constant removes the spring
constant of the calibration and gives the
vertical deflection in nanometers.
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copy: $2_-2010.01.14-15.41.38.jpk-force

10 710 Optimize data plotting
Sy (1) [ & View Info
Apply a vDeflection calibration by
0.8 |- —40.8 adjusting sensitivity and spring constant,
The calibration can be changed or
switched off for calibrated curves
- ) <
® y
= 06 L los ES Sensitivity:
g 2
I g
E z
g 04r 104 3 w | 35.20] & [nmpw
@ El
E ¥|llgnore sensitivity|
w o ~lForg
ERC- 4oz 3
2 2
Spring Constant:
0.0 - —40.0
34 N/m
el LW, _ xfoox] 4]
05 00 05 10 15 20 25 30 35 40 Ignore spring constant
Height (measured & smoothed) (pm) [JForget spring constant

scopy: $2_-2010.01.14-15.41.38.jpk-force

10 710 Optimize data plotting
Sy (1) [ & View Info
Apply a vDeflection calibration by
0.8 |- —40.8 adjusting sensitivity and spring constant,
The calibration can be changed or
switched off for calibrated curves
= z )
p 06 L los ES Sensitivity:
g B
I g
E z
g ooAr foe g [+ |35.20] & Jnmpv
E X Ignere sensitivity
w & ~HEarget se .
£ ozf oz B e
2 2
Spring Constant:
0.0 - —40.0
_0.2 i I I L L L I _0.2 X
-05 0.0 0.5 10 15 20 25 30 35 4.0 lgnore spring constant
Height (measured & smoothed) (Wm) Forget spring constant

6.4.2 Smoothing of Force Data

= * Spectroscopy: force-save-2009.12.10-14.36.12 jpk-farce o & Bl

EInrd DEREE

.08 -

Optimize data plotting

ZFE@ @ view | @ 1nfo |

Smooth the force data

[»]

Smoothing method ‘Gauss\an "

Smoothing width - Z‘

Vertical deflection: Extend (nh)
(MU) 1913 UDRIBLED [BAEA

22 L L L L 22
1080 1095 11.00 11.05 1110 1115

Height (measured & smoothed) (um)

[«

Ignore sensitivity finally removes the com-
plete calibration, and the vertical deflection
is given in Volts. If only Ignore sensitivity is
selected, Ignore spring constant is selected
automatically as well.

If the force file is saved anew, the sensitivity
and spring constant are still written in the
force file and can be used again by select-
ing (Re)Calibration when the saved force
file is opened the next time.

Both, sensitivity and spring constant, can
also be forgot (Forget sensitivity/spring
constant), which will remove the calibration
of the force file once it is saved anew.

This function allows Smoothing of force spectroscopy data. There are several smoothing methods that can
PF.HJ be chosen from. The degree of smoothing can be adjusted incrementally.

Force curves recorded at high sample frequen-
cies may be subject to smoothing using differ-
ent methods. Smoothing allows a different
weighing of data than down sampling and may
be thus preferred to simply record at a lower
frequency. Some data also need to be
smoothed prior to fitting (see Step fitting in
Section 6.4.9).
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Smoothing method: Gaussian There are four Smoothing methods that can be chosen from: Gaus-

. nd th H
S il | v— sian, Boxcar as well as 2™ and 4 "-roder Savitzky-Golay.

2nd-ord. Sav.-Golay

In the default mode, where Offset is selected, the average value is cal-
dth-ord. Sav.-Golay

culated over the selected range. The Retract channel is used by de-
fault, but this can be changed by selecting Extend.

The value is subtracted from the whole curve, and this Offset is dis-
played in the Baseline panel.

[\~ * Spectroscopy: force-save-2009.12.10-14.36.12 jpk-force o & =
E]=]] QJaE] [HI]

08 -

By changing the Smoothing width, the
degree of smoothing can be adjusted.

el

Cptimize data plotting
#F@ @ view | @ Info |

Smooth the force data

Smosthing method: | @aussian - has been chosen for smoothing and the
smoothing width has been set to 3. The

[r]

In this example, the Gaussian method

high-frequency noise has been eliminat-
ed.

Vertical deflection: Extend (nN)
(MU) RERaY (UoaaLap [B3HaA

-20 1-2.0

22 A A A A 22
10490 1085 11.00 11.05 1110 1115
Height (measured & smoothed) (pm)

[«

6.4.3 Baseline subtraction

This function automatically calculates the average value of part of the curve, and subtracts this from the
B’FF whole curve. This is used to remove the baseline offset in vertical deflection before further processing. Alter-
natively, the Offset can be set by hand (see Section 6.4.5). The calculation can subtract either a single
value, or a straight line (tilted baseline) from the curve.

"1 *Spectroscopy: force-save-2007.09.26-15.21.50.out

In general, for force curves of vertical deflection

BE EYEIEIED _ » .
‘7| (@ view | @infe | against position, the part of the curve on the right
Horizontal axis
X Max [v]  1605]alum (far from the surface) should be flat. In this re-
=T 17 xwn x| _s7f2lm ¥ gion there is no force between tip and surface,
Use linearizing . . .
sl 15 ventical axis and this gives the force Baseline.

Chl [ Ch2 [ Ch3 [ Ch4

Color (extend) |red "

|
S
@
L
'
N
@

s 5

;? sl 1. g Z‘E::y I:i?m%} Although the force here is usually zero, often
& . [*] 1as[ap when force measurements are made the vertical
; T T [z =zowefadv deflection is not zero. Either the deflection was

not set exactly to zero at the start of the experi-

Color (retract) |rsd-dark "

ment, or the deflection may have changed due to
Delta : n.a
DekaXi  na environmental factors.

| set Line

-18F —4-19

=20 1-2.0
a L a L L L | Choose File for Save Line
15.70 1575 15,80 15.85 15.90 1595 1600 16.05 e

Height (measured and smoothed) (pm)
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"1 ¥Spectroscopy: force-save-2007.09.26-15.21.50.out

Vertical deflection: extend (mV)

-1

00 I I
15,70 1575 15.80 1585 1590 15895

16.00

Height (measured and smoothed) (um)

-100
16.05

(AW 12BN U0NIBYRRP [BILFA

ENEN

Y FL) | @ view

Automatically subtract the baseline
offset. If tilt is selected, a linear fit is

subtracted.

(=) Offset () Offset+Tilt

Infa

Curve;

Subtract:

Lower: [+ 90.0[ a Js
Upper: [=] 1o00]aw
Offsst: 1,816V

Vertical deflection: extend (mv)

20

"1 *Spectroscopy: force-save-2007.09.26-15.21.50.0ut

Height (measured and smoothed) (um)

100 1 1 . . -100
1565 1570 15.75 1580 15.85 15.90 15.95 16.00 16.05

(AW) 19E.124 1UOJLIA|EP [BIILIBA,

Y F(1) | @ view

Automatically subtract the baseline
offset. If tilt is selected, a linear fit is

subtracted.

(=) Offset () Offset+Tilt

Info

Curve;

Subtract:

Lower: [v 40,0 A]%
Upper: [=] 1000« %
Offset: 1017

Vertical deflection: extend (mV)

09.26-15.21.50.0ut

1565 1570 1575 1580 1585 1590 1595 1500 1605
Height (measured and smoothed) (um)

(AW) 10B1IBI (UONIBYEP [EILIBA

Y F(1) [ @ view
Automatically subtract the baseline
offset. If tilt is selected, a linear fit is
subtracted.

Info

Curve:

() Offset () [0ffset+Tilt]

lv

Subtract:

Lower: 20.0] & s

Upper: IV 100.0| & %

Tilt: 13.75 mv/um

The Baseline operation calculates the average
value of a certain part of the curve. The range to
be averaged is set as a percent of the length.
The default is from 90 % to 100 %, i.e. the last 10
% of the curve. This can be set by the user to
any range of values.

In the default mode, where Offset is selected,
the average value is calculated over the selected
range. The Retract channel is used by default,
but this can be changed by selecting Extend.

The value is subtracted from the whole curve,
and this Offset is displayed in the Baseline
panel.

In some cases, the flat region of the curve may
not have an exactly constant value. If there is a
linear tilt of the baseline, this can also be re-
moved if the option Offset + Tilt is selected.

In the example here, even averaging over 40 —
100% of the curve does not bring the values near
the surface to zero. The average baseline value
is zero, but there are discrepancies near and far
from the surface.

When Offset + Tilt is selected, the selected
region is used for a linear fit. This straight line is
then subtracted from the whole curve. This is
sometimes useful, especially for analysis that is
sensitive to small deviations from the baseline,
such as calculating the area under the curve.

This operation is only suitable for a simple linear
tilt. If the overall shape of the baseline is more
complicated, then probably some long range
forces (e.g. electrostatics) are interacting near
the sample surface, and it would require proper
modeling to separate the regions of pure indenta-
tion and adhesion from a “zero force” baseline.
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6.4.4 Contact point determination

=1

Vertical deflection: extend (mv)

"1 *Spectroscopy: force-save-2007.09.26-15.21.50.out

50

250
Height (measured and smoothed) (1m)

-100

(AU BB UONIB|SP BB A

(afa][~]1]

(% F2) [[@®View | @nfo
Automatically adjust the x offset. The
contact point is the first crossing of
the y axis. You should always adjust
the baseline first.

Curve: Relract

smoothing

Contact point: 15.72 pm

80
60 |-
40

20 -

Vertical deflection extend (mv)

_60 |-

" * Spectroscopy: force-save-2007.09.26-15.21.50.out

~80

480

140

420

1-60

20 40 60
Height (measured and smoothed))

B

0
(nmy

L
100

-100
120

(=) 1]

Horizontal axis
X Mo [ 120[a)m
[ wam

X Min
[v] Use linearizing
Vertical axis

Chl [[ch2
signal

Ch3 | Cha

‘Vertical deflection ¥
¥ Max

Delta Y na

Display

Delta X: n.a

Choose File for Save Line

This function automatically calculates the point where the force curve crosses the zero force line, and sets
this as the zero of the x axis.

In many cases, the absolute position of the z piezo
during the force measurement is not interesting.
Usually the force curves should be compared using
coordinates relative to the sample surface.

The operation looks for the curve crossing zero, so
the Baseline operation should always be carried out
first.

If the force curve is noisy, or the contact region is
quite flat, it may be useful to use Smoothing to look
for the first time the smoothed curve crosses the zero
line. The smoothed curve is not plotted, but the con-
tact point is updated.

After the Baseline and Contact point operations, the
zero points of both axes should be set to the surface
position. This can be checked by zooming into the

contact region in the display.

Note the default for both operations is the Retract
curve, but it is also possible to set Extend if the first
contact point with the material should be used as the
reference.
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6.4.5 Shift origin (manually offset the axes)

JEE"

This function can be used to shift the offset for the x- and y- axes to set the origin of the force curve where
the tip reached the sample surface, for example. The effect is similar to the automatic operations Baseline

(for the y axis) and Contact point (for the x axis), but in this operation the axes are shifted manually.

"1 ¥ Spectroscopy: force-save-2007.09. 26-15. 21.50.out

500 H

300

100 |

Vertical deflaction: extend (mv)

-100 | V

- -100

. . . . . .
1570 1575 15.80 15.85 1590 1595 16.00 16.05
Height (measured and smoothed) (1m)

(AW) 1BIR) UONIBEP [BAUEA

(~J 1]

oo F(1) | @ View Info
Choose a new origin for FarceScans.

Shift origin for channels

ertical deflection [-1.885 v

Set ¥ Offset Reset

Height (measured)[0.0m ]

Set X Offset Reset

20 F

Vertical deflaction: extend (mv)
o

_40 |

_60 |

_80 |

"1 ¥ Spectroscopy: force-save-2007.09. 26-15. 21.50.out

-100 L
15.70 15.72 15.74

.
15.76
Height (measured and smoothed) (1m)

15.78

15.80

(AW) 1BIR) UONIBEP [BAUEA

XN

oo F(1) | @ view Info
Horizontal axis
X Max [v 15.82 A‘pm
X Min (= 15.70] & Jum

Use linearizing
Vertical axis
Chl [Ch2 [Ch3 [Ch4

Display Both -
¥ Max = 100] & Jmv
¥ Min (= -100] & |my
Color (e
Color (retract)
Delta v: n.a.

Delta X: n.a.

| *spectroscopy: force-save-2007.09.26-15.21.50.0ut

4100

480

=460

(1]
[ear F(1) | & View
Choose a new origin for ForceScans,

Info

Shift origin for channels

ertical deflection [-1,918 v

Set ¥ Offset Reset

Height (measured)15.72 um |
Set X Offset Reset

Vertical deflection: extend (mv)
=]
T

:
!
-100 L
20 o

20 40 60
Height (measured and smoothed) (nm)

80

(AW) 19BI13] (U0[IBBR [EILBA

In the Offset panel, the X- and Y- offset can be
adjusted manually, or reset to the starting value.

For Set Y Offset, multiple channels may be
enabled. The list here depends on the selection
chosen for display in the View panel. If there are
multiple entries, click on a channel name to high-
light it and make it active for setting the origin. In
this case only one channel, Vertical Deflection, is
displayed, so there is only one entry in the list.

Select Set Y Offset, and then click and drag in the
plot area to shift the y axis.

The offset is usually chosen so that the flat part of
the curve on the right (far from the surface) has a
zero value, since it should be the region with no
interaction between the tip and the sample. This
operation effectively subtracts the baseline for the
force curve.

It is often helpful to zoom into the region near the
baseline and contact point, to be able to set the
values accurately.

Choose Set X Offset to shift the x offset by click-
ing on the plot area. Usually the point is chosen
where the force curve (either extend or retract)
crosses the zero force line.

There is only one channel available for the x-axis —
usually Height (measured). All data channels are
shifted simultaneously; if lateral deflection were
also displayed here, then the x-axis origin would
be shifted by the same amount.
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6.4.6 Calculate tip-sample separation

f=
& —

—

|\= * Spectroscopy: 10nN_-2008.08.27-10.45.57.0ut

e E

B /7]

Vertical deflection: extend (ni)
o
T

Rl I I | | I I
-500 -400 -300 -200 100 1} 100 200
Height (measured & smoothed) (nm)

(L) B2 SUDIRUER [BIWAA

EYEINEH
EF(2) @ View | @ Info |

; axis

XMax | ¥ 200] & nm

XMn | ¥ 500

& ‘nm

K Axis |He|ghl imeas. smth.) 'l

Vertical axis
ch1ch2ichz\ch4)
Signal |v.er1ica| deflection v‘

Display |AH v‘

Color (extend) |red v|

Color (retract) |red—uark v|

[«]

I\ * Spectroscopy: 10nN_-2008.08,27-10,45.57.out

o & &

EIEE

Vertical deflection: extend (ni)
o
T

9 I I L L I I 9
-500 -400 -300 -200 -100 1] 100 200
Tip-sample separation (nm)

6.4.7

(NW) 1B U0RIERaP [EIHEA

EYERETE

F(3) @ view |, @ Info |
Hori: axis
X Max | ¥ 200
XMn | ¥ -200l] & nm

|T\p—samp sep 'l

- ‘nm

HAwls

Vertical axis
chilch2icha|ch4)
Signal [vertical ceflection =]

Display |AH -‘

Color (extend) |red v|

Colar (retract) [red-dark -

Fit a polymer chain model (FJC and WLC)

[»]

[«]

This operation automatically corrects the height signal for the bending of the cantilever to calculate the tip
sample separation. This is a very important operation that needs to be applied before the curve is fitted with
a polymer chain or Hertz model.

The height signal that is derived from the piezo
displacement (either from the piezo voltage or
the strain gauge measurement) contains both,
the distance the cantilever is moved towards
the sample and the bending of the cantilever
into the opposite direction. But for the applica-
tion of chain or elasticity fits, plots of force
against tip-sample separation rather than piezo
displacement are needed.

If force curve data are loaded, the Vertical
deflection is usually plotted against the Height
(measured & smoothened) channel.

If Tip-Sample Separation is selected the
height signal is automatically corrected for the
bending of the cantilever and a new channel,
Tip-Sample Separation, is calculated.

The corrected distance is always shorter (force
curve is steeper) than the raw height signal,
since the cantilever bending occurs into the
opposite direction leading to additional piezo
movement towards the sample.

This operation is required before any polymer
or Hertz fit is applied.

This operation automatically applies a Polymer Chain model fit to the force data. These fits are used to
determine the length and the elastic properties of single molecules or domains being stretched between

the tip and sample. The Freely Jointed Chain (FJC) and Worm-Like Chain (WLC) models are standard
models for the entropic elasticity of straightening a polymer chain from a random configuration.

This operation only applies to force versus tip-sample separation curves, i.e. before the force curve is fitted the Calcu-

late Tip-Sample Separation operation needs to be applied (see Section 6.4.6).

For these experiments, the tip-

sample separation in the adhesive part of the retract curve is the molecule end-to-end length being stretched between
tip and sample. It is also necessary to correct the curve for the baseline offset and contact point.

If a whole batch of curves is being processed (Section 6.5), the Filtering Series operation (Section 6.4.12) using the

Minimum Value (Section 6.4.10) as filtering parameter can be of help for separating curves with and without unbind-
ing events. Giving a Minimum Value close to the expected force peak values, all curves with no or only rudimentary
peaks will be separated from the desired curves. Similarly to that, another filtering parameter can be the Minimum
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Position of the Minimum Value operation. The first force peak of a reasonable unfolding curve is expected in a range
close to the repulsive regime. Thereby the Minimum Position can separate curves with improper events far away

from the expected position.

This operation only applies to force versus tip-sample separation curves, i.e. before the force curve is fitted the Calcu-

late Tip-Sample Separation operation needs to be applied (see Section 6.4.6).

For these experiments, the tip-

sample separation in the adhesive part of the retract curve is the molecule end-to-end length being stretched between
tip and sample. It is also necessary to correct the curve for the baseline offset and contact point.

If a whole batch of curves is being processed (Section 6.5), the Filtering Series operation (Section 6.4.12) using the
Minimum Value (Section 6.4.10) as filtering parameter can be of help for separating curves with and without unbind-
ing events. Giving a Minimum Value close to the expected force peak values, all curves with no or only rudimentary
peaks will be separated from the desired curves. Similarly to that, another filtering parameter can be the Minimum
Position of the Minimum Value operation. The first force peak of a reasonable unfolding curve is expected in a range
close to the repulsive regime. Thereby the Minimum Position can separate curves with improper events far away

from the expected position.

35

Vertical deflection: Extend (nh)

-0

0 50 100 150 200
Tip-sample separation (nm)

(Nu) Jaelay UoRIBRaR [BIMEA

= * Spectroscopy: force-save-2009.12.10-14.36.12.jpk-force o B B
= \ Al = Q] (el T
ENEEER Q& T
35 138 [¥] Optimize data plotting
T FE) @ view | @ Info | [+]
30 130 Comect the height for the bending ofthe
santileverto calculate the ti-sample separation.
The cantilever deflection in units of length is
251 125 subiracted from the piezo height
{To change the sensitiily, recalibrate the scan
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Z 20f 420 %
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i qsf 415 3
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2 5
£ 10f 410 3
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g osr L 1% 2 =
0o Hoo
A ; ; ; ; ; ; A0
0 50 100 150 200 250 300
Tip-sample separation (nm) =
- * Spectroscopy: force-save-2009.12.10-14.36.12.jpk-force o & B
Bl 3 2 Q8 ()

Opimize data plotting
Z'F@E) | @ View | @ Info |

Fit a polymet model to & force-distance cutve

Fit data

Segment

¥ Channel

¥ Channel

Fit ranges

Mr. Min, innm Mz, innm

66.3
92.7

87.3

1113
136.6
165.9

1
2
3 116.4
4 142.1

| Delete | | Recalculate || New |

Fit parameters

Mods! type:

Contact position. | v

Baseline ofisel; | ¥ 0.0

n0o| & ‘um

Al

alk

Temperature: MEEEE

Fit results

Contour lengih v & |om [w)
Persistence length: | ¥
Residual RMS
Breaking farce
Loading rate

12.80 pN
339.9pN
22.59 nhfs

|Retract -
[Tip-samp. sep. -
[Vertical deflestion -

[twiomaetike gLy -

a fon o ||

[»]

All operations should be applied to the Retract
curve, as the molecule stretching events generally
appear as force peaks in the Retract curve. Each
peak should be fitted separately as an individual
stretching event.

Before the chain model fit is applied to a force
curve, it is necessary to apply the Baseline and
Contact Point operation (Section 6.4.3 and 6.4.4)
as well as to calculate the Tip-Sample Separation
(Section 6.4.6).

Select Chain Model Fit operation icon to apply a
polymer model to a force versus tip-sample separa-
tion curve.

By default, the chain model fit is applied to the
Retract curve. This can be set in Fit Data.

The algorithm automatically finds appropriate data
ranges to apply the fit by looking for force jumps.
Each event has a Fit range that is shown in the
table. Each fit range can be selected separately
and the Fit results below shows the results for this
peak.

To adjust the selected fit range, click and drag in
the spectroscopy plot or adjust the Min and Max
values in the table. Fit ranges can be removed with
Delete or New fit ranges can be added (click and
drag in the plot to set the fit range for a New
range). Recalculate returns to the automatically
calculated initial suggestions.
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I\= * Spectroscopy: force-save-2009.12.10-14.36.12.jpk-force

o &' B

35 - 1358

Vertical deflection: Extend (nhj)
(NU) DB UORIBUER [EIWEA

. 1 . i
o 50 100 150 200
Tip-sample separation (nm)

EYl

E

X

Optimize data plotting
BIRE) | @ view | @ Info |

Fit & polymer model 1o  force-tista

Fit data

Segment |retract

¥ Channel [Tip-samp. sep.

f Channel [Vertical deflection

Fit ranges

nee cutve

[»]

Mr. in. in nm Mz, innm

66.3 87,

3

92.7 1113

1
2
3 116.4 136.6
4

142.1 165.9

| Delete | | Recalculate | [ Mew |

Fit parameters

Model type:  [warmelike iLC)

Gontact position: {4
[WLC Bouchiat 19

Easeline ofizet. [Edensible wLC

99

Temperature: Freehy-jointed (FIC)

FIC

Fit results
Contour length:

Persistence length: | ¥

Residual RMS 12.80 pN
EBreaking force: 339.9pN
Loading rate. 22.59 nhis

~ om [=

a o o) ||

Contour length: b £ nm |§|
Persistence length;, & & opm |§|
Fit results

Contour lenoth: b A nm |§|
Persistence length;, Aopm |§|
Residual RMS: 12,80 pr

Breaking force: 339.9 ph

Loading rate: 22.89 nhis

The Fit Parameters offer various Model types —
these are discussed in more detail in Section
6.6.2. The Freely Jointed Chain (FJC) and Worm-
Like Chain (WLC) are standard models for the
entropic elasticity of a polymer chain. Both models
are also offered in an Extensible version, which
includes the effects of directly stretching the chain
backbone at higher forces.

There is also the possibility to adjust the Baseline
and Contact position for the fit, as well as the
Temperature. If nothing is entered here, then the
baseline and offset are taken directly as seen in the
displayed data — they are not fitted with the model.

The values for the Contour length and Persistance length can
be fixed in the fitting procedure by Pinning them. This value is
then used for all the events.

The Fit results at the bottom show the output from the fit. There
is the Contour length of the stretched part of the molecule, the
Persistence length that depends on the model type, and the
elastic modulus of the backbone if the Extensible models are
used.

The Residual RMS is the RMS of the difference between the fit
and the force data, thus describing the quality of the fit. The
Breaking force and the Loading rate at the moment of unfolding
are fitted in the peaks of the curves.

6.4.8 Elasticity fit (Hertz models)

% This operation automatically applies a Hertz fit for different shapes of indenters to the actual force curve to

calculate the Young’'s Modulus (Elastic modulus) of a sample. The Hertz model makes assumptions about

the sample, for example that it is infinitely thick, homogeneous and purely elastic, so it is recommended to
read about this analysis before using this operation (see Section 6.6.1 for more information about the
theory). Since the contact point is a crucial parameter the Extend curve is generally used, since the Retract
curve can contain adhesive interactions that mask the contact point.

This operation only applies to force versus tip-sample separation curves, i.e. before the force curve is fitted
the Calculate Tip-Sample Separation function needs to be applied (see Section 6.4.6). For these experi-
ments, the tip-sample separation in the indentation part of the curve is then the indentation depth as normal-

ly discussed in the literature.
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= * Spectroscopy: force-save-2008,12,11-11.57.51.out ol |
= ] Q@] [l 1|
B e ) Q& =
30 TF3) |\ @ view | @ Irfo |
Gorrectthe height for the bending of the cantilever to
calculate the tip-sample separation. The cantilever
deflection in units of length is sublracted froam the
piezo height (To change the sensitiity, recalibrate
a5 1 the scan prior to this operation)
Sensitivity: G715 nma
20
=
§ 15
%
R
£
2
05
00
05 L . . . .
-2 -1 0 1 2 3 4
Tip-sample separation (Um)
I\= * Spectroscopy: force-save-2008.12.11-11.57.51.out e E
Bl =5 ] = (@] [z

BF4) | @ View | @ Info |
Determine Young's modulus from a force-distance
curve
Fit data
Curve;
CMax:

SCMin:

Fit parameters
Tip Shape:

Tip Radius,

Poisson Ratio:

Quaratic Pyramic
Fitresults Flat Cylinder

Vertical deflsction: extend (nh)

Young's Modulus: 2185 Pa

Contast Point -260.5 1t
05 Baseling: 6.326 N
Residual RMS 25.43 N

] Showr contact point

fitted data ‘

0 1
Tip-sample separation (um)

All pre-processing operations should generally
be applied to the Extend curve.

In some cases there is a tilt in the baseline that
should be corrected by Offset And Tilt Correc-
tion (see Section 6.4.3). Here it is not crucial to
set the x- and y-offset since the baseline and
contact point are variable fit parameters. It is
important to apply the Tip-Sample Separation
calculation.

Select Elasticity Fit to apply the Hertz model to
a force-indentation curve.

By default, the fit is applied to the whole of the
Extend curve. The Fit data sets the curve
segment and the fit range with the Curve, X
Max and X Min panels. The fit range can also
be selected by clicking and dragging in the
spectroscopy window.

The choice of fit range depends on the sample
and the quality of the baseline. The more data
points of the baseline are used, the better the
model will fit it. Concerning the indentation
depth to be fitted, the Hertz model is only valid
for small indentations, i.e. one should know the
thickness of the sample. The indentation used
for the fit should not exceed 5-10% of the sam-
ple height.
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"I * Spectroscopy: force-save-2008.12.11-11,57.5 L.out o e B

EEEEE] Q& [T The Tip Shapes must be selected, since differ-
T e e Ol . €Nt tip/indenter shapes have different fit equa-
tions (see Section 6.6.1 for the fit equations).
=] om  ws . Depending on the tip shape the Radius, Half
e Angle (cone or pyramid) or Needle Radius is
" o to be specified. The Poisson Ratio is usually

§ ol wems [smee <] getto 0.5.
; Paisson o Note the differences in the definition of the Half-
; °l ‘ z"g"w o5 ra angle for a pyramidal tip. The angle can be
Wl ; T e measured either to the face or to the corner
\ Z'::;:j;mf“”N edge of the pyramid. In general, the cone an-
20 \“"%; st " i e aets gles from the manufacturers are defined diffe-
rently for silicon and for silicon nitride tips — see
o ) ¥ } o . Il 2 3 : the diagram in Section 6.6.1 for more informa-

il tion.
Fit results

If all parameters are adjusted, the Fit Results —

LGS MR FI0EFE the Young’'s Modulus, Contact Point and

::::::mm: -::.:pnNm Baseline — are shown below. Also the Resi-
Residual RMS: 23.22 pN dual RMS is shown, which is the RMS of the
[¥] Show contact point difference between the fit and the force data,
Succassiully fited data thus describing the quality of the fit.

6.4.9 Step fitting

W This function finds steps in the force curve data by fitting a model that is a combination of sharp steps with a
W slowly varying background (see references, Kerssemakers 2006).

! * Spectroscopy: cho-2008.08.06-15.16.26 _offset.jpk-force

The type of force curves that typically show

=3 la &) (=) 1] . /s
steps are adhesion curves from cell binding.
Optimize data plotting .
BRd- 18 ('@ View | W@info The steps are usually interpreted as mem-
Horizontal axis -
PG } brane tethers pulled out from the cell sur-
X Min .
o face. These extend at a fairly constant force,
LT M verticalaxs before breaking sharply. This gives flat
= = chl Ch2 ' ch3 | ch4
z 2 sinel [Vertical defiection__~] plateau regions in the retraction force, sepa-
g g Display [+ s
E s los & voum («]  os[a)m rated sharp steps of a characteristic size.
ki 2 YMin (=] 18] . . .
E 7—“ Color (extend) [red <] The model is only designed for regions of
E g coprbereet) fedeen ] force curves that show these characteristic
Lor 1° steps. The initial part of the retraction curve
shows deformation of the whole cell, and
many complex attachments ripping off at the
15 b 4-15 . . .
. . : ‘ ‘ ‘ ‘ . same time. A different kind of model would
0 5 10 15 20 25 30 35
Height (measured & smoothed) (um) be requ"-ed for thIS reglOI’]
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1% Spectroscopy: cho-2008.08.06-15.16.26_offset.jpk-force = =
| R | i | @it The most important initial setting is the
05k | dos Identify and quantify steps on a

range to apply the model. Once the step

force-distance curve.

Fit data

segment; | Retrad fitting panel has been opened with the icon,
X Channel: Tip-samp. sep.

¥ Channel: ‘wertical deflection

ook oo : the whole data range is fitted automatically
X Max: =] =|alN L .
prmans SR G <=} (X Max and X Min is set to OO). The fitted

= =

; T i :::::h,:eter values will then appear in the step fitting

- o5 &8 {05 & sianficance. (=] cewcofa] panel. Click and drag in the plot area to

E f EZ:Z:?::Z::‘:Z.Wum select an appropriate fit range. Alternative-

E S (SR e ly, the Start and End values can be set by
B e hand.

Found 59 steps

Save Step Table

Position | Height \ Plateau |
as| s 0.0l ym -196,1 pN_ 0,00 pum
0.00 ym -109.6 pN 0,01 pm
0.0l ym -74.4pN  0.01 pm
m
m

»

L L . .
0 5 10 15 20 25 30 35
Height (measured & smoothed) (um)

0.02pm  72.8pN 0.0
0.03pm -101.0pN  0.01 p

[HEEEE]

[l

The Position is the location on the x-axis.

AEA) [Eview Info
05 - dos }dent\fg_and quantify steps on a i . .
oree-distance cune. The Height is the change in data channel
Fit data
segment:  [Reacc -\l value at the step (in V, m or N, depending
X Channel: Tip-samp. sep. -
ol b Yenamner  emcalafcion < on the force curve calibration.
e (7] e[afum
E [Se———— 3 xmn 52 I N The Plateau is the x-axis difference to the
5 " % Fit parameters . . .
& o E smomnmg ¥ 30[4] previous step. This is set to O for the first
E s o5 & sgcance [=] oom00[a]
% = [Jonly positive steps Step'
2 S [] only fit to right of minimum
S DT uone oot step
10tk J.10 Max. fit length: ¥ 20.0| &
Fit results

Found 11 steps

[/Position | Height | Plateau |
sl I 1is 359 pm 5126 pN  -0.00 pm [¥]
) | 3.82pm  S8.82pN  0.23 pm [¥]
ll) 5 fo 15 2‘0 2‘5 3Io 3I5 60um  49.45pN 178 um [
6.67um  35.4BpN  1.07 pm [¥]
Height (measured & smoothed) (um) \5‘72 :m i EN Hlos :m >

" It is best to c.hange the dlspla)./ to zoom |nFo
the step region, so that the fitted curve (in

AUFa) [ & view Info
e e 2 *tepe on 2 green) can be compared with the original
200 - <200 Fit data
Segment: Retract data'
X Channel: Tip-samp. sep. =
100} Jigp  YCnennel Wemcsldefiecton < Individual steps can be switched off using

= - .
 xwn [z «[apn il thetickboxes.
= I it L O RPN L N )
& 0F q0 o Fit parameters
i 2 Smoothing o]
5 (B S S o S signficance | ¥ | 00100 a |
g g
i
% -100 | mr 4-100 E [[] only positive steps
g L= g [] only fit to right of minimum
£ L™ T Slope fitting
2 [ £ [IFit slope left of ste
-200 & +-200 0 P P
Max fit length: = 200 &
Fit results

Found 19 steps

300 1730 Save Step Table

Pos\tmn\ Height \ Plateau \ |
8.02pum 10,30 pN -0.00 pm [] |~

-400 |- ] | ; ; | : 4 -400 81l1pm  S518pN  0.08 pm
[ 10 12 14 16 18 20 22 24 :'gi’ t: j:‘gf gm g‘é; tﬁ
Height (measured & smoothed) (um) g8 m 293N 03
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"1 *Spectroscopy: cho_0.2nN-2008.08.06-16.12.53.out

Vertical deflection: Extend (ph)

200 | 1200
T 4 100
i | i S P |
of | 1o
S0 | [ 1-100
| [I——
: Mas
| s
| et
-200 ;/MM +-200
z00f | H-200
_ap0 k| 4 -400
h 1 . . . . 1 f
8 10 12 14 18 20 22 24

Height (measured & smoothed) (um)

(Nd) DAY U0NIEER [BILBA

~F(8) (@ view

Identify and quantify steps on a
force-distance curve,

Info.

Fit data

Segment: Retract -
X Channel Tip-samp. sep. -
¥ Channel ertical deflection -

Fit parameters ———_

T
Gl anla)

[] only positive step

Smoothing:

Signfficance

|

[ Only fit to right of minimum
slope fitting

[1Fit slope left of step
Max. fit length: = 20.0| &
Fit results

Found 14 steps

Save Step Table

Position \ Height \ Plateau |
8.02um 1574 pN  -0,00 pm
872um 11.72pN  0.70 pm
9.90um 1657 pN 118 pm

10.01 pm 1276 ph 011 pm

11.06 uym 19,00 pN 1,06 pm

Vertical deflection: Extend (ph)

06-16.12.53.0ut

4 -100

4-200

4-300

10

. .
12 14 16 18 20
Height (measured & smoothed) (um)

| -400

(o) PENSY UoIaYEP B33 A

7 Fl4)
identify and quantify steps on a
force-distance curve.

@ view Info

Fit data

Segment: Retract -
X Channel: Tip-samp. sep. -
v Channel. wertical deflection ~
Fit parameters —— ——_
Smoothing

o]
G ==t

[]only positive steps

Significance

[] only fit to right of minimum
slope fitting

[JFit slope left of step
Max. fit length: ¥ 20.0 &
Fit results

Found 33 steps

Save Step Table

Position | Height | Plateau | |
802pm  486pN 0.0 um [7] [~
803um  3.85pN  0.01 um
81l pum  7.58pN  0.08 um
827um  7.53pN 016 um
83lpm  S14pN  0.04 pm

Vertical deflection: Extend (nl)

0.0

ctroscopy: cho-2008.08.06-15.16.26_offset.jpk-force

25

3.0

1 1 L
35 4.0 45 5.0
Height (measured & smoothed) (um)

55

6.0

0.5

0.0

(MU) DY U0NIEIER [BILEA

2R [E view Info
|dentify and quantify steps on a
force-distance curve.

Fit data

Segment: Retract -
X Channel: Tip-samp. sep. -
¥ Channel \ertical deflection -

Fit parameters

[ =o[a]
significance | ¥ | 0.0100] & |
[ only positive steps

[Jonly fit to right of minimum

smoothing:

Slope fitting

[JFit slope Isft of step
Max, fit length;

Fit results

Found 15 steps

Save Step Table

Position | Height | Plateau | |
2.87 um 36,36 pN_ -0,00 pum [] |~
2,90 um 46,25 pN 0,03 pm [¥]
2.94um -33.63 pN  0.04 pm ¥
2.99um 48,30 pN 0,05 pm [/
3.04pm  41,72pN  0.05 um [7]

The model is a combination of a smoothly
varying background curve and sharp steps.
The Smoothing parameter sets the length
scale for the smoothly varying background.
The steps are found in order of statistical
significance until the Significance threshold
is reached.

When the Smoothing is reduced, this al-
lows for a more sharply changing back-
ground curve. Therefore fewer steps are
found, because irregularities can be fol-
lowed reasonably well with the background
curve.

Most of the steps in this part of the curve
are fairly clear, but there is a feature for
instance at around 20 microns on the x axis
that does not fit into a clear step shape. In
this case, where the Smoothing is set to 2
pixels, the background curve follows the
deviation.

Here, the Smoothing has been increased to
15 pixels. The background curve cannot
react so sharply, so more steps are needed
to model the data. Two steps have been
introduced around 20 microns.

The Significance limit has the opposite
effect — decreasing the value generally
increases the number of steps found.

The Only positive steps feature helps to
remove unwanted negative steps.

For cell adhesion curves, for instance, only
upward steps are expected. Artifacts can
have the form of downward steps and, de-
pending on smoothing, ca be detected as
step features. If Only positive steps is
selected, only upward steps are allowed.

The upper curve shows 5 steps at around
2.8 microns that are reduced to 2 steps, if
the Only positive steps tickbox is enabled
(see curve below).
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Height (measured & smoothed) (um)
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2R [E view

Identify and quantify steps on a
force-distance curve.

Info

Fit data
Segment: Retract
X Channel:  [Tip-samp. sep.
¥ Channel. \ertical deflection
<
B
o Fitparameters
% smoothing: | 3.0 n
2 significance 0.0100
: (=]
& [v]only positive steps
5 [ Only Tt to right of minimum
5 Slope fitting
=

[JFit slope Isft of step
Max, fit lengthi =

Fit results

Found 11 steps

Save Step Table

Position \ Height \ Plateau \
2,99 um 69,64 pN
3.04 um 54,79 pN
3.50um 51,26 pN
3.82pum  58.82 pN
5.60 um 49,45 pN =

Height (measured & smoothed) (um)

e |
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B -10f r\\fﬁ 4
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e
’M\Mm
R
sk 1
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0.0

@ view

o Fl4)
Identify and quartify steps on a
force-distance curve.

Info

Fit data
Segment: Retract
X Channel:  |Tip-samp. sep.
¥ Channel wertical deflection
<
5 xmn ol ~[afm
B
o Fit parameters
2 smoothing:
2
g Significance
B onl s
2
[ only fit to right of minimum
S Sslope fittin,
E P 9

[CIFit slope left of step

Max, fit length: 200| a

Fit results

Found 19 steps
Save Step Table
Position | Height | Plateau | |
0.27pm  47.6pN  -0.00 pm [4] |~
0.35pm  44.3pN  0.08 pm [¥]
0.44pm  8L.8pN  0.09 pm [¥]
054 pm  110.0pN 010 pm [
0.70um  365pN 017 pm [¥] -

* Spectroscopy: cho-.

008.08.06-15.16.26_offset.jpk-force

Height (measured & smoothec) (um)
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0ol 4
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T -05[ 1
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E -10f f\fw 4
5 f
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Ny
ﬁ\mm
sl 1
H . . | . . . .
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0.0

27 F(4) |8 view
Identify and quantify steps on a

Info

force-distance curve.

Fit data
Segment: Retract
X Channel:

¥ Channel

X Man:

x
S
i

Fit parameters
Smoothing

Significance

Y (U0|DE(JEP [BILIBA

[¥lonly positive steps

F_[/]0nly fit to right of minimum

5

% slope fitting
Z  [JFit slope Ieft of step
Max, fit length: 200| a
Fit results
Found 16 steps
Save Step Table
Position | Height \ Plateau |
0.54pm  107.6 pN  0.00 pm [¥]
0.70pm  365pN 017 pm [4
0.7z2pm  94.2pN 002 pm [
0.83um  431pN 011 pm [
1.14pm  68.0pN  0.31 pm [¥]

The step fitting operation automatically
applies to the whole data range. In the ma-
jority of cases, step finding is only interest-
ing after the first minimum. Only fit to right
of minimum ignores steps left of the mini-
mum and thus is a helpful tool for auto-
mated batch processing, since it can re-
place the manual setting of the fit range.

The right curve shows 3 steps left of the
minimum. If Only fit to right of minimum is
used, step fitting ignores those steps (see
curve below).
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Save In: ’EI jpkdata

3 configuration
(3 screenshotsManual

file.

File Name: ‘steps.afm—steps ‘

Files of Type: [ASCH file (*.afm-steps) -]

Save Cancel

[ force-save-2006,04.27-14.13,20.afm-steps (~/ipkdatafCHdatafromKate) - gedit

fle Edit Vew Search Iools Documents Help

0re.p & B & &

New Open Save  Print.., Paste  Find Replace

[ force-save-2006.04.27-14,13.20.afm-steps X

#JIPK-afm-steps 0.1 (step list from AFM force scans)

# date: Fri Feb 28 11:53:13 CET 2008

# force scan: /home/rachel/jpkdata/CHdatafromKate/force-save-2006.04.27-14.13.20.out
# interval start: 5.27E-5

# interval end: 8.75E-5

# smoothing width: 5.0

# significance: 0.0010

# number of steps: 8

# columns: Index Position(in m) Height(in N) PlateauWidth(in m) p-Value

Once the settings for the step fitting are reasonable, the table of values
can be saved from the software using the Save Step Table button in
the operation panel.

The save dialog shown here prompts for the location and name of the

The data is always saved as a plain text (ASCII)
file. The final data column, p-Value, is a measure
of the significance of the step. A smaller value
gives a larger statistical weight to the step.

#

o] 5.6982080e-05 0.080307260 -0.0000000 5.0445351e-36

1 5.8259338e-05 0.072611928 1.2772580e-06 3.7015926e-29

2 6.0068985e-05 0.16905122 1.8096471e-06 1.2215676e-164

3 6.6939094e-05 0.10886342 6.8701083e-06 1.7925267e-67

4 6.8960057e-05 0.11248593 2.0209627e-06 3.8959897e-72

5 7.12467372-05 0.10044453 2.2866807e-06 3.1937525e-57

6 8.3118270e-05 0.059454083 1.1871532e-05 5.3481904e-19

7 8.3139734e-05 0.12897001 2.1464075e-08 2.8588847e-95

Ln1,Col 1 INS
6.4.10 Minimum value
y This function calculates the minimum value of the force curve. If this is performed after the Baseline opera-

tion, this gives a measure of the maximum adhesion.

scopy: test.jpk-force

Optimize data plotting

05
- v F(1) | @ View Info
£ o Determine the minimum (value and
T o00L 3 location) of a force-distance curve.
? g e
Y = Segment: Retract -
E -0.5 % X Channel: Tip-samp. sep. -
=1 s —_——
= o ¥ Channel: Vertical deflection -
3 % Min, Position: 464.5 nm
w10+ 5 Min Value: -1.419 ni
£ 5
B E
SIS L L L L L L L

=z 4] 2 4 6 8 10 12
Tip-sample separation (Hm)

The Minimum function displays the lowest value
read from the curve along with the position informa-
tion.

This operation is designed to be used after the
Baseline operation, as shown here, where the zero
force level has already been set. In this case, the
Minimum function gives a measure of the maximal
adhesion (in this case 82.02 mV). If this operation
is used on a force curve where the deflection has
been calibrated in Newtons, then the adhesion
value here is also in Newtons.

The data is read from the Retract channel by de-
fault, it can also be set to the Extend channel.
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6.4.11 Area under the curve

This function calculates the area enclosed by the force curve and the x axis. If this is performed after the
Baseline operation, this gives a measure of the work (energy) required to remove the tip from the surface.
If viscoelastic contributions to the energy are negligible, this is equivalent to the adhesion energy. Calibrated
force curves (deflection in Newtons) give an area under the curve in Joules.

"1 * Spectroscopy: force-save-2007.09.26-15.21.50. out

[ ) =) 1 The function calculates the integral of the main part

Vertical deflection: extend (mV)

force-distance curve

The algorithm picks the largest
contiguous negative area.

Height (measured and smoothed) is
always used for this calculation.

operation only makes sense after the Baseline
function has been applied, so that the zero force
part of the curve on the far right lies on the x axis.

Curve: Retract

Area: 791.0 pvm

The region with the largest continuous negative
integral is automatically selected. The region is

(AW) 17B1121 UODBYEP B33 A

marked in the force curve display. The data is read
from the Retract channel by default, it can also be
set to the Extend channel.

0 50 100 150 200 250 300
Height (measured and smoothed) (nm)

w0 (v Fa) r?Wew @d Info ! of the force curve that lies beneath the x-axis. This
1 Determine the area under a

6.4.12 Measure the slope of the curve

This tool measures the Slope of the indentation part of the force curve, as for the SPM software. The
gradient is calculated for the part of the force curve closest to the surface from both the Extend
(trace) and Retract (retrace) parts of the force curve.

The Slope value is calculated from a linear fit,

B ] A\ . . . )
as shown in the graphic. There is one fit para-
1.1 Q11 B F(1) | & view Info ) )
19 1 n e i e G e SR meter, the Fit Length, which must be set shorter
ool los channel vs. feedback channel by fitting over .
g g |Dodm i e than the steep straight part of the force curve.
S osf {08 2
g o7f 07 o [EEmeE N v The default value is 50 nm.
t 0.6 - 198 & Xchannel Height (measured) = i
g 0.5 | 105 § ¥ Channel |
% 04r 1% 7 FitLe I I
= 031 1°2 E Slope 7.292 nN/um s|0pe- | |
€ 0.2 - 402 5 .
g 0.1F 401 = I I
ool {oo Fitted with straight| \ I
7y AT T T AR N 0 line from the first | \
S et pnt o the end of :

|
| |
| |
]
Fit Length [4—

6.4.13 Measure distance

N

This analysis function measures the distance between manually set points in the force plot, to mark and
store values from the data.
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I Spectroscopy: force-save-2008.12.11-11.57.51.0ut o o [

=) BEEI] When Set Line is selected, the mouse can be
e - \‘Sﬁf]‘:;\v“v‘”\f”“;”::\ used to click and drag on the plot area, and the
petax  207um values of Delta Y and Delta X are shown for

20 liih“!.sf;‘w the two points selected. The option Choose
file for Save Line can be used to set a file

B l - name and location for the data, and then
§ L . i measured values can be saved as an ASCII
i f text file using Save Line for each set of values
E o5t o5 g measured. Values from many different force

\ curves can be saved into the same file.
0.0 400

Clicking Set Line again removes the operation

osf {0 from the register.
0@ I I H I I I 0@
53 54 56 56 57 58 59 60
Height (measured & smoothed) (um)
= Choose File for Save Line X

Save Line creates a text file that contains delta
x and y, the x and y start and end coordinates

Lock In: ‘EI Elasticity

(3 2um-Sphericallndenter_CHO - .
& Pyramidalinderter €0 as well as the file name of the force curve in-

B) jpk-app-elastic-moduius pdf cluding file location. The file name and data
directory where the file is supposed to be saved

can be set by Choose Filename for Save

File Mame: ‘llnefmeasurements‘mt | Line.

Files of Type: ‘ v|

| Cpen ||Camce\|

6.4.1 Find the height corresponding to the setpoint

5 This operation measures the Height value corresponding to the setpoint, i.e. the height when the setpoint
(Yo has been reached.

|™® * Spectroscopy: 011.12.08-11.39.34.jpk-gi-series

The register card of Find the height corres-

ponding to the setpoint allows for selecting
-5.0 - 4-5.0 WFEF(L) [ & View Infa .
PN ey s o pep—— either the extend or the retract segment of the
toth k| It . .
B2 g 3|22 o e ssteen force curve. Height or Height (measured) can
= - J
£ saf |54 3 segment |tend be used as X Channel. Finally the Setpoint
E B X Channel Height (measured) = . . .
5 55 1556 % ¥ Channel ertical deflection - Helght IS dISplayed beIOW.
§ 2 setp. Height 7.589 pm
% -5.8 1-5.8 2
g -6.0 | 4-5.0 2
B z
-52 1-6.2
o MR R R

755 7.65 7.75 7.85 7.95 8.05
Height {(measured) (umj)
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6.4.2 Save/Load Process

Save Process allows saving of a series of force curve operations. The resulting process file

z . . _
oo contains the order of the operations as well as the parameters that have been optimized for
gl Save Force Scan

B Export s Picture the corresponding curve, such as fit ranges or smoothing. These files can be loaded and
Export as Text ' applied to other curves, which can be very useful for automated and reproducible
s8ve Process processing (see batch processing in Section 6.5).

Load Process

N Analyze Slope To save or load a process, right click in the force curve oscilloscope, where Save or Load
= (NEEENR PlEENEEE Process can be selected.

=ESsave the list ofoperations as'.jpk-proc file

Save Process opens a file browser where the process
Save In: |C1 jpkdata ~| (&) () [BE[A= can be saved. The process is saved as “jpk-proc-force”
file. This file can be opened to process other single force
files or a batch of curves (Section 6.5).

File Name: ‘Her‘tZFit.ka-proc-force |

Files of Type: [JPK force-scan series process v]

Save Cancel

Load a'list of operations from a .jplk-procfile R

&l Correspondingly, Load Process allows for browsing and
Look in: |22 jpkdata -] (&) (@] loading of jpk-proc-force files to apply to the actual curve.

File Name: |Hert2Fit.jpk—proc—force |

Files of Type: [JPK force-scan series process v]

6.5 Batch processing

Using Batch processing, several processing operations can be combined and applied automatically to a large num-
ber of force curves. In each case, the operation functions exactly the same as for individual force curves. The descrip-
tion here is of the batch processing as a whole; please see Section 6.4 for details of the individual operations.

i The Batch processing is started by using this icon to open a file browser to select the directory of force

p‘l=" curves.
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™ Open a batch of force-distance curves 5|

Look In: IF_“I Pyramidalindenter_CHO

) 5E B

Pyramidalindenter CHO (10 curves)

Segment
Channels:

Date:
Feedback Mode:
Farce Settings:

Z Length:

Height

Height (measured)
Time

Height (meas. smth,
Wertical deflection

8/6/08 1:13 PM
Contact mode
relative closed loop

4.0 pm

File Name:

home/tneumann/jpkdata/Beispieldaten/Elasticity/Pyramidalindenter CHO

Files of Type: [PK force curves

™= Batch Processing

Define batch process

Load saved process:

Load pre-defined process:

Results file saving options
[ ] Save curve position in file

Molecular-chainit
Clamp-step-it

{#® Batch Processing

Save modified force curves?
Folder for modified force curves

‘lhnmenneumannlmkdata{

[]Export as txt?

[ 43 Previous H Finish ] [ Cancel ]

The batch processing applies automatically to all the force curves
in the chosen directory. The output is saved to this directory at the
end.

In the file chooser, the individual force curves are not shown, just
the information about the whole set. Select the directory as nor-
mal. The number of force curves found is displayed, plus the in-
formation from the header of the first force curve.

Use groups of files that have the same data, i.e. the same mea-
surement, with the same type of calibration i.e. data in the same
units (V, nm or N).

Choose Open to set the directory and go on to the next step. Once
the directory of force curves has been set, the operations or func-
tions have to be selected.

In the step Define batch process, pre-defined sets of operations
can be chosen. By default, an empty process is chosen.

Previously saved processes (see below for details) can be re-
loaded under Load saved process. Browse for the directory the
process is saved in and select the process.

JPK also offers a set of pre-defined processes, such as Clamp-
step-fit, Hertz-fit, Molecular-chain-fit and Step-fit. Choosing a
process means that a number of operations are already selected
for the processing of data, namely the ones that are interesting for
the particular experiment.

In case an empty process is chosen, all the operations will have to
be selected manually.

Save curve position in file will create another three columns in
the results file, containing the position index as well as the x and y
position of the curves relative to the image viewer.

Choose Next to continue.

Before the operations are carried out, it is important to set which
data should be saved at the end. The summary data (a text file
“results.txt”) with the individual output values will automatically be
saved to the same directory as the raw data.

There is a further option to save the full set of processed force
curves individually (e.g. with the Baseline and Contact Point
corrected). This is convenient for instance if the curves are needed
later for display, but remember that the curves are essentially dup-
licated in terms of disk space. The option to discard force curves
during the processing means that only the useful curves are dupli-
cated. The curves will automatically be saved to Folder for mod-
ified force curves.
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Header For further data processing in different software than DP, it may be

2 Full settings convenient to export the force data as text files. Tick the accord-
() Channel info only

. ) . ing box if you wish to save the modified force curves in text format
Output Unit for Vertical Deflection . . .
@ Force (if available) rather than JPK-file format. Keep in mind that uncompressed text-
C D‘ﬁtance Hif etz files are larger and that they cannot be read back into the DP soft-
(_Woltage

° ware.

Segments
f::reanc‘: There are several text export options that help to reduce the data.
V] pause If Channel info only is selected rather than Full settings, the
Channels Header is reduced to the basic information such as data-

Height (measured & smoothed)
Height (measured)

[¥] Height Vertical Deflection can be selected here. The Segments and
4] Segment Time Channels options allow for reducing the segments and channels
[v¥] Series Time
[v¥]Vertical deflection saved.

description and channel information. Even the Output Unit for

* Batch Process: Titin-best-off

(8) The Batch Process window is then opened,
— where all the force curves and operations are
shown. The curve selected in the list is shown in

EXEREET s

baseline first, |

Segment: |Ratract v| . . .

« chammel, et (mess. sty ~|m thE display window, as well as the history bar of
¥ channel,  |vertical Ll -|] pre-selected operations. You can scroll through
Smoathing: v i|

the operations and eventually insert extra opera-
tions, for instance to measure the adhesion on
both the Extend and Retract parts of the force
curve. Once the first curve is accepted, it is not

Contact point: 4.353 pm

possible to add or remove processing opera-
tions.

Vertical deflection: Extend (nh)
(NU) 10BJ18Y [LUONIB|EP [BJIMBA

In case an empty process has been chosen, the
operations will have to be selected from scratch.

TS0 2o ctoo o w0 200 300 4v0 Not all operations need to be applied, just the
Heiaht (measured & smoaothed) (nm) [ . - .
- ones that are interesting for the particular expe-
=/ [ open force curve | riment. It is however recommended to always
force-save-2008.09.15-17.13.14.0ut unprocessed _—
I = -2008.09.15-17.13.24.0ut d H
irprcasse Leep J( mcera ] use the Baseline Offset so that the zero force
force-save-2008.09.15-17.13.55.0ut unprocessed | Keep and apply to all ‘ . . .
force-save-2008.09,1517.14,1L.out unprocessed - line is set correctly for the operations that follow.
force-save-2008.09.15-17.24,42.0ut unprocessed Processed: 0
force-save-2008.09.15-17.27.15.0ut unprocessed Discarded: o]
force-save-2008.09.15-18.45,22,0ut unprocessed ~| Unprocessed: 18
Save partial results || Abort ‘
Results file:
[home/barner/jpkdata/2008-09-15-Titin-Force-Clamp/Spectroscopy/Titin-best-offiresults-2010.12.20-11.55.54%

Check that the settings and operations are correct for the first curve, before progressing to the next force curve. It is
possible to change the parameters for each curve separately in the software, but generally most batch processing is
based on using the same parameters for each curve, so that the results are comparable.

To go to the next curve select Keep or Discard. Keep will include the results of the actual curve in the results file, and
save the modified curve if it was selected at the start. Discard means that neither the fit data nor the modified force
curve will be saved. In this way, each operation and curve can be checked if required, to see that the values or ranges
are sensible for each curve and which curves contain relevant data. Save partial results give the ability to save the
results even when unprocessed data are existing.
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To sort force curves by the result of the applied operation, the Filtering Series operation (Section
¢‘ 6.4.12) can be used. The selection of a threshold finally allows separating the curves into two folders,
“filter-group-0" and “filter-group-1". See Section 6.4.12 for more detalils.

The behavior of the operations is exactly the same as for individual curves, as described in Section 6.4. It is recom-
mended to test the operations on single curves first to become familiar with the operations. Once the parameters are
adjusted for one curve they will automatically be used for the next curve, unless they are modified again. That means
that all parameters can be adjusted for each curve separately if required. If parameters are left at the default values, for
example using the full fit range for the Hertz fit, then the full range will be used for each curve even if the data have
different lengths.

As described in Section 6.4.15, series of force curve operations can be saved and loaded.

Q Zoom The process files contain the order of operations as well as the parameters that have been
Save Force Scan adjusted to the processed curve. A sample curve can be loaded and the parameters opti-
& Export as Picture mized. The corresponding process file can then be used for automated and reproducible
Export as Text 4 .
processing of a batch of curves.
Sawve Process
Load Process Right click in the force curve oscilloscope to Save or Load a Process. A file browser will
open to save/load processes.
E o :
The Open force curve button will open the
-1 -1

. L . L . L . L
-300 -200 -100 (o] 100 200 300 400
Height (measured & smaathed) (nm)

actually displayed curve in a new window,
- where it can be processed like a single force
file. This can be helpful, for instance, if one

Open force curve
force-save-2008,09.15-17.13.14.0ut unprocessed

force-save-2008.09.15-17.13.24.out unprocessed
force-save-2008.09.15-17.13.45.out unprocessed
force-save-2008.09,15-17.13,55.0ut unprocessed
force-save-2008.09.15-17.14.11.out unprocessed
force-save-2008.09.15-17.24.42,0ut unprocessed
force-save-2008.09.15-17.27.15.0ut unprocessed
force-save-2008.09.15-18.45.22,0ut unprocessed

| Keep || Discard ‘

[csp and spmyo i | curve of a batch is selected to optimize the
Keep and apply to al

S processing parameters. Batch processing is
pecarded. first used to scroll through all curves to find a

>| Unprocessed: 18
sample curve, which is then opened separate-

ly to adjust all values for the corresponding
processes. The process can be saved and
finally applied to the whole batch of curves.

On changing from one curve to the next, there are two different display options. If Autoscale XY is selected in the oscil-
loscope toolbar (highlighted with a red circle in the above screenshot), then the full data range will be shown for each
curve. Ifitis not selected, then the same axis ranges are kept for each successive curve.

Keep and apply to all will apply all operations with the same parameters to each curve successively through to the last
force curve. This is equivalent to clicking Keep for each curve in turn without adjusting any parameters.

Once curves have been processed or discarded, the button Undo will become active. This cancels the last Keep or
Discard, going one place back up the list of force curves and removing the last set of parameter changes.
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The results can only be saved when all curves
are processed (or discarded) and the last curve

. . e | revaume j| wew |z _
; Fit Ranges Datermination is reached. Then the Save final Results button
st [ o P o iil be enabled and can be used to finish th
| N A oo will be enabled and can be used to finis e
= sh 5 [TmsEe b I & process, save the results file and (if selected)
= 1 % Fit Parameters .
I 14 B odeimpe  [wormike tvic) 2| | save the modified force curves.
E i % Contact Position | ¥ 0.00| & jum .
s 12 5 picore (v ool Ak The Abort button will stop the Batch Process
N R 1s § emeerstial Ty 2002k without saving any data (after confirmation).
i ' S Fit results
= B =5
] SR {1 = comourren []aanf[am(#@ ¥ The results file name is shown in the status at
H ist. len, 56.88 . .
ol 1o e [x] 0o am the bottom of the Batch Process window. This
! esidual RMS  20.67 pN
: ST R SO includes a time and date so that the same force
-1 L L L L L L L -1 g Rate 20.79 nh/s
DO A e R O - H curves can be re-processed (perhaps with differ-
ent operations).
force-save-2008.09.15-17.09.47.out processed ~|| open force curve
force-save-2008.09.15-17.13.14.0ut processed . . . .
oo MR R [keep |[ omcard | [ Lo | In addition to the main overview results file, there
force-save-2008.09.15-17.13.55.0ut unprocessed . .
force-save-2008.06.1517.14.1 .ot unprocessed are separate results files for operations that
force-save-2008.09.15-17.24.42.0ut unprocessed Processed: 2
force-save-2008.09.15-17.27.15.0ut unprocessed Discarded: 0 generate open_ended data. For examp|e, Step
force-save-2008.09.15-18.45.22.out unprocessed | Unprocessed: 16 . ) .
fitting and the Polymer Chain models find an
_
([ save partiel results J [ Avert ] open number of steps or force jumps. These
Its file: 1 H
,ﬁweufnue}\ze:isrsteﬁk‘topmtm—bestrofﬁ‘reﬁu\ts'ZUl2‘07‘27711.35‘46* Operatlons generate one eXtra resu|tS flle eaCh!
which contain these full lists of data.

¥ *results.txt (~/jpkdata/TestCurves-processed) - gedit —Ex . .
e s e The file results.txt , contains the summary out-
& . S 9 Qg &

New Open Sa\_vle Print.. Undo Paste  Find Replace .

= puts from all the selected functions. Here there

Filename [] | Baseline Offset [N] Minimum [N] | Area [J] E . f d | f h f . h

force-save-2006.12.22-15.41.45.0ut -0.14058450507182702 -0.38072362542152405 -2.638281882639124E-9

force-save-2006.12.22-15.41.47.out -0.15602285838594623 -0.11998037993907928 -4.4638307072140685E- 10 IS a IXe Set Or resu tS Or eac Orce Curve In t e

force-save-2006.12.22-15.41.48.0out -0.1 00 -0.09041: -1.8391321968508186E- 10

force-save-2006.12.22-15.41.51.out -0.19762441968800976 -0.029256056994199753 -2.484840436732195E-12 H H 1

o e e o e S i, 1 e 12 list. Each force curve has one line, with the

force-save-2006.12.22-15.41.54. out -0. ) 060075 -0.0260 0520880 -3.0268 -12

force-save-2006.12.22-15.41.57.out -0.2519751080110961 -0.2566661238670349 -1.2091393334621028E-9 H o H

force-save-2006.12.22-15.41.58.out -0.2664775737360412 -0.02250147983431816 -1.1653540332124271E-11 results Of the dlﬁerent Operatlons appearlng as

force-save-2006.12.22-15.42.00.out -0.27925939653434007 -0.026093916967511177 -5.204422740263474E-13

force-save-2006.12.22-15.42.02.out -0.3080461697251189 -0.04488518089056015 -5.521163889008374E-11

force-save-2006.12.22-15.42.04.out -0.3213702665240157 -0.03866688162088394 -6.426404138461765E-11 Columns

force-save-2006.12.22-15.42.05.0ut -0.33218921954725306 -0.08963759243488312 -9.129966577847188E-11

force-save-2006.12.22-15.45.28.out -0.04502811160522933 -0.026142464950680733 -6.5204820510333345E-12

force-save-2006.12.22-15.45.30.out -0.05861005271036251 -0.03017057478427887 -2.952585711592932E-12

force-save-2006.12.22-15.45.32.out -0.08087521 030 -0.0 081 -4.,606051 12 . B

force-save-2006.12.22-15.45.34. out -0.00845406553416345  -0.025854701176285744  -3.680843438395602E-12 Note that for all the results f||eS, the units are

force-save-2006.12.22-15.45.37.out -0.11797014024912142 -0.021477995440363884 -2.845563506361368E-13

force-save-2006.12.22-15.45.38.out -0.13411120274195484 -0.026036463677883148 -6.325832043050405E- 13 t k f th f. t . th b t h d. t

force-save-2006.12.22-15.45.41.out -0.15979930247161903 -0.0191 0 1808 -4.301 07E-14

force-save-2006.12.22-15.45.42.out -0.17390490571657816 -0.02208075486123562 -2.7452339932087984E-13 a en rom e Irs Curve In e a C Irec Ory'

force-save-2006.12.22-15.45.51.out -0.25724826899229314 -0.03389342129230499 -2.647441567255946E-12 . . . . .

D ot PG QT Lt M S i PR ot A PR Do not mix curves with different units, i.e. all the

force-save-2006.12.22-15.45.57.out -0.30951500406452254 -0.02704 -8. 6 1 94E-13

force-save-2006.12.22-15.45.59. out -0.3343399339446835 -0.02137194387614727 -2.0709749255196843E-12 H

o) -

et force curves should have the same type of cali

bration (V, nm or N). The (Re)Calibration oper-
ation can be used to make sure that all the force
curves have the same units, but care must be
taken that the calibrations used are correct for all
the force curves.

The Step fitting and Polymer Chain results files
are created separately and contain one row for
each event of a force curve, with the fit results for
that step or jump listed as columns. Therefore
each force curve can have multiple entries, de-
pending on the number of events found.

74 DP Data Processing Software  Version 4.2



6.5.1 Histogram option

Partial or final results can be shown in a histogram for further analyzes in Data Processing.

- -
Breaking Force 170.6 pN
Loading Rate  20.79 nN/s

iy . .

i
|

: i

-100 0 100 200 300 400 500 600 700

Tip-sample separation (nm)

v T 1~

force-save-2008.09.15-17.09.47, out processed “/| open force curve
- - .09.15-17.13.14, processed

I Keep ” Discard ] [ Unda ]
force-save-2008.09.15-17.13.45.out unprocessed
force-save-2008.09.15-17.13.55. out unprocessed Keep and apply to all
force-save-2008.09.15-17.14.11.out unprocessed
force-save-2008.09.15-17.24.42, out unprocessed Processed: 2
force-save-2008.09.15-17.27.15.0ut unprocessed Discarded: Q
force-save-2008.09.15-18.45.22, out unprocessed ~| Unprocessed: 16
Show Histogram
I Save partial results ” Abort ]
Results Histogram - ox
so0 1500
Axes
45.0 145.0
w00 oo xwn [x]  oc[afes
vwex (2] _s00[)
350 435.0
0 . Histogram
Result [[21 Voung's Modulus (Extend) v]
250 1250 mns (v 12]a]
Statistics
e j|20o Include values in range:
150 415.0
10.0 10,0 Data Count 155
Mean Value 1.332 MPa
50 130 Standard Deviation 445.8 kPa
00 . . . . . n 00 []'Show Gaussian with these statistics
0.0 05 10 15 2.0 25 30 35
[2] Young's Modulus (MPa)
Results Histogram SI=IES
007 1500
Axes

so0l l3s0 Histogram
Result [[2] Young's Modulus (Extend) |
25.0 [ H25.0 Bins [ ¥ | 12] 4]
Statistics
200 <4200

Include values in range:

X Max 2.275 MPa
15.0 - 4150
xuin [w]  0.327] & Jura

100 - H10.0 Data Count 148
Mean Value 1.285 MPa
50 150 Standard Deviation 350.5 kPa
0.0 \ \ . \ n 0.0 [Show Gaussian with these statistics|
0.0 05 1o 15 20 25 30 35

[2] Young's Modulus (MPa)

The Show Histogram button will open the
Results Histogram window. This window can
be helpful to have a short overview about the
distribution of different results. Furthermore it
is possible to use a gauss fit to determine the
mean value and standard derivation of the
results in a specific range.

The Results Histogram window shows a
histogram of the used batch processing oper-
ations. All calculated results can be selected.
The display of the histogram can be adjusted
by the chosen Bins and displayed Axes.

Statistics offers the opportunity to use a
gauss fit to calculate the Mean Value and
Standard Derivation of the results. Per de-
fault all values are used in the calculation.
Click and drag in the plot area can be used to
select an appropriate fit range. Alternatively,
the Start and End values can be set by hand.
The Data Count number displays the number
of results that are used for the gauss fit.
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6.6 Filtering Series

>

The Filtering Series is a function that is particularly interesting when using Batch Processing (see Section
6.4.15). It filters a series of data processed with Batch Processing according to a chosen parameter into two
groups. It can be used with basically every operation that returns a value. The parameter fitted by the opera-

tion can be used as a filtering criterion to separate the data into two groups: the one that obeys the criterion
and the one that does not. The two groups are referred to as Group 1 and Group 0, respectively. Only one
Filtering Series can be performed during a Batch Process.

If data are supposed to be filtered in respect to several conditions, the Batch Processing has to be per-

formed repeatedly including a new filtering criterion. Choose the data from a group selected in the preceding
step and apply another Filtering Series onto an operation.

There are two filtering modes, Basic and Advanced. In the “Basic” mode of the filter operation only one result of the
last operation can be evaluated (e.g. parameter <>= value). The “Advanced” filter mode allows the evaluation of multi-

ple criteria from any applied operation (or combination of operations) in one step.

6.6.1 Basic Filtering

Vertical dflaction: Extend (nh)

Optimize data plotting
4 F(B) | @ view | @ Info |

Filter force-scan series based on pravious
results.

0

Ref. aperation: Chain Model Fit
Eop.5)
Parameter  |Fitted Segment Count | |

Gomparison: | parameter = valie ~|
=] >m[a]

Current curve:  Graup 1

Value:

(U 19E1IE Y UoRI8USP [EIEA

Farameter:
Comparison:

Walue:

Current curve:

Farameter:
Comparison:

Yalue:

Current curee:

I i I I
50 100 150 200
Tip-sample separation (nm)

[l

-

Fitted Segment Caunt
Fitted Segment Couint
any X Min

Ay X Max

Ay Contour Length

Ay Bending Length

Ay Residual RMS

Any Breaking Force

Any Critical Loading Rate

|Fitted Seqgrment Count

4 |

|parameter = value v|

pararmeter = value
|pararneter| = value
parameter = value
|parareter| = value

Load a batch of data with the Batch Processing
operation. Choose the operations that are supposed
to be performed. After the operation that includes
the criterion that is supposed to be used for the
filtering of the data, add a Filtering Series opera-
tion. In the example given, the parameters calcu-
lated in the worm-like-chain fit are used as criteria in
the Filtering Series.

The Filtering Series operation does not necessarily
need to be the last operation, as it is the case in this
example. Further operations can still be added after
the Filtering Series.

A list of Parameters is offered that can be used as
a filtering criterion. It consists of all the parameters
that are evaluated — be it calculated or fitted — in the
preceding operation. From the drop-down list, select
the Parameter you want to use as a criterion to filter
the data into two groups.

In the example given, the number of segments fitted
with the worm-like-chain model in the given file is
used as filtering parameter.

In the next step, choose the type of Comparison
you want to use for the filtering. You may choose
the parameter to be greater or equal to or smaller
or equal to a certain value. It is also possible to use
the absolute value of the fitted parameter for com-
parison.
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Parameter:  |Fitted Segment Count | The last filtering setting is the Value that is used as

Compatison: |parameter > yvalua v| reference for the comparison. Type in the number or
= . use the increment arrows to increase or decrease
ave [ s00[a] | .
— — the value. Any file where the comparison of the

fitted parameter with the Value is positive is as-
signed to Group 1. If the comparison is negative,
the file is assigned to Group 2.

Current curve:  Group 1

6.6.2 Advanced Filtering

The user defines a filter expression that will be evaluated. Normally this should have a Boolean (true or false, 0 or 1)
as result. Based on this result, the force curves will be sorted into groups (subfolders: filter-group-0, filter-group-1) for
later analysis. (Note: it is also possible to generate other nonnegative integer values, in which case the force curves
can be sorted into more than 2 groups.) The expression can be typed directly into the “Expression” text panel, and text
can also be inserted automatically using the context menu. The results of the operations can be combined with logical
operators and threshold values. The final text must be a valid Python expression.

1. Accessing the results from processing operations

The filter needs to be able to access the results from the previous operations in order to use them in an expression to
generate the filter output. The context menu is useful to select from a list of valid names for the results that are avail-
able. Click with the right mouse button in the “Expression” text field to insert text selected from a list of valid options for
the current set of operations. Screenshots of the context menu options and final expression for an advanced filter:

&~ F{4) \éb view | (@) Info |, & Fi4) \éb view ' (@) Infa ',
Filter force-scan series based on pravious results Filter force-scan series hased on previous results
for batch processing. for hatch processing.

Ref. Operation Step Fit Ref. Operation Step Fit

(I Basic () Basic

(=) Advanced (=) Advanced

Expression: Expression:

anyiisteps.step_position = 100e-9) &

(steps.step_position = 200e-9) &

T (steps.step_height = 0.1e-9) & (steps.slope
gelfs «-Te-3))

step_position

step_count

resules[-1].

i results[-2] » step_height | Evaluate I Syntax Help-|

resules[-3].

plateau_width

p_value Result
slope

Current Curve G Current Curve Group 1

lnading_rate

slope_fit_length

step_force

Different operations in DP generate different output, and there are various options for the types of results:

e No result, e.g. The operation “Tip-Sample Separation” modifies the force curve, but does not return any
specific value. This type of operation does not generate anything that could be used for filtering.

e Single values, e.g. The operation “Find Contact Point” returns one value contact_point_offset for the position
where the contact point was found.

Note that one operation can return multiple single values, e.g the operation “Curve Minimum” returns both the
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minimum value and the x_location where it was found. These results have different names, and there is only
one minimum position, so each name stands for just one value.

Most single value results are floating point numbers (floats), i.e. values that may be expressed with a decimal
point and exponent, and often with a choice of different units, e.g. the minimum value or x_location mentioned
above.

Some single values are integers, e.g. step_count from the operation “Step Fit” or fitted_segment_count for
the WLC/FJC operation “Chain Model Fit".

e An array of values, e.g. the operation “Step Fit” finds a number of steps that depends on the actual force
curve data. The results for step_position or step_height are arrays of values for all the steps that were found.

There is a defined way to access the results of the previous operations:
results[index].resultname.units

results[index] defines which operation is referred to. The operations are referred to by their position in the list of
operations. The index counts back from the filter operation. e.g. results[-1] is the last operation before the filter,
results[-2] is the operation before that. (The identifier “resul ts” is an array of the results of all operations applied
before the filter operation. If the results[index]. part is omitted, then it defaults to the last operation before the
filter.)

resultname is the name of one of the results from this operation.

units defines which calibration slot (set of units) the value should have. For instance, the vertical deflection may be
calibrated as force or distance, or may be the original measured volts deflection. The calibrated values are only avail-
able if the current force curve has a calibration applied, otherwise an error will be seen. The units are optional; if they
are not explicitly defined, then the default units will be used, depending on the calibration state of the force curve.

o The full set of valid names is called the namespace of the expression, and

can be seen in the context menu. The different operations and results are
listed as a tree diagram so that the names do not have to be remembered.

Expression

rinirnum
=_location

results[-1].  »
results[-2].

selfs

haseline_s\np@

Result
Gurrent Cure G
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Example

Consider the following operation history applied to a force curve:

Bl ) 2 ¢

1. Original file no result

2. Subtract Baseline Offset index=-4 > results[-4]

3. Find Contact Point index=-3 > results[-3]
4. Tip-Sample Separation no result

5. Chain Model Fit index=-1 > results[-1]

6. Filter

These examples would generate valid result options for this example:
results[-4] .baseline_offset.volts
The value of the baseline offset in volts.

results[-1].chainfits.breaking_force.force

the force curve itself has been calibrated).

chainfits.breaking_force

the longer version above.

An array containing the values of the breaking force for all the steps that were found, calibrated in N (so long as

Sometimes shorter versions can be used, so long as the defaults are clearly understood. The last operation
before the filter is the default, and can be used without specifying results[index] . The first calibration slot
listed in the context menu is also the default (here, force). So for this case the shorter version is equivalent to

2. Logical Operators

In general, the results from the different operations are compared to some threshold values in an expression which

evaluates to a Boolean result (True / False, 1/ 0).

The standard comparison operators can be used:

> greater than

< less than

>= greater than or equal
<= less than or equal
== equal

1=, <> not equal

The results of such comparisons can be combined using logical operations. There are two different sets of operations

with a very similar function. The choice of which to use depends on the type of values that are being compared.

To compare Boolean single values:

and logical and
or logical or
not logical not
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To compare logical arrays:
& logical and
| logical or  (pipe symbol)
logical_not logical not

(The operations and or or are not suitable for comparing logical arrays. The operations & or | could be used in either
case, but the operations and or or have the advantage that the right hand side is not evaluated if the left hand side is
false. Examples using this are shown later.)

In the case of operations that return an array, the elements in the array should be reduced to a single value, for exam-
ple by using the keywords any or all. The operations & or | should always be used inside the any or all expressions
rather than and or or. Alternatively, individual elements in the array can be accessed directly by their index (starting
from zero).

3. Using filter expressions

The expression shown in the text field is evaluated when the “Enter” key is pressed or the “Evaluate” button is clicked.
The Result shows the classification of the current curve — normally “Group 0” (expression returns False or 0) or “Group
1” (expression returns True or 1). If there is an error in the expression so there is no valid output from the filter, the
curve will be set as unclassified (shows “Group n/a”).

Simple comparisons

The simplest way to filter force curves is to compare one result with a fixed threshold value — the force curves are
separated into groups 1 and 0, depending on whether the condition is true or false.

Example
B &%) v\l ¢

Test whether the minimum is less than -2.3 nm

results[-1].-minimum.distance < -2.3e-9

or

minimum.distance < -2.3e-9

The results identifier is not needed for the last operation, so the second version is equivalent.
If the force curve has sensitivity, but no spring-constant calibration, we could even write
minimum < -2.3e-9

because in this case the default calibration slot for vDeflection is distance.

However, if the curve is completely calibrated, the default calibration slot will be force, and hence the minimum
will becompared to -2.3 nN rather than -2.3 nm. It is generally better to explicitly include the calibration slot, as
this means that the units are well defined for the test value.
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Combining criteria

Any valid result from any of the operations can be combined with logical operations to form a more complex expres-
sion.

It is strongly recommended to use brackets to make it clear which parts of the expression belong together. Otherwise
the order in which parts of the expression are evaluated may not be obvious, and the expression could give unex-
pected results (see notes on array type output in the next section).

Example
B 7 v A

Define a range of values for the output from “Find Minimum”

(results[-1] -minimum.force > -200e-12) and (results[-1].-minimum.force < -100e-12)

The expression is True (curve will be assigned to group 1) if the minimum value is between -200 pN and -100
pN.

Combine criteria referring to “Find Minimum” and “Area under the Curve”
(results[-1] -minimum.force < -2.3e-9) or (results[-2].area > 7.2e-14)

The expression is True if the minimum in force is less than -2.3 nN or the area under the curve is greater than
7.2x10™)

Using array type results — steps and events

It is possible to do the same type of comparison and combination for array-type results. However, special care is
needed to ensure that the filter is valid for all the curves, as the number of results are not known in advance. Please
read this section carefully, or batch processing may generate unexpected errors!

What happens if there are no steps?

For a simple comparison, it is probably not surprising how the opeators any() and all() are defined. However, when
there are no steps it is not immediately obvious what the result will be. The mathematical logic for any or all for an
empty set is as follows:

any(results[-1] .steps.step_height._distance > 3e-9)
This is True if there is any step with height greater than 3 nm.

It is False if there are no steps.
all(results[-1].steps.step_height.distance > 3e-9)
This is True if all steps have a step height greater than 3 nm.

This is True if there are no steps.

The results for the individual step parameters from the step and chain fit operations do not exist if there is no step or
event from the fit. Therefore it is possible to write a filter that works well for the example curve with steps or events, but
fails on batch processing because the curves without steps or events generate errors.

In the logical Python expression it is recommended to make an explicit check at the beginning whether any step or
event was found, to prevent the filter failing for example by trying to access a step height that does not exist. If this first
check is combined using a logical and with the other conditions, then the second part will only be evaluated if there
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was a step, and there will be no problems with missing values.

(step_count > 0) and (any(steps.step_height.distance > 3e-9))

If there were no steps, the first part is False, therefore the second part is not evaluated, because the whole expression
must be False. Output is group 0.

If there are 1 or more steps, the first part is True, and the second part is evaluated. The state of the whole expression
is the same as the state of the second part: this is True if there is any step with height greater than 3 nm.

What happens if there are more than one steps or events?

Care is also needed for comparisons where one side might have a different type than the other. This expression, for
instance, looks quite similar to the one above:

(step_count > 0) and (steps.step_height.distance > 3e-9)

Do not try to use this expression in a filter! The step_height is an array with a variable length. The step count is always
an integer, and there will be problems if the & operator is used to compare a single logical value with an array of logical
values. In this case it is essential to use any() or all() so that two single values are compared and the logic is clear for
when the overall expression is True or False.

Note that if arrays have the same length (e.g. the same result is tested more than once) the comparison between ar-
rays is valid. The following expression generates a logical array where each WLC/FJC fitted segment is tested to see if
the contour length is between 10 and 100 nm:

(chainfits.contour_length.nominal > 10e-9) & (chainfits.contour_length_.nominal < 100e-
9)

To use this test as part of a valid filter expression, the whole text should be enclosed in any() or all() to generate a
single True or False value for the filter output:

any((chainfits.contour_length.nominal > 10e-9) & (chainfits.contour_length.nominal <
100e-9))

This is True if any of the individual events have a contour length that is between 10 nm and 100 nm. For example if 2
events were found with contour lengths of 5nm and 110 nm, then the expression would be False.

any(chainfits.contour_length_nominal > 10e-9) and any(chainfits.contour_length.nominal
< 100e-9)

This is True if any of the events separately have contour lengths greater than 10 nm and less than 100 nm. For the
example above of 2 events with contour lengths of 5nm and 110 nm, then the expression would be True.

Accessing individual elements of an array result

Individual elements in the array can be accessed directly by their index. The index for “Step Fit” runs from 0 for the first
step to step_count-1 for the last step.

steps.step_height_distance[2] > 3e-9
will compare the third step's height with 3 nm.

(steps.step_height.distance[0] > 3e-9) and (steps.step_height.distance[1l] < 5e-9)
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is True if the first step is bigger than 3nm and the second step is smaller than 5 nm.

Note that it is important to make sure there are no attempts to access steps that do not exist! So in this case, there
must first be a test that there are really 2 or more steps. The full filter text would therefore be:

(step_count >= 2) and (steps.step_height.distance[0] > 3e-9) and
(steps.step_height.distance[1l] < 5e-9)

Example combining the different elements

(SR 0 s s kA RS

(results[-1].fitted_segment_count > 0) and

(results[-3].minimum.force > -50e-12) and

any((results[-1].chainfits.contour_length._nominal > 10e-9) & (results[-
1] .chainfits._contour_length_nominal < 100e-9 ))

(Note the conditions are only shown on separate lines for readability; they should be typed into the text field with
only simple empty space characters between them.)

Other integer output

A filter expression may also return nonnegative integers other than just 0 and 1. A simple example is to separate the
force curves according to the number of steps:

results[-1].step_count

The output folders are named with the integer result of the filter i.e. a force curve with 4 steps will end up in the sub-
folder filter-group-4, etc.
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6.7 Theory
6.7.1 Elasticity fit equations for different indenter geometries

This section describes the background to the elasticity fit operations described in Section 6.4.8. The Young's Modulus
is an elastic property of a material, and is defined as the stress of a material divided by the strain. This is a normalized
measure of the compressibility - the higher the value the stiffer is the sample.

Young’'s Modulus E tensile stress
tensile strain
F
A . tensile force F
tensile stress = . =—
L AL cross - sectional area A
. . extension AL
tensile strain = ———— = —

original length L

If a piece of material is compressed homogeneously, the calculation of the Young’s Modulus is straightforward. For
AFM measurements, however, the indentation geometry is more complicated, because the surface is locally indented
with a specific tip shape and fitting is required. The Hertz model is the standard model used to analyze AFM force-
distance curves to extract the elasticity. However, the Hertz model makes serious assumptions about the sample, for
example that it is infinitely thick, homogeneous and purely elastic, so it is recommended to read about this analysis
(see the literature in the References Section 0). This operation only applies to force versus tip-sample separation
curves. For these experiments, the tip-sample separation in the indentation part of the curve is then the indentation
depth as normally discussed in the literature.

The original Hertz model was an approximation for the contact and very shallow indentation of two spheres in contact.
(Hertz 1881). In the AFM literature, however, the term is often used to refer to a family of different models that have
been adapted for simple indentation geometries. The key parameter that is usually adapted is the radius of the contact
region (see the references Bilodeau 1992, Johnson 1985, Rico et al. 2005, Sneddon 1965).

Parabolic indenter

E 4R

The original Hertz model is generally valid for a circular 1-v? 3
paraboloid, and as an approximation for very shallow
contact between two spheres. a=,R.0
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Spherical indenter Conical indenter

a’+R,> R, +a E 2tana
= E S In S _aRS F = 5 76‘2
1-v? 2 R, —a 1-v T
2tan o
= o
a, R, +a Vs
o=—In=
R, —a
Four-sided pyramid Flat cylinder
We use the Bilodeau formula for pyramidal indenter [1]. E
Since the Hertz models should all have circular symme- | F = - 2RN5
try, an approximation is required for the square-shaped -V
tip. This is a modification to the cone model.
a= RN /\
F=07453—— &’ tana \Bﬁ
1-v N
a
B F = Force

E = Young’s Modulus
v = Poisson’s ratio

4 = indentation (tip sample separation)

a = radius of contact circle

Rc = radius of tip curvature

a=0.7095tanx Rs = radius of sphere

RN = needle radius

o = half cone angle or face angle of a pyramid
X|e—a  <Pfe—s

B = edge angle of a pyramid

Note the differences in the definition of the half-angle for a pyramidal tip. For the cone, there is of course only one half-
cone angle. For the square pyramid, the angle can be measured either to the face or to the corner edge of the pyra-
mid. In general, the cone angles from the manufacturers are defined differently for silicon and for silicon nitride tips. In
the DP software, there is the possibility to choose which angle is defined.

The geometry is selected in the DP software using the Tip Shape selection. For all the different models, the data
curve is fitted using a least squares fit with the Levenberg-Marquardt algorithm. The contact point, baseline and
Young’'s modulus values are all fitted simultaneously.
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6.7.2 Chain model fit

This section describes the background to the polymer chain fits described in Section 6.4.7. The Freely Jointed Chain
(FJC) and Worm-Like Chain (WLC) models are standard models for the entropic elasticity of straightening a polymer
chain from a random configuration. Both FJC and WLC are also offered in an Extensible version, which includes the
effects of directly stretching the chain backbone at higher forces. Janshoff (2000) is an example of a general review.

Chain model fits are used to determine the length and the elastic properties of single molecules or domains being
stretched between the tip and sample. These appear as force peaks in the retract curve as a result of unfolding. For
these experiments, the tip-sample separation in the adhesive part of the retract curve is the molecule end-to-end
length being stretched between tip and sample. To find the best fit, a least squares fit is applied using the Levenberg-
Marquardt algorithm.

Freely jointed chain (FJC):

Chain made from rigid links, with
free joints between them.

Chain link size (Kuhn length) I X(F) = L| coth F IK _ kBT
Contour length L =n Iy kBT F |K
=7 End-to-end length x

The model can be extended to cover elastic deformation of the backbone, so that it is possible to have an end-to-end
length x > L. The equation is modified with a segment elasticity, k, to become:

X(F) = L| coth Pl | _ kel 1+ F
koT ) Fl, L

Wormlike chain (WLC):

Continuous filament, with resistance
to bending.

Average length over which the
direction becomes random,
(persistence length) I,

Contour length L
End-to-end length x

A widely used approximation to the WLC length-force relationship was provided by Marko and Siggia (see the refer-
ence Bustamente 1994):

| L 4

p

-2
F(x)= KeT %(1—1j fx 1
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The maximum error of this interpolation formula is about 10%, but the overall behavior is quite well described. This is
the basic WLC model offered in the DP software, as it is the best known.

Bouchiat (1999) suggest a modification that improves the accuracy to 0.01%, with a list of numerical coefficients. This
is offered as an alternative fit model in the DP software.

This model can also be extended to include the elasticity of the polymer backbone, in this case the Bustamente ver-
sion is used.
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8§ 7 Force Maps and Ql data

Force maps and QI data files basically contain the same set of data. The main difference lies in the measurement
mode, i.e. the tip motion and velocity, which have been optimized for QI mode. Please read the corresponding sections
in the NanoWizard manual for a closer description.

7.1 Opening a JPK force map or QI data file

Strg-0 To open a force map or QI file, select File > Open
from the pull down File menu. Alternatively, click
[t Open Bakch of Force Scans IE on the open file icon.
Exit Strg-
Open a JPK data file ll The options for changing the

Look In: [rj Manuals -] @ view and directory are the same

as for image files (see Section

[ Rename ” Delete ] [T“T] 2.1)

Date 12/8/11 11:39 AM
Feedback Mode  Contact Mode

Mame no name entry

' 16x16Map-data-2008.12.18-13

Multiple files in the list can be
Account tneumann selected using control-click or
shift-click and opened together.

15xl 6Map-data-2008.12

. Comment
qi-data-2011.12,08-11.3! no comment entry
Probe
no probe entry
; qifit-2011,12,08-11.39.3|5jze 25.00 x 25.00 pm
Pixels 256 x 256
Ql Settings simple
Segment IO. E}fterjd -
Z Length 0.7 pm W
Speed 48,67 pm/s
Pixel Mum 750
Data Rate 50000.000 Hz
Duration 0.015s
I  [r]irctsk 4 files|Size: 11 Gb. 20111208, 12:24

File Name: |qi-data-QOll.12.08-11.39.34.jpk-qi-data |

Files of Type: |All JPK files ~|

l Open ” Cancel ]
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7.1.1 The force map and QI processing window

EEX|

(=7 P . . . .
He_tapou_yindow ED The processing window contains an image
EEERC]

|

R — viewer and a force curve window which

| Force Scan Map: 64x64Map-data-2008.12.18-12.14.55.jpk-force-map

shows the force curve of the actually selected

e e g _ pixel. The pixel of which the force curve will

be displayed can be selected with the mouse.
On the right are the register cards for display
options and information, for the map/image
and the curve respectively.

(aJ(E] (=] 1]
@ view | ©@ifo | A Anaiyze’|

. \—E A thumbnail of each open force map/Qi data

o file will be shown in the overview window.
CI =o[apw Each file will be displayed with the original

© o o
4 offset used during its acquisition.

() 2122 WORIERP R3IEA

65 70 75 80
Helight (meastirec) (um) Y Position 32,77 m

(0ptelmage . || force scan ep.. ]

7.1.2 The force map/QIl data image viewer

channel | @ View | @ Info

Customize the displayed channel and
direction and configure the fit algorithm,

The image can display the values for the
channels that were recorded with the force
channel  [adhesion  +] map/Ql file (by default adhesion, slope, height
Direction:  [Extend b and height (measured)). The displayed chan-
nel can be changed in the Channel register
card, as well as the Direction, Extend or
Retract, from which the values are calculated.

Channel | @ view | @ Info

Customize the view. Adjust the color table The VIeW panel |S Composed and funCtlonlng
and configure additional elements of the

view. the same way like the View panel of the data
processing window (section 2.3.2).

(@ Statistics
() MinMax

) Fixed Range
offset ‘?!Tl
= ———c—— . X .
A _____ BEE Use the tick boxes to show the axes including
Multiplier ‘ v a | . )
=0 the grid and the color scale. Offset and multip-
0.000 10.000
[ Reset | lier can be adjusted (section 2.3.2) using the
N P, B corresponding sliders. Information about the
pinimum of color scale AR data range of the map image and the color
Image maximum 9.164 pm . .
it 512 um scale is also given.
(] Bhiow aves

Show color scale
Relative color scale
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| Levout I

Colortable 3
Default Colortable  »

70 GUI settings

(“Channel [ '@ view | @ Info |
Date 12/18/08 12:14 PM

Feedback Mode: Contact mode

Approach Rate: 2,000 Hz
Approach Speed: 5.0 um/s
Retract Rate: 2,000 Hz
Retract Speed: 5.0 pm/s
Pause before first: 0,000 5
Pause at start: 0.000 s
Pause at end: 0,000 5
Pause at tipsaver: 0,000 s
Size: 68,84 x 68,84 um
Pixels: 64 x 64
Approach ID:

2008,12.18-11.52,51-00007

Split map file »

® ForceMap Single Index Selection

The Layout pull down menu allows the choice of different colortables, or the default
colortable can be changed for the actual DP session.

Save Image Data
Export as Picture
Text export

ket Batch processing

Ctrl-s

The Info panel shows general settings used to record the force curves
along with the approach ID (section 6.2.3). Also the size and resolution of

the map is given.

The right mouse button menu provides the different saving options
which are also available in the File pull down menu (section 0).

7.1.3 The spectroscopy window

Depending on which pixel is selected the corresponding force curve is displayed in the spectroscopy window below the
image viewer. The View and Info panels contain the same display setting options and information about the single
force curves as for the normal force curve window (section 6.2). The display toolbar is the same as for batch
processing, also containing the additional auto-scale shortcut (section 6.5).

26 -

24 |

22

Vertical deflection: extend (nh)

Height {(measured) (um)

1
376 378 380 3.82 3.84 386 3.88 390 3.92 394 396

26

24

22

20

(NU) 19B118U UOIDE|EP [BIILBA

lajlm(w]z] [=
(@ View [[@Info [ N Analyze |

Slope - Linear fit -
Slope (ext.) 36,54 nN/um
Slope (retr.} 46,23 nN/um

[7] show extend fit

[7] show retract fit

Adhesion

Adhesion (ext.) B0.06 pN
Adhesion (retr.} 1747 pN

Relative Setpoint Values
Height (measured) (ext.) 5.317 um

Height (measured) (retr.) 5.314 um
Height (ext.) 2,918 um
Height (retr.) 2,922 um

It is not possible to process the force curves as
long as they are part of the map. There is an
additional Analyze panel that allows the analysis
of the slope of the indentation part and gives
information about the adhesion and relative set-
point values (section 6.4.13) of the currently
displayed curve. The values of these four para-
meters are the ones used for the four different
map channels.

If the Fit Length is changed, the calculated value
for the slope is updated for the currently selected
curve. The corresponding color values of the
map in the image viewer will not be updated.
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* ForceMap Single Index Selection The right mouse button menu offers the different saving options for force curves and
Save Force Scan to adjust the display properties.
Export as Picture
Export as Text 4
[ Full Range

Q, zoom

7.2 Saving options

There are several options for saving data deriving from force maps and QI data. The data can be saved such that it
can be reloaded into the DP program or another mathematical standard program, or image files of the force map or
force curves can be produced.

Force and QI map data can be saved by using the file pull down menu or the right mouse button menu. The saving
options for the force curve window are available in the right mouse button menu.

7.2.1 Save Image Data

To save the map data as an image that can be reloaded into and processed in the DP program, use Save
= Image Data in the right mouse button or the file pull down menu.
&) Suds linays baty Ll A JPK force map image (filename.force) of the map will be
save In: [C2 TestMaps v (B saved or a QI image (qi-fit-filename.jpk-gi-image) respec-
(3 6x6Map_8192px-data-2008.12,18-14,08.31 tively. This file contains the values of the active channel
3 optcal-2008.12.18-11,59.07 . . . . .
together with the spatial information, similar to a normal JPK
image.

This image can be reloaded into the DP software selecting
File > Open > select Filename. This image will then be
e Name: ST AT : displayed in the standard data processing window (section
Files of Type: [JPK force map image - 2.3) and can be treated and processed like a normal JPK

image (see § 3 ).

7.2.2 Export force maps/Ql maps or force curves as picture

PIC The map images and force curves can be exported in PNG or TIFF format, the map images additionally in
= JPEG and BMP format. The image/curve, exactly as it is displayed in the image viewer/curve window, is
exported as an 8-bit file. The current DP settings for axes, color scale etc. are all used for the export.
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= Export, as Picture

S The Export as Picture dialog allows many different export

Save In: ‘CI ¥anthan_Curves

7| @&l options for the graphical image — the file format and content
D ti . . . . . .
N can be modified using the options in this dialog.
[] Transparent backaround
[ ] Use a larger font

[] Analysis markers in white
I Si -
naoe siee The filename can be added as text to the top of the exported
(2) Qriginal size (GE0xB37 pixels)

O sealedtn | ¥ ~mels | jmage using the tick box here.

File Narne: |force-)<anmam-2004. 11.15-19.46.26-0_CldFormat.png ‘

Files of Type: |PNG imags

A transparent background can be selected. This background
may appear black in certain preview programs that do not

| Save HCanceI‘

support transparent format, but in PowerPoint presentations,
for instance, this will remove the solid rectangle normally
surrounding the image.

7.2.3 Save and export single force curve data

[El Using Save Force Scan in the right mouse button menu, the currently displayed force curve is saved in the
= normal force curve format (filename.jpk-force for force maps, filename.jpk-qi-series for QI curves) that can
be read back into the DP software and processed as described in Section 6.4 The filename of the produced

force file contains the name of the force map/Ql map.

ol If the force curve is to be read into another mathematical program, it can be Exported as text file, either as
= out-file (Export as old force format) or as Text dump (see also section 6.3.1). Converting curves into out-
files is not recommended, since information will get lost. Text dump export produces text files containing the

whole information. In contrast to out-files, text dump files cannot be read back into the DP software.

There is also the possibility to apply the text dump export to the whole map, using the Text dump option of
the File menu or the right mouse button menu in the map window. Accordingly, the map file is written into a

text file containing the whole information.

7.2.4 Split map file

Folder of force curves
Folder of old ASCll force curves
Text

The Split map file option, available in the File menu or the right mouse button
menu in the map window, splits the map into a directory of individual force
files. The format of the exported files can be selected, as for single force
curves:

Folder of force curves writes normal force curves (filnename.jpk-force) in an
extra folder that can be specified in the Split map file dialogue.

Force curves of the old force format (filename.out) can be produced using
Folder of old ASCII force curves.

The Text option saves the force curves as normal text files, corresponding to
text dump export of single files.
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7.3 Batch processing- Force Maps and Ql data

Using Batch processing, several processing operations can be combined and applied automatically to a large num-
ber of force curves (see Section 6.5). Itis also possible to analyze the different force curves of a force map or QI data
file with this process. In each case, the operation functions exactly the same as for individual force curves. The de-
scription here is of the batch processing as a whole; please see Section 6.4 for details of the individual operations.

_:_—? If the force or QI map is selected in the DP software, Batch processing can be started by using this icon or
e by right click within the force/Ql map.

The general opening and handling of Batch processing is described in Section 6.5 and is the same for force maps.
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