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Abstract

Force spectroscopy enables the experimental
study of intermolecular and surface forces from
molecular biology to hard material science, by
measuring the interaction force versus the dis-
tance between the surfaces, called the sepa-
ration. However, analyzing large datasets re-
mains challenging. Here, we introduce a ro-
bust and fast method leveraging separation his-
tograms to evaluate force gradients and aver-
age force profiles in force spectroscopy data.
In experiments with constant driving velocity,
an affine relationship between the separation
histogram and the force gradient is demon-
strated, enabling the reconstruction of force-
separation profiles with even spatial resolution
and reduced noise. Additionally, two efficient
averaging schemes are proposed, based on the
cumulative separation histogram of a dataset
and outperforming a conventional interpolation
method. The procedures are illustrated with
data obtained at the interface between an ionic
liquid and a solid substrate by Atomic Force
Microscopy, but are generic to all kinds of force
spectroscopy techniques and systems.
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Force spectroscopy is a powerful way to inves-
tigate intermolecular and surface forces by di-
rectly measuring the interaction force F' be-
tween two surfaces as a function of their sep-
aration distance h.! Applications go from hard
material science to physical chemistry and bi-
ology. It enables to study long-range electro-
static forces between two surfaces,?? as well
as the short-range ordering of a liquid close
to a solid surface.*® Moreover, it is widely
used to study the mechanical properties and
adhesion of various substrates, including poly-
mer coatings, lipid bilayers and biological tis-
sues. 1912 Single molecule spectroscopy of the
folding/unfolding and the adhesion of polymers
and long biomolecules can also be characterized
by tethering the surfaces with the molecule of
interest. 1314

Force spectroscopy measurements can be
performed using well-established experimental
techniques such as optical tweezers,'® Surface
Force Apparatus (SFA),'® and Atomic Force
Microscopy (AFM).” All these techniques are
modeled the same way: one of the surfaces is
attached to an elastic element that acts as a
spring of stiffness k. When the spring is in me-
chanical equilibrium, its deformation d gives a



restoring force —kd exactly opposing the inter-
action force F' acting on the attached surface
due to the opposing surface, as illustrated in
Figure 1; then F' = kd. To vary the separation
h between the two surfaces, either the base of
the spring or the opposing surface is moved by a
distance z perpendicularly to the surfaces. The
separation h(t) is then equal to:

h(t) = z(t) — 2o + d(t) = 2(t) — 20 + %, (1)
where 2z is a constant distance defining the ori-
gin of the separation axis. Beware that the
value of z; differs slightly in each experimental
run due to thermal drifts. It also varies along
the surface because it depends on its topogra-
phy. In practice, zy is often deduced from the
shape of each experimental curve.

Figure 1: Generic sketch of a force spectroscopy
experiment. The force F' acting on the probe
deflects the spring by the distance d with a
probe-surface separation h. The shape of the
undeflected spring is represented in gray dashed
lines. The distance z is varied using a piezo-
electric element (not depicted). In mechanical
equilibrium, the restoring force of the spring op-
poses the force F' so that F' = kd, where k is
the stiffness of the spring.

In many systems, obtaining statistically rel-
evant results requires compiling the results of
a large number of force curves.'?'® A bivari-
ate histogram, also called 2D histogram, is an
efficient visual rendering of a large set of force
curves by color-coding the total number of data
points that fall into each rectangular force-
separation bin,® as shown in the right panel of
Figure 2. Besides, this statistical representa-
tion allows to identify small reproducible fea-

tures buried under thermal and measurement
noise in single profiles.? However, 1D curves are
often more convenient than 2D pictures e.g. for
data fitting or for overlaying different data sets.
Yet, computing an average force profile for force
spectroscopy measurements is not straightfor-
ward, because each force vector is acquired over
a different z — 2y distance vector even for identi-
cal acquisition parameters, because of the vari-
ation of zy (see Supplementary Information Fig-
ure 54 for an example).

In this framework, the cumulative separation
histogram of a series of force-separation curves
has been shown to be a convenient tool to study
the local layering of an ionic liquid close to a
solid substrate in sharp tip AFM experiments.
Indeed the distance between the local maxima
of the histogram corresponds to the average dis-
tance between the successive ionic layers. Since
the seminal works by Black et al.® and Cheng et
al.” in 2015, this very useful, robust, and easy
to compute representation has been spreading
in the ionic liquid community. It has also been
used for advanced analysis of single SFA force-
separation curves.® But what exactly are sepa-
ration histograms?

A separation histogram counts the number
n(h) of data points that belong to the bin of
width Ah centered around the separation h.
The choice of Ah defines the spatial resolution
of the subsequent analysis. The time At spent
in a small interval Ah can be evaluated using
the time derivative of equation 1:

Ah Oh 8z+18F B 8z+18F8h 2)

At — ot ot kot Ot kohot

Therefore, if an approach (or retraction) is
realized at a constant velocity V so that z = V¢,
with a constant sampling rate f,, the number

of points n(h) is a simple affine function of the

: _ OF.
force gradient F' = 5

n(h) = fAt ~ fﬁh (1 — %F’(h)) . (3)

As a result, the force gradient can be easily



computed from the 1D separation histogram:

h
Fo=r(1-20)

No
with a resolution that is controlled by the factor
ng = i S‘éh. ng can be computed directly from

the values of V', f, and Ah, or as the mean
value of n in a region where the force gradient is
equal to zero, typically far from the mechanical
contact. For a given spatial resolution Ah, the
experimental parameters V' and f, should be
chosen so that the factor ng is larger than 1.
The fact that the force gradient I’ cannot be
larger than k due to the mechanical instability
of the spring! coincides with the fact that the
number of data points n cannot be smaller that
zZero.

The force profile can then be reconstructed
over the separation vector h by integrating
F'(n), starting from a separation where the
force is equal to zero (usually at large sepa-
rations). The detailed integration procedure
is discussed in the Supplementary Information,
comparing two slightly different Matlab imple-
mentations that are both included in the Sup-
porting Information. On a single force curve,
this reconstruction is useful to check the valid-
ity of equation 4 and locate where it fails due
to the finite force setpoint, or unsuitable ac-
quisition parameters. Moreover, as the force
is reconstructed over an evenly-spaced separa-
tion vector, data points are added in regions of
the force-separation profile where the measured
ones are scarce due to sharp force variations,
forming a straight line with a slope equal to k
over a jump due to the mechanical instability
of the spring. Another advantage is that the
reconstruction procedure smooths out the ther-
mal noise.

This method is illustrated for a single
force profile in the left column of Figure 2,
using AFM approach curves acquired in
the ionic liquid 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl) (C,mimNTf,) on
mica, with a silicon cantilever of stiffness
kE = 0.25Nm~! equipped with a sharp tip,
following the experimental procedure described
in Bou Tannous et al.? (see the Supporting In-

formation for more experimental details). The
bottom plot shows the separation histogram
and the force gradient computed from equa-
tion 4 corresponding to the experimental force-
separation curve represented in red circles in
the top plot. The local minima in these plots
correspond to layer ejection events (see the Sup-
porting Information for a detailed description
of these layers). Here the acquisition frequency
is fs = 2048 Hz, the measured driving veloc-
ity is V = 62.3nms™ !, and the width of the
separation bin is Ah = 0.05nm, in agreement
with the average number of data points per sep-
aration bin measured between 10 and 30nm:
ng = 1.643. On the top plot, the force profile
reconstructed by integrating F’ matches very
well the experimental one at separations larger
than the leftmost maximum in the separation
histogram, proving the validity of equation 4 in
that region. For lower separations, relation 4 is
no longer valid because the number of points in
the histogram drops due to the finite force set-
point. In the reconstructed profile, data points
are added in the regions between 0.7 and 1.1 nm
and between 1.6 and 2.05 nm, where ionic layers
are ejected.

Interestingly, the same procedure can be ap-
plied on a series of m force curves, as shown in
the right column of Figure 2 for m = 50 succes-
sive approach curves in the same experimental
system. The average force gradient can be eas-
ily computed from their cumulative separation
histogram using equation 4, with ny the aver-
age number of points in a region where I’ = 0
(bottom plot).

Furthermore, from the computation of the
cumulative separation histogram, averaging
the force-separation curves together becomes
straightforward. We propose two very efficient
methods. The first one is simply integrating the
average force gradient, as was done for the sin-
gle force curve. In the top right plot of Figure 2,
the resulting average force profile Fiymnsum 1S Su-
perposed on the 2D force-separation histogram
for the set of 50 experimental curves. Beware
that this method is only valid for experiments
performed with a saw-tooth z displacement
profile as it relies on equation 4. The second
method is applying the sorting pattern of the
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Figure 2: Force versus separation curves (top figures), and corresponding separation histograms
(bottom figures) for 1 AFM approach curve (left column), and 50 approach curves (right column)
in C,mimNTf, on mica. Top figures: (left) the experimental points are represented as red circles,
(right) the 50 experimental curves are represented as a 2D force-separation histogram, where the
total number of data points in each force-separation bin is color-coded according to the colorbar
in inset, with a bin size of Ah = 0.05nm and AF = 0.05nN. In both figures, the black line with
triangle markers correspond to the force profile obtained by integrating F’ computed using eq. 4.
Bottom figures: separation histogram (black line) and opposite of the force gradient F’ computed
with eq. 4 (blue diamonds). The dashed line locates n = ng and F’ = 0. The dotted line locates
n = 0 and —F' = —k. The vertical dashed-dotted line locates the leftmost maximum in the

separation histogram.

separation data to the force data, and simply
averaging together the force data that belong
to the same separation bin. Note that this sort-
ing method is completely generic: it works with
any kind of repeated piezo displacement profiles
(sinusoidal,...), and with any type of data plot-
ted against the separation (frequency of phase
shift, excitation or oscillation amplitude,...).

In Figure 3, the average force profiles Fiymsum
from the integration of the average force gradi-
ent and Fleqian, the median value of the force
data sorted along the separation bins, are com-
pared to the force profile Fjyerpz Obtained us-
ing a conventional averaging scheme. The con-

ventional scheme! computes the median force

value after interpolating the forces over a com-
mon distance vector z — zg to deal with the dif-
fering zp, then deduces the associated separa-
tion h from the chosen distance vector and the
average force Fiperpz Using equation 1. Compu-
tational details for the three averaging schemes
are given in the Supplementary Information
and Matlab implementations are included in
the Supporting Information. Overlaying these
force profiles on top of the 2D histogram shows
that all three methods give a very good but
slightly different representation of the average
force profile. As expected, the two histogram-



4% 150
[2]
3t S 100
z 8
c y—
~ o
sof 3
O i E 50
T z
ro
i
|
or |
0 1 2 3
Separation h (nm)
Figure 3: Comparison of three averaging

schemes tested on 50 AFM approach curves in
C,mimNT{, on mica, displayed as a 2D force-
separation histogram as in the right column
of Figure 2. Black line with triangle mark-
ers: force profile F,,msum Obtained by integrat-
ing F’ computed using eq. 4. White line with
square markers: average force profile Fijeqian Ob-
tained by computing the median of the force
data sorted along the bins of the separation
histograms. Red circles: average force profile
Finterpz obtained by averaging the forces after
interpolating them over a common distance vec-
tor z—zg. The separation vector h in the z—axis
is then computed from z — zy and the average
force using equation 1. The vertical dashed-
dotted line locates the leftmost maximum in
the cumulative separation histogram (Figure 2,
bottom right).

based methods fail for separations lower than
the leftmost maximum in the cumulative sepa-
ration histogram and should not be exploited in
that region. Fiymsum and Finerpz are in excellent
agreement, which fully validates the evaluation
of average force gradient. However, Fl,cgian dif-
fers from the two other curves in the layer ejec-
tion regions. Indeed by construction, the slope
between adjacent points is constrained to re-
main below k in Fiymsum and Fiyterpz (as in indi-
vidual experimental force curves), while there is
no such constraint in the data sorting method.
As a result, Feqian can follow more closely the
crest line of the 2D histogram around 5nm,
just before the ejection of the inner ionic layer,

than the other two average profiles, but is less
smooth than F,,,qm in the layer ejection re-
gions where there is a low number of data points
due to mechanical instability. Note that in
these regions, there is no data points for the
conventional average Fiyerpz. There are two
main advantages of the histogram-based aver-
aging schemes over the conventional one. First,
they are built over an evenly-spaced and user-
defined separation vector, whereas Fipierpz is de-
fined over an unevenly-spaced separation that is
specific to the corresponding data set. Last but
not least, the sorting procedure is twice faster
than the conventional one, while the integra-
tion procedure (including the computation of
the cumulative histogram) is more than 30x
faster than the conventional one, resulting in a
significant gain in computational efficiency.

To conclude, taking benefit from the separa-
tion histogram opens a powerful and efficient
data analysis toolbox for all kinds of force spec-
troscopy techniques. For quasi-static experi-
ments performed with a saw-tooth z displace-
ment profile, the force gradient of a single force-
separation curve can be easily evaluated from
its affine relationship with the separation his-
togram, with neither smoothing nor fitting of
the data. It can then be used e.g. to automati-
cally detect rupture events in a large number of
force curves obtained by AFM2%:2! and optical
tweezers.?? Furthermore, integrating the force
gradient reconstructs the force profiles over a
user-chosen and evenly-spaced separation vec-
tor and smooths out the thermal noise, facili-
tating a quantitative comparison between sev-
eral curves such as approach and retraction pro-
files. Likewise, applying the same procedure
from the cumulative separation histogram of a
series of experimental curves yields the aver-
age force gradient and an average force profile.
Alternatively, the computation of the cumula-
tive histogram provides a sorting pattern than
can be used for computing the average profile
of any kind of data plotted against the separa-
tion h, for any kind of repeated z displacement.
Therefore, this strategy can also be applied in
dynamic force spectroscopy experiments, when
the spring is oscillated and dynamic quantities
such as the oscillation amplitude are recorded.



Finally, when averaging a large number of data
sets, replacing numerous interpolations by the
evaluation of a single histogram allows a major
gain in computational efficiency.
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Supporting Information Avail-

able

Detailed description of the experimental proce-
dure and layering of the ionic liquid, data treat-
ment, numerical implementation of the force
gradient computation and of the averaging pro-
cedures, and detailed comparison of averaging
schemes (PDF). Corresponding Matlab func-
tions are also given as Supporting Information

(ZIP).
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