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Abstract

Fluidic force microscopy (FluidFM) fuses the force sensitivity of atomic force microscopy with the manipulation
capabilities of microfluidics by using microfabricated cantilevers with embedded fluidic channels. This innovation
initiated new research and development directions in biology, biophysics, and material science. To acquire reliable and
reproducible data, the calibration of the force sensor is crucial. Importantly, the hollow FluidFM cantilevers contain a
row of parallel pillars inside a rectangular beam. The precise spring constant calibration of the internally structured
cantilever is far from trivial, and existing methods generally assume simplifications that are not applicable to these
special types of cantilevers. In addition, the Sader method, which is currently implemented by the FluidFM community,
relies on the precise measurement of the quality factor, which renders the calibration of the spring constant sensitive
to noise. In this study, the hydrodynamic function of these special types of hollow cantilevers was experimentally
determined with different instruments. Based on the hydrodynamic function, a novel spring constant calibration
method was adapted, which relied only on the two resonance frequencies of the cantilever, measured in air and in a
liquid. Based on these results, our proposed method can be successfully used for the reliable, noise-free calibration of

hollow FluidFM cantilevers.

Introduction

Fluidic force microscopy (FluidFM) is an extension of
atomic force microscopy (AFM) with a nanofluidic system
consisting of a pressure-controlled refillable fluid reser-
voir connected to special microfabricated cantilevers with
integrated fluidic channels'. Different types of FluidFM
cantilevers are available for a large variety of applications,
including 2D and 3D printing®™*, the colloidal probe
technique®™’, injection/extraction of liquids into/from
living cells"®, and single-cell force spectroscopy
(SCFS)*'*. The tipless micropipette cantilevers (Fig. 1)
are primarily designed for the latter purpose; the hollow
beam contains a flat, circular aperture (with 2, 4, or 8 ym
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diameter) optimized for the easy attachment of colloidal
particles or living cells”">.

In the above applications, the manipulation of living
cells, beads, and injected/extracted liquids is conducted
under the precise force control of FluidFM cantilevers by
measuring their deflection with the help of a laser beam
reflected back from the cantilever'®. Since the fluidic
channel inside the cantilever is connected to a pressure
controller system, the user has the capability to precisely
control the injection/extraction of the liquids with the use
of nanopipettes (hollow cantilevers with a pyramidal tip)
or with the attachment/detachment of colloidal beads or
living cells to micropipettes by simply changing the
pressure inside the hollow cantilevers.

Single-cell biology has particularly benefited from the
application of FluidFM. The manipulation of mitochon-
dria'®, fungi cells'’, and single-cell cytoplasmic extraction
for mass spectrometry measurements® have all been
demonstrated. Single-cell temporal transcriptomics from
tiny FluidFM biopsies (LiveSeq) could address a broad
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Fig. 1 Structure of the FluidFM micropipette cantilevers. a Scanning electron microscopy (SEM) image of a FluidFM cantilever with a nanopipette
head. b SEM image of a micropipette head with a circular aperture. ¢ 3D reconstruction of the micropipette cantilever in the COMSOL Multiphysics
environment. d Cross-section of the same 3D model, with the channel highlighted in blue

range of basic biological questions. The method intro-
duced recently by the groups of Vorholt and Deplancke
transformed scRNA-seq from an endpoint to a temporal
analysis workflow with the help of FluidFM'®"°.

A particularly interesting and yet unexplored applica-
tion of FluidEM is to precisely measure the mass of
objects (nanoparticles, beads, living cells) attached to the
cantilever’*~?, potentially recording the nanoscale
motion”>~%° of these objects upon interaction with various
chemical or biological agents.

Notably, the above applications can be significantly
scaled up by combining FluidFM technology with a large-
area motorized sample stage and computer automatiza-
tion. These robotic FluidFM setups were successfully used
for mm—cm scale printing of live cell patterns* and to first
measure the adhesion force distributions of large cell
populations'®*® and cancer cells adhering to compact
epithelial layers®’. Robotic FluidFM was also used to
calibrate the signal of other high-throughput devices with
respect to adhesion force and energy; these devices
included large-area  single-cell biosensors'®  and
computer-controlled micropipettes’. Clearly, the precise
force calibration of FluidFM itself has crucial importance
in these directions when FluidFM and an indirect force
measuring technology are combined.

In our recent work, the effect of the special hollow
cantilever geometry on the calibration of the spring
constant (k) and optical lever sensitivity of micropipette
cantilevers was investigated'*. It was found that by using
the FluidFM instrument, which utilized classical thermal
noise tuning and the Sader method for spring constant
calibration, the obtained spring constants had an error of
20%"*. This error is unacceptably high, considering that k
directly scales and influences both the measured force and
elastic modulus during force spectroscopy measurements
or mass measurements'?, The experienced error in the
calibration of the spring constant was traced back to the
improper determination of the Q-factor due to high noise
levels. Compared with normal AFM, other groups also

found that the Sader method had uncertainties of ~20%
when performing the calibration in liquid®®.

In this current study, a different calibration strategy is
provided that eliminates the need to determine the Q-
factor of the resonance frequencies and relies only on the
determination of the first modes of the resonance fre-
quencies measured in air and water.

Theory

The current FluidFM setups implemented the Sader
method®*~**, which relies on the geometrical properties of
the cantilever, such as its width (), length (L) and effec-
tive mass (M,), along with its fundamental resonance
frequency (wf) and quality factor (Q), measured in a fluid
with a density of p;, as in Eq. (1).

k =M. gpszLQFi((uf)wfz 1)

It also uses the imaginary part of the hydrodynamic
function (I'(w)). The real (I';) and imaginary (I';) parts of
the hydrodynamic function represent the effect of the
surrounding pressure on the cantilever®, considering
the added mass and damping stiffness per unit length of the
cantilever®*~®, Instead of its full numerical form™ I'(w) is
often approximated with two semianalytical functions, Egs.
(2) and (3). Here, a;,a, and by, b, are real and imaginary
regression coefficients®>”*°, while § is the thickness of the
thin viscous layer surrounding the cantilever in which the
velocity has been reduced by a factor of 1/e*.

[y(0) = a1 +a <g>: @ +% 2)
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Here, we use the original formulation of the Reynolds

number Re***2 and I’ r(a)f,,)‘w’“, as defined in Egs. (4) and
(5), where p is the dynamic viscosity of the medium and
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Wy, and wy, refer to the nth normal mode of the resonance
frequencies measured in air (a) and in a fluid (f),
respectively.

b*we,
Re(wg) = pf4—wf (4)
U
4p h(“’%ﬂ ~1
Fr(wamwfn) = C#) <5)

py7h

There are three major issues with the direct imple-
mentation of the Sader method for the calibration of
FluidFM micropipette cantilevers. First, it depends heavily
on the precise determination of the Q-factor, which could
be difficult to measure, especially in viscous environ-
ments*”. As extensively demonstrated in our previous
work, the high variation in the obtained k of micropipette
cantilevers originated directly from the position depen-
dency of the detection laser along the length of the can-
tilever and the improper determination of the Q-factor
due to high noise levels at some points'*. Second, the
original hydrodynamic function given by Sader” is the-
oretically applicable for rectangular beams of infinite
length, whose width (b) is greater than its thickness (4)>”.
Although Sader later extended the method to other
arbitrary shapes®> and several commercially available,
nonrectangular AFM cantilever types®, the special, hol-
low structure of the FluidFM micropipette cantilever has
not yet been investigated. Third, the normalized effective
mass (M.) in Eq. (1) is also a geometry-dependent factor.
Sader found that this value was 0.243 for long rectangular
cantilevers®?; thus, M, is often lumped together with /4
and given as 0.1906 in simplified versions of Eq. (1)****??,
However, M. has not yet been directly determined for
FluidFM micropipette cantilevers.

Notably, the robotic FluidFM setup (FluidFM
OMNIUM) implemented the Sader method and pre-
sumed that the original hydrodynamic function and nor-
malized effective mass for infinite rectangular beams
would be applicable for micropipette cantilevers; however,
these were consequential simplifications.

In a recent paper, Payam et al. published an alternative
formula for the calibration of spring constants (Eq. (6)),
which successfully eliminated the dependence on the Q-
factor™. This method only required the measurement of
two resonance frequencies, one in air (w,) and another in
a fluid (wf) (preferably water), in addition to some geo-
metrical (width (b) and length (L) of the cantilever) and
material (density (p;) and viscosity () of the fluid)
properties.

_ wprapgh + 2(:)?’1/2710121 /Pt
16(07, — @f)

k bLw?, (6)
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Since the FluidFM cantilever is intended to be used in
fluidic environments, this calibration method is rather
convenient and straightforward for this instrument.
However, Eq. (6) still relies on the hydrodynamic function
in the form of the two real regression coefficients, 4; and
a; from Eq. (2), which is not available for FluidFM
micropipette cantilevers, as mentioned before. Although
the regression coefficients introduced by Maali et al
(ay = 1.0553; a, = 3.7997; b, = 3.8018; b, =2.7364)" are
widely used in cases where an infinitely long beam sim-
plification is acceptable®®, the applicability of these con-
stants for hollow FluidFM cantilevers has not yet been
experimentally validated.

To obtain the missing constants and, therefore, estimate
the hydrodynamic function of this special cantilever type,
another formula is used, deduced from the Euler-Ber-
noulli partial differential equation, and provided by Payam
et al. in their recent study**. Equation (7) can be obtained
by substituting Eqgs. (4) and (5) into Eq. (2) and connect
the regression coefficients with the general angular reso-
nance frequencies of the cantilever in air (w,,) and in a
fluid (wg) for any given mode (n). In addition to the
previously listed geometrical and material properties, the
areal mass density of the cantilever (p_ /) is also needed.

o [Taipeb 3 (Tmas\/1ps )
SOV g p (VPR
(s 1) ra(0r) = 0

Only the resonance frequencies of the first two modes
in air and water are needed to solve the system of equa-
tions for a; and a,. The resulting equations are given as
Egs. (8) and (9).

3 3
ap.h (‘*’%1 (0f — 03) + 0y (03 — wgl))
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With these regression coefficients and the geometrical
parameters of the cantilever (L, b, &, p.), Eq. (6) can be
used to obtain the spring constant.

Note that although the first two modes of the resonance
frequencies are required to obtain the hydrodynamic func-
tion and its regression coefficients (a; and ay), if these are
already known, then only the first modes measured in air and
water are needed for the spring constant calibration (Eq. (6)).

To obtain the imaginary part of the hydrodynamic
function, the two values of I';(Re), corresponding to Re
values (Eq. (4)) in air and water can be calculated by using
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the resonance frequencies and their quality factors as in
Eq. (10).

dpch + Fr(wfn)

pe1tb
an

Ii(wg,) = (10)

Subsequently, a system of equations can be constructed
based on Eq. (2) for the I';(Re) pairs that can be solved for
by and by. These regression coefficients and the imaginary
part of the hydrodynamic function are not needed for this
calibration strategy, and we noted this possibility for the
sake of completeness.

In the next sections, we will experimentally demonstrate
how this approach can be used for the spring constant
calibration of FluidFM cantilevers.

Experimental
FluidFM setup

A robotic FluidFM setup (FluidFM OMNIUM) from
Cytosurge AG (CH) was used to record the first-mode
resonance peaks from FluidFM micropipette cantilevers.
The setup combined a FluidFM measuring head and
pressure controller system with a motorized stage capable
of manipulating the samples over mm-cm scale areas in a
highly automatized manner®'****”, To note, the instru-
ment was called FluidEM BOT in earlier works™">,

Measurement of higher frequency modes

For the calculation of the regression and spring constants,
the higher flexural mode resonances of a FluidFM micro-
pipette (2 um aperture, ko =2 N/m) were measured using
a DriveAFM from Nanosurf AG (CH). The instrument used
photothermal excitation to directly excite the cantilever.
Photothermal excitation allowed clean and stable actuation
in air and liquids, avoiding the “forest of peaks” known from
piezo-acoustic excitation**, With the AFM’s low noise con-
troller (CX controller), the first three modes of the FluidFM
micropipette in air and liquid were measured. An acoustic
enclosure (AE550) with active temperature control (TEC
controller) was used in combination with a damping table
(Isostage300) to create an environment with low external
disturbance at a temperature of 21.01 + 0.05 °C. Nanosurf’s
PicoBalance Software was used to acquire thermal tuning
and frequency sweep data. The measurements were per-
formed in air and ultrapure water filled in a polystyrene Petri
dish (Falcon).

Results and discussion
Determination of the hydrodynamic function, the
complete calibration method and its comparison with the
Sader method

Examples of the first-mode resonance peaks of FluidFM
micropipette cantilevers measured in water (a) and air (b)
with the robotic FluidFM instrument are shown in Fig. 2.
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Based on 5 cantilevers, the first resonance peak varied
between 70-84kHz in air and 23-29kHz in water.
Notably, the high noise superposed on the peak, especially
measured in air, which affected the determination of the
Q-factor and, in turn, the obtained spring constant, as
discussed in our previous paper'*. Since the bandwidth of
the detector in the robotic FluidFM instrument was lim-
ited by the sampling frequency of the AD converter and
was ~170 kHz, the determination of the second modes of
resonances was not possible with this system. For this
reason, we experimentally determined the resonance fre-
quencies and the hydrodynamic function of the micro-
pipette cantilevers with a Nanosurf DriveAFM.
Additionally, because of the stochastic nature of thermal
noise, substantially longer averaging was needed to obtain
a similarly accurate Q-factor fit value as could be obtained
from directly actuating the cantilever and measuring its
frequency-dependent response. Equipped with a high
bandwidth detection system and CleanDrive Technology
(photothermal excitation), ultralow noise spectra were
acquired, as demonstrated in Fig. 3. The channel of the
cantilever was filled with water for both measurements.

Based on the resonance peak positions of the first two
modes in air and water, the hydrodynamic function and
the spring constant of the cantilever could be determined
by using Egs. (6)-(9), as discussed in the section
“Experimental”. The results are listed in Table 1, while the
real and imaginary parts of the hydrodynamic function are
shown in Fig. 4.

In addition to the resonance frequencies, the calcu-
lations relied on the geometrical parameters of the
cantilever. These were measured by using optical
microscopy images provided by Nanosurf AG. It was
found that the length (L) of the cantilever deviated by
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Fig. 2 Raw thermal noise amplitude spectra of a FluidFM
micropipette cantilever with an 8 pm aperture. a First mode,
measured in water (channel filled with water). b First mode, measured
in air (channel filled with water). The amplitude is given on an arbitrary
scale (measured by the robotic FluidFM system)
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Fig. 3 Tuning spectra of a FluidFM micropipette cantilever in air
and water (channel filled with water), measured with a Nanosurf
Drive AFM. The spectra were obtained with a thermal tuning and
b the company’s CleanDrive Technology. In the latter case, the
amplitude of the spectrum measured in water was multiplied by 5 for
the sake of comparability. The spectra correspond with the data
presented in Table 1

8% from the nominal 200 pm provided by the manu-
facturer (Table 1). At the end of the fabrication pro-
cess, the micropipette cantilevers were attached to a
plastic chip holder, and the precision of this process
determined the actual length of the cantilever (e.g., the
distance between the tip and the base, where the can-
tilever is glued to the plastic base). For the investigated
cantilevers, we found that this position offset could
reach ~20 pm and that the length of the cantilevers was
usually longer than the nominal 200 um. Considering
that the resolution and precision of the micro-
technology used for the fabrication of the cantilevers
were at least an order of magnitude better, we could
conclude that this positioning error could be the factor
that primarily determined the resonance frequencies
and thus the spring constant of the cantilevers.

For the cantilever height (%), a nominal value of 2.2 um,
provided by the manufacturer, was used. For width, an
effective value of 33.8 um was considered, which accounts
for the wings at the two sides of the cantilever (as shown
in Fig. 1d). The effective density (p.) was calculated from a
multiphysics model constructed with the same geome-
trical parameters and a microfluidic channel filled with
water. The channel geometry was provided by the man-
ufacturer: channel height of 1pm, channel width of
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Table 1 The resonance peaks (in air and water),
geometrical properties, obtained hydrodynamic function,
and spring constant determined for a real cantilever based
on measurements

Parameters Measured values
Resonance peaks a1 [kHZ] 77.07
fao tkHz) 47591
fe [kHz) 2740
fry [kHZ] 18843
Qa [-] 14833
On [-] 395
Geometry L [um] 216
b [um] 338
h [um] 22
oc [kg/m?] 2298
Hydrodynamic function g, 0.847
a, 3514
by 2511
by 2426
Re,r [—] 9.07
Rewater [—] 55.17
I(Reain) [-] 201
l(Rewater) [=] 132
I'(Reain) [-] 1.10
li(Rewaren [=] 038
Spring constant k [N/m]—this approach ~ 2.165
k [N/m]—from Sader 2.206

30 pum, wall thickness of 600 nm, pillar diameter of 3 um
and pillar spacing of 11 pm.

By using the calibration strategy discussed in the section
“Experimental”, the resulting spring constant was deter-
mined to be 2.165N/m, which was only 1.85% smaller
than the 2.206 N/m that was obtained by using the built-
in calibration of the Nanosurf instrument, which relied on
the Sader method. Although for the first look, this can be
a positive sign, it can also show that the good agreement
was mostly circumstantial.

There are four main differences between the two methods
that directly affected the determined spring constants with
the Sader method (Eq. (1)): (1) the quality factor (Q) and (2)
the normalized effective mass of the cantilever (M,), (3) the
geometrical parameters (b and L) and (4) the hydrodynamic
function. Regarding the quality factor, due to the low noise
level of the Nanosurf DriveAFM instrument, we can consider
its effect negligible. As we mentioned before, although the
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Fig. 4 Comparison of hydrodinamic functions obtained by
different calculation approaches. Real (a) and imaginary (b) parts of
the hydrodynamic function for the measured cantilever (black) and
the theoretical response for bulk, infinite slabs based on the Maali
regression coefficients (red)

effective mass of the micropipette cantilevers was not pre-
viously determined experimentally, the value established for
long rectangular cantilevers (0.243) was used by the built-in
software. We could determine M, by using the spring con-
stant obtained by our proposed method (by Eq. (6)) and the
actual mass of the cantilever (1), as in Eq. (11). By using the
measured parameters in Table 1 (with the exception of p_,
which was determined by constructing the physical model of
the cantilever and integrating its volume), M, resulted in
0.25, which is only a 2.9% difference.

k k

T mw?  Lbhp,w?,

(11)

e

The differences in the nominal and actual geometries
involved both L and b. As mentioned before, based on
optical microscopy investigations, the cantilever’s length
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was longer than the nominal 200 pm, while the width was
smaller than 36 um, considering the wings. The differ-
ences in the hydrodynamic function could be explained by
looking at Fig. 4, where the real and imaginary parts of I
are plotted as a function of the Reynolds number for the
measured cantilever. The dots represent the directly cal-
culated values based on the first four modes of the mea-
sured resonance frequencies in air and water by using
Egs. (4), (5), and (10), and the curves represent different
regressions of the hydrodynamic function.

The real part of the hydrodynamic function (I';) of the
measured FluidFM micropipette cantilever deviated from
the ideal, infinitely long bulk cantilever, represented by the
red curve, which used the regression from Eq. (2) with the
regression coefficient provided by Maali (a; = 1.0553;
a, =3.7997; b, =3.8018; b, =2.7364)*"). Using the same
regression (Eq. (2)) but determining the coefficients as
described in the section “Experimental” with Egs. (8) and (9)
resulted in the black curve; the coefficients are given in
Table 1. Interestingly, the differences in I';(Re) were mini-
mal in the Re range of water (Re =55) for the two regres-
sions (the Maali regression provides a+7.7% higher I’;).
Since the Sader method used this I';(Reya) for the
determination of the spring constant (see Eq. (1)), the sig-
nificant differences in the real part of the hydrodynamic
function did not affect the calculations.

Based on this, we can conclude that the errors of the
different multiplication factors in Eq. (1) compensated for
each other when calculating the spring constant with the
Sader method (M.: —2.9%, L: —8%, b: +6.5%, I +7.7),
which cumulatively accounted for the relatively small
difference in the obtained spring constants by using the
two methods (see Table 1).

Notably, for the higher resonance modes (namely, 3 and
4), the measured I',(Re) values began to deviate from the
regressions based on Eq. (2). This deviation could be
taken into account by modifying Eq. (2) by adding another
component, as in Eq. (12). As shown in Fig. 4a), this
resulted in a nearly perfect fit (R* = 0.998).

I'lw)=a1+ay <§> =a; + el + asRe (12)

b VRe

Based on Eq. (12), both Egs. (6) and (7) could be
reformulated to incorporate the new component in the
regression, represented by a;. However, without going
into the details, the resulting spring constant differed by
only 0.07% from that obtained by the method using Eq. (2)
with the regression coefficients from Egs. (8) and (9). The
results from Fig. 4a confirmed this, as the regressions
provided by Egs. (2) and (12) did not significantly differ in
the range of water where our calculations were
performed.
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Table 2 The first two resonance peaks (in air and water),
length, and obtained spring constants with the three
different methods discussed in the text for the three
tested cantilevers

Cantilever 1 Cantilever 2 Cantilever 3?

far [kHZ] 77.07 81.41 78.98
fo2 [kHZ] 47591 506.25 485.00
for [kHz) 2740 2835 27.89
fe, kHz) 18843 196.42 189.50
L [pum] 216 210 215
a, 0.847 0.890 0.885
a, 3514 3.727 3411
k [N/m]—~Method 1 2.165 2.360 2.263
k [N/m]—~Method 2 2219 2294 2292
Rel. error [%] 250 —279 1.30

k [N/m]—Method 3 2.055 2174 2.132
Rel. error [%)] —5.09 —7.86 —577

®Cantilever 3 was measured by using a JPK NanoWizard instrument

Conclusively, the hydrodynamic behavior of the
FluidFM micropipette cantilevers differed from the ideal,
infinitely long bulk cantilever; however, in our range of
possible applications, the regressions obtained by Egs. (2)
and (3) provided an adequate approximation. However,
for calibration purposes, the regression coefficients of the
real part (a,, a,) were calculated from Egs. (8) and (9).

Generalized hydrodynamic function and a simplified
calibration method

For instruments that have the possibility (bandwidth) to
measure the first two resonance modes in air and water,
the calibration strategy discussed in the section “Deter-
mination of the hydrodynamic function, the complete
calibration method and its comparison with the Sader
method” could be used. However, the limited bandwidth
of the robotic FluidFM did not permit the determination
of the hydrodynamic function for individual cantilevers.
For these systems, we proposed a simplified calibration
approach that relied only on the first measured resonance
modes in air and water and the generalized hydrodynamic
function determined based on the nominal geometrical
parameters of the cantilevers.

To obtain this generalized hydrodynamic function
and the regression coefficients of its real part, three
cantilevers were independently measured, and a; and
a; were determined as discussed in the section
“Determination of the hydrodynamic function, the
complete calibration method and its comparison with
the Sader method”.
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Fig. 5 Variation of the hydrodinamic function among tested
cantilevers. Real part of the hydrodynamic function for the three
tested cantilevers (Table 2) and their average
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As shown in Table 2 and in Fig. 5, the real parts of the
hydrodynamic functions of these cantilevers were quite
close to each other, and the spread of the curves was the
effect of the geometrical variations of the cantilevers
(expressed through the variations in the resonance posi-
tions). We could define the generalized hydrodynamic
function as the average of these curves, with regression
coefficients of a; =0.874 and a, = 3.551. For calibration
with our proposed method, only the real part of I" was of
interest.

Altogether, there are three possibilities to utilize the
calibration approach elaborated in the section
“Experimental”:

Method 1 relies on all four resonance frequencies (the
first two modes in air and in water) and on the actual
geometrical parameters. This approach can be used where
the instrument permits the measurement of all four
required resonance positions, and the actual geometry
(most importantly the length) of the cantilever can be
estimated based on optical microscopy images. This
complete method is used to initially determine the actual
hydrodynamic function and its regression coefficients by
solving Egs. (8) and (9) and then use the regression
coefficients to determine the spring constant from Eq. (6).

Method 2 uses the regression coefficients of the gen-
eralized hydrodynamic function (a; = 0.874; a, = 3.551),
the actual cantilever geometry, and only the first reso-
nance positions measured in air and water to solve Eq. (6).
This method is suitable for instruments where the
bandwidth limits the determination of higher resonance
modes (e.g., for the robotic FluidFM), and the cantilever
length can be estimated from optical images.

If for some reason the actual cantilever geometry cannot
be measured, Method 3 can be used to solve Eq. (6) with
the generalized regression coefficients (a; =0.874;
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a;=3.551) and nominal geometrical
(L=200 pm, b =33.8 um, & =2.2 pm).

Table 2 compares the performance of the two simplified
approaches with the complete method for the three tested
cantilevers. Method 2 vyielded spring constants with a
relative error below +3% compared to Method 1. This
relative error increased to +8% with Method 3 by omitting
the actual geometrical parameters. Notably, the Sader
method also relied on these geometrical parameters (see
Eq. (1)), and the built-in calibration software of the
robotic FluidFM did not consider their actual values, and
the nominal parameters were also used.

parameters

Dependence on the laser spot position

In our previous work, we demonstrated that with the
robotic FluidFM instrument, the determination of the
spring constant was strongly dependent on the position of
the laser spot on the back of the cantilever'*. This was
shown to be the effect of noise and the variation in the
determination of the quality factor at the different
positions.

To demonstrate the applicability of the calibration
strategy proposed in this study, we repeated the experi-
ment in our previous work and determined the spring
constant of a micropipette cantilever by changing the
laser spot’s position in 1 pm increments along its back-
side, from tip to base (Fig. 6).

The spring constants were determined by the instru-
ment’s built-in calibration software, which used the Sader
method, and Method 3 was used with our approach. This
method was selected for two reasons: first, as mentioned
before, the instrument could only obtain the first modes
of resonance in air and water and second, since the built-
in Sader method utilized the nominal geometrical

e ™
2.0 q 4 150
18 | ® ® 9 0 & 0 0 0% g 00 % g0 e g0 i 140
Ti6q{ "= 1130
= N . s}
< i c
14 e ow L, 120 5
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08 ® Sader method (from FluidFM BOT)
e Our approach (Method 3) 180
0.6 1w Quality factor (from FluidFM BOT)
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T
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18 2

Fig. 6 Spring constant of a micropipette cantilever as a function
of the laser spot’s position along the backside of the cantilever
(from the tip), measured with the robotic FluidFM instrument.
Since the built-in Sader method relies on the quality factor, its variance
along the length of the cantilever is also given
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parameters, these parameters were also calculated for the
sake of comparison.

The resonance frequencies were measured in air and
in water in the exact same laser spot positions, while the
channel was filled with water. The resonance fre-
quencies were very stable (averages: f, = 78.245kHz;
f¢=128.179kHz), and their deviation was in the 10 Hz
(0.01%) range. Thus, the resulting spring constant from
Eq. (6) was also very stable as a function of the laser spot
position (average: k = 1.856 N/m), and its deviation was
~0.2%.

Moreover, the spring constants were directly deter-
mined by the robotic FluidFM instrument and greatly
varied with the position. The variance was the direct
consequence of the improper Q-factor determination:
here, the Q-factor varied between 89 and 119, depending
on the position. As previously shown, due to the extensive
noise (as shown in Fig. 1), the Q-factor could be both
over- and underestimated by the used FluidFM instru-
ment (see for example, Fig. 7 in ref. 14). As a result,
k varied between 1.223 and 1.635. Additionally, the
obtained Q-factors were significantly smaller than those
obtained with the ultralow noise Nanosurf instrument
(~150), which could account for the smaller spring con-
stant values provided by the built-in software of the
FluidFM instrument. This relative error could be as high
as —34%, depending on the position. The difference
between the two calibration methods was much higher
than what was experienced with the lower-noise Nanosurf
and Bruker instruments (see Table 1). Evidently, our
approach based on Eq. (6) was more robust than the Sader
method due to its indifference to the Q-factor and
its noise.

Further fine-tuning

Although the calculated hydrodynamic function for the
micropipette-type FluidFM cantilevers and the proposed
calibration methods have been demonstrated to provide
reliable results with the tested FluidFM instruments, the
model can be further refined. For example, the effect of
reflective metallic coating was not considered in our
current investigation. The omission was partially due to
the lack of proper information on the coating, where the
manufacturer only stated that the cantilevers were coated
with a 40 nm thick Cr+ Au layer; however, the exact
composition was not specified. Additionally, the length of
the coating layer was found to vary.

To estimate the effect of this metallic coating, we used
the measured parameters of Cantilever 1 from the section
“Generalized hydrodynamic function and a simplified
calibration method”. Based on optical microscopy images,
we assumed the coating to be 180 um long (shorter than
the nominal length of the cantilever), 33.8 um wide (same
as the nominal length of the cantilever) and 40 nm thick



Bonyar et al. Microsystems & Nanoengineering (2024)10:26

(as per the manufacturer’s specification) with an effective
density and mass of 16,000 kg/m> and 3.89 ng, respec-
tively: this corresponded to a Cr:Au composition of 1:3.
For the cantilever, we retained the original density and
height parameters in Table 1 (p, = 2298 kg/m® and
h = 2.2 um) and solved the equation system of Eq. (7) (for
n=1, 2). We considered the effect of the metallic layer as
an added mass that scaled the measured resonance fre-
quencies as per the well-known Eq. (13)*.

o Jm  _fm
fres:—mc_F (13)

Here, m. =36.9ng and is the mass of the cantilever
filled with water, without the metallic layer; f,. is its
theoretical resonance frequency; and f, is the actual,
measured resonance frequency of the cantilever, which
can be scaled by estimating 71,44, the added mass from the
metallic layer. In our example, the mass of the metallic
layer was estimated as 3.89 ng, resulting in a frequency
scaling factor (5) of 0.9511. Solving Eq. (7) by using the
geometrical parameters and density of the cantilever from
Table 1 with the scaled frequencies resulted in regression
coefficients of a; =0.8469 and a, =3.6033 and a spring
constant of 2.393. The regression coefficients were very
close to the values in Table 1, calculated without con-
sidering the mass of the metallic layer. However, as
expected, the spring constant increased by 10.5%. We
recommend that users consider the effect of the reflective
coating based on the optical microscopy images made on
the individual cantilevers. Notably, our method could also
be combined with other approaches aiming to fine-tune
the spring constant determination of AFM and FluidFM
cantilevers, as those listed in ref. *.

Conclusions

A method was presented to experimentally determine
the real and imaginary parts of the hydrodynamic func-
tion of FluidFM micropipette-type cantilevers. The
hydrodynamic behavior of the FluidFM micropipette
cantilevers significantly differed from the ideal, infinitely
long bulk cantilever. Using the regression coefficients of
the hydrodynamic function’s real part, an approach was
implemented for the spring constant calibration, elim-
inating the cantilever’s Q-factor and effective mass from
the calculations. The complete calibration method relied
on the determination of the hydrodynamic function based
on the first two resonance positions measured in air and
water and on the estimation of the actual geometrical
parameters (length, width) of the used cantilever. A sim-
plified method was also provided that only required the
first resonance frequencies of the cantilever in air and
water, which could be conveniently measured with the
used robotic FluidFM device. Our proposed method
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yielded reliable and precise spring constant values, with
variation below 0.2% for a given cantilever, which did not
depend on the laser spot’s position on the back side of the
cantilever. The implementation of our proposed method
and formulas could significantly increase the reliability of
force measurements with FluidFM.
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