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How to measure forces with atomic force microscopy without significant
influence from nonlinear optical lever sensitivity

Esben Thormann,a� Torbjön Pettersson, and Per M. Claesson
Department of Chemistry, Surface and Corrosion Science, Royal Institute of Technology,
Drottning Kristinas Väg 51, SE-100 44 Stockholm, Sweden

�Received 26 February 2009; accepted 13 July 2009; published online 3 September 2009�

In an atomic force microscope �AFM�, the force is normally sensed by measuring the deflection of
a cantilever by an optical lever technique. Experimental results show a nonlinear relationship
between the detected signal and the actual deflection of the cantilever, which is widely ignored in
literature. In this study we have designed experiments to investigate different possible reasons for
this nonlinearity and compared the experimental findings with calculations. It is commonly assumed
that this nonlinearity only causes problems for extremely large cantilever deflections. However, our
results show that the nonlinear detector response might influence many AFM studies where soft or
short cantilevers are used. Based on our analysis we draw conclusions of the main reason for the
nonlinearity and suggest a rule of thumb for which cantilevers one should use under different
experimental conditions. © 2009 American Institute of Physics. �doi:10.1063/1.3194048�

I. INTRODUCTION

During the past 2 decades the atomic force microscope
�AFM� has proven to be an important tool for measuring
surface and molecular forces. Interactions in the range from a
few piconewtons to several micronewtons can be detected
from the deflection of a micrometer-sized cantilever while
the relative probe-surface separation is controlled by piezo-
electric elements. By using the so-called colloidal probe
technique,1 AFM has been employed for direct measure-
ments of surface forces.2–9 In other cases AFM has been
employed as an advanced tool for studies of biomolecular
interactions on a single molecular scale,10–14 or to studies of
single polymer and protein mechanics.15–20 Thus, AFM has
become a widely used tool which compliments a range of
other force sensing techniques such as the surface force ap-
paratus, Optical tweezers, biomembrane force probe, etc.

Most commercial AFMs do, in principle, contain the ba-
sic elements shown in Fig. 1. The cantilever equipped with a
probe �a micrometer-sized particle or a sharp tip� at the end,
is the central part of the instrument. Interactions between the
probe and a sample will lead to a vertical deflection and
possible also to a lateral deflection of the cantilever, where
the vertical and lateral deflections to a good approximation is
proportional to the vertical and lateral component of the
force between the probe and the surface �Hook’s law�. Ver-
tical and lateral deflections of the cantilever are measured by
reflecting a laser beam focused on the top side of the canti-
lever into a position sensitive detector. The relative motion of
cantilever and sample is controlled by piezoelectric elements
and feedback electronics with a precision in the order of
1 Å.2

To perform force-distance measurement the probe is nor-

mally first approached until �hard-wall� contact is reached
and then subsequently retracted to the starting separation.
During that process the change in the signal from the posi-
tion sensitive detector as a function of the piezoextension is
recorded. To transform this information into a force-distance
relationship one needs to know the spring constant of the
cantilever as well as a conversion factor between the detector
signal and the cantilever deflection. Finding a reliable
method for determination of the spring constant has been the
subject of a large number of studies and several methods
have been suggested.21–27 However, assuring an accurate
value of the conversion factor has normally been treated as a
trivial issue, which has only been discussed in a few
cases.5,28–30 When the probe is in hard-wall contact with the
surface it is assumed that further piezoextension translates
into vertical cantilever deflection. Thus, from the slope of a
straight line fitted to the signal in the hard-wall contact re-
gion one have a relationship between the vertical detector
output, �V�V�, and the true vertical cantilever deflection,
�V�m�. The inverse value of the slope, invOLS �inverse op-
tical lever sensitivity�, can thus together with the spring con-
stant be used to calculate the force as

F = k · �V�m� = k · �V�V� · invOLS. �1�

From the description above, determining invOLS sounds as a
trivial issue. However, the detector output is not completely
linear even when measuring the interaction with a noncom-
pliant surface. Thus, in principle no constant invOLS exists.
This is illustrated in Fig. 2�a� where detector signal versus
piezoextension for the approach and retraction motion are
plotted. In Fig. 2�b�, the hard-wall region has been empha-
sized together with the invOLS. The invOLS was determined
by fitting a straight line to small different parts of the hard-
wall contact region and from this plot it is clear that the
invOLS is never constant but only has an almost constant
value in a narrow region around in the beginning of the
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hard-wall contact close to zero deflection. Nevertheless, the
nonlinearity of the detector output in the contact region is
widely ignored without further justification. In the following
we investigate the reason for this nonlinearity and evaluate
the consequences for force-distance experiments.

A. Background and hypotheses for nonlinearity

The position sensitive detector normally consists of a
four-quadrant-split photodiode as shown in Fig. 1. When the
laser spot hits the detector, a voltage proportional to the in-
tensity of the light hitting each of the four segments are
generated. We will refer to each of these voltage output as
the VA, VB, VC, and VD signals, respectively. As illustrated in
Fig. 1, an upward deflection of the cantilever originates from
pressing the probe toward the surface �or from any other
repulsive interaction�, which results in that a fraction of the
laser spot is transferred from the upper detector segments
�C+D� to the lower segments �A+B�. Similarly, a downward
deflection originating from adhesion between the probe and
the surface �or from any other attractive interaction� results
in that a fraction of the laser spot is transferred from the two
lower detector segments �A+B� to the two upper segment
�C+D�. In a similar manner, a lateral deflection of the can-
tilever will lead to a change in the fraction of the laser spot
hitting the two left �A+C� and the two right �B+D� detector
segments. Thus, the analog VA, VB, VC, and VD signal are
inside the AFM used to determine the vertical and lateral
deflection signals �measured in volts� as

�V�V� =
�VA + VB� − �VC + VD�

VA + VB + VC + VD
�2�

and

�L�V� =
�VA + VC� − �VB + VD�

VA + VB + VC + VD
. �3�

These analog signals are subsequently amplified, digitalized,
and sent to a computer. The digitalized deflection signals are
together with the z-position the raw data available for the
typical AFM-user and it is the �V�V� signal which shows the
significant nonlinearity illustrated in Fig. 2�a�. One can hy-
pothesize different sources to the nonlinear response. Below
we have listed eight possible contributions and denote these
H1–H8.

H1: Nonlinear relationship between cantilever deflection
and laser spot movement. It is, in general, assumed that
there is a linear relationship between deflection of the
cantilever and the laser spot movement on the position
sensitive detector. However, this is based on some trigo-
metric assumptions — e.g., that the angular deflection is
small.
H2: Laser light spilled over the cantilever edge. At large
downward deflections one could speculate that part of
the laser light is spilled over the cantilever edge. This

FIG. 1. �Color online� Top: Schematic illustration of the AFM setup. A laser
beam is reflected at the back side of the cantilever and directed into a
four-quadrant–split photodiode which is used to detect cantilever deflection.
Bottom: Illustration of how repulsive contact �upward deflection� and attrac-
tive contact �downward deflection� moves the laser spot toward the two
lower detector segments or the two upper detector segments, respectively.
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FIG. 2. �Color online� �a� Typical example of deflection vs piezomovement
data for interaction between an AFM colloidal probe and a noncompliant
mica surface in air. The data show a characteristic nonlinearity in the contact
region. �b� The same data in the hard contact region and the invOLS for the
same data range. The inset illustrates that the invOLS only has a nearly
constant value in a narrow range around zero deflection.
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will result in a continuous decrease in the total laser
intensity reaching the detector as the cantilever deflects.
H3: Slipping. If the probe is slipping on the surface it
will have the consequence that not all piezomovement
will translate into a vertical deflection.
H4: Angle dependent reflection from the cantilever. As
the cantilever is deflecting the intensity of the laser beam
reflected from the back side of the cantilever may be
changing. The intensity of the deflected light depends on
the angle of the cantilever relative to the incoming beam
and on the material of the cantilever �or coating� and can
be described by the so-called bidirectional reflectance
distribution function.
H5: Laser spot shape effect. Since the position of the
laser spot is detected by a split photodiode the intensity
profile of the laser will limit how precisely the move-
ment of the laser spot can be detected.
H6: Laser light spilled over detector edge. At large up-
ward or downward deflections part of the laser spot
might move outside the active part of the detector frame.
This will result in both a change in the total laser inten-
sity and in that the amount of light leaving one detector
segment will not correspond to the amount of light en-
tering another segment.
H7: Unequal sensitivity of detector segments. To obtain
a linear detector response it is decisive that all parts of
each detector segment have an equal sensitivity.
H8: Photodetector saturation. If the voltage output gen-
erated in a detector segment is not linear with respect to
the intensity of laser light, it will lead to a nonlinear
detector response at large cantilever deflections.

In the following we will investigate which of these pos-
sible contributions that are the important ones.

II. EXPERIMENTAL SECTION

Data presented in Sec. III originates from measurements
between a spherical silica particle mounted on an AFM-
cantilever and a freshly cleaved mica sheet. These measure-
ments were performed in air at room temperature by use of a
Nanoscope Multimode IIIa Pico Force atomic force micro-
scope �Veeco Instruments�. The silica particle �d=6.9 �m�
was attached to a tipless cantilever �CSC 12F, MikroMasch�
with no back side coating using a high-temperature melting
epoxy glue �Epikote 1004, Shell Chemicals�. Before attach-
ment of the silica particle the spring constant of the cantile-
ver was determined to 0.062 N/m by the Sader method.25 All
measurements were obtained at a constant approach and re-
traction velocity of 400 nm/s. A few data set presented in
Sec. IV, represent measurements, performed in 0.01 mM
NaCl aqueous solution, between a 20 �m silica particle and
a mica surface. Silica particles of the same size were at-
tached to three different cantilevers �CSC12E, CSC12F, and
NSC12F, MikroMasch� as described above.

To access the raw voltage output from each of the four
detector segments in the four-split photodiode a homemade
breakout box was employed to split the signal. This means
that part of the signal was sent to the AFM hardware as usual
and another part of the signal was sent to a separate com-

puter where the VA, VB, VC, and VD signals were captured
simultaneously, followed by the z-position of the piezo, by
means of two high-speed analog-to-digital converter data
capturing cards �NI PCI-6132 and NI PCI-MIO-16E linked
with a RTSI cable, National Instruments� and an in-house
built Laboratory View �National Instrument� software. These
data differs slightly from the data delivered to the computer
through the AFM controller. Within the AFM, the voltage
signals are amplified, digitalized, and processed in a way so
that only the final vertical and lateral defection signals are
available for the AFM user. During the digitalization process
a certain deflection limit are used to set the bit resolution �we
have used the maximum limit of �10 V�. This means that
the data are cut when the deflection signal exceeds that limit.
In our setup the breakout box is located before the signals are
amplified and further the deflection limit was set to cover the
full range of the signal. However, after scaling the data with
the amplification factor, the deflection calculated by Eq. �2�
superimpose with the deflection signal processed by the
AFM �within the predefined deflection limit�.

III. RESULTS

A. Data output for optimal detector position

In the first experiment the laser spot was centered in the
middle of the detector, which is the optimal and normal ex-
perimental configuration. During approach and retraction the
intensity in each of the four photo detector segments as a
function of the z-position were captured as described in Sec.
II. Approach and retraction deflection curves superimposed
in the repulsive part of the contact region as shown in Fig.
2�a�, while during retraction the probe stayed in contact with
the surface also in the attractive region due to strong adhe-
sion. Thus the retraction curves provide us with a larger con-
tact region that can be used to study the nonlinearity in the
response. For simplicity we will therefore during the rest of
this paper only focus on the contact region of the retraction
curves. In Fig. 3 the outcome of the experiment is shown.
The VA, VB, VC, and VD signals �Fig. 3�a�� are the direct
output data while the sum signal, VA+VB+VC+VD �Fig.
3�b��, the vertical deflection signal, �V �Fig. 3�c��, and the
lateral deflection signal, �L �Fig. 3�d�� all are calculated from
the VA, VB, VC, and VD signals. It should be mention that the
VA, VB, VC, and VD signals have a constant offset of approxi-
mately �0.3 V which is the reason why the normalized de-
flection signal is going between �0.68 and +0.68 and not
between �1 and 1. The VA, VB, VC, and VD signals show
strong nonlinearity in an almost symmetric manner around
the level of the signal in the noncontact region �zero deflec-
tion�. This observation already gives us some information
about the reason for the nonlinearity in the deflection signal
shown in Fig. 2�a�. For example, when the retraction starts,
the cantilever has an upward deflection �hard-wall repulsion�
that will decrease until zero deflection is reached. Hereafter
downward deflection �adhesion contact� occurs. During this
process light is transferred from the two lower segments �A
+B� to the two upper segments �C+D� �see Fig. 1�. Hence, if
the nonlinearity only is an effect of photodetector saturation
�H8� or due to that part of the laser lights is spilled over the
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detector edge �H6�, each of the signals should be nonlinear in
only one end of the contact region. The observation that all
four signals are nonlinear at both ends of the contact region
allows us to reject hypothesis H6 and H8, and suggests that
other effects play a significant role.

From the sum signal in Fig. 3�b�, one sees, as expected,
that the sum signal has a constant value �within a low noise
level� as long as the probe not is in contact with the surface.
However, at both large upward and downward deflections the
value is different from the constant value found out of con-
tact. This could be due to photodetector saturation �H8�, de-
tector spill over �H6�, or angle dependent scattering �H4�.
However, since both H6 and H8 already has been rejected
based on the data in Fig. 3�a�, we conclude that H4 must be
the reason for this observation.

Figure 3�c� shows plots of the vertical deflection signal
normalized by the sum signal �as given by Eq. �2�� and the
deflection signal taken directly from the detector signals
�normalized by the constant out-of-contact value of the sum
signal�. As already mentioned, the “raw” deflection signal
from our AFM hardware is normalized by the sum signal.
This is done to make it easy to compare forces/deflections

independently of the magnitude of the sum signal. However,
the basic assumption to justify this normalization is that the
sum signal is constant during the approach-retraction cycle.
As seen in Fig. 3�b� this condition is not fulfilled and the
consequence is seen by the �small� difference between the
two deflection plots at the highest degree of deflection in Fig.
3�c�. The largest deviation is observed when the deflection
signal already is highly nonlinear, and the error introduced
by this assumption is thus not very significant in this case.
However, as will be shown later, the assumption of a con-
stant sum signal will be less valid in other cases. Therefore,
in the following we will use the deflection signal normalized
with a constant value �average of values measured when the
tip is out of contact with the surface� to be able to compare
this effect with other effects that are leading to the nonlinear
deflection signal. Finally, the data in Fig. 3�d� show that the
lateral deflection signal also changes in the contact region.
The reason can be that the surface was slightly tilted. How-
ever, the magnitude of the lateral deflection is small com-
pared to the normal deflection and the twisting motion is thus
not the source of the significant nonlinearity in the vertical
deflection signal. Further, the lateral deflection seems to
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FIG. 3. �Color online� Data from experiment with the laser spot positioned centrosymmetric on the detector. Raw data output from the A, B, C, and D detector
segments, respectively �a�. Sum signal �b�, vertical deflection �c�, and lateral deflection �d� are all calculated from the A, B, C, and D signals.
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change most for small normal forces �small vertical deflec-
tion� while it reaches a plateau at high normal forces where
the nonlinearity in the vertical deflection signal is most
severe.

B. Data output with shifted detector position

In the following we have investigated how the signals
discussed above are influenced by a shift in the laser spot
position relative to the center of the detector �for a nonde-
flected cantilever�. As illustrated in Fig. 4, the laser spot
position was systematically shifted in vertical and lateral di-
rection relative to the center of the detector. This was done
by manually changing the detector position so that the am-
plified and the normalized lateral voltage difference were
changed between �8 and +8 V in steps of 2 V, while keep-
ing the vertical voltage difference constant at 0 V. Subse-
quently, the vertical voltage difference was shifted in a simi-
lar manner while the lateral voltage difference was kept
constant at 0 V. As already mentioned above, we have col-
lected the unamplified direct photodetector output. This
means that in terms of the direct output the vertical and the
lateral voltage difference was shifted in steps of an almost
constant value of approximately 0.13 V. Figure 5 shows plots
of the deflection signals, the sum signals and the VA and VC

signals during a series of measurements with a lateral detec-
tor offset �the output from VB and VD are symmetric to those
from VA and VC and are thus not shown�.

The deflection signals shown in Fig. 5�a� have the same
nonlinear behavior as observed in Fig. 3�c�, and they do not
change when the lateral voltage difference is changed be-
tween �8 and +8 V. All deflection curves nearly superim-

pose and the small change in the zero deflection value mea-
sured out of contact is due to small shifts in the vertical
voltage difference that unavoidably occurred when the detec-
tor was laterally shifted. The data in Fig. 5�b� is similar to
those in Fig. 3�b� and show that the sum signal is not con-
stant in the contact region. Again, the results are independent
of the shift in detector position. This means that no addi-
tional laser intensity is lost over the lateral edges of the de-
tector �H6� when it is shifted left or right and in addition no
sign of detector saturation �H8� or unequal segment sensitiv-
ity �H7� is observed during this experiment, which thus also
allow us to reject hypothesis H7.

While no effect of changing the detector position later-
ally is seen on the deflection signals and the sum signals, an
effect is naturally observed in the VA and VC signals �Figs.
5�c� and 5�d��. Without further analysis three things are no-
ticed from these plots. First, for extreme upward deflections
the VC signals, and for extreme downward deflections the VA

signals, go to a constant value of �0.3 V �independent of the
lateral shift of the detector position� similar to what was
observed in Fig. 3�a�. This means that for these extreme de-
flections all light is hitting the two lower �A+B� and two
upper �C+D� detector segments, respectively. Second, both
the VA and VC signals increase as the lateral voltage differ-
ence is shifted toward more negative values as a larger frac-
tion of the laser beam then reaches these two detector seg-
ments. Third, both the slope and range of the curves showing
approximately linear response change with detector position.
This latter point is a clear indication that the laser spot shape
effect �H5� affects the measurements.

In Fig. 6, plots of the deflection signals, sum signals and
the VA and VC signals from a series of measurements with a
vertical detector offset are shown. Clearly, a vertical detector
offset has an effect on the vertical deflection signal. The out
of contact value is vertically shifted by the offset of 0.13 V
which is expected. This also leads to that the whole deflec-
tion signal is shifted sideways. Also as expected, around the
zero position of the piezomovement the deflection signals
have the same values as the out of contact values for the
same curves. The signals in the contact region show a num-
ber of interesting features. For extreme upward deflections
�hard-wall repulsion� all deflection signals follow each other
and go to a constant value of approximately 0.68 V. For
extreme downward deflections �due to adhesion� the deflec-
tion signals reach different values before the particle de-
taches from the surface and jumps out of contact. One very
important observation is that all contact curves have the
same shape independently of the vertical detector offset. For
example, the approximately linear parts of the deflection sig-
nals are always centered around 0V. This shows that the on-
set of the nonlinearity mainly is related to the position of the
laser spot on the detector �H5� and is not directly due to how
much the cantilever is deflected. A nonlinear relationship be-
tween cantilever deflection and laser spot movement �H1� or
laser light spill over the cantilever edge during extreme
downward deflection �H2� would result in different deflec-
tion signals around 0V, while slip between the probe and the
surface �H3� would depend strongly on the actual deflection.
Thus, we can reject hypothesis H1, H2, and H3.

FIG. 4. �Color online� Normally the detector is positioned so that laser spot
is at the center of the detector. However, in this study we have investigated
how the detector signals are influenced by lateral and vertical shifts in the
detector position as shown in the figure.
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For a large negative detector offset an interesting obser-
vation can be made at the most extreme downwards deflec-
tions. At a value of approximately �2.6 V there is a turning
point where the numerical value of the deflection signal
starts to decreases. However, since the probe still is in sur-
face contact, the cantilever should be more deflected, and
hence the numerical value of the deflection signal ought to
increase. The interpretation of this phenomenon is as fol-
lows: When the cantilever starts to deflect downwards light
is transferred from the two lower segments �A+B� to the two
upper segments �C+D�. However, after the turning point
more light actually leaves the two upper segments than the
lower segments. This is most likely an effect of the angle
dependent scattering �H4�, which is supported by the results
shown in Fig. 6�b�, that illustrates how the change in sum
signal is affected by the vertical detector offset. The sum
signals are not significantly affected by a shift in vertical
detector position when the cantilever is deflected upwards.
However, at large downwards deflections it is observed that
the numerical value of the sum signal decreases rapidly for a
large negative detector offset. This supports the conclusions
drawn from the deflection signals in Fig. 6�a�, namely, that

the combination of a large detector offset and a large deflec-
tion leads to a loss in signal intensity. On the other hand, for
vertical detector offsets between �4 and +8 V �on the AFM�
the sum signal is unaffected by the shift in detector position.
This is the same range of detector offset where no turning
points were observed in the corresponding deflection curves.

In Figs. 6�c� and 6�d�, the VA and VC signals are plotted.
Again, it is observed that the signals superimpose and that
the signal in the contact region only depends on the laser
spot position and not on the actual cantilever deflection.
From these plots the reason for the turning points observed
in Fig. 6�a� becomes confirmed. For negative detector offsets
and large downward deflections a similar turning point are
observed in the VC signal �Fig. 6�d�� and at the same time the
VA signal reaches a plateau at approximately �0.3 V �Fig.
6�c��. At this point the hole laser spot has been transferred to
the lower detector segments at the same time as the total
laser intensity is decreasing due to hypothesis H4. Thus, the
turning point in the VC signal.

Combining all of our data leads to the conclusion that
the nonlinearity mainly is due to a laser spot shape effect
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FIG. 5. �Color online� Detector outputs obtained with lateral offsets of the detector position. The amplified signal which is sent to the AFM hardware was
changed in steps of 2 V between �8 to +8 V by manually moving the detector with respect to the laser beam.
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�H5�, angle dependent scattering from the cantilever �H4� or
both.

IV. DISCUSSION

From the results above we have narrowed the possible
reasons to the nonlinear detector response down to the effect
of angle dependent scattering from the cantilever �H4� and
the effect of the laser spot shape and intensity distribution
�H5�. Further, the nonlinear relationship between cantilever
deflection and laser spot movement �H1� can also be ad-
dressed from a theoretical point of view.

A. Cantilever deflection versus laser spot movement

The results do not show any direct evidence for a non-
linear relationship between cantilever deflection and laser
spot movement �H1�. However, the issue can also be ad-
dressed theoretically. Figure 7�a� shows a sketch of how the
path of the reflected laser light is changed due to deflection
of the cantilever. As seen in this figure, the distance which
the laser spot has moved on the detector is related to the
degree of deflection as

�S = 2�L + L��tan��� � 2L�

for L � L� and small values of � , �4�

where �S is the change in position of the laser spot on the
detector, L is the length between the point of reflection on the
cantilever and the detector �approximately 6 cm for our sys-
tem�, � is the angle of the deflected cantilever at the laser
beam position, and L� is a length defined in Fig. 7. We note
that the optical lever technique is sensitive to the angle of the
deflected cantilever �at the position of laser reflection� rather
than to the deflection, �V. However, by considering the phys-
ics of bending a cantilever the slope can be related to the
deflection. If an end-loaded force is applied to a cantilever
with uniform material properties and if the laser spot is po-
sitioned at the very end of the cantilever, the relation is

�S =
3L

l
�V. �5�

From these two expressions we obtain �V / l=2 /3 tan���, and
there is a linear relationship between the cantilever deflection
and the movement of the laser spot as long as �V / l�2 /3�.
From Fig. 7�b� it is seen that this condition is fulfilled when
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FIG. 6. �Color online� Detector outputs obtained with vertical offsets of the detector position. The amplified signal which is sent to the AFM hardware was
changed in steps of 2 V between �8 to +8 V by manually moving the detector with respect to the laser beam.
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�V / l	0.1. From Fig. 2 it is seen that for the results presented
in this study the largest deflection is �1 �m, meaning that
in this case with strong adhesion and a fairly soft cantilever,
�V / l=1 �m /250 �m=0.004 which is far below the value
where nonlinearity will occur. It should be emphasized that
this will be true for all relevant experimental conditions since
measuring stronger forces with even weaker cantilevers will
be invalid for other reasons as will be discussed below. Thus,
we can disregard hypothesis H1 also on theoretical grounds.

B. Correction for lost laser intensity

Our results have clearly demonstrated that the total in-
tensity of the laser beam reaching the detector depends on
the actual deflection of the cantilever as expected from the
so-called bidirectional reflectance distribution function
�which depends on the cantilever material or back side coat-
ing�. Thus, when the cantilever starts to deflect and the laser
spot thereby starts to move over the detector, the decrease in
the amount of photons hitting one detector segment will not
correspond to a similar increase in the amount of photons
hitting another detector segment. We have also clearly dem-
onstrated that this effect is one reason for the nonlinearity in
the detector response observed in Figs. 3, 5, and 6. However,
one can easily correct for this effect by normalizing the VA,
VB, VC, and VD signals by the measured sum signal at any
given time. This is actually what is done as default by the
AFM hardware, and this is correct if the change in sum

signal solely is an effect of the bidirectional reflectance dis-
tribution function. Since our data demonstrate that this is the
case, we can thus, after the correct normalization, disregard
hypothesis H4.

C. The laser spot shape effect

We have now rejected all hypothesis, except from hy-
pothesis H5, which will thus be analyzed further in this sec-
tion.

Moving the laser spot a given fixed distance over the
detector will lead to a transfer of light from the two lower
detector segments to the two upper segments �or vice versa�.
However, since the intensity of the light decreases with the
distance to the center of the spot, the amount of light trans-
ferred depends on the initial position of the laser spot on the
detector. This means that the transfer rate is highest when the
spot is centered in the middle of the detector while it de-
creases as the spot is moved away from this position.

If it is assumed that the laser spot has a spherical shape
with a Gaussian intensity distribution, the total measured in-
tensity of the light hitting the detector will be given as

I =� � A

2
�
exp�−

Sv
2 + Sl

2

2�2 �dSvdSl, �6�

where � is the standard deviation defining the width of the
intensity distribution, Sv and Sl are the vertical and lateral
directions on the detector, and A is a scaling factor determin-
ing the total absolute intensity. The vertical deflection signal
as defined by Eq. �2� is thus found by integration of Eq. �6�
along the Sv-axis. By adjusting � and correlating the laser
spot movement to the cantilever deflection by Eq. �5�, this
calculated detector output can be directly compared to mea-
sure data.31 This is done in Fig. 8 where it is seen that
with a standard deviation, �=120 �m, an almost perfect
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FIG. 7. �Color online� Top: Deflection of a cantilever measured with the
optical lever technique. A cantilever with length l is deflected by a distance
�V and an angle �. �S is the distance the laser spot has moved due to the
deflection and L is the distance from the point of reflection to the detector.
Bottom: Relationship between cantilever deflection and angular deflection—
the relationship is approximately linear for � / l	0.1.
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FIG. 8. �Color online� The full line is representing experimental data of the
deflection signal which is showing strong nonlinearity in the contact region.
Each of the A, B, C, and D detector outputs were added a constant offset
value of +0.3 V and the deflection signal was subsequently calculated by
Eq. �2�. The dotted line is showing calculated values of how the deflection
signal is expected to look like if one assume a laser spot with a Gaussian
intensity distribution with a standard deviation, �=120 �m. As seen is the
nonlinearity in the experimental data very well described by the laser spot
shape effect.
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agreement between the measured and the calculated detector
output is found. This result strongly supports our experimen-
tal finding—the nonlinearity in the measured deflection sig-
nal is mainly due to the intensity distribution of the laser
spot.

D. Choice of cantilever

The aim of this study was not solely to explore the rea-
sons for the nonlinearity in the detector response, but also to
evaluate how it possibly can affect experimental results. This
study has clearly demonstrated that problems occur if the
laser spot movement becomes too large. The problem can
thus easily be minimized if one always chooses a cantilever
with proper stiffness and dimensions compared to the mag-
nitude of the maximum force one wants to measure. For a
given cantilever length that means: soft cantilevers for mea-
surement of weak forces and stiff cantilevers for measure-
ments of strong forces. Based on the results presented in this
paper one can estimate the maximum cantilever deflection
one should reach in a given experiment and thus also the
optimal relation between cantilever stiffness and cantilever
length as

�V �
l

3L
�Slinear �7�

and

kl �
Fmax

�V
max = Fmax

3L

�Slinear , �8�

where Fmax is the maximum force that will be measured, �V
max

is the maximum cantilever deflection which still gives an
approximately linear detector output, and �Slinear is the cor-
responding maximum movement of the laser spot on the de-
tector �away from the detector center� which still gives an
approximately linear detector output. From the results pre-
sented in Fig. 8 it is found that �Slinear� 1

2�. Thus for our
particular system it is found that

�V �
l�

6L
�

�250 
 10−6 m��120 
 10−6 m�
6�6 
 10−2 m�

= 83 nm

�9�

and

kl � Fmax
6L

�
� Fmax

6�6 
 10−2 m�
120 
 10−6 m

= 3000Fmax, �10�

which means that the maximum force one should measure
with the cantilever used here is �5 nN �or Fmax /R
= �0.7 mN /m�. The length of the optical pathway, L, and
standard deviation, �, of the laser spot intensity distribution
will of course vary slightly between different instruments.
Thus, the exact numbers in Eq. �10� will not be generally
valid and should be confirmed for each particular instrument.
However, since L not is likely to vary significantly between
different commercial AFMs we suggest that as a rule of
thumb, kl�3000Fmax, as a criteria which should be approxi-
mately valid in most situations. Since the lever rule given by
Eq. �5� depends on the length but not on the geometry of the

cantilever, this rule of thumb works for all cantilever geom-
etries �e.g., rectangular or triangular�.

It might sound obvious to use soft or stiff cantilevers
depending on the magnitude of the forces to be measured.
However, since soft and stiff is a qualitative description and
since stiffer cantilevers often also gets shorter it is not easy
to identify the right choice of cantilever without an estimate
as shown above. The literature is full of examples of inter-
esting AFM-based force-separation measurements where this
issue has never been considered. Measuring adhesion forces
with a too weak or short cantilever seems to be very
common,6,32–35 and it has the effect that the magnitude of the
reported forces will be too small if the adhesion force is
calculated from the cantilever deflection �and not from the
jump-out distance, Fadhesion=kDjump-out�. In friction studies it
is common to measure the friction force versus the applied
normal load.8,36–39 If a too weak or short cantilever is used in
such cases it means that the true applied load will be higher
than the apparent applied load. This will give rise to nonlin-
earity in plots of friction force versus applied load. For mea-
surements of short- or long-range surface force, the use of a
too weak or short cantilever40–43 will not only lead to a too
small magnitude of the measured forces but also to an error
in the curve shape and thus to possible wrong conclusions
about the underlying mechanism of the interaction. In most
single molecule studies the cantilevers are properly chosen
since the forces are generally very weak.10–16 However, their
are examples of single polymer stretching experiments where
the measured force reaches large magnitudes.19,44,45 In such a
case an error in the curve shape is introduced, making com-
parisons with theoretical models problematic.

The effect of cantilever stiffness and length on the mea-
sured detector output is illustrated in Fig. 9. The electrostatic
double layer force between a �20 �m-sized silica particle
and a mica surface in 0.01 mM NaCl is here probed by three
different cantilevers. The out-of-contact interaction measured
by the softest cantilever �k=0.023 N /m, l=350 �m� leads
to laser spot movement which is not within the approxi-
mately linear range of the detector. This is also the case for
the interaction measured by the cantilever of intermediate
stiffness �k=0.064 N /m, l=250 �m�. The main reason for
this is that this cantilever also is significantly shorter than the
softest cantilever. Thus, although a stiffer cantilever leads to
a smaller deflection for the same interaction, the shorter
length of this cantilever leads to a relatively larger laser spot
movement as in according with Eq. �5�. Finally, both the
out-of-contact and contact interaction measured by the stiff-
est cantilever �k=0.54 N /m, l=250 �m� shows to be well
within the linear range of the detector. This cantilever is
stiffer due to its larger thickness and not to a reduced length.
This illustrate that, in agreement with the relation stated in
Eq. �10�, both cantilever stiffness and length are important
quantities.

E. Concluding remarks

During the studies presented in this paper it was found
that the observed nonlinearity in the detector output originat-
ing from the vertical deflection of the AFM cantilever in a
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force-separation measurement could be narrowed down to
two contributions.

First, it was found that the total intensity of the light
reflected from the cantilever and directed to the detector was
dependent on the deflection of the cantilever. This will lead
to a nonlinearity in the deflection signal only if it is not
normalized by the sum signal, and since this normalization
normally is done during the data processing in commercial
instruments this effect is not a concern for the normal AFM
user. However, for more nonstandardized experiments where
detector signals are read directly from the detector �by use of
a breakout box� it is important to be aware of this fact.

Second, it was found that the most important source for
the nonlinearity is the shape and intensity distribution of the
laser light hitting the detector. It was shown that the nonlin-
earity in experimentally obtained deflection curves could be
predicted by assuming a spherical laser spot with a Gaussian
intensity distribution.

This nonlinearity in the detector signal is of concern
when determining the inverse optical lever sensitivity
�invOLS�, which is needed in order to convert detector out-
put into real cantilever deflection. This study shows that the
invOLS only has an approximative constant value for small
laser spot movements when the laser spot initially has been
positioned in the center of the detector. This implies that the

invOLS only can be determined correctly when no additional
surface forces �as long-range electrostatic or steric repulsion�
adds significantly to the hard-wall repulsion. If additional
surface forces are present, hard-wall repulsion will not be
reach at the required small laser spot movements. Thus, to
achieve the correct results the invOLS should, e.g., be deter-
mined by obtaining a force-distance curve between noncom-
pliant surfaces in an aqueous solution of high ionic strength.

Finally, we have also shown that the nonlinearity sets a
limitation for the magnitude of the force which can be mea-
sured correctly with a given cantilever. We find a trend that
to weak and short cantilevers are used in many AFM studies
and that this can cause both errors in the magnitude of the
measured forces and in the shape of the force curves. Based
on our analysis we suggest a rule of thumb for the relation
between cantilever stiffness, cantilever length, and the mag-
nitude of the maximum measured force: kl�3000Fmax. We
note that Fmax is the absolute value of the maximum mea-
sured attractive or repulsive force or the maximum in the
constant compliance region used for the data analysis. This
rule of thumb also implies that one should choose a thicker
cantilever rather that a shorter cantilever if one wants to in-
crease the cantilever stiffness to get within the linear detector
range.
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FIG. 9. �Color online� Detector outputs generated by interaction between a 20 �m-sized silica particle and a mica surface in 0.01 mM NaCl by use of three
different cantilevers. The two softest cantilevers show clearly nonlinear detector response both in the out-of-contact and contact interaction region while the
stiffest cantilever �which, to avoid surface damage, was not pressed to the same level of deflection� show a linear detector response in the full measured range.
The inset shows the apparent deflection base on the apparent invOLS obtained from the hard-wall contact region. Here the deflection of the stiffest cantilever
has been up scaled ten times for better visualization. Based on Eq. �9� the upper vertical line provide and maximum allowed deflection for the softest cantilever
while the lower vertical line provide and maximum allowed deflection for the two stiffest cantilevers. Notice that this maximum value has not been up scaled
and that the stiffest cantilever, which thus is deflected to a value that is approximately twenty times smaller than the maximum allowed value, is the only one
which follows our rule of thumb for the relationship between cantilever stiffness, cantilever length and the maximum measured force.
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