
Robotic in situ stiffness cartography of InP
membranes by dynamic force sensing
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Abstract—Typical methods of measuring mechanical proper-
ties at the micro-scale are destructive, and do not allow proper
characterisation on resonant MEMS/NEMS. In this paper, a
cartography of local stiffness variations on a suspended micro-
membrane is established for the first time, by a tuning-fork-
based dynamic force sensor inside a SEM. Experiments are
conducted on InP membranes 200nm thin, using a 9-DoF nano-
manipulation system, complemented with virtual reality and
automation tools. Results provide stiffness values ranging from
0.6 to 3 N/m on a single sample.

I. INTRODUCTION

As of now, the behaviour of micro- and nano-scale res-
onators is not fully understood due to nonlinearities in their
dynamics [1]. Research on the subject primarily consists in
modelling and analysis. Reliable values from actual measure-
ments of their mechanical properties are desired in order to
provide the parameters to be used in simulations, confirm
current suppositions concerning these small-scale dynamics,
and predict their resonant behaviour. Typical measurement
methods involve inherently destructive protocols which either
rely on indenting samples, or applying enough pressure
to deflect MEMS sensors. These methods can make the
measurement itself unreliable [2]. Furthermore, they do not
allow precise mapping of several points on a single sample,
as the mechanical properties of the sample are potentially
modified after each measurement.

Suspended micro-membranes (Fig. 1) are especially frag-
ile (Fig. 2). Hence, non-destructive measurement on these
samples first requires non-destructive mechanical positioning
with accurate nanometer-range resolution. Since accurate
manipulation has to be conducted by nanometric steps, it
is excessively time-consuming if entirely handled by unas-
sisted human operators. Automating some of the repetitive
positioning operations is useful in alleviating the workload.
This semi-automation brings the duration of experiments
down to achievable levels for research purposes, and is an
important first step before full automation. Virtual reality
is another practical tool which, in addition to facilitating
manual operations and providing a representation of confined
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setups, can run simulations concurrent to the experiment.
Developing these tools is part of the process towards enabling
meticulous manipulation. Although the state of the art in
micro-robotics now provides actuators which are accurate and
dexterous enough to perform the required operations in terms
of positioning and control, invasive measurement methods are
unsuitable for use on micro-membranes. Therefore, the aim
of this work is to demonstrate a proof of concept for a micro-
scale stiffness cartography measurement method on fragile
structures. Herein, the stiffness of a suspended InP membrane
is locally measured by contact at several points of its surface,
using a self-sensing quartz tuning fork probe controlled in
frequency modulation. Experiments are conducted in situ
through a robotic nanomanipulation system implemented in
a scanning electron microscope. Section II summarises the
state of the art in micro-robotics, and mechanical properties
measuring, relevant to this study. Section III details the
equipment and manipulation setup. Section IV describes the
stiffness measurement method, and the experimental results
thereby obtained.

Fig. 1. Suspended membrane. Dimensions 10x20 µm, thickness 200 nm.

II. STATE OF THE ART

A. Micro-robotic manipulation

Nowadays, micro-manipulation experiments are often per-
formed under SEMs (scanning electron microscopes) rather
than optical microscopes, partly because classical optical
microsopy reaches its limits in resolution, but mainly because



Fig. 2. Above: destroyed hinge (left) or destroyed suspension pads (right)
due to electrostatically induced collisions between the tip of the probe and
a sample. Below: consequences of careless manipulation of the local probe.

of the benefits of the significant depth and field of view
offered by a SEM. This asset is most convenient at small
scales, not only to bring the tools within operating range of
the targeted samples, but also for the manipulation of any
three-dimensional object. It is thus used for in situ electrical
[3] or mechanical [4] characterisation, including mechanical
characterisation of biological samples like cells [5]. In such
experiments, the SEM can also be coupled with FIB (focused
ion beam) [6] or STM (scanning tunneling microscope) [7]
techniques. Challenges posed by the use of a typical SEM
are largely related to the implementation of the experiment
in the vacuum chamber and its operation under an electron
beam. All materials must be vacuum-compatible to prevent
outgassing. Specific measures must also be taken towards
heat dissipation from the equipment, as there is no convection
cooling. Furthermore, tools and samples must be conductive
enough to prevent electrostatic charging. Current-generation
SEMs and ESEMs can allow for more leeway regarding these
requirements. As for the micro-manipulation platforms, com-
mercially available actuators offer nanometer-scale resolution
over up to millimeter-scale travel ranges. Sub-nanometer
resolution can comparatively be achieved over micrometer-
scale travel ranges, and the desired degrees of freedom (DoF)
are obtained by assembling axial positioners. Delicate micro-
manipulation also greatly benefits from being complemented
by virtual reality and haptics [8]. Such techniques have
for instance been employed inside a SEM for the micro-
manipulation of organs, capillaries and cells [9], by coupling
probes and manipulation tools with a commercial haptic
device. Technical performances in virtual imaging are more
common in AFM (Atomic Force Microscopy) but had not
yet been exploited for the mapping of mechanical properties.
Coupling a manipulation system a with virtual reality and
automated control helps in achieving these measurements on
fragile structures.

B. Mechanical properties of membranes

Micro-scale membranes are often fragile due to their
thinness and suspended architecture. Interest lies in charac-
terising resonators in their operating configuration, therefore
the measurement method must not induce any displacement
prone to affect the suspension or rupture the hinges. Further, a
cartography requires measurements on several points without
compromising the sample. The main methods of mechanical
characterisation at the micro-scale are MEMS-based and
classical AFM-based techniques. MEMS-based techniques
rely on buffering beam deflection [10] or indentation [5].
Classical AFM-based techniques mainly involve the deflec-
tion of a cantilever and are equally destructive, but can be
complemented by CNTs to offer greatly increased sensitivity.
[11] Mechanical characteristics can be obtained through
models [12], though they require measurements in the first
place. At a larger scale, vibrational techniques have been
used for the local mechanical characterisation of thin films
[13]. The approach proposed here is a micro-scale vibrational
method which does not involve any strain or deflection, using
a resonator-based dynamic force sensor as a local probe.

C. Tuning forks as sensors

Tuning forks have been mainly used in AFM in the
qPlus configuration [14]. In that configuration, a probe tip
is attached to one prong, and the other is fixed. The high
sensitivity and stiffness of these sensors have been exploited
in developing non-destructive imaging, including non-contact
imaging. They have been admirably used for sub-atomic
resolution AFM [15]. Self-sensing resonator AFM techniques
are not limited to quartz tuning forks and can be applied with
other models, including monolithic crystal resonators. Com-
mercially available resonators exist in various geometries
and eigenfrequencies, which can be used for higher imaging
speed and increased dexterity in manipulation [16]. Besides
the non-destructive aspect, there are practical advantages
to using these self-sensing probes instead of the classical
microfabricated cantilevers, not the least of which is the
relative simplicity of implementation under an electron beam.
The sensor used in this work doesn’t have a fixed prong,
and benefits from the high sensitivity and small oscillation
amplitude of the tuning fork for non-destructive operations.
Although its principle is identical to that of an AFM, it is
used for mechanical characterisation rather than microscopy.

III. MANIPULATION SETUP

A. Overview of the robotic manipulation system

The nanorobotic manipulation system (Fig. 3) is imple-
mented in a Scanning Electron Microscope (Hitachi S-4500).
It consists in a 3-DoF Cartesian manipulator and a 6-DoF
”hexapod” sample holder platform (SmarAct GmbH, custom-
built). Both are composed of closed-loop axial stick-slip
actuators. The hexapod’s mobility is used to obtain the
desired angle between the tool and the sample through its 3
rotational DoF. The actuators offer an ascertained resolution
better than 2 nm over a travel range of 12 mm, and are



Fig. 3. Robotic manipulation platform (SmarAct GmbH); overall dimen-
sions: 11x13x4 cm.

used both for coarse and fine positioning. Their closed-loop
resolution is determined by the performance of their optical
sensors [17]. The SEM view is used to calibrate the initial
positioning of the tool relative to the samples, and identify the
membrane amongst a batch to operate on in situ. The large
travel range of the actuators is taken advantage of to access
any membrane from a large batch. The whole platform can be
tilted at an angle up to 45◦ to discern and accurately control
the point where the tip of the probe touches the sample.

Fig. 4. Manipulation setup inside the SEM vacuum chamber.

B. Probe fabrication and integration

The probe used in this paper was fabricated using a
CF308 quartz tuning fork (Citizen America) removed from
its canister, with a free resonance frequency of 32.768kHz.
The probe is composed of the tuning fork, with a tungsten
probe tip of 1-2 mm length with a tip radius <100 nm
(T-4-5 Picoprobe, GGB Industries) manually glued on the
side of one prong using conductive silver epoxy (EPO-TEK
H21D, Epoxy Technology). The resulting unbalance reduces
the quality factor of the tuning fork, so the weight is then
compensated by adding a small deposit of epoxy on the
other prong (Fig. 5). The tip is connected to ground through
the electrode of the prong it is attached to, to prevent its

electrostatic charging under the electron beam. Its use as a
local stiffness sensor is explained in Section IV. The tuning
fork is then fixed on the manipulator. The probe is connected
to a custom electronic preamplifier adapted for use under
the electron beam of the microscope [18], and an oscillation
control system (OC4-Station, SPECS-Nanonis) with a data
acquisition card as previously described in [19].

Fig. 5. 35◦ inclined top view of the tuning fork probe by SEM. During a
measurement, the apex of the tip is brought into contact with the samples.

C. Virtual Reality interface

Both the hexapod and the manipulator can be driven
manually from a control unit, or by remote control through
their virtual counterparts on a computer (Fig. 6). This virtual
reality system includes a 3D model of the manipulation
unit, rendered in the physics engine of the Blender soft-
ware (open-source, Blender Foundation). While it does allow
unskilled operators to interact with the nano-world, it is
mainly designed as a practical tool to assist experienced
manipulators by providing a free view of the operation, which
can be rotated around or magnified on the area of interest.
Once calibrated, the virtual reality system allows the user
to swiftly and safely bring the tool within operating range,
close to the sample. The view offered by a SEM can be
insufficient due to its being two-dimensional, and might even
be macroscopically cluttered or otherwise obstructed during
experiments. The real-time 3D visualisation thus completes
the qualitative SEM view with quantified distances. Virtual
reality can also provide a representation of a geometrically
known sample as a visual reference, in order to operate
without continuous use of the microscope view. This can
be useful for samples that risk deteriorating if exposed to
the SEM electron beam for extended periods of time, but
also to pre-visualise nanohandling sequences. This can also
be extended to the use of equipment which cannot function
simultaneously with the electron beam.

IV. STIFFNESS MEASUREMENTS

A. Principle of tuning fork stiffness measurement

In a quartz tuning fork, the quartz crystal prongs oscillate
when excited by the electrodes set on each prong. The
oscillation amplitude is of a few Ångstroms or less. Due
to the design of the electrodes, the tuning fork is excited
in its anti-phase coupled oscillation mode. All mentions of
resonance henceforth refer to this mode.

Dynamic force sensing with a tuning fork can be done in
AM/PM (Amplitude/Phase Modulation) or FM (Frequency



Fig. 6. Blender virtual reality system interface.

Modulation) modes. Here, the tuning fork is used in FM
mode to benefit from its high quality factor. [19] The quality
factor Q is related to the tuning fork’s sensitivity. Q is
considerably higher in a vacuum, as there is no energy loss
from friction with air molecules. In a 10−4 Pa vacuum, the
manufactured sensors have Q ranging from 20000 to 60000
(versus 5000 to 10000 in the air). The sensor used in this
paper has a Q of 30000, including the tip.

In FM mode, an electrical excitator applies a voltage to the
tuning fork to drive it at its resonance frequency f0, and feeds
back the resulting current in a preamplifier for regulation by
the PLL (phase-locked loop) and an AGC (automatic gain
control), analysing its frequency shift while keeping constant
both phase and amplitude. The relation between frequency
shift ∆ f and sample stiffness ksample is obtained using the
coupled oscillators model presented in [20] (Fig. 7), which
unlike single-cantilever models, takes into account oscillation
dynamics as affected by the coupling of the two prongs of the
tuning fork - with each prong a harmonic oscillator modelled
as a clamped beam. ∆K represents the effective stiffness of
the combined tip and sample,

∆K =
1

1
ktip

+ 1
ksample

(1)

It is assumed that the tip is much stiffer than the sample, and
therefore ksample ≈ ∆K. The resolution of this model gives
ksample proportional to ∆ f factored by the tuning fork sensor
sensitivity

ksample =

(
2kprobe

f0

)
∆ f (2)

with kprobe the effective elastic constant of the whole tuning
fork probe, including the added probe tip and its counter-
weight. There are several ways to measure kprobe. [21] The
value used in this paper is 10.7×103 N/m [22] and relies
on a geometrical method, which sums up the stiffness of
both prongs based on their dimensions and materials, and
evaluates the coupling elastic constant at 20-35% of the total.
[20]

B. Manipulation protocol

The experiments aim to successively measure the stiffness
on several points along the surface of a suspended micro-

Fig. 7. Spring-mass mechanical models of (a): a free tuning fork [20], and
(b): a tuning fork with a probe tip in contact with a sample. Both prongs
have the same mass m and stiffness k; kc models the coupling between the
prongs; the tip and the counterweight have the same mass mProbe.

membrane. They are carried out through the following steps:
1) Coarse approach: The tool is initially brought down to

50 µm above the samples, instantly by using the virtual real-
ity controls after the system is calibrated, or manually using
the microscope vision’s rough depth-from-focus otherwise.
The origin distance calibration is done by contact between
the probe and a sample, and is renewed every time a new
probe is set on the manipulator, or a new sample is set on
the hexapod.

2) Fine approach: The final part of the approach is
conducted automatically by nanometric steps, using the fre-
quency shift feedback from the sensor. Because of the pull-
in interaction forces between the probe tip and the substrate
(Fig. 8), the detection is triggered without any contact, and
as far as 100 nm above the sample.

3) Angle adjustment: The angle of incidence of the tip can
be adjusted by probing the depth coordinates of three points
around the area of interest on the membrane, determining
the inclination of the associated plane in the tool’s frame
of reference, then compensating it with the hexapod. The
verticality of the tip relative to the sample is thus ensured,
which enables the use of the simplified theoretical model
(Fig. 7) which assumes there are no shearing forces. This
is especially useful as compressed InP membranes can take
various topographical shapes, bending either inwards or out-
wards, and a single membrane can thereby have its inclination
varying across its surface. (Fig. 9)

4) Measurement: The measuring process is automated
from a computer tapping into the data from the manipulator
and sensor systems. The contact between the apex of the
tip and the sample is denoted by an increasing value of
the frequency shift, and second order-response oscillating
variations of the oscillation amplitude which can be observed
when the controller starts compensating for the contact with
the membrane. (Fig. 10) A stable frequency shift value is
reached after a few seconds. Pushing the probe further down
most often results in the membrane or its hinges breaking in
a visually obvious way. Even if the sample seems to remain
intact, such invalid measurements are easily discarded: either



Fig. 8. Frequency shift during a slow measurement operation. The electro-
static and van der Waals interaction forces are displayed before reaching the
sample: the frequency shifts up to a few mHz between 150nm and 50nm
above the sample (electrostatic pull-in), and up to a few dozen mHz below
50nm (van der Waals pull-in). After taking a measurement, if the probe
is withdrawn back up by nanometric steps rather than suddenly, a pull-off
resistance resulting from adhesion forces can be observed.

the obtained frequency shift value is unstable, or the probe tip
first gets noticeably deflected onto the surface, presumably
due to the membrane being stuck to the substrate. This
deflection can be observed using the SEM view. Frequency
shift values can also be positive yet unstable in the non-
contact zone, very close to the sample. In this case, lowering
the probe by one nanometer leads to true contact and a
stable value. The true measurement point is therefore always
defined as the single stable value obtained after the tip enters
into contact with the membrane, without being deflected, and
while the sample is neither deformed nor indented.

Fig. 9. InP membranes are stretched or compressed by 20 nm during
fabrication. Compressed membranes can bend in either direction, the exact
resulting shape depending on the geometry and position of the hinges.

C. Results

Cartography experiments were conducted on suspended
InP membranes 200nm thin. (Fig. 1) Their fabrication was

Fig. 10. Shape of the frequency shift (upper curve) and amplitude (lower
curve), spanning 1 second, upon entering into contact with a surface
(Nanonis software). Frequency shifts data starts increasing towards its value
measured by the pre-amplifier. Amplitude oscillates from a second order
response as it is regulated by the PLL and AGC.

first described in [23]. The InP membranes are grown by
epitaxy and structured by wet etching. Their shape is rect-
angular with dimensions 10x20 µm, and they are patterned
with air-holes of diameter less than 200 nm. Each membrane
is suspended between two supporting pads and held by four
hinges. Local stiffness measurements show values varying
greatly along the surface of the membrane. The highest
stiffness values are obtained on the hinges, and two- to
five times lower values can be obtained near the center
of the membrane depending on its compression type. Fig.
11 shows local stiffness measurements between two hinges
of a concave membrane ranging from 0,6 to 3 N/m. The
oscillation amplitude of the tuning fork is non-destructive,
and estimated around 700 pm using a method described in
[24]. Repeated measurements on the same point were found
to fall within 5 % of the same value, on a sample size of a
dozen. This repeatability demonstrates that the measurement
method is indeed non-destructive. While the InP membranes
are themselves semi-conductive, the samples were fabricated
on a non-conductive SiO2 substrate and were studied in
situ, which accounts for the strong potentially destructive
electrostatic effects encountered during the experiments.

V. CONCLUSION

A non-destructive local stiffness measurement method has
been implemented, based on the works on tuning fork AFM.
A 9-DoF platform has been used for nano-manipulation,
assisted by virtual reality and automation tools for practical
purposes. Over twenty measurements were taken in situ
amongst a manufactured batch on a single membrane without
altering the sample. Such measurements are to provide pa-
rameters for the simulations on which current studies rely
for analysis. This will contribute to the understanding of
the mechanical properties of micro-membrane resonators,
through the relations between their geometries, their stiff-



Fig. 11. Stiffness measurements ranging between two suspensions of a
membrane, taken from left to right. The sample is left undamaged.

ness and the local distributions thereof, as well as the
eigenmodes of their structures. Ensuing knowledge of the
nonlinearities in their mechanical behaviour will be further
relevant to the understanding of their quantum dynamics [25].
The chosen approach to measuring the stiffness of resonant
MEMS/NEMS is validated. Further applications of this con-
cept can be derived on even thinner samples. However, proper
characterisation of actuators will be required, along with
positioning resolutions in the sub-nanometer range, to fully
benefit from the low oscillation amplitudes of the probes.
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