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Abstract

Atomic force microscopy (AFM) is typically used for analysis of relatively flat surfaces with topographic features smaller than the height of
the AFM tip. On flat surfaces, it is relatively easy to find the object of interest and deconvolute imaging artifacts resulting from the finite size
of the AFM tip. In contrast, AFM imaging of three-dimensional objects much larger than the AFM tip height is rarely attempted although it
could provide topographic information that is not readily available from two-dimensional imaging, such as scanning electron microscopy.
In this paper, we report AFM measurements of a vertically-mounted razor blade, which is taller and sharper than the AFM tip. In this case,
the AFM height data, except for the data collected around the cutting edge of the blade, reflect the shape of the AFM tip. The height data
around the apex area are effectively the convolution of the AFM tip and the blade cutting edge. Based on computer simulations mimicking
an AFM tip scanning across a round sample, a simple algorithm is proposed to deconvolute the AFM height data of an object taller and

sharper than the AFM tip and estimate its effective curvature.
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Introduction

Since its invention in 1986 (Binnig et al., 1986), atomic force
microscopy (AFM) has been widely used for topographical anal-
ysis of micro- and nano-scale features in a wide range of hard and
soft materials. Compared with electron microscopy (EM), AFM
can provide high-resolution three-dimensional (3D) topographic
information, and the sample preparation requirements for AFM
are minimal. However, AFM has certain disadvantages such as
limited scan size and appearance of image artifacts (Ricci &
Braga, 2004; Golek et al,, 2014).

The most common image artifact is the tip convolution effect,
which is unavoidable because of the finite size of the AFM tip. If
the sample is atomically flat, such as graphene basal plane (Lui
et al, 2009), only the very end of the AFM tip makes contact
with the sample. However, if the sample contains tall and steep
features, the measured image can be very different from the
true topography; this is because not only the tip end, but tip
sides can also be in contact with the tall and sharp features on
the sample surface (Ricci & Braga, 2004; Gofek, et al., 2014).
Thus, the AFM image is often the convolution of the tip shape
and the sample topography. This can be used as a calibration
method to determine the AFM tip shape if a sample with well-
defined topography is used (Montelius & Tegenfeldt, 1993;
Atamny & Baiker, 1995; Hiibner et al., 2003).
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In order to obtain the true topography of the sample, several
reconstruction algorithms have been reported (Reiss et al., 1990;
Keller, 1991; Villarrubia, 1994, 1997) and some of them have
been embedded into image processing software (Kondratov
et al.,, 2017). These algorithms need the tip shape information
independently obtained from EM, or they will rely on reserve
imaging (Montelius & Tegenfeldt, 1993; Atamny & Baiker,
1995; Hiibner, et al., 2003) or blind reconstruction (Dongmo
et al., 2000; Tranchida et al., 2006; Flater et al., 2014). However,
for the so-called “blind area”, where tip-sample contact is absent,
and the area where more than one contact point is involved, these
reconstruction algorithms cannot be applied (Keller, 1991). An
alternative and simpler approach would be to approximate the
AFM tip apex with a simple geometric shape. Then the dimension
of the sample topography can be obtained using geometrical rela-
tionship of the tip and the topographic feature of the sample
(Allen et al,, 1992; Severin et al., 2011; Winzer et al., 2012;
Josep et al., 2014; Shen et al., 2017). Although this approach is
relatively simple, it often requires a reference point (such as flat
surface) for mathematical calculations, and the geometric shape
assumption of the tip may cause a large error.

In this work, AFM is used to analyze a razor blade edge, which
is taller and sharper than the AFM tip. The AFM images were
compared with the scanning electron microscopy (SEM) images
of the blade and the AFM tip. While the AFM images mainly
reflect the shape of the AFM tip because the imaged object is
larger and sharper than the AFM tip, the data obtained from
the apex area of the blade edge represent the convolution of the
blade edge radius and the apex shape of the AFM tip. Based on
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Fig. 1. SEM images of the blade when the blade is (a) vertically mounted with a 4° tilt angle and (b) horizontally mounted. ¢,d: Close-up images of (a) and (b),

respectively. All the scale bars are 5 ym.

simulations of an AFM image for artificially well-defined tip
scanning across a spherical shape sample, we propose a simple
algorithm to estimate the effective curvature of the sharp razor
blade edge. This algorithm can be applied to other tall and
sharp samples.

Methods
Experimental

The samples used in this work are off-the-shelf commercial razor
blades. AFM images were obtained using a Nanoscope V
Dimension Icon AFM system (Bruker, Santa Barbara, CA) in
the Peak Force Tapping™ (PFT) mode. AFM probes consisting
of a Si tip on a SizN, cantilever with a nominal spring constant
of 0.4 N/m (ScanAsyst-Air, Bruker, Santa Barbara, CA) were
used for AFM imaging. The PFT mode was chosen for imaging
because it can prevent the tip from blunting during the imaging
scan. A PFT set point of 2 nN with a feedback gain of 35 was
used for topographic scanning. The typical scan size was
6 ym x 6 ym, and the scan speed was 12 ym/s.

The SEM images of the razor blade and the AFM probe were
taken using a Scios 2 SEM system (Thermo Fisher Scientific,
Waltham, MA) with an electron beam voltage of 5-10 kV and a
current of 0.2-0.4 nA, and a working distance of 15-18 mm.

Simulation of PFT Operation with Known Geometries

In order to show the tip shape convolution in the AFM imaging
and test the algorithm for extraction of the effective curvature of
the sample, the PFT imaging operation was simulated using
Matlab®. The tip and sample shapes were separately constructed
in a matrix array of 1,000 x 1,000 pixels. Then, the tip matrix
array moved toward the sample matrix along the vertical axis at
a given horizontal pixel until two matrices touched each other
at one point. The height of that position was registered. Then,
the tip matrix was fully retracted and shifted horizontally by

(b)

Fig. 2. Schematic illustration of (a) sharp and (b) blunt apex of razor blades. The
radius of the red dashed circle, which can be defined as the effective curvature of
the blade end, can be calculated mathematically from three data points (blue
dots) marked along the apex.

one pixel. This process was repeated until the entire sample sur-
face was imaged. The relative height information at each horizon-
tal pixel location makes up the topography of the sample imaged
with the tip.

Results and Discussion

Figure 1 shows SEM images of a razor blade when it is mounted
along the electron beam axis with a 4° tilt angle (Figs. 1a, 1c) and
perpendicular to the electron beam axis (Figs. 1b, 1d). The SEM
images show that both sides of the blade have ground marks, and
the blade edge is very sharp. The grinding process leaves nano-
scale non-uniformity in the roughness of the blade sides, which
results in local variations of the shape of the blade edge. In
order to quantitatively assess the blade edge, its effective curvature
can be defined as the radius of the circle going through the highest
point in the middle and the points where two side walls start
(Fig. 2). If one uses focused ion beam (FIB) to generate a cross-
section, then the true curvature of the blade edge at that specific
location could be measured using SEM. In order to obtain the
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Fig. 3. SEM images of the AFM tip: (a) front view; the inset shows the details of the apex of the tip and (b) side view.
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Fig. 4. 3D plot of AFM topographic image of the blade collected when the scan angle
is (a) 90° where the AFM probe is parallel to the blade edge, and (b) 0° where the AFM
probe is perpendicular to the blade edge. The line scan data in (a) and (b) show the
cross-sections at the front of the blade image (Y=0 ym).

average radius and its variation along the blade, the FIB-SEM
imaging must be repeated stepwise along the blade. This process
is extremely time-consuming and thus would be costly and inef-
ficient. By using AFM to evaluate the topography of the blade
edge and deconvolute the shape of the AFM tip, such issues
can be avoided.

The SEM images of the front and side views of the AFM tip
used for data collection are displayed in Figure 3. The height of
the tip is about 4.4 ym. The tip is in an asymmetric square pyra-
mid shape. The side walls are not perpendicular to the plane of
the cantilever. The tip apex could be fitted with a circular segment
(Fig. 3a). Often, the radius of the tip is not as small as (or the
same as) the nominal value provided by the manufacturer.

In topographic imaging with AFM, two scan directions were
tested for the data collection and the collected 3D height images
are shown in Figure 4 along with schematic illustration of the
scan directions. The fast-scan direction of imaging is perpendicu-
lar to the blade edge (from left to right and vice versa). In
Figure 4a, the long-axis of the AFM cantilever is parallel to the
blade edge; therefore, the fast-scan direction is perpendicular
to the cantilever axis (called the 90° scan direction). In
Figure 4b, the long-axis of the AFM cantilever is perpendicular
to the blade edge; therefore, the fast-scan direction is parallel to
the cantilever axis (called the 0° scan direction). For further dis-
cussion, the cross-sectional line profiles at the front of the imaged
blade are shown in Figures 4a and 4b.

For the 90° scan direction, the cross-sections of each scan
along the fast-scan axis can be divided into four regions,
which are marked as I, II, III, and IV in Figure 4a. The height
is constant in region I, then it increases and reaches the highest

point in region II, then it decreases to the initial value in region
II1, and finally it remains constant again in region IV. By com-
paring the AFM images with the SEM images of the blade
(Fig. 1c) and the AFM tip (Fig. 3a), it can be seen that the
AFM cross-section follows the shape of the AFM tip, rather
than the blade. It is noted that the tip height in the AFM
image (Fig. 4a) is shorter than that in the SEM image
(Fig. 3a). Considering that the AFM probe is tilted with the tip
side pointing down because of the angle of the probe holder
(which varies depending on the AFM instrument design), it
can be envisioned that the end of the cantilever touches the
blade when the tip is not in contact with the blade.

For the 0° scan direction, the cross-section profile can also be
divided into four regions. To avoid ambiguity, these four regions
are marked with V, VI, VII, and VIII in Figure 4b. In this case,
the height increases linearly in region V, increases at a much faster
rate in region VI, then decreases in region VII, and finally
increases linearly at the starting rate again in region VIII. By com-
paring with the cross-section of the side view of the SEM image of
the AFM tip (Fig. 3b), it is clear that the height profiles in regions
VI and VII are identical with the back and front edges of the AFM
tip, respectively. The straight line connecting regions V and VIII
is the cantilever touching the blade. The tilt (6) measured from
the AFM cross-section is 13.5°, which is consistent with the
angle of the probe holder of the AFM system used in this study,
thus confirming that the cross-section is the reverse image of
the AFM tip and cantilever.

Although most of the topographic information in AFM image
reflects the shape (especially, side walls) of the AFM tip touched
by the blade edge; the apex region of the topographic image where
the AFM tip apex is touching the blade edge still carries the infor-
mation of the blade end. However, as presented in Figure 3, the
apex of the AFM tip cannot be considered as a sharp point, so
the height data collected at the cutting edge of the blade are the
convolution of the blade shape and the AFM tip apex. In order
to investigate such convolution effects in AFM imaging, computer
simulations mimicking the PFT scanning of an AFM tip across a
well-defined shape were performed. Figure 5 illustrates two tip
shapes—sharp versus blunt—used in the simulation; the scanned
sample is a tall post with a round end (curvature = 150 nm).

For the simulation with an ideally sharp tip (Fig. 5a), the
height profile of the sample consists of two tilted lines and an arc
(Fig. 5¢). In the height profile, the joint points of the tilted lines
and the zero line are marked as A and E, the joint points of the
arc and the tilted lines are marked as B and D, and the highest
point at the middle point of the height profile is marked as
C. The two tilted lines (AB and DE) reflect the side edges of
the tip, and the arc (BCD) follows the true curvature of the
sample (Fig. 5b).
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Fig. 5. Simulation of a tip (a, d) scanned across over a sample (b, e) and the resulting
height profile (c, f). a: A sharp tip. d: A blunt tip. The blunt tip consists of a trapezium
and a circular segment. b,e: The same tall and round sample. ¢,f: The height profiles
obtained with the sharp tip (a) and the blunt tip (d), respectively.

In the simulation with a blunt tip (Fig. 5d), the tip shape con-
volution becomes significant. The shape of the blunt tip, which is
presented in Figure 5d, is constructed based on the SEM image of
the actual AFM tip (Fig. 3a). The sides of the isosceles trapezoid
(tip side walls) are not parallel to the tangential line of the arc of
the circular segment (tip end) at their meeting points. The height
profile obtained with the blunt tip (Fig. 5f) can also be divided
into two tilted lines (marked as FG and KL) and one curve
(marked as GJK). Again, the two tilted lines (FG and KL) reflect
the edges of the tip, which is similar to the case of the sharp tip;
but the curve (GJK) is the convolution of the tip and sample
curvatures.

By comparing the simulated height profile in Figure 5f with
the topography of the imaged surface in Figure 5e, it can be
seen that, at point G, the right side point of the circular segment
of the tip is in contact with the sample (G'); at point ] the lowest
point of the tip is in contact with the sample (J); and at point K
the left side point of the tip circular segment is in contact with the
sample (K'). Therefore, by moving point G to the right by a dis-
tance of the half width of the circular segment on the tip (HW in
Fig. 5d), the point G/, a point reflecting the topography of the
sample, can be located. Similarly, by moving point ] downward
by the distance of the height of the circular segment (H in
Fig. 5d) and moving point K to the left by the distance of the
half width of the circular segment, point J' and point K’ can be
located, respectively. Points G', J', and K’ are the true contact

Zhe Chen et al.

points. Once three points of the true sample topography are
found, a circle going through those three points can be defined
and its radius can be calculated mathematically.

This algorithm can be used to determine three points on the
true topography of the blade edge in the experimental AFM
image, which allows estimating the effective curvature of the cut-
ting edge of the blade as defined in Figure 2. Note that, unless the
sample cross-section is perfectly circular, the arc going through
the three points is not the actual topography of the blade edge
(Fig. 2); nevertheless, it is still a good estimate of the local curva-
ture (or sharpness) of the blade edge. Figure 6 shows the process
to apply the algorithm described here and to obtain the local
radius of a blade edge.

Figure 6a displays a 3D plot of the blade edge, and the cross-
section height profiles of five locations marked as i through v are
plotted in Figure 6b. The first step is to locate three points equiv-
alent to GJK in Figure 5f. Locating the highest point (correspond-
ing to J in Fig. 5f) is straightforward, but the joint points for the
blade edge (corresponding to G and K in Fig. 5f) are not as obvi-
ous as in the case of simulation (Fig. 5). In order to determine the
joint points, the tangential line of each point on the height profile
is obtained and the slope of these tangential lines is plotted in
Figure 6c. It is found that, for all the locations on the blade
edge, the slope fluctuates around a positive constant value at
first (the end of region II in Fig. 4a), decreases near the tip end
region, and then fluctuates again around a negative constant
value (the beginning of region III in Fig. 4a). The points where
the slope begins and stops to change are the joint points G and
K, respectively. Then, as shown in Figure 6d, by shifting the
three points in the way shown in Figure 5f, three points of the
blade cutting edge (corresponding to G', J', and K’ in Fig. 5f)
can be determined. A circle going through these three points
can be obtained and the radius of the circle corresponds to the
effective curvature (sharpness) of the blade cutting edge at that
specific location. All data processing can be carried out numeri-
cally and automatically with simple programing. Figure 6e plots
the variation in effective curvature of the cutting edge as a func-
tion of position along the blade. The average value of the effective
curvature of the blade edge shown in Figure 6a is 27 + 9 nm. This
result is quite comparable with the previous results from FIB-SEM
images (Scienceofsharp, 2015).

This work provides guidance for the topographical analysis of
sharp and tall samples with AFM and puts forward a convenient
method to estimate the sharpness of wide array of samples. The
effective curvature of blade edge is a critical parameter for cutting
tools, certain medical tools, and industrial razor blades. This
method can be applied to any tall and sharp samples, and there-
fore it has a potential in practical applications, such as quality
control, process control, and set-up tools, for nanoscale or micro-
scale features and products.

Conclusion

This work demonstrated how AFM could be used to analyze the
topography of a blade edge and determine the effective curvature
of the blade edge. The AFM image is the convolution of the AFM
tip and the blade edge. The AFM images mainly reflect the shape
of the AFM tip due to the blade being taller and sharper than the
AFM tip, except for the data collected around the apex of the
blade edge. Based on the simulation of an AFM tip scanning
across an ideal round sample, an algorithm is proposed to decon-
volute the AFM images and extract the topography of the real
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Fig. 6. Deconvolution of the blade edge shape by analysis of cross-sections of an AFM image. a: 3D image of the blade edge. b: Height profiles at the locations (i to v)
marked in (a). c: Slope of each point on the cross-sections. The dashed lines represent the slope of the AFM tip side edges. Taking the tip mounting error into
consideration, an error tolerance can introduced; in (c), the dotted lines represent a +10% deviation of the AFM tip edge slope. d: Height profiles with the circle
going through the three true contact points. e: The effective curvature of the blade edge as a function of position along the Y direction.

sample. In this algorithm, three true contact points are located  order to describe the topography of the sample. This method
after deconvolution of the AFM tip shape and dimension from can be applied to any 3D topographic features that are taller
the collected height data, which then are used to draw an arc in  and sharper than AFM probes.
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