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Abstract

Atomic force microscopy (AFM) allows us to reconstruct the topography of surfaces with resolution
in the nanometer range. The exceptional resolution attainable with the AFM makes this instrument a
key tool in nanoscience and technology. The core of a standard AFM set-up relies on the detection of
the change of the mechanical motion of a micro-oscillator when approaching the sample to image.
This is despite the fact that AFM is nowadays a very common instrument for both fundamental and
applied research. The fabrication of the micrometric scale mechanical oscillator is still a very
complicated and expensive task requiring dedicated platforms. Being able to perform AFM with a
macroscopic oscillator would make the instrument more versatile and accessible for an even larger
spectrum of applications and audience. Here, we present atomic force imaging with a centimetric
oscillator, an aluminum tuning fork of centimeter size as a sensor on which an accelerometer is glued
on one prong to measure the oscillations. We show that it is possible to perform topographic images
of nanometric resolution with a gram tuning fork. In addition to the stunning sensitivity, we show the
high versatility of such an oscillator by imaging both in air and liquid. The set-up proposed here can
be extended to numerous experiments where the probe has to be heavy and/or very complex, and so
too the environment.
Keywords: atomic force microscopy, instrumentation, tuning fork
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

totally on the oscillator that is the force probe of the AFM. The
standard and most common force probes are cantilevers with
micro- and sub-micrometer dimensions. The quest for ultimate
force sensitivities has pushed the development of alternative
kinds of probes such as unidimensional objects such as nanowires and nanotubes and suspended membranes made of graphene and other 2D materials [8–12]. While the sensitivity is
actually being pushed down to impressive values of zeptoNewton [13], these new probes present important constraints due
to the challenges in the detection and working conditions and it
is not possible to easily move them outside laboratory applications [14, 15]. On the other hand, and somehow in contrast to
this, it is important to develop force probes that couple high
sensitivities together with versatility; in this work, we present a
new atomic sensor, named the MicroMegascope (MiMes), based
on a centimetric harmonic oscillator. The advantages of using
macroscopic probes is twofold: ﬁrst, due to its dimensions, it is
possible to change the speciﬁcity of the probe at convenience.
This allows us then to study interactions in a variety of

The atomic force microscope (AFM) is a powerful instrument,
which allows us to both reconstruct the topography of a sample
surface and measure interactions at the nanoscale. Since its
invention in 1986 by Binning and Rohrer [1], much effort has
been dedicated to this instrument to improve its capacities [2–4]
and to make it affordable. Nowadays, AFM is an essential tool
for a large spectrum of applications ranging from condensed
matter and soft matter to biological science [5–7]. In the most
commonly used conﬁguration, a tiny mechanical oscillator,
externally excited at the resonant frequency, is scanned over a
surface; the interaction forces between a sharp tip at the apex of
the oscillator and the sample induce a change in the mechanical
properties of the oscillator itself. Keeping constant the interactions between the tip and surface during an image allows us then
to reconstruct the sample topography with a resolution in the
nanometer range. While the spatial resolution is only limited by
the size of the tip, the ability to detect interaction forces relies
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Figure 1. Experimental set-up and characterization. (a) Schematic drawing of the experimental set-up; a centimetric tuning fork to which a

ﬁne tungsten tip is attached is mechanically excited by a piezo at its resonant frequency. These oscillations are measured by an accelerometer
glued to the end of one of the tuning fork arms. Signals from the accelerometer are transmitted to a lock-in and a phase-locked loop to keep
both the amplitude and phase between the tuning fork and excitation constant. The tuning fork is attached to a translation stage for a coarse
approach and a piezoscanner is used for a ﬁne approach and nanoscale imaging of the sample. (b), (c) and (d) Resonance curve for,
respectively, the fundamental and ﬁrst harmonic of the normal mode and the fundamental harmonic of the tangential mode.

aluminum. The tuning fork has been designed and realized to
reproduce the same geometry and dimension ratio between
the different elements as in quartz tuning forks widely used in
AFM but with a rescaling factor of 20 [16]. The prong of the
tuning fork is l=7.5 cm long, w=6, 8 mm wide and
t=12 mm thick. The prong oscillations are detected using an
accelerometer directly glued at the extremity of one prong.
The oscillation amplitude A is directly proportional to the
acceleration aacc measured by the accelerometer so that
A = aacc f02 . The tuning fork coupled to the accelerometer
alone represents the MiMes. A similar device has been presented by Bosma et al [17], showing that the topography of a
coin surface could be reconstructed with a resolution in the
micron range. However, by increasing the mechanical properties of the force sensor and the displacement detection in the
nanometer range, we can apply the technique to the ﬁeld
of AFM.

geometries ranging from nanometer size tips up to macroscopic
spheres or more complex shapes ; second, due to its mass
(≈100g) the coupling with macroscopic devices for position
measurements does not affect the mechanical properties of the
tuning fork enough to substantially decrease the force detection
performances of the set-up. In addition to a study of the force
detection performances of the MiMes and to demonstrate the
potential of this new sensor, we perform in this work images at
the nanoscale of a sample in air and totally immersed in a highly
viscous liquid.

2. MiMes: experimental set-up and force sensor
properties
The MiMes is presented in ﬁgure 1(a). The core of the
microscope is a centimeter-sized tuning fork made of
2
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Figure 2. Mechanical response of the MiMes. (a) Resonance curves in air (black) and in vacuum (red). (b) Resonance curves in air (black)

and with the tungsten tip immersed in highly viscous liquid (red). (c) Thermal noise of the MiMes detected through the accelerometer.

Inserting the parameters of the MiMes in equation (3) we obtain
a minimal force detection of 21 pN Hz . This minimum
achievable force can be improved by a factor of one to two by
improving the intrinsic dissipation of our tuning fork, by changing its manufacturing material and/or by working under
vacuum conditions, as shown in ﬁgure 2(a). However, the force
sensitivity obtained for the chosen conﬁguration is already
compatible with near-ﬁeld force measurement and AFM.
The operating principle of a tuning fork as a force sensor
is as follows: when excited by an external sinusoidal force
Fext (w ) = Fext eiwt , the tuning fork behaves in ﬁrst approximation as a spring-mass system with oscillation amplitude
and phase with respect to the excitation given by:

The tuning fork and its accelerometer are attached to an
XYZ micrometric translation stage for the coarse approach. A
piezo-actuator glued to the base of the tuning fork ensures the
mechanical excitation. Furthermore, to perform images of
sample surfaces, a chemically etched tungsten wire with a
radius at the apex of ≈50 nm is glued at the extremity of one
prong. Finally, the sample is placed on a three-axis piezoscanner with sub-nanometric resolution in displacement
(Tritor101 Piezosystemjena).
The spring constant k of the tuning fork is given by:
k=

Ewt 3
,
4l 3

(1 )

where E is the Young’s modulus for aluminum, E=69 GPa
leading to k=480 kN m–1. The resonance frequency of the
fundamental mode is given by:
f0 =
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,
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with γ the damping factor. As the interaction of the oscillator
with its environment is modiﬁed, one observes a change in
both the frequency and amplitude at resonance. The shift in
resonance frequency δf is related to the conservative force
response, whereas the broadening of the resonance (change of
quality factor Q0
Q1) is related to dissipation:

where m eff = 0.24 r ´ t ´ w ´ l = 3, 8 g is the effective
mass of that mode, r = 2600 kg m-3 the mass density of
aluminum. We then obtain f0=1788 Hz. A ﬁnite element
study enables us to test the mechanical parameters and
characteristics of the tuning fork (inset ﬁgures 1(b)–(d)).
In ﬁgure 2, we show the mechanical response of the tuning
fork around the fundamental resonant frequency. Despite its
size, the macroscopic tuning fork is characterized by a low
intrinsic dissipation and a large quality factor up to ≈12000 in
air (ﬁgure 2(a)), allowing the detection of the oscillation amplitude of the tuning fork down to its thermal motion and to
oscillation amplitudes of the order of 15 pm (ﬁgure 2(c)). It is
worth comparing this value to the thermal variance expected for
such a tuning fork, Dxth2 = kB T m eff w 20 , with kB Boltzmann’s
constant and T=300 K the ambient temperature. We ﬁnd
Dxth2 = (10pm )2 , in very good agreement with the experimental
value measured above.
At this point, it is now important to determine the force
sensitivity of our tuning fork. The force sensitivity of an
oscillator in a certain bandwidth B is given by [18]:
Fmin =

Fext
2
meff
(w 20

¶F
df
= 2k ,
¶r
f0
FD =

kA ⎛ 1
1 ⎞
⎜
⎟.
Q1 ⎠
3 ⎝ Q0

(6 )
(7 )

During the experiments, measurements and controls can be
performed in real time by a complete Specs-Nanonis package
(RT5, SC5 and OC4) and two feedback loops enable us to
work at the resonance and maintain constant the oscillation
amplitude A by changing the voltage amplitude applied to the
piezo-actuator (ﬁgure 1(a)).
From equations (6) and (7), the ability to detect the
interaction forces with a sample is determined by the spring
constant of the force sensor and its Q factor. Even if the
stiffness of the tuning fork is an order of magnitude larger
than the classical quartz tuning fork and above the range of

(3 )
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Figure 3. Force curves obtained with a tungsten tip on a silicon dioxide substrate at different frequencies: (a) Fundamental harmonics of

normal mode (≈1350 Hz). (b) First harmonics of normal mode (≈8100 Hz). (c) Fundamental harmonics of the tangential mode (≈700 Hz).
Approach in black, retract in red.

Figure 4. (a) Topographical image of calibration grating (pitch 5 μm, depth 160 nm). (b) Topographical image of a mica surface.

(c) Topographical image of the calibration grating immersed in silicon oil.

Notwithstanding the effects inherent in the piezoelectricity of
open-loop scanners (creep, hysteresis...), these ﬁrst images
obtained with a centimetric oscillator correspond in every
aspect to the criteria expected with a conventional AFM
probe. This irrefutably shows the exceptional sensitivity that
our centimetric mechanical oscillator coupled with microelectromechanical systems detection can achieve.
In order to push the nail even deeper and prove the great
versatility of MiMes, we proceeded to the imaging of the
same calibration grating as above, but completely immersed it
in a highly viscous liquid, silicone oil (10000 cst). Indeed, it
is no longer necessary to specify that AFM imaging in liquid
media is still a challenge to this day. When fully immersed,
the quality factor of conventional levers decreases drastically,
laser detection is deteriorated by beam reﬂection on the liquid
surface and multi-peak resonances appear making it difﬁcult
to distinguish the natural frequency of the lever. To tackle this
problem with a conventional silicon cantilever, speciﬁc
probes has been designed [20, 21]. Similar problems appear
with quartz tuning forks. In our case, our sensor does not
interact directly with the liquid, so its properties and sensitivity are not deteriorated. The image shown in ﬁgure 4(b)
does not show any more defects than the one obtained in the
air and its realization did not require more technical means
than in the air. This completes the demonstration of the versatility, sensitivity and ease of use of the MiMes.

optimal stiffness values for frequency modulation microscopy
[19, 17], we will show in the following that this is not a
limiting factor for obtaining a nanometrically resolved image
of the surface of a sample.

3. Results
To demonstrate the potential of MiMes for force microscopy
we initially performed a series of approach-retract curves on a
silicon dioxide ﬂat surface. The interaction between the apex
of a sharp tungsten tip glued at the extremity of one prong and
the sample surface is detected by measuring the shift in the
resonant frequency. In ﬁgure 3, we present the measurement
for the fundamental frequency of the normal mode, the ﬁrst
harmonics of the same mode as well as the fundamental
frequency of the tangential mode. These measurements prove
that the macroscopic force sensor can detect the near-ﬁeld
interaction forces demonstrating that the technique can be
applied to AFM applications and friction studies.
The AFM images in ﬁgure 4 have been performed in the
so-called FM-AFM. In this mode the substrate is scanned
with constant frequency shift, i.e. constant force gradient. The
amplitude of vibration A of the tuning fork is kept constant at
10 nm. We present in ﬁgure 4 a nanometrically resolved
standard calibration grating with a pitch of 5 μm and depth
180 nm (a) and the topographic image of a mica substrate (b).
4
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4. Conclusions and discussions
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In conclusion, we have demonstrated that a macroscopic
mechanical oscillator can be used as a force sensor for AFM.
Despite the size and mass, the macroscopic tuning fork presents the force sensitivity needed to probe near-ﬁeld surface
interactions and image surface topography with nanometer
resolution, provided a suitable tip is attached at the extremity
of one prong. We have performed atomic force measurements
and imaging in air and in a high viscous liquid, showing no
remarkable effect of the environment on the image quality.
Because of its size, the force sensor can support a macroscopic tip immersed in the ﬂuid, while keeping the force
sensor in the air, maintaining the mechanical properties and
force sensitivity unperturbed.
It is worth citing that beyond the performance for
AFM, centimeter-sized tuning forks can be implemented as
force sensors for a broad spectrum of applications. The
possibility to change the probe size and geometry, ranging
from nanometric tips to macroscopic spheres, allows us to
perform measurements of surface interactions in analogy
with dynamical surface force apparatus [22]. Finally, the
high mechanical stability and low intrinsic dissipation
coupled with the possibility to detect orthogonal mechanical resonances, can open the way to the development of a
new class of instruments for the measurement of friction
phenomena in complex media [23].
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