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Abstract. This paper presents the design of a new tool for 3D ma-
nipulations at micro and nanoscale based on the coupling between a
high performance haptic system (the ERGOS system) and two Atomic
Force Microscope (AFM) probes mounted on quartz tuning fork res-
onators, acting as a nano tweezers. This unique combination provides
new characteristics and possibilities for the localization and manipula-
tion of (sub)micronic objects in 3 dimensions. The nano robot is con-
trolled through a dual sensorial interface including 3D haptic and visual
rendering, it is capable of performing a number of real-time tasks on dif-
ferent samples in order to analyse their dynamic effects when interacting
with the AFM tips. The goal is then to be able to compare mechanical
properties of different matters (stiffness of soft or hard matter) and to
handle submicronic objects in 3 dimensions.

Key words: Atomic Force Microscope (AFM), ERGOS Force-Feedback
transducer, Haptic Interface, Nanomanipulator, Real-Time, Tuning-Fork

1 Introduction

Consistent improvements of nanotechnologies have opened the way to the pos-
sibility of manipulating, modifying or measuring single nano-objects with very
high efficiency. However, those actions still represent an important challenge [1,
2], often linked to the different set of rules that govern the nano world at vari-
ance with macro world (adhesion forces larger than gravity, for example) [3, 4].
In such unusual world “easy” actions can turn in very difficult tasks, like drink-
ing a glass of water in a weightlessness spaceship.
This paper deals with the development of a 3D multi-sensorial interface nanoma-
nipulator using the ERGOS haptic system (bandwidth over 10kHz for a max-
imum force of 50N). This high performance haptic device is coupled with two
nanometric tips glued on resonant quartz tuning forks as nanoforce sensors/ ac-
tuators. This unique and innovating combination between a haptic device and a
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dynamic force sensor provides new opportunities for nanomanipulation in com-
parison to a classical AFM cantilever. Used in static mode, conventional AFMs
used in nanotweezers mix mechanically the two functions of action and force
detection. To the contrary, the tuning fork can distinguish these two functions
thanks to its high spring constant and the very small oscillations necessary for
the detection (see Sect. 3).
Thanks to our custom-made interface, teleoperations in 1D, 2D and 3D are
available via the coupling of real measurements with basic virtual information.

2 Description of the Multisensorial Haptic Interface

For teleoperation action at the micro and nanoscale, the user controls the posi-
tion of one or two AFM probes (see Fig. 1) through a multisensorial interface.
Indeed, the experimentalist could choose to perform action with a single nano-
finger or two nano-fingers. To perform the micro-nano task, two complementary
interfaces are available: haptic rendering (described in detail below) and visual
rendering based on an optical objective mounted on a CCD-camera.
The haptic system is an ERGOS interface composed of two 3 degrees of freedom

Fig. 1. (a) User space: 3D Joysticks from ERGOS system; (b) Task space: tuning
fork AFM probes mounted on 3D piezoelectric scanners (MiniTritor from PiezoJena

System)

Joysticks allowing each 3 translational motions in XYZ reference [6]. The full
workspace of the slave robot (the 3D piezoelectric scanner) is a cube of 40µm

side. Thus, a similar workspace geometry has been selected for the haptic system:
a cube of 2 cm side for each joystick is mapped into the working space of the 3D
piezoelectric scanner via a tuneable scaling factor that can vary the micro-cube
side from less than 1µm to 40µm. To create this cubic workspace, we imposed
virtual boundaries by applying elastic forces to the joystick when it reaches a
point of the cube surface in order to make the user feeling a wall. The stiffness
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of those elastic forces must be high enough to clearly define the inner working
space. Given the variety of tasks and samples, this virtual environment must
be flexible. So, the virtual environment parameters can be modified at will via
the dashboard screens of the real-time software (programmed in Labview lan-
guage). As an example the user can choose a rectangular, a flat or an arbitrary
1D direction as workspace or just freeze the joystick in one point. This virtual
environment provides the basic virtual guides to assist the user in his/her action
tasks.

3 Quartz Tuning-Fork as a Force Sensor/Actuator

Quartz Tuning Fork (TF) resonators replaces silicon cantilever in those atomic
force specific applications where optics free detection is required [7]. Indeed, the
main advantages of the TF are: (1) a compact ergonomics, quite compatible
with other set-up (SEM, Scanning Electron Microscope, for example), (2) a high
spring constant K (around 45kN/m versus few N/m for standard AFM can-
tilever) that eliminates the position hysteresis of the tip when it gets in contact
with the surface (the snap on and off is avoided). From a haptic point of view
this high spring constant is a key issue to avoid the limitation due to the actu-
ator stiffness in the force measurement and its haptic rendering with an AFM
cantilever.
The use of a TF can allow to work in liquid environments [8], necessary for ap-
plications in biology.
The TF is used in dynamical mode: it is excited with sinusoidal signals close to
the resonance frequency (ω0 ≈ 32kHz), and it behaves as an harmonic oscillator.
When an interaction occurs between the tip and the surface, the resonance fre-
quency is modified. The frequency shift is measured with a Phase Locked Loop
(PLL). Considering just small oscillations, the frequency shift ∆f is related to
the force gradient as [9]:

∆f =
ω0

2K

∂F

∂z
(1)

where ∂F
∂z

is the gradient of the tip-surface force along the Z direction.
The relationship between the force gradient and the z component Fz of the force
between the tip and the sample can be approximated by the equation [10]:

Fz = A
∂F

∂z
(2)

where A is the oscillations amplitude. The amplitude A depends on the intensity
of the TF exciting signal. In practice, a PI controller maintains A constant (by
adjusting the intensity of the exciting signal) leading to a proportional relation-
ship between the force and the frequency shift:

∆f =
ω0

2KA
Fz (3)
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Nevertheless, those approximations hold as long as the oscillation amplitude A

is small compared to the average tip-surface distance (one order of magnitude
lower). This condition fits with typical experimental conditions where A is about
few angstroms while the average tip-surface distance is about few nanometers.
The force feed-back is then calculate via a linear equation:

Ffeedback = C · ∆f + D (4)

where C and D are tuneable parameters adjusted to the sensitivity required by
the experimentalist and the stability of the system (see Sect. 4).
This force is a 1D force and should naturally be applied in the Z direction to
correspond to the TF measurement. We performed our 1D experiments in this
configuration.
However, for 2D manipulations, a different configuration has been chosen. The
Ffeedback is applied on the three directions of the user space. The direction of the
force is imposed to be the opposite to the motion but does not correspond to real
3D force measurement in the task space as the TF can only measure force in 1D.
In this condition, the user detects the contact whatever the direction he is moving
on but he cannot distinguish the direction of the interaction force between the
tip and the sample. Thanks to this configuration, a 3D haptic recognition of the
sample has been achieved (see Figure 4, Section 5).
To overcome the lack of a complete information about the interaction, we plan
to develop a virtual nanoscene associated to the real one. The virtual nanoscene
will allow to simulate the associated force fields, and can be used in parallel with
the teleoperation measurement in a Augmented Reality configuration. Via this
configuration, the lateral force can be eventually evaluated. A similar approach
have been already implement by others groups [11].
A second approach relies on the possibility of a dual excitation of the TF arms:
the first in the vertical and the second in the lateral direction. From the resulting
double information on the tip-sample interaction, a 3D reconstruction of the force
field can be computed based on the approach implemented by Onal and Sitti
[12] for a contact mode configuration with an AFM cantilever.

4 Real Time Control

The system setup supports two independent calculation systems as illustrated
in Fig. 2. They are connected by an analogue signal (Frequency Shift).
The first system is a PLL from the commercial Nanonis electronics that is com-
posed of a National Instruments FPGA card running at 5MHz. It controls the
tuning-fork oscillations and measures the frequency shift (see Sect. 3). We no-
tice here that the entire Nanonis Electronic System can also be configured to
restitute classical AFM images.
The second element is a DSP card from Sheldon Instruments. This card links
the master and slave robots, it has been programmed in LabView via QuView
librairies supplied by Sheldon. The card is equipped with Input-Output channels
of 16bits resolution at a sample rate of 10kHz. To run in Real-Time configuration
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Fig. 2. Real-Time Control Loop: Oscillation Controller from Nanonis System and a
DSP card from Sheldon Instruments to implement the man-in-the-loop control.

the algorithm also runs at 10kHz (single point mode).
Our system presents the ideal properties for the transparency of the set actu-
ator/haptic interface: a high stiffness transducer, a high speed Real-Time con-
trol loop and a high quality features haptic device (ERGOS system, mechanical
bandwidth over 10kHz). This configuration assures that the user controls the tip
through a rigid stick, thus making the reproduction of fast nano-phenomenons
and hard-contact rendering possible.
The drawback is the increase of instabilities of the haptic interface. The problems
of stability in haptic macro and nano-manipulation should not be underestimated
due to the sensibility and time delays of the force sensor and the huge dynamics
of the interaction stiffness between the tip and the sample. In the present work,
the easiest solution has been implemented: we use a linear transformation to
reproduced the nano interaction force on the haptic device (see Equ. 4). The
amplification gain (C in Equ. 4) is manually adjustable and has to be chosen
carefully in order to avoid any instability. This parameter is sample and task de-
pendant. The D parameter in Equ. 4 is used to balance the static error (natural
drift) of the ∆f .
Better solutions to preserve the passivity of the system are under examination.

5 Experimental Results

Teleoperation experiments have been carried out in air at room temperature to
validate the contact detection in 1D or 3D using well characterised samples.



6 Venant et al

3D Basic teleoperation mode: grabbing of a microsphere

A glass microsphere of 20µm (diameter) has been successfully pushed, grabbed
and held above the surface with the two tip system via visual rendering and
joystick control (Fig. 3) but without force feedback. At the end, the user can
maintain the micro-objet above the surface for several minutes.

Fig. 3. Manipulation of a 20µm diameter glass sphere: during the manipulation, the
sphere has been pushed; (a) grabbed; (b) held over the surface.

2D Basic teleoperation mode: manipulation of a microsphere

A latex sphere of 2µm of diameter has been moved by one tip, using a 3D force
feedback in the user space. This 3D force, built on the user’s motion (see Section
3) enables to explore haptically the sample. After the sphere has been haptically
localized (Fig. 4(a)), it has been moved on the surface for few microns without
damage (Fig. 4(b)).
Despite the easiness to manipulate the sphere with 3D force feedback, a strong
limitation still persists: the micro-object is manipulated by a 3D displacement
of the tip, but the complete picture of the interaction is still unknown as only
the Z component of the force is measured.

1D teleoperation: Exploration of the sample elasticity

The interaction force between a tip and a PDMS circular membrane (soft sam-
ple) has been probed and the corresponding force on the haptic device recorded
(Fig.5). Thanks to the high spring constant of the TF, the frequency shift varia-
tion could be attributed only to the sample deformation. This experiment cannot
be realised with an AFM cantilever due to the limited cantilever stiffness.
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Fig. 4. Manipulation of a 2µm latex sphere: (a) the sphere has been haptically “felt”
via a 3D force feeback and then pushed for few microns along the surface; (b) Frequency
Shift and Force Feedback signals in function of time (s) during the displacement of the
sphere.

Fig. 5. Approach-Retract Curve over a PDMS (polydimethylsiloxane) circular mem-
brane with the haptic interface manipulator. Membrane diameter and thickness: 5mm;
10µm.
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6 Conclusion

The set of experiments validates the efficiency of the dual independent probes
as a gripping micro/nano-prehensor and its coupling with a Real-Time hap-
tic interface. All the experiments have been accomplished several times with
good repeatability and no need of particular dexterity. In addition, this work
demonstrated the relevance of frequency shift measurements in the task space to
transfer them in force information in the user space. This result paves the way
for the nanomanipulation in dynamic mode with rigid micro-transducer.
In the next step, a more complex simulated nano environment will be imple-
mented to provide additional virtual information like realistic 3D force field and
visual surface rendering.

Acknowledgments. Curie Institut, Paris, for providing PDMS samples.
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