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Measurements on Membranes
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Rémy Braive, and Stéphane Régnier

Abstract—In order to characterize the mechanical behavior of fragile
resonant microelectromechanical systems (MEMS)/nanoelectromechanical
systems (NEMS), nondestructive measurements are required. In this paper,
a cartography of local stiffness variations on a suspended micromembrane
is established for the first time, by a tuning-fork-based dynamic force sensor
inside a scanning electron microscope (SEM). Experiments are conducted
individually on a batch of InP membranes 200 nm thin, using a 9-degree-of-
freedom (dof) nanomanipulation system, complemented with virtual reality
and automation tools. Results provide stiffness values in the range of a few
newton per meter, with variations in a single sample depending on the
membrane models.

Index Terms—Calibration and identification, force and tactile sensing,
force control, membrane.

I. INTRODUCTION

As of now, the behavior of micro- and nano-scale mechanical res-
onators is not fully understood due to nonlinearities in their dynam-
ics [1]. The samples of interest in this paper are suspended micromem-
branes (see Fig. 1). Such resonators are critical in the miniaturization of
integrated circuits for resonant sensing and communications. Research
on the subject primarily relies on modeling and analysis; hence, the ac-
tual measurements of their mechanical properties are desired in order
to better predict and optimize their resonant behavior. Performing these
measurements is not trivial as typical methods either involve indenting
samples or applying enough force to deflect MEMS sensors. These
inherently destructive methods can make the measurement itself unre-
liable [2]. Furthermore, they do not truly allow the mapping of several
points on a single sample, as the mechanical properties of the sample
are potentially modified after each measurement. More delicate force
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Fig. 1. Suspended membrane. Dimensions 10 × 20 μm and thickness 200 nm.

Fig. 2. (Top) Destroyed hinge (left) or destroyed suspension pads (right) due
to electrostatically induced collisions between the tip of the probe and a sample.
(Bottom) Consequences of careless manipulation of the local probe.

measurements in the pico-Newton range have been achieved, by com-
plementing the tip of classical probes and observing the deflection of
carbon nanotubes, rather than the cantilever, under a scanning electron
microscope (SEM) [3]. In this study, we propose a self-sensing probe,
using an SEM only to identify samples and position the nanorobotic
system. The probe being self-sensing readily allows the automation of
the whole nanorobotic measurement process. This automation is not
only the end goal of the measurement process but brings the duration
of experiments down to achievable levels for research purposes as well.
Indeed, manipulation has to be conducted by nanometric steps lest the
samples be damaged (see Fig. 2), which is excessively time-consuming
if entirely handled by unassisted human operators. Virtual reality is an-
other useful tool that makes planning trajectories and performing safe
manipulation easier and faster. This study uses both of these tools
with a 9-degree-of-freedom (dof) nanorobotic system to demonstrate
a proof of concept for stiffness cartography measurements on fragile
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microstructures. Herein, the stiffness of suspended InP membranes is
locally measured by contact at several points of their surface, using a
self-sensing quartz tuning fork probe controlled in frequency modula-
tion. Experiments are conducted in situ through the robotic nanoma-
nipulation system implemented in an SEM. Section II summarizes the
state of the art in microrobotics, virtual reality, and the measurement
of mechanical properties 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.

II. STATE OF THE ART

A. MicroRobotic Manipulation and Virtual Reality System

Nowadays, micromanipulation experiments are often performed un-
der SEMs rather than optical microscopes, due to the increased room
for manipulation, depth of field, and field of view they offer. They
have thus been used in the electrical or mechanical characterization of
nanoobjects [4], as well as the mechanical characterization of biological
samples like cells [5]. The use of a SEM implies the implementation
of the experiment in a vacuum chamber, which requires compatible
materials and heat dissipation, as well as its operation under an elec-
tron beam, for which tools and samples must be conductive to prevent
charging. Current-generation SEMs may allow more leeway regarding
these requirements. However, a high-quality vacuum is also beneficial
to the sensitivity of resonating sensors such as the probe used in this
study (see Section IV). As for micromanipulation setups, commercially
available actuators offer sufficient nanoscale resolutions to operate on
fragile samples. Delicate micromanipulation also greatly benefits from
being complemented by haptics and virtual reality [6]. Such techniques
have, for instance, been employed inside an SEM for the micromanip-
ulation of organs and cells [7]. Virtual reality has been widely used in
atomic force microscopy (AFM) both for the rendering of images and
topographic sensing [8], as well as algorithmically enhancing sensed
data. [9] However, virtual reality in this study is used in a very dif-
ferent manner: not to render or enhance data obtained by the sensors,
but to create a real-time virtual replica of the manipulation system,
which is then used to swiftly and safely approach samples with the
probe.

B. Membrane Force Sensing

Microscale membranes are fragile due to their thinness and sus-
pended structure. Interest lies in characterizing resonators in their op-
erating configuration; therefore, the measurement method must not
induce any displacement prone to affect the suspension, hinges, or
membrane itself. Techniques have been developed to measure the me-
chanical properties of equally fragile thin films; however, they place the
thin film on a specific sensor [10] and cannot be applied to suspended
membranes. The main methods of local-probe mechanical character-
ization at the microscale are classical AFM-based and MEMS-based
techniques. Classical AFM-based techniques mainly involve the deflec-
tion of a cantilever, but can be complemented by CNTs to offer greatly
increased sensitivity [3]. MEMS-based techniques rely on buffering
beam deflection [11] or indentation [5]. Mechanical characteristics can
then be obtained through models [12] once initial measurements are
obtained for reference. The approach that has been proposed here is
a microscale vibrational method which does not involve any strain or
large deflection, using a tuning fork-based self-sensing probe. Tuning
forks have notably been used in AFM in the qPlus configuration [13],
in which a tip is attached to one prong, and the other is fixed. The
high sensitivity and stiffness of these sensors have been exploited in

Fig. 3. (a) Full manipulation setup inside the SEM vacuum chamber.
(b) Robotic manipulation platform (SmarAct GmbH); dimensions 11 × 13 ×
4 cm.

developing noncontact imaging, and they have been admirably used for
subatomic resolution AFM [14]. The self-sensing AFM technique can
be applied to resonators of various geometries and eigenfrequencies
for increased imaging speed or dexterity in manipulation [15]. 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 SEM electron beam.
Furthermore, the data from these sensors can be directly used for au-
tomation. The sensor used in this study does not have a fixed prong
and benefits from the high sensitivity and Ångstrom-scale oscillation
amplitude of the tuning fork for nondestructive operations.

III. MANIPULATION SETUP

A. Nanorobotic Manipulation System

The nanorobotic manipulation system (see Fig. 3) is implemented in
an SEM (Hitachi S-4500). It consists of a 3-DoF Cartesian manipula-
tor and a 6-DoF “hexapod” sample holder platform (SmarAct GmbH,
custom-built). Both are composed of closed-loop axial stick-slip ac-
tuators. The hexapod’s mobility is used to obtain the desired angle
between the tool and the sample through its three rotational DoF. The
actuators offer an ascertained resolution better than 2 nm over a travel
range of 12 mm and are used both for coarse and fine positioning.
Their closed-loop resolution is determined by the performance of their
optical sensors [16]. The SEM view and depth of field are used to cali-
brate the initial positioning of the tool relative to the samples, identify
the membrane amongst a batch to operate on in situ, and observe its
behavior during experiments. 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. The virtual reality interface is a 3-D
replica of the manipulation unit that is rendered in the physics engine
of the software blender (see Fig. 4). It relies on data from the actuators’
position sensors to calibrate itself and then follows the current state
of the system, which can thus be observed even while it is operating
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Fig. 4. (a) Blender virtual reality system interface. (b) Virtual reality control
scheme. Trajectory planning uses a “ghost” of the model, whereas the actual
position output from the manipulator system sensors is always displayed by the
model itself. Travel speed is modulated by discrete position control.

Fig. 5. (a) 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.
(b) Antiphase coupled oscillation of a tuning fork. (c) Probe positioned above
samples.

inside the vacuum chamber. It was mainly designed as a user-orientated
terminal, which allows the planning of position sequences by previsual-
izing them on a “ghost” model (see video as Supplementary Material).
It faithfully reproduces the kinematic DoFs of the system and is an in-
terface from which one can directly drive the system while preventing
collisions between elements.

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 32.768 kHz. 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; therefore, the weight is then compensated by adding
a small deposit of epoxy on the other prong [see Fig. 5(a)]. The tip
is connected to ground through the electrode of the prong to which
it is attached to prevent its electrostatic charging under the electron

Fig. 6. Spring-mass mechanical models of (a) a free tuning fork [19] 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 mProb e .

beam. Its use as a local stiffness sensor is explained in Section IV.
The tuning fork is then fixed on the manipulator. [see Fig. 5(c)] The
probe is connected to a custom electronic preamplifier adapted for
use under the electron beam of the microscope [17] and an oscillation
control system (Nanonis OC4-Station, SPECS GmbH), as previously
described in [18]. Data from the controller is then used by a computer
for automation.

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 antiphase coupled oscillation mode [see
Fig. 5(b)]. Dynamic force sensing with a tuning fork can be done in
amplitude/phase modulation (AM/PM) or frequency modulation (FM)
modes. Here, the tuning fork is used in FM mode to benefit from its
high-quality factor. [18] The quality factor Q is related to the tuning
fork’s sensitivity, and 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 20 to 60 k (versus 5 to
10 k in the air). The sensor used in this paper has a Q of 30 k, 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 phase-locked loop (PLL)
and an automatic gain control (AGC), analyzing its frequency shift
while keeping constant both phase and amplitude. The frequency shifts
when the tuning fork tip is interacting with a sample. The relation
between frequency shift Δf and sample stiffness ksam ple is obtained
using the coupled oscillators model presented in [19] (see Fig. 6),
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 modeled as a clamped
beam. With Δk representing the effective stiffness of the combined tip
and sample

Δk =
1

1
k t ip

+ 1
k s a m p le

. (1)

It is assumed that the tip is much stiffer than the sample, and there-
fore, ksam ple ≈ Δk. The resolution of this model gives ksam ple pro-
portional to Δf factored by the sensor’s sensitivity

ksam ple =
(

2kprob e

f0

)
Δf (2)
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Fig. 7. Frequency shift during a slow measurement operation. The electrostatic
and van der Waals interaction forces are observed before reaching the sample:
frequency shifts by a few mHz between 150 and 50 nm above the sample
(electrostatic pull-in) and by a few dozen mHz below 50 nm (van der Waals
pull-in). After taking a measurement, if the probe is withdrawn slowly, a pull-off
resistance that result from adhesion forces can be observed.

with kprob e the effective elastic constant of the whole tuning fork
probe, including the added probe tip and its counterweight. There are
several ways to measure kprob e . [20] The value used in this paper is
10.7 × 103 N/m [21] 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. [19]

B. Manipulation Protocol

The experiments aim to successively measure the stiffness on several
points along the surface of a suspended micromembrane. They are
carried out through the following steps: A model of the samples on the
virtual reality system has its position calibrated by bringing the apex of
the tip within sensing distance of a sample. After it is calibrated once,
the coarse approach is instant thanks to the virtual reality interface,
as the probe can be instantly brought down within a safe distance
of that sample. The fine approach and measurement itself are then
handled by nanometric steps, by a computer using the frequency shift
and vibration amplitude data from the controller. Because of the pull-in
interaction forces between the probe tip and the substrate (see Fig. 7),
the detection is triggered without any contact, and at least 50 nm
above the sample. 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 probe’s frame of reference, and 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 (see
Fig. 6). This is especially useful as compressed InP membranes can
take various topographical shapes, bending either inward or outward
(see Fig. 8). The contact between the apex of the tip and the sample
results in an increasing value of the frequency shift and a second-order
oscillating response of the amplitude, which can be observed when the
controller starts compensating for the contact with the membrane. A
stable frequency shift value is reached after a few seconds. Pushing
the probe down further results either in the membrane hinges visibly
breaking or in unstable values. Measurements can also be unstable in
the “non-contact zone” very close to the sample, but lowering the probe
by one nanometer then leads to true contact and a stable value. The true
measurement point that does not affect the sample is therefore the only
stable value which can be obtained. These two parts of the measurement

Fig. 8. InP membranes can be stretched or compressed by 20 nm through
their fabrication. Compressed membranes can bend in either direction, the exact
resulting shape depending on the geometry and position of the hinges.

process are thus automated through controller data: getting the probe tip
in contact with the chosen sample and recording a stable measurement
value, after which the probe withdraws automatically. The choice of
sample is done using SEM vision, and the majority of the distance
that separates the tip from the sample is first cleared instantly thanks
to the reference provided by the virtual reality system. The rest of the
procedure is automated. A manual measurement which could take us up
to 2 h can therefore be conducted automatically within a few minutes.

C. Experiments and Results

Cartography experiments were conducted on dozens of suspended
InP membranes 200 nm thin (see Fig. 1). Their fabrication was first de-
scribed in [22]. The InP membranes are grown by epitaxy and structured
by wet etching. Their shape is rectangular with dimensions 10 × 20 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. These hinges are the most fragile components of the structure
and are most likely to sever if excessive strain is applied anywhere on
the membrane. The samples typically cannot handle being deflected by
more than a few nanometers. In comparison, the oscillation amplitude
of the tuning fork is nondestructive, as it is estimated under 700 pm
using the amplitude calibration procedure described in [23].

While the InP membranes are themselves semiconductive, the sam-
ples were fabricated on a nonconductive SiO2 substrate. These in situ
conditions account for the strong electrostatic charging effects encoun-
tered during lengthy experiments, which sometimes resulted either in
the disruption of the frequency shift measurement when the probe
touches a charged sample or in destructive electrostatic clamping. The
depth performances of electronic microscopy were invaluable in set-
ting up and observing the probe and membranes despite these issues,
which were mitigated by shortening the duration of experiments to
obtain more measurement points. Faster characterization procedures
hence motivated the development of automated control tools.

The stiffness values that are obtained by the local measurements are
in the range of a few newton per meter. Repeated measurements on
the same point were found to fall within 5% standard deviation of the
hit value on a sample size of a dozen. This repeatability demonstrates
that the measurement method itself is nondestructive. Results vary
according to the membrane models and whether they are compressed or
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Fig. 9. Local stiffness variations on two stretched flat membranes of the same
type. Blue circles mark the points where measurements were taken. The spread
colouration is a linear extrapolation for display purposes only.

Fig. 10. Local stiffness variations on a convex membrane. Display conventions
are similar to Fig. 9.

stretched through their fabrication. Hence, we selected three membrane
situations that depend on their curvature:

1) Flat Membranes: Experiments conducted on membranes
stretched by 20 nm provide values with a variation ranging between
5 and 6 N/m across the samples. Fig. 9 lays out the distribution of
measurements taken on two similar stretched membrane models. The
highest values are obtained near the hinges, which is in agreement with
the assumption that the hinges and anchored regions of the sample
must be stiffer than the body of the membrane itself. Stiffness gradu-
ally decreases when approaching the center or edges of the membrane.
Measurements taken on more membranes confirm this tendency.

2) Convex Membranes: In this case, measurements on membranes
compressed by 20 nm provide a slightly wider range of values, as seen
in Fig. 10. Unlike the other models, stiffness increases toward the center
of the membrane.

3) Concave Membranes: Measurements between two hinges show
stiffness varying greatly across the surface of the membrane. The high-
est values are obtained on the hinges, and two- to five-times lower
values are obtained near the center of the membrane that depends
on the geometrical models. Fig. 11 shows local stiffness measurements
between two hinges of a concave membrane ranging from 0.6 to 3 N/m.

The values obtained for these different models indicate consistent
stiffness trends. Stretched membranes are stiffer, as could be expected

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

intuitively and through basic models, and exhibit considerably less
standard deviation than compressed models. Convex membranes are,
interestingly, more stiff at their center—although they are overall no-
tably less stiff. Concave membranes have the lowest stiffness values
and tend to be less stiff still near their center. All models are stiffer near
the hinge nodes, as expected.

V. CONCLUSION

A nondestructive local stiffness measurement method has been im-
plemented based on tuning fork AFM. A 9-DoF platform has been used
for nanomanipulation, assisted by virtual reality and automation tools
for practicality. Measurements were taken in situ on membranes amidst
a manufactured batch, with over 20 measurement points taken on a sin-
gle membrane without altering it. The chosen local-probe approach to
measuring the stiffness of MEMS/NEMS mechanical resonator mem-
branes has been validated. Such measurements will contribute to the
design and optimization of micromembrane resonators, as well as to
the understanding of their mechanical behavior.

Future works will include dynamically monitoring the mechanical
behavior of membranes resonating under external excitation, as well as
applying this sensing technique on newer designs of the membranes.
These upcoming samples will present even more fragile structures,
as they will be suspended by longer hinges to dramatically elevate
their quality factor. Further applications of this sensing method can
be derived on samples with fragile surfaces such as graphene films.
In those contexts, stable positioning resolutions in the subnanometer
range will be required to fully exploit the small oscillation amplitudes
of the probes.
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