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Chapter 1

Introduction

Human beings are an exceptional example of creatures driven by curiosity [1].
We, as a species, have an insatiable hunger of knowledge that is manifested by
the ability of asking uncountable numbers of questions regarding the surround-
ing world. Some of these questions can be answered nowadays, the answer for
others is not even close. What is interesting, very often new questions arise as
a consequence of answering others. To deal, at least partially, with this self-
propelling process, mankind needs to create adequate tools able to efficiently
and unambiguously describe a considered issue, problem or phenomenon. One
of them is metrology - a science directly connected with practical and the-
oretical aspects of describing reality. Metrology is a very broad field and it
is difficult to briefly describe all its aspects. Nevertheless, one can undoubt-
edly indicate a common feature: metrology is a science about measurements.
Measurements provide the basis of our knowledge. Their accuracy, precision
and other properties are limiting our cognitive abilities and set boundaries to
the available knowledge. Therefore it is in our best interest to move these
boundaries further by improving existing sensors, developing new ones and
upgrading measurement techniques. Of course, we will face some fundamental
problems and limitations [2]. Nevertheless, they should not discourage us from
further improvements that are helping us to better understand the nature of
physical phenomena and the surrounding world. As a great example of this
process, illustrated by a tremendous progress in development of new sensors
and techniques, one can indicate a broad family of optical sensors.

Over the last few decades, optical sensors have been dynamically spreading
among different areas of science [3, 4]. By measuring properties of light, such
as amplitude, phase, wavelength or polarisation, one can build a wide range of
transducers able to transform a physical quantity into an electric signal. Some
of the sensors are simple and commonly used in everyday life (like the pho-
toresistors mounted in mobile phones); others require elaborated setups and
millions of dollars of investments (like the Laser Interferometer Gravitational-
Wave Observatory - LIGO). Among the broad family of optical sensors one
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� High sensitivity � High accuracy
� High resolution � Immunity to electromagnetic interference
� Remote operation � Passiveness
� High mechanical strength � High temperature resistance
� Simple multiplexing � Distributed sensing
� Wide dynamic range � Resistance to corrosion

Table 1.1: Main advantages of optical fiber sensors.

can distinguish a subgroup that has been recently receiving more and more
attention: optical fiber sensors (OFS).

OFS are being developed since the early 70’s, when the biggest obstacle to
a widespread use of optical fibers (large attenuation of a fiber) was eliminated.
Since then, thanks to their advantages (see Tab. 1.1), optical fiber sensors
have become an interesting alternative to existing solutions in many scientific
and industrial applications. Taking into account their sensing abilities one can
distinguish three different groups.

Distributed fiber sensing is based on one of two phenomena present, among
many others, during light propagation in optical fibers. By monitoring Raman
or Brillouin scattering one can perform fully distributed measurements using
standard fibers, unmodified at the fabrication stage. This unique feature is
especially useful in monitoring large structures such as bridges, dams, dikes
or pipelines, where a single fiber can provide up to thousands of measurement
points over kilometers. Currently available measurement tools allow one to
reach a millimeter spatial resolution, simultaneously providing temperature
and strain resolution of about 0.1 oC and 2 µε, respectively. One has to also
mention that distributed optical sensing is the most dynamically growing part
of the whole fiber optic sensors family.

Semi-distributed sensors are mainly based on Fiber Bragg gratings (FBG),
which were introduced in 1978 [5]. Initially FBGs were used as an in-fiber
optical filter, but researchers quickly realized that the sensitivity of the re-
flected/transmitted wavelength to the change of external parameters can be
utilized for sensing purposes. A typical FBG consists of periodic longitudinal
modulations of the refractive index in the fiber core. The period of the modula-
tion defines the characteristic wavelength of the FBG, which can be measured
by acquiring either a reflection or transmission spectrum. Any external distur-
bance (such as change in the temperature or stress) will influence the periodic
pattern and thus the characteristic wavelength that can be measured. FBGs
can be fabricated in a row along the same fiber. A typical number of FBGs
interrogated by a single fiber readout unit varies from 20 to 100, depending
on the technique used. The resolution in strain and temperature achieved by
fused silica commercial systems can reach 1 µε and 0.1 oC, respectively.
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The last group of sensors allows to perform measurements only in one spe-
cific point. An optical fiber is used as a link between the transducer, usually
placed in a close vicinity of the end of the fiber, and an interrogation unit.
A typical transducer consists of a Fabry-Perot cavity where the light is re-
flected between two parallel surfaces. Any change in the distance or refractive
index of the medium between these surfaces will then cause a change in the
sensor’s output signal. This technology adapts well to applications where a
limited number of sensors is required - typically between 1 and 10. Multiplex-
ing capabilities can also be implemented when more sensing points are needed.
Thanks to their excellence performance, in connection with the general advan-
tages of all-optical devices (see Tab. 1.1), point sensors are the most common
representative of the OFS family in industrial and medical applications.

Figure 1.1: (a) Scanning electron microscope image of a fiber-top cantilever
equipped with a pyramidal tip. (b) Schematic view of the readout apparatus:
L=laser, PD=photodiode, (i)=fiber-to-air interface, (ii)=air-to-cantilever interface,
(iii)=cantilever-to-air interface [6].

In 2006, our group proposed a new approach to combine a micromechanical
cantilever and an optical fiber [7]. The new device, introduced as a fiber-top
sensor (see Fig. 1.1), is a simple micro-electro-mechanical-system (MEMS)
fabricated at the tip of a single-mode fiber. The fiber is used as a main build-
ing block of the sensor and provides the interrogation capability. Shortly after
the release of the first paper a set of articles describing the technique in de-
tails and providing some examples of different fiber-top sensors was published
[8–10]. The new approach presented by the authors have shown a great po-
tential in sensing and monitoring and have become an interesting alternative
for existing sensing solutions. Fiber-top devices, in fact, offer a set of unique
advantages. A versatile all-optical readout allows one to use fiber-top sensors
in almost all optically transparent environments. Since the readout is based
on an interferometric technique that provides high sensitivity and resolution,
fiber-top devices are capable of performing high quality measurements. Fur-
thermore, they do not require any alignment and are ready to use directly
after connecting them to the interrogation unit. This property makes them
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a fully plug-and-play solution for applications where any manipulation within
the sensor is strongly unwanted or even impossible. It has been demonstrated
that fiber-top technology can be successfully used as a hydrogen detector [11],
refractometer [12] and probe for atomic force microscopy(AFM) [9]. However,
despite all the advantages there is one issue that effectively hampered its fur-
ther development. During the fabrication process a sophisticated technique,
called focus ion beam (FIB) milling, has to be used. Both the accuracy and
the precision provided by FIB are necessary to achieve a high quality fiber-top
sensor. Unfortunately, this process is expensive and time consuming. More-
over, it is not suitable for series production (sensors have to be fabricated one
by one without the possibility of batch processing).

To overcome this limitation, two different approaches have been proposed.
Instead of using FIB milling during the fabrication one can try to combine glass
etching and laser light exposure [13]. This procedure is faster, cost effective
and adapt well to batch production. However, since the diameter of the laser
beam is much larger than the diameter of the ion beam, the overall cutting
resolution does not go beyond ≈5µm, making the fabrication of high quality
fiber-top transducers problematic. Additionally, the difference in the quality
of the sensor surface obtained by etching (high roughness) with respect to FIB
milling effectively deteriorates the signal received from the sensor and thus the
performance. Since the method was not perfect, an alternative approach was
suggested. Rather than by milling, the transducer can be fabricated using a
photolithography process [14]. A new technology called align-and-shine pho-
tolithography provides the possibility of performing standard photolithography
processes directly at the front facet of a cleaved optical fiber. The process, is
still in the research phase and some additional efforts and experiments are
required before the technology will reach a state where it could be systemati-
cally implemented. As a consequence of these drawbacks, some new ideas and
different approaches had to be developed.

The new type of micromechanical sensors presented in this thesis was de-
veloped as a direct continuation of the research path started in 2006. These
four years of development allowed us to introduce a new family of transducers
and demonstrate their added value via a broad set of tests in different fields.
The original idea of using fiber-top sensors was modified by scaling up to mil-
limeter size devices. Instead of a transducer fabricated at the top an optical
fiber, we proposed to carve the micromechanical structure out of a glass ferrule
and employ the 125 µm fiber as a basis of the readout scheme. This new ap-
proach, named ferrule-top (FT) technology, offers numerous advantages. The
fabrication procedure, based on picosecond laser ablation, can be performed
in air without any additional steps. The overall dimensions of the sensor have
increased therefore the limited accuracy of the ablation process is not any-
more a problem. At the same time, the transducer has not lost any of the
advantages characteristic for fiber-top point sensors (immunity to electromag-
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netic noise, remote and all-optical operation, easy to use). Furthermore, due
to a larger area available for laser carving (typically 3×3 mm), fabrication
of more complicated structures than a simple cantilever become possible. To
fully understand the working principle of FT sensors a short introduction to
mechanical properties of cantilevers and the readout scheme will be made in
the next two subsections.

1.1 Micromechanical resonators

Micro-electro-mechanical transducers [15] have been providing a significant
contribution to the development of new type of sensors. This trend is espe-
cially noticeable in the last decade, where high sensitivity and small dimensions
are one of the main priorities during the design phase of new types of devices.
As an example, one can consider a simple MEMS – a microcantilever, which
become a universal platform used for various applications. The origins of using
microcantilevers as transducers can be traced back to the mid 80’s, when Bin-
nig, Auate and Gerber introduced the first atomic force microscope (AFM)[16].
Since then, it has been proved that MEMS cantilevers are also a valuable plat-
form for chemical and biological sensing [17, 18], with applications that range
from explosives detection [19], DNA detection [20], diagnosis of prostate cancer
[21] to glucose monitoring [21]. It has been further demonstrated that MEMS
cantilevers can be used to monitor other parameters, including temperature
[22], flow [23], or density and viscosity [24].

Typical MEMS cantilevers are made out of silicon, silicon dioxide, silicone
nitride or polymer and have rectangular shape [25, 26] (see Fig. 1.2), with
dimensions that vary from tens of nm to µm in thickness, tens to hundreds of
µm in width, and µm to mm in length. Both factors, i.e. the type of a material
and geometry, define the mechanical properties and thus the final performance
of a cantilever based sensor.

Microcantilever based transducers can work in two different modes: static
and dynamic. Depending on the nature of the quantity that has to be mea-
sured, one has to choose which mode is more suitable and will give a better
response. The static mode is based on monitoring the deflection of the can-
tilever due to an external stimulus. By measuring the bending, one can infer
the magnitude of the force acting on the probe. For small amplitudes, the
bending is proportional to the force, which is typically applied at the tip of
the cantilever (see Fig. 1.3a), and can be described using a simple equation:

F = k · x (1.1)

where F is the point force, x is the bending at the free hanging end and k
corresponds to the spring constant. The spring constant is one of the most
important parameters of a force transducer. In case of a simple rectangular
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Figure 1.2: Schematic view of a simple rectangular cantilever [26].

beam as shown on Fig. 1.2 the spring constant can be defined as:

k =
Ewh3

4L3
(1.2)

where E is the Young’s modulus of the material the cantilever is made of. The
spring constant of commercialised cantilevers range from ≈ 0.01 N/m (mostly
used for biological applications) to several tens of N/m (mostly used for non-
contact atomic force microscopy imaging). This wide range of values can be
covered by scaling geometrical dimensions and changing the Young’s modulus
by choosing the proper cantilever material.

Static bending can be also induced by changes of the surface stress distribu-
tion along the beam - a phenomena that lies at the heart of many biochemical
sensors [27, 28]. Those modifications are typically a result of molecule ad-
sorption on the cantilever’s surface or interactions between molecules and a
previously coated selected sensing layer. By assuming two thin layers of neg-
ligible thickness that are covering the surface of the transducer as depicted on
Fig. 1.3b, one can calculate the radius of curvature of the cantilever using the
Stoney’s formula[29]:

1

R
= 6

(
1− ν
Eh2

)
(∆σ1 −∆σ2) (1.3)

where ν is the Poisson’s ratio of the cantilever material, ∆σ1 and ∆σ2 is the
surface stress difference before and after the adsorption respectively at the top
and bottom of the cantilever (see Fig. 1.3b). It is important to note that
this equation ignores the clamping effect on the cantilever deformation and
therefore introduces small errors. For an accurate measurement of the surface
stress, more complete models have to be applied [30].

Every mechanical structure can be characterized in the frequency domain
by acquiring a vibration spectrum. Detailed analysis of the signal then provides
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Figure 1.3: Schematic view of a cantilever bent by: (a) an external point force, (b)
a modification of surface stress.

information on the properties of the structure and the surrounding environ-
ment. The dynamic measurement mode used in cantilever sensing techniques is
based on monitoring changes in the dynamic parameters of the microcantilever.
In first approximation, the vibrations of the microcantilever can be described
using a harmonic oscillator model. However, to describe the nature of can-
tilever kinetics in a more precise way, one has to introduce an one-dimensional
Euler-Bernoulli equation [31] (coordinate system according to Fig. 1.2):

EI
∂4g (z, t)

∂z4
+ ρA

∂2g (z, t)

∂t2
+ γ

∂g (z, t)

∂t
= 0 (1.4)

where g(z, t) is the cantilever displacement along the x-axis, ρ is the density of
the cantilever material, A = w · h is the cross section area (xy plane), I = wh3

12

is the moment of inertia along the y-axis, and γ is the damping coefficient.
The damping coefficient can be expanded as:

γ =
ωρA

Q
(1.5)

where ω is the oscillation frequency and Q is the quality factor. Assuming that
the cantilever is homogenous, isotropic and its deformation is fully elastic, one
can separate the variables and solve the characteristic equations. As a result
of these operations, a modal shape function and resonance frequency of each
mode can be obtain. The resonance frequencies can be calculated from:

ωn = α2
n

√
EI

ρA
(1.6)

where αn is a dimensionless parameter calculated from the time dependent
equation. The first four flexural modes along with their resonance frequencies
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Figure 1.4: Schematic shape of the first four flexural modes of a rectangular can-
tilever [26]: (a) the fundamental mode with resonance frequency f0; (b),(c) and (d)
consecutive modes with resonance frequency respectively equal to: 6.27 ·f0, 17.55 ·f0
and 34.39 · f0. The origin corresponds to the base of the cantilever.

are reported in Fig. 1.4. As one can notice from Eq. 1.5, the resonance fre-
quency and quality factor are directly coupled to the damping coefficient. It is
thus evident that any variation of the damping caused by a change in the vis-
cosity or density of surrounding gas or an additional external force will modify
these quantities. Additionally, a small mass added to a vibrating cantilever or
any modification of the surface stress will also affect their values. One can thus
use those phenomena to build a number of different micromechanical sensors.

Ferrule-top cantilevers can be used in both static and dynamic mode. One
has to choose which is more suitable for a particular application. For to-
pography measurements, a natural solution is to operate the prong in static
mode, while for adsorption based measurements more effective operation can
be achieved by following the resonance frequency of the cantilever. In some
cases the two modes can be combined to achieve better performance, as we
will illustrate in the next chapters.

1.2 Interferometric readout

Choosing an optimal readout scheme requires a careful look into a set of param-
eters (e.g. signal-to-noise ratio, dynamic range, linearity), which are crucial for
the final performance of the sensor. Providing an efficient readout mechanism
can potentially extend the application range of the sensor connected to it. The
overall performance however is not the only parameter worth to consider. One
can find examples where a readout mechanism, although very effective, did not
spread outside the walls of research laboratories [32–34]. This phenomenon is
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often caused by the lack of technical skills and expertise among non-laboratory
personnel who are not used to operate complicated setups. Alignment and
calibration, for example, are typical procedures that go beyond what the final
users of the sensor is willing to accept. An ideal readout should therefore not
only be sensitive, accurate, stable but also easy to use.

Ferrule-top devices can act as sensors that are able to transform a physical
or chemical quantity into a useful electrical signal. The fundamental principle
lying at the heart of these sensors is based on monitoring minute movements
of the micromechanical structure fabricated at the top of a ferrule. Taking
into account the magnitude of the bending and considering the fact that the
optical fiber can be easily integrated within the sensor, an implementation of
an interferometric technique seems to be the optimal solution. The accuracy
of the interferometer can then be provided by a stable, well defined wave-
length and intensity of the laser used as a light source. All additional effects
disturbing the overall performance can be minimized by a proper design of
the transducer and of the interferometer itself. During the design phase one
should take into account the environmental conditions of operation, including
temperature variations and vibrations. All of them are directly connected with
the final resolution of the setup. It has been demonstrated that an accurately
designed fiber optic interferometer allows one to achieve readout resolution
well below 1 nm over tens of kHz bandwidth [35]. In case of ferrule-top inter-
ferometric readout, the requirement of being easy-to-use is also fulfilled. Since
the alignment is given by the design of the sensor there is no need of further
manipulation of any of the components. Only the calibration has to be per-
formed by the user. This procedure, however, is easy to perform. Therefore a
fiber based interferometer fulfills almost all requirements characteristic for an
ideal ferrule-top readout unit.

Figure 1.5: Illustration of a simple Fabry-Perot interferometer [36]
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Figure 1.6: Different types of (a) intrinsic and (b) extrinsic Fabry-Perot sensors
[37]: (1) cavity formed by an internal mirror and fiber end; (2) cavity formed by two
internal mirrors; (3) cavity formed by two fiber Bragg gratings; (4) cavity formed by
fiber and diaphragm; (5) cavity formed by thin polymer film on the end of a fiber;
(6) cavity formed by two aligned fibers; (7) cavity formed by single-mode fiber ends
spliced to a hollow-core fiber. In each case L is the length of the cavity.

A typical Fabry-Perot interferometer (FPI), called also FP etalon, is a simple
device that consists of two parallel semitransparent mirrors [36, 38, 39]. The
mirrors form an optical cavity where multiple light reflections occurs (see Fig.
1.5). The light that leaves the cavity forms a characteristic pattern caused
by constructive or destructive interference. Analysing the pattern for a well
known wavelength, allows one to determine the absolute size of the cavity.

In a fiber based FPI, the cavity can be created within the fiber or just next
to it. Based on this criteria we can distinguish two families of sensors (see
Fig. 1.6). Intrinsic FPI sensors are typically fabricated by splicing different
types of fibers or fibers that are modified by etching or additional coating. One
can also form a large FP cavity between fiber brag gratings operating at the
same wavelength. Extrinsic FPI sensors are more diverse since the fiber is used
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Figure 1.7: Schematic view of the light propagation between the fiber and the surface
of the FT transducer. Since the FP cavity is formed outside the optical fiber, all
FT devices are classified as external cavity sensors.

only as a host to guide the light to and from an external cavity. These types
of sensors are more flexible and accommodate better for specific applications
since the cavity can be tailored to a particular application. In both kind of
sensors any change of dimensions or refractive index within the cavity caused
by temperature, pressure, strain or other factor can be detected by monitoring
the interference signal.

Ferrule-top devices are an external cavity FPI sensors. The cavity is formed
between the cleaved end of the optical fiber and the surface of the microme-
chanical structure (see Fig.1.7). Part of the light is reflected from the fiber-
to-air interface (Fresnel reflection) and creates the first interfering beam. The
second beam is formed by the light reflected from the bottom surface of the
transducer, which is coupled back into the fiber. The interference pattern
formed by the two beams can be described by [40]:

I (λ) = I0f (λ)α (λ)
R1 + η2R2 − 2η

√
R1R2cos

(
4πn(λ)L

λ

)
R1 + η2R1R2 − 2η

√
R1R2cos

(
4πn(λ)L

λ

) (1.7)

where λ corresponds to wavelength, I0 is the intensity of the light source, f(λ)
is the spectral characteristic of the light source, α (λ) is the cavity absorption
coefficient, R1 and R2 are respectively reflection coefficients from fiber-to-air
interface and surface of the transducer, n (λ) is the refractive index of the
medium inside the cavity, L is the size of the cavity, and η is the coupling
efficiency which is a direct consequence of the geometrical dimensions of the
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probe and can be calculated by [41]:

η =
1[

1 +
(

2λL
2πn(λ)w2

)2] (1.8)

where w is the mode field diameter of the optical fiber. Equation 1.7 can
be simplified by assuming R1 = R2 (an influence of superimposed effects that
come from light reflection and geometrical conditions) and neglecting the spec-
tral dependence of all parameters. Under low finesse conditions [37], where
the reflectivity of both interfaces is so low that multiple reflections can be
neglected, one can finally describe the intensity at the output of the interfer-
ometer by:

I (λ) = I0αR

[
1 + η2 − 2ηcos

(
4πn0L

λ

)]
(1.9)

As one can easily notice the output has a periodic nature due to consecutive
constructive and destructive interference. A single period of 4πn0L

λ
is called a

fringe.

To keep track of the interference signal (fringes) one should use an opti-
mal scheme [37] tailored to each particular application. The most popular
redout method is based on the use of a laser. Laser beams, thanks to their
long coherence length, allow one to achieve high resolution measurements over
short and long distances. To optimize the sensitivity of a laser based interro-
gation system, one has to work in close vicinity of the quadrature point (see
Fig. 1.8), where a linear approximation of the interferogram can be locally
applied. In that configuration, the dynamic range available to the user is typi-
cally limited to half of a fringe. To extend it, one has to eliminate the problem
of fringe ambiguity. The most popular solutions are based on fringe count-
ing, heterodyne detection or subcarrier demodulation [42] which extend the
working range to multiple fringes. Readout schemes based on low coherence
light sources, e.g. superluminescent diodes (SLD), can also be implemented
for applications where smaller cavities have to be demodulated. Thanks to
their broad spectrum, which has to be measured during the cavity interroga-
tion, the latter are not limited to a single fringe operation and their sensitivity
does not depend on the initial working point. Additionally, they allow one to
measure the absolute size of the cavity. Despite all advantages, low coherent
light sources in comparison with lasers, provide a moderate sensitivity and are
typically used in less demanding applications.

In all applications listed in the thesis we have been using a laser as a light
source. In most cases, the FT fabrication process does not provide an accuracy
needed to obtain quadrature operation. Therefore, it is important to tune the
wavelength of the laser and match the quadrature condition before performing
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measurements. This approach allowed us to reach a typical readout resolution
below 1 nm for 20 kHz bandwidth.

Figure 1.8: Schematic view of signal transformation in ferrule-top sensors employing
FPI interrogation with laser light source. Any variation of the laser wavelength,
refractive index or length of the cavity causes a change in the interferometric signal.

1.3 Outline of the thesis

This thesis focuses on ferrule-top optomechanical sensing. It illustrates the
process of evolution of FT technology and shows its versatility via a series
of very diverse experiments. All following chapters are based on papers that
have been published during the period of study. The structure of the thesis is
organized as follow:

Chapter 2 presents a first FT transducer fabricated out of 1.8 mm borosilicate
glass ferrule using a picosecond laser ablation system. A detailed explanation
of the fabrication procedure and preliminary tests demonstrating the static
and dynamic properties of the sensor are described.

Chapter 3 includes a first demonstration of the dynamic mode capabilities.
The FT sensor was used to measure the water content in a buffer atmosphere
of nitrogen. Results obtained during these experiments prove that FT trans-
ducers can be used as gravimetric sensors.
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Chapter 4 gives a detailed description of a major improvement regarding the
dynamic mode operation. Instead of using an external piezoelement to excite
vibrations of the sensor, as described in the previous chapter, a photoactuation
scheme was applied. The all-optical actuation mechanism here implemented
allows one to excite the vibrations and control the static bending of the FT
sensor in a completely remote way. This approach allows one to extend the
application range of ferrule-top sensors. As an example a set of humidity and
pressure measurements have been included.

Chapter 5 investigates the properties of FT transducers as used in atomic
force microscopy. In this chapter, a demonstration of topography measure-
ments in air and liquid has been included.

Chapter 6 reports on a measurement of the Casimir force between a gold
coated sphere attached to the FT sensor and a flat plate. The sensitivity
achieved during this experiment allows one to conclude that FT transducers
are an interesting alternative for standard setups, especially in case when elec-
tronic noise, small volume or harsh environmental conditions are present.

Chapter 7 presents a numerical simulation of air flow in the vicinity of an FT
cantilever and compares them to the data acquired in a real wind tunnel. We
have demonstrated that the small dimensions of the sensor in connection with
all-optical operation creates an interesting alternative for commercial wind
tunnel sensor. Additionally, in this chapter the performance of the sensor and
its properties in comparison with other flow transducers are discussed.

Chapter 8 proves that FT transducers are very sensitive to external vibra-
tions, thus a natural step is to use them as an advanced vibration sensors. In
this chapter a new approach to landslide detection is proposed. Preliminary
results show that the FT transducers are mainly sensitive to volumetric waves
which makes them an attractive solution for monitoring acoustic emission in
rocks.

Chapter 9 describes a unique design of an all-optical photoacoustic spectrom-
eter based on ferrule-top technology. Sensitive detection of trace gases is an
important issue in many industrial, chemical and biological applications. The
chapter reports on an experiment where acetylene traces were detected reach-
ing a minimum detectable concentration on the order of ppb.

Chapter 10 investigates the possibility of further evolution of the FT tech-
nology. Instead of carving the cantilever using differen machining techniques,
a photolithography approach is proposed. The align-and-shine photolithogra-
phy has a great potential to solve the problem of sensors batch fabrication. It
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can thus help to bring the technology to ordinary customers.

Chapter 11 is separated from the main part of the thesis as a general sum-
mary and outlook. Additionally it contains few new ideas regarding future
applications of FT sensors.

Appendix A contains a list of publications, conference presentations and
patents.



Chapter 2

Ferrule-top microdevices

2.1 Introduction

Fiber-top devices are a new generation of optical fiber sensors that combine the
mechanical properties of micromechanical systems with the optical features of
optical fibers [7]. This technology relies on the possibility to carve mechanical
structures directly at the end a single mode optical fiber and to use the light
coupled from the opposite end to detect movements of those mechanical parts
in response to an external event. Thanks to this monolithic approach, it is
possible to realize all-optical sensors for utilization in a wide range of applica-
tions, ranging from chemical sensing [11], refractive index measurements [12],
and user-friendly atomic force microscopy [9].

In spite of the numerous advantages offered by FT sensors, the technology
transfer process from prototype to market ready product has been seriously
hampered by the high cost of fabrication of a single device. The manufactur-
ing sequence, in fact, heavily relies on Focused Ion Beam (FIB) milling [7, 8].
This milling technique guarantees sufficient cutting resolution during the carv-
ing procedure, but, unfortunately, does not adapt well to cost effective series
production.

An earlier attempt to replace FIB with less expensive carving techniques
has been introduced in [13]. In that paper, we showed that it is possible
to carve FT cantilevers using a two steps fs-laser micromachining process.
Unfortunately, fs-laser machines are still quite expensive and, although may
adapt better to series production, do not offer sufficient cutting resolution for
most of the applications where FT sensors may be used.

An interesting alternative to carving-based fabrication processes is to switch

This chapter is partially based on papers:
G. Gruca, S. de Man, M. Slaman, J. H. Rector, and D. Iannuzzi Proc. SPIE 7503:750381,
(2009)
G. Gruca, S. de Man, M. Slaman, J. H. Rector, and D. Iannuzzi Measurement Science and
Technology 21(9),094033, (2010)
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to a bottom-up approach similar to that commonly used for Micro Electro-
Mechanical Systems [MEMS] manufacturing, where structural and sacrificial
layers are alternatively grown and patterned to achieve three-dimensional me-
chanical pieces [15]. The main obstacle in this process lies in the patterning
procedure, as common optical lithography mask aligners are not designed for
pattern transfer on the cleaved end of optical fibers. This problem was solved at
the beginning of 2009 [14], when we introduced the align-and-shine technique
for series production of arbitrary photolithography patterns on the cleaved end
of an optical fiber. More work is currently under way to exploit this technique
for bottom-up fabrication of fiber-top sensors.

In the meantime, one might still ask whether there exists any possible strat-
egy to allow one to stick to the original approach (namely, carving structures
out of the cleaved end of an optical fiber) with a cost effective technique. In the
way to solve this issue, it is important to note that the main reason for which
FT sensors are currently fabricated by means of FIB milling is ultimately de-
termined by the outer diameter of the optical fiber. For most applications, FT
devices are fabricated on single mode optical fibers, which have a diameter of
125 µm. The cleaved end of the fiber is thus an extremely small building block
that must be carved in the form of a three dimensional structure. Machining
devices over such a small area necessarily requires very high precision tools
capable of carving the glass of the fiber with sub-micron resolution. To our
knowledge, FIB milling is the only method that allows one to achieve such a
high resolution.

On the other hand, for most of the applications where fiber-top sensors
might have significant impact, the outer dimensions of the device are not too
relevant. Fiber-top devices carved out of fibers with larger diameters would
still be an acceptable solution. If one could use larger fibers as the building
block of fiber-top devices, the typical size of the mechanical structures on top
of the fiber could be scaled up to dimensions that are within the cutting res-
olution of less refined, and thus less expensive, carving tools. Unfortunately,
commercially available single mode optical fibers only come with cladding di-
ameter of 125 µm. One might thus ask whether there are other approaches
that allow one to increase the outer diameter.

2.2 Fabrication

We present a new approach to obtain fiber-top-like micromachined devices
using cost effective cutting tools that adapt well to series production (Fig.
2.1). The main idea is to use ferruled fibers as the building block of the fiber-
top device. In a single mode ferruled fiber, a standard single mode optical
fiber is inserted and glued into a pierced cylindrical ferrule made out of glass.
The outer diameter of a ferrule is typically 1.8 mm, but differen dimensions
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and shapes can be straightforwardly produced and used. The diameter of the
piercing hole that passes through the ferrule along the axis of the cylinder is
127 µm, i.e., just of the right dimension to host the single mode fiber. The
single mode fiber is glued into the ferrule so robustly that the ferruled fiber is
mechanically equivalent to a single mode optical fiber with a 1.8 mm diameter.
Thanks to this property, we have been able to carve a micromachined cantilever
on top of the ferruled fiber by means of a cost effective technique, namely, ps-
laser ablation system. Here we describe the fabrication procedure and the
tests with which we have assessed the mechanical properties of one of our first
ferrule-top cantilevers.

(a) (b) 

Figure 2.1: (a) The picosecond laser ablation system and (b) the precise diamond
wire cutter used to fabricate ferrule-top cantilevers.

2.2.1 One-step procedure

A Duran borosilicate glass ferrule equipped with a SMF28e Corning single
mode optical fiber (ThorLabs - SMPF0215) was attached to a microscope
glass to facilitate handling procedure during the fabrication of the ferrule-top
cantilever. The sample was mounted vertically on a X-Y stage of a 355 nm ps-
laser ablation system depicted in Fig. 2.1a (Optec system with Lumera Laser
Rapid source), where it was carved following the steps indicated in Fig. 2.2.
The milling steps were performed with 11 ps long laser pulses at a repetition
rate of 20 kHz and with an energy per pulse on the order of 100 µJ focused on a
5 µm diameter spot. To obtain the desired form, the sample was automatically
moved with respect to the laser beam direction by means of a scanning motor
moving at a speed of 50 mm/s in discrete steps (Fig. 2.3a). The step size was
settled in such a way that two consecutive positions overlapped for 50%. Using
those parameters, each laser pulses sequence produced a '15 µm deep trench.
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To carve deeper structures, multiple laser pulses were repeated on the same
point before moving the stage to the next position. In Fig. 2.2d we report

Figure 2.2: (a) Schematic view of the principle behind ferrule-top cantilevers; (b) and
(c) milling steps in the fabrication of a ferrule-top cantilever; (d) microscope image
(side view) and 3D model of the cantilever fabricated according to the procedure
illustrated above.

a microscope image of a 1.6 mm long, 200 µm wide, 30 µm thick cantilever
obtained with the process described above. The entire fabrication process took
60 minutes - 40 minutes for the initial ridge (Fig. 2.2b) and 20 minutes for the
undercut (Fig. 2.2c).
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(b) (a) 

Figure 2.3: (a) Schematic view of the ablation process. The rectangle is ablated by
means of line-by-line ablation within boundaries set by dimensions x0 and y0. (b) a
50×50 µm2 square ablated in glass substrate (debris present inside are remains of
the ablation process).

2.2.2 Two-step procedure

The procedure presented in the previous subsection is simple and straightfor-
ward. However, it has some limitations. One of the most important drawbacks
is related to the limited aspect ratio achievable during the ablation process.
A typical ratio between depth and width, approaching a value of about 4 for
dimensions below 100 µm, effectively narrows a set of available geometries
mainly to cantilevers. To extend the flexibility of the fabrication method, we
have introduced an additional tool into the manufacturing scheme: a precise
wire cutter (Fig. 2.1b). The wire cutter is equipped with diamond coated
wire and allows one to cut the glass ferrule with micrometer accuracy. Instead
of fabricating the ridge (Fig. 2.2b) by means of laser ablation, one can use
the wire cutter to create an undercut at the beginning of the fabrication pro-
cess (Fig. 2.4a). The typical diameter of the wire used during this operation
is 250 µm, but for special cases this value can be reduced down to 80 µm.
The released micromechanical structure, which looks like a tiny flap (thick-
ness ≈30 µm), can be further processed and milled into a desired geometry
via laser ablation. Devices fabricated according to this procedure can have
much more complicated geometries as compared to those fabricated with the
previous method. Therefore, multiple beams or structures connected by set
of cantilevers can be taken into account in the process of designing the sensor
(Fig. 2.4d). Moreover, as a direct consequence of omitting the time consuming
ridge fabrication, an overall manufacturing time of the sensor have decreased.
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(a) 

(c) 

(b) 

(d) 

Figure 2.4: (a) Schematic view of the initial wire-cutting procedure. At the end of
the process a thin, flat plate is formed; (b) laser ablation from the front allows one
to define the final shape of the transducer; (c) at the end of the fabrication process
a readout fiber has to be fixed inside the ferule; (d) microscope image of a sample
structure obtained by two step procedure

2.3 Testing

The ferrule-top cantilever illustrated in Fig. 2.2 was coupled to the optical fiber
interferometer readout sketched in Fig. 2.5 [7, 43]. The light impinging on the
photodiode is the result of the optical interference of the light reflected at
the fiber-to-air interface and the light reflected by the cantilever (which is the
combination of the light reflected by the bottom surface of the cantilever and
that reflected by the top surface of the cantilever). If multiple reflections from
the cantilever are neglected, the current induced on the photodiode depends
on the separation d between the fiber-to-air interface and the bottom surface
of the cantilever according to the following equation[7, 43]:
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Figure 2.5: Schematic view of the setup used to test our ferrule-top devices (static
bending). Inset: microscope image of the contact point between the glass mi-
cropipette and the free-hanging end of the cantilever. (TE - terminated end of
the fiber).

I(d) = I0

[
1 + V cos

(
4πd

λ
+ ϕ0

)]
(2.1)

where ϕ0 is a constant phase shift that only depends on the geometry of the
cantilever, λ is the wavelength of the laser (λ = 1544 nm), and I0 and V are,
respectively, the midpoint interference signal and the fringe visibility, which
are given by:

I0 =
I+ + I−

2
(2.2)

V =
I+ − I−
I+ + I−

(2.3)

where I+ and I− represent the value of the current at maximum and minimum
of interference. Connecting a charge amplifier to the photodiode, it is thus
possible to remotely sense mechanical displacements of the ferrule-top device.

2.3.1 Static bending

To test the working principle of the device, we mounted the ferrule-top can-
tilever just in front of a glass micropipette anchored on a XYZ piezoelectric
translation stage (Thorlabs NanoMax300) (see Fig. 2.5). A triangular voltage
signal was then applied to the piezoelectric stage, previously calibrated with an
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optical interferometer, to linearly move the micropipette in and out of contact
of the hanging end of the cantilever. In Fig. 2.6 we show the output signal
of the readout system observed during three consecutive forward-backward
sweeps. It is evident that the signal is constant before contact (no static
movement of the cantilever). Once in contact, the linear forward movement
of the cantilever end induced by the micropipette translates in a sinusoidal
signal. During the linear backward motion, a similar behavior is observed,
until the micropipette jumps out of contact and the signal becomes flat again.
This behavior is in perfect agreement with eq. 2.1, and demonstrates that
ferrule-top devices work according to design. Using the signal reported in Fig.
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Figure 2.6: Results of the experiment to test the working principle of the ferrule-top
cantilevers. The bottom line (left axis) represents the movement of the piezoelec-
tric stage to which the micropipette was anchored and was obtained after proper
calibration of the stage and corrections for hysteresis. The upper line (right axis)
represents the output of the readout system. Regions where the needle were in or
out of contact with the cantilever are clearly distinguishable.

2.6, it is also possible to estimate the sensitivity of this particular ferrule-top
device. We first note that, when the cantilever is at rest before contact, the
output signal is quite close to the quadrature point (I ' I0). In this region,
one can linearize Eq. 2.1 to:

I(d) = I0

(
1 + V

4πd

λ

)
. (2.4)
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According to the previous equation, the minimum detectable change of d is
given by:

∆d =
λ

4π

M

I0V
, (2.5)

where M is the minimum current change detectable by the photodiode of the
readout, and where we have neglected changes of λ. For the ferrule-top device
presented in this paper, one can estimate the value of M

I0
as Vrms

V0
, where Vrms

and V0 are, respectively, the noise out of contact and the midpoint output of
the charge amplifier connected to the photodiode. Vrms, V0, and V can be
all obtained from Fig. 2.6. Using those values (Vrms=3.34 mV, V0=2.23 V,
V=0.17) in Eq. 2.5, one obtains ∆d ' 1 nm (over the 100 kHz bandwidth of
the charge amplifier). It is interesting to note that, in the device presented
above, the deflection of the cantilever was not measured at the load point. The
micropipette, in fact, was aligned at the extreme end of the cantilever, while,
because of the design, the deflection was measured in correspondence of the
core of the fiber, which lied 700 µm away from the anchor point (and, thus,
'900 µm from the load point). Using elementary mechanical arguments [15],
one can see that, under this geometrical configuration, the deflection at the
measuring point should be equal to 24.5% of the deflection at the load point.
From Fig. 2.6, one can deduce that it was necessary to move the micropipette
(and, thus, the extreme end of the cantilever) for approximately 1.27 µm to
go from a minimum to a maximum of interference. From eq. 2.1, it is easy to
see that the change in d to go from a minimum to a maximum of interference
corresponds to λ

4
, i.e., in our case, 386 nm. This corresponds to 30% of the

deflection of the load point(1.27 µm), in good agreement with the expected
value. The small discrepancy of the result might be due to the fact that the
thickness of the cantilever is not equal over its whole length.

2.3.2 Dynamic behavior in air

To assess the mechanical properties of the ferrule-top cantilever presented
above, we mounted the device on a custom made piezoelectric actuator with
high resonance frequency (260 kHz). We then drove the piezoelectric actua-
tor with sinusoidal oscillations and use a lock-in amplifier, connected to the
ferrule-top readout system, to measure the amplitude of the mechanical vibra-
tions of the cantilever induced by the movement of the piezoelectric actuator.
To obtain the resonance curve, we scanned the frequency of the signal applied
to the piezoelectric actuator and measured the peak-to-peak voltage that we
had to supply to keep the oscillation of the cantilever always equal to a fixed
value (roughly 8 nm). All measurements where conducted in air at room tem-
perature. In Fig. 2.7 we report the result of this measurement. The two peaks
illustrated in the figure correspond to the first two eigenmodes of the can-
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tilever. Fitting those data with a Lorentzian curve, one obtains ν1 = 11.7 kHz
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Figure 2.7: Normalized energy resonance curve of the (a) first and (b) second eigen-
mode. The FWHM of the curves are equal 52 Hz and 133 Hz for (a) and (b)
respectively.

and Q1 = 225 for the first mode, and ν2 =71.2 kHz and Q2=535 for the
second mode. According to standard calculations for rectangular mechanical
beams [44](Euler-Bernoulli equation), the theoretical value of ν1 and ν2 for a
1.6 mm × 200 µm × 30 µm cantilever made out of Duran (Young modulus =
64 GPa, Poisson ratio = 0.20 [45]) are, respectively, 10.3 kHz and 64.8 kHz,
in agreement, within less than 15%, with the experimental values. The small
discrepancy can once again be ascribed to the fact that the thickness of the
cantilever is not equal over its whole length.
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In Fig. 2.8 we report another independent measurement of the dynamic
behavior of the same ferrule-top cantilever, where we analyzed the free oscil-
lations of the mechanical beam excited after a sudden acceleration. To trigger
the oscillations, we touched the end of the cantilever with a micropipette, as
described in the previous subsection, and then quickly retracted it far from
contact. The resonance curve was then obtained via Fourier Transform anal-
ysis of the readout signal during the free oscillations. The results are in good
agreement with the measurements presented in Fig. 2.7. It is important to
stress that the fabrication process is very reproducible. We are able, in fact,
to systematically produce ferrule-top cantilever with a first mode resonance
frequency of 10 ± 1 kHz.

2.4 Conclusions

Ferrule-top devices are interesting alternative to fiber-top MEMS. The fabri-
cation of a ferrule-top device relies on ps-laser ablation - a table top affordable
instrument that works in air and adopts well to series production. Some of
the fabrication steps presented here could also be replaced by even more con-
venient approaches. For example, the initial ridge (Fig. 2.2b) can be obtained
via polishing techniques, which would significally decrease the milling time.

The static performance at these devices are similar to those offered by fiber-
top cantilevers [7] although the visibility of the interference fringes seems to be
significally lower. We believe that the decrease of visibility is due to the fact
that the gap between the fiber and the cantilever is much larger and that the
surfaces are much rougher. Smaller gaps and a more refined ablation recipe
might overcome this issue.

As for the fiber-top devices presented so far, the spring constant of ferrule-
top cantilevers is rather large, in a range of 20–30 N/m (calculated from can-
tilever resonant frequency according to procedure described in [46]). To obtain
more complaint devices, one can envision to either use larger ferrules (which
would allow one to fabricate larger cantilevers), or to decrease the thickness
of the cantilever (we succeeded to fabricate a few samples with a thickness
below 20 µm), or more drastically, to abandon the cantilever geometry and
use other mechanical structures that, with the same carving resolution, can
give rise to lower spring constant. (e.g., a cantilever anchored to the ferrule
by means of two thin torsional rods). It is also important to note that ferrule-
top cantilevers offer a relatively high mechanical Q-factor when compared to
smaller devices. This property might be advantageous for applications in force
sensing, chemical sensing or for accelerometer purposes.
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Figure 2.8: (a) snap-off experiment where the micropipette was moved to contact
with the cantilever and then retracted rapidly (1 V saw tooth waveform at 82 Hz);
(b) oscillations of the cantilever induced by the rapid snap-off; (c) FFT transform
of the signal reported in (b).



Chapter 3

Optical fiber ferrule-top sensor
for humidity measurements

We present an optical fiber ferrule-top sensor for humidity measurements.
Changes in water content in a gaseous environment are detected by moni-
toring the resonant frequency and the quality factor of a cantilever fabricated
on top of a ferruled optical fiber. Our experimental data demonstrate that the
device offers high resolution and high repeatability.

This chapter is based on paper:

G. Gruca, J. Rector, K. Heeck and D. Iannuzzi, 21st International Conference on
Optical Fiber Sensors; Proc. of SPIE 7753, 775358-4, (2011)
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3.1 Introduction

Air humidity measurements are of paramount importance in many technolog-
ical processes and in providing more comfortable environments in every day
life. Depending on the application, humidity is typically monitored by means
of, for example, quartz crystal microbalance [47], surface acoustic wave devices
[48], fiber optic sensors [49], or integrated sensors [50]. In this paper we in-
vestigate whether optical fiber ferrule-top cantilevers [51] can also be used to
that purpose. A ferrule-top cantilever is expected to change its frequency and
mechanical quality factor in response to a change of humidity. Measuring the
dynamical properties of the cantilever, it should thus be possible to monitor
variations of water content in a gaseous atmosphere. Because of their reduced
dimensions, high sensitivity, and all-optical design, ferrule-top humidity sen-
sors might then become a suitable solution for applications where other sensors
are less attractive.

Figure 3.1: Microscope view (a) and 3D model (b) of ferrule-top cantilever.

3.2 Experimental setup

The working principle and fabrication process of ferrule-top cantilevers have
been already extensively described in [51–53].In a nutshell, a ferrule-top can-
tilever is typically obtained by carving the end of a ferruled optical fiber in the
form of a rectangular mechanical beam (see figure 3.1). Light coupled from the
opposite end of the fiber allows one to detect whether the cantilever is bending
via standard interferometric techniques. In figure 3.2 we report a schematic
view of the measurement setup implemented to measure the resonance fre-
quency and the mechanical quality factor of the cantilever as a function of the
humidity of the surroundings. The ferrule-top sensor, which is coupled to a
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standard interferometric readout [51–53], is anchored to a piezoelectric block
inside a chamber that is flushed with a constant flow of a wet and dry nitro-
gen mixture. Two computer controlled mass flow controllers allow the user to

Figure 3.2: Schematic view of the measurement system. The ferrule-top cantilever
is anchored to a small piezoelectric actuator inside the gas chamber (not shown).

modify the ratio between the two components, and, thus, to accurately change
the content of water in the atmosphere that surrounds the cantilever. The
resonance curve of the cantilever is measured by sweeping the frequency of the
sinusoidal excitation voltage that drives the piezoelectric block, and measur-
ing, with a lock-in amplifier, the amplitude of the driving voltage needed to
keep the amplitude of the oscillations of the cantilever constantly equal to a
predefined set point.

3.3 Results

Figure 3.3 shows the results obtained with an uncoated 2050 × 200 × 30 µm
ferrule-top cantilever that was fabricated on top of a 2.2 mm diameter cylin-
drical ferrule following the steps described in [53]. The resonance frequency
and the mechanical quality factor of the ferrule-top cantilever are plotted as a
function of the humidity of the surroundings as measured by a commercial hu-
midity sensor (Sensiron SHT71) mounted close to the ferrule-top device. The
overall duration of the experiment was 60 minutes. The time interval between
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Figure 3.3: Resonance frequency (a) and quality factor (b) changes for a 2050 ×
200 × 30 µm ferrule top cantilever with UV curable epoxy in central part. During
measurement run, the temperature was constant within less then 0.2 oC. The line
is a fit to guide the eye through the data.

each humidity set point was set to 45 s to allow the system to reach equilib-
rium. It is quite evident that both resonance frequency and quality factors
decrease as the content of water increases. The first effect is due to the fact
that, in the presence of higher humidity environments, the cantilever adsorbs
more water and thus increases its mass. To understand the second effect, it is

Figure 3.4: Resonance frequency (a) and quality factor (b) changes for a 1650 × 200
× 30 µm ferrule top cantilever with glass block in the central part. The line is a fit
to guide the eye through the data.

important to stress that the central part of the cantilever (the part that cor-
responds to the bore hole of the ferrule) is filled with UV curable epoxy. This
block of glue probably absorbs more water in higher humidity environments.
We speculate that when the glue is richer in water it also dissipates more me-
chanical energy, as observed in the experiment. Note that the absorption of
water in the glue block is also expected to amplify the resonance frequency
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shift, as the glue acts as a water sponge. Indeed, when we repeated the experi-
ment with a 1650 × 200 × 30 µm cantilever fabricated on a 1.8 mm cylindrical
ferrule with the method described in [51], where the block of glue is replaced
with a block of glass, we observed that the dependence of the resonance fre-
quency on humidity was less pronounced, while the quality factor did not show
any dependence (within the experimental uncertainty) on humidity (see figure
3.4). We have demonstrated that optical fiber ferrule-top cantilevers can be
used to detect humidity changes in the surrounding environment. Studies are
under way to optimize sensitivity, reproducibility, and stability of this new
miniaturized all-optical sensor.

Acknowledgements – This work was supported by the European Research
Council under the European Communitys Seventh Framework Programme
(FP7/2007-2013), ERC grant agreement 201739. The author would like to
thank Dhwajal Chavan, Sven de Man and Khashayar Babaei Gavan for their
support and inspiring discussions.



Chapter 4

Demonstration of an optically
actuated ferrule-top device for
pressure and humidity sensing

Ferrule-top micromechanical sensors are an alternative platform for point mea-
surements in critical environments, where standard Micro-Electro-Mechanical
Systems are prone to failure. To fully benefit from the all-optical character of
this design, it is important to demonstrate that the mechanical pieces fabri-
cated on top of the ferruled fiber can be actuated with light. In this paper we
propose a convenient, all-optical actuation scheme that can be applied without
any additional modification of the sensor design. The scheme relies on the pho-
tothermal effect, which is proven to be sufficient both for inducing significant
static bending and for exciting the sensor to resonance. We also demonstrate
that this mechanism can be successfully used to implement ferrule-top resonant
sensors for humidity and pressure measurements.

This chapter is based on paper:

G. Gruca, D. Chavan, J. Rector, K. Heeck, D. Iannuzzi, Sensors and Actuators A
190, 77-83, (2013)
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4.1 Introduction

Optical fiber sensors (OFS) are widely recognized for their ability to offer high
sensitivity and reliability even when operating in harsh conditions, such as
electromagnetic noisy environments, high temperatures or in the presence of
corrosive or explosive atmospheres [54–60]. Distributed and quasi-distributed
OFS [61] have been for example successfully used in industry [62] and medical
diagnosis [63–65]. Point sensors are also receiving increasing attention [66–68],
as they can often measure relevant parameters in small volumes not accessible
with distributed and quasi-distributed detection schemes. Furthermore, they
can be designed to achieve better sensitivity as compared to the other OFS
approaches. Extrinsic Fabry-Perot Interferometric (EFPI) transducers, for in-
stance, have been proven to provide excellent temperature, acoustic waves,
pressure, and vibration sensors [35, 69, 70]. It is within this category of de-
vices that our group has recently introduced a new approach, which goes under
the name of ferrule-top (FT) sensors [51]. FT sensors combine a fully-optical
readout, typical of OFS, with the advantages of Micro-Electro-Mechanical Sys-
tems (MEMS). The sensing part of the sensor is a micromachined structure
(typically a cantilever) fabricated at the top of a ferruled optical fiber. The
optical fiber can be used to monitor the mechanical response of the microma-
chined structure, allowing one to build a whole range of all-optical transducers.
Tipped FT cantilevers have been successfully used to implement miniaturized,
easy-to-use Scanning Probe Microscopes (SPM)[71, 72]. It was also demon-
strated that the pressure variations around an FT probe placed inside a wind
tunnel induce deflections on the mechanical parts of the probe that can be
quantitatively related to the flow of the gas [73]. In these two examples,
the sensors have been used in static mode. To extend the potential field of
applications, it is interesting to investigate alternative schemes based on the
monitoring of dynamic parameters, such as resonance frequency or mechanical
quality factor. Preliminary tests have indeed shown that FT cantilevers can
provide the platform for the development of efficient dynamical vibration sen-
sors [74, 75]. In some applications, however, the mechanical parts of the FT
sensors must be set to motion via an external, controlled stimulus. In a recent
paper, for instance, we exploited the dependence of the resonance frequency
of a mechanical cantilever on the humidity of the surroundings to develop a
humidity sensor. In that case, the vibrations were forced by means of an ad-
ditional piezoelectric element attached to the ferrule [76]. That solution has a
few disadvantages. The piezoelectric element may in fact introduce spurious
effects that translate in a non-linear response of the sensor. Furthermore, the
piezoelectric element must be driven via an additional electrical connection,
hampering potential utilizations of the sensor in harsh environments. In this
paper, we present an approach that eliminates this problem. The new ap-
proach relies on the use of a photothermal actuation mechanism similar to the
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one described in [77–79]. This approach does not need any mechanical modi-
fication of the device, eliminating the problem of non-linearity induced by the
piezoelectric element. Furthermore, both actuation and detection take place
via light signals a major advantage that allows one to develop truly all-optical
miniaturized sensors.

4.2 Fabrication, readout, and excitation scheme

A typical FT sensor is carved from a 3 mm × 3 mm × 7 mm borosilicate glass
ferrule (Vitrocom) equipped with a 125 µm bore (see [76]). A user-modified
precise diamond wire saw based on Well Model 4240 is used to obtain a thin
(35 µm) flap (see Fig. 4.1a). This additional step, in respect to the previously
described procedure [51], allows us to shorten the fabrication time and provides
much higher flexibility in the fabrication of complex geometries. After this
first cutting process, the ferrule is cleaned in acetone and mounted on a ps-
laser ablation system (OPTEC Laser Micromachining System), where the flap
is carved in the form of a cantilever by means of line-by-line laser ablation
(repetition rate 8 kHz, stage speed 20 mm/sec) (see Fig. 4.1b). To define

Figure 4.1: Fabrication procedure for a typical FT cantilever. As a first step, a
thin flap is created by precise diamond saw equipped with 230 µm diameter wire -
sketch (a). The geometry of the cantilever is then defined by means of laser ablation
- sketch (b). Finally, the hole left in the cantilever is closed with a filling material
and a single mode optical fiber is placed in the bore hole underneath - sketch (c).

high quality reflective surface, which is necessary for a proper readout of the
sensor, a small drop of curable liquid material is applied in the hole left open
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on the cantilever. The filling material varies according to the application. To
apply the drop, we first collect, by dipping, a tiny amount of filling material
on a short piece of 100 µm diameter wire and then deliver it by bringing the
droplet in contact with the hole. The filling drop is then cured according to
the curing procedure indicated by the manufacturer. After the filling material
is completely cured, a single mode optical fiber is placed in the bore hole of the
ferrule and fixed with glue. Typically, the final dimensions of the cantilevers
are 2800 µm × 220 µm × 35 µm (see Fig. 4.2). All the dimensions of the sensor

Figure 4.2: (a) Microscope image of a typical FT cantilever after the ablation pro-
cess. (b) Sketch of the Fabry-Perot interferometer used to measure the deflection
of the cantilever from the interference of the light reflected from three consecutive
interfaces.

can be tailored to the specific application [7, 80]. As a result, the mechanical
properties of the cantilever, such resonance frequency or spring constant, may
vary over a wide range of values. Typically, the resonance frequency can span
from few hundred Hz to hundreds of kHz, while the spring constant can reach
values as low as few N/m. More complicated structures, including multi-
cantilever geometries and suspended seismic masses, can also be fabricated if
their dimensions stay within the area of the used ferrule. The FT cantilever
readout is based on Fabry-Perot (FP) interferometry [43], exploiting the cavity
created between the fiber-to-air interface (where about 4% of the laser light
coupled to the fiber is reflected) and the cantilever surfaces (Fig. 4.2). If
the hole in the cantilever is filled with an opaque material, all the light that
impinges on the cantilever is reflected from the bottom of the sensor, and the
FP cavity signal is created by two interfering beams (interface A and B on Fig.
4.2b)). The situation is different in case of a transparent filling. In that case,
it is more convenient to sputter an additional thin layer (∼50 nm) of metal
onto the cantilever to guarantee that most of the light be reflected from the
top surface of the sensor (interface C on Fig. 4.2b). Because the thickness
of the cantilever remains constant, the FP cavity signal can be assumed to
depend only on the position of the cantilever with respect to that of the edge
of the fiber. Based on this assumption one can write a general formula that
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describes the signal at the output of the detector:

I(d) = I0

[
1 + V cos

(
4πd

λ
+ ϕ0

)]
(4.1)

where the phase shift φ0 comes from the initial geometrical conditions, λ is
the wavelength of the readout laser, d is the bending of the cantilever at
the measurement point, V and I0 are the visibility and the mean value of
the signal respectively. The measurement point is defined by the position of
the readout fiber with respect to the cantilever and may vary for different
geometries. However, in all cases the actual deflection of the tip dt can be
calculated using simple mechanical theory [15]. The visibility for a cantilever
with transparent filling and metallic coating is typically ≈90%, whereas in the
case of non-transparent filling it reduces to 40% to 50%. To achieve optimal
sensitivity and linearity, the readout is equipped with a tunable laser whose
wavelength can be adjusted to match the quadrature condition. As for the
actuation mechanism, in this work we have explored the possibility to rely on
the local heating generated on the cantilever surface by an additional light
source coupled to the readout fiber (photothermal effect ∗).

4.2.1 Static bending

To demonstrate that it is possible to use the photothermal effect to induce
a controlled static deformation of ferrule-top mechanical structures, we fabri-
cated an FT cantilever with UV-curable polymeric hole filling (NOA68 Nor-
land), equipped with a fixed reference block at the top of the ferrule (see Fig.
4.3a). The device was aligned vertically with respect to an optical profiler mea-
surement head (Wyko NT9100) (see Fig. 4.3). We then measured the bending
of the cantilever as a function of the emission power of a 1.3 µm laser source
directly coupled to the readout fiber. The results are reported in Fig. 4.3. It is
clear that by varying the laser power one can control the static bending of the
sensor, with maximum displacement, for this device, of 1.75 µm for 53 mW of
laser power.

4.2.2 Dynamic excitation

The static bending mechanism described in the previous paragraph can be
used to control the position of the cantilever within a few microns. It is how-
ever also interesting to understand whether, using the same mechanism, one

∗It is important to separate the excitation mechanism here described from the more
typical bimetallic effect. The ratio between the thickness of the cantilever (35 µm) and
the additional metallic coating (50 nm) is so small that the bimetallic effect is negligible.
The same applies to light pressure, which is expected to exert a force on the cantilever of
approximately 20 pN, corresponding to pm cantilever deflections.
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Figure 4.3: (a) Schematic view of the static bending experiment. (b) Optical profiler
line passing across the cantilever (150 µm to 400 µm) and the reference block (0 µm
to 150 µm) for different power values of the excitation laser. (c) Bending of the
cantilever as a function of the power of the excitation laser.

can drive a dynamic excitation. In this case the intensity of the excitation
laser has to be modulated. The amplitude modulation, performed at certain
frequency, creates heat waves that propagate in the cantilever. These waves
periodically modify the local stress in the profile of the sensor and, as a result,
excite the vibrations. To test this approach, an FT cantilever with polymeric
hole filling was coupled to the optical setup sketched in Fig. 4.4. The optical
readout is combined with a 1.3 µm excitation laser using two wavelength divi-
sion multiplexers (WDM). Each multiplexer provides at least 16 dB isolation
between readout and excitation wavelengths. To create the heat waves in the
cantilever profile, the intensity of the 1.3 µm laser is modulated using a square
wave (amplitude modulation). The frequency of the modulation is controlled
by a computer and swept close to one of the mechanical eigenfrequencies of
the cantilever. During the sweep, the computer acquires the amplitude and
the phase (with respect to excitation signal) of the signal emerging from the
FP cavity. Both parameters are measured by a lock-in amplifier locked to
the excitation source.The power of the excitation laser was set to 10 mW and
the modulation depth to 100%. The amplitude response recorded for the first
three eigenmodes is shown on Fig. 4.5. All measured resonances are close to
the values predicted on the basis of Euler-Bernoulli beam theory [44](5.44 kHz,
34.14 kHz and 95.57 kHz, respectively).

To calculate the efficiency of the excitation mechanism, we measured the
amplitude of the fundamental mode oscillations induced at resonance as a
function of the excitation laser power. The results obtained both in air and
vacuum (10−3 mbar) are reported in Fig. 4.6. It is interesting to note that,
apparently, when the cantilever is in vacuum, the excitation efficiency is in-
creasing. This behavior can be explained by considering that, in vacuum, the
cantilever can dissipate heat less efficiently than in air. Therefore, due to the
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Figure 4.4: Combined setup to simultaneously measure the bending of the cantilever
and to excite its vibrations. The FT sensor is connected to an arm of the optical
coupler in a way that 90% of the light coming from the FP cavity is coupled into the
arm where the photodetector is located. At the same time 90% of light delivered by
the excitation laser impinges on the cantilever.

reduced convection, the temperature gradient (and, thus, the bending reached
for the same excitation laser power) is higher in vacuum.

4.3 Humidity and pressure sensors

The dynamical mechanical properties of FT cantilevers strongly depend on
variations of mass, surface stress and viscosity of the surrounding medium
[81, 82]. Here we show that, combining this principle with the excitation
mechanism described in the previous section, one can implement truly all-
optical sensors. By way of example, we focused on two proof-of-concept tests
on humidity and pressure sensing.

4.3.1 Humidity sensor

An FT cantilever, with polymeric hole filling (NOA68 Norland) and metallic
coating, was connected to the optical setup shown in Fig. 4.4 and inserted in a
test chamber equipped with a humidity control system. Using the excitation-
detection scheme described in the previous section, we then measured the
resonance curve of the fundamental mode as a function of the humidity of
the gas contained in the chamber. The humidity inside the chamber was si-
multaneously measured, for reference, by a calibrated commercial sensor (Sen-
sirion SHT75). During all measurements, the temperature variations inside
the chamber were less than 0.5 K and had a minor influence on outcome of the
experiment (estimated drift 0.5–1 Hz/◦C). The results of the measurements
are reported in Fig. 4.7. As one can notice, for higher humidity levels the
mechanical quality factors worsens and the center of the resonance curve shifts
towards lower frequencies at a rate of 7 Hz/% for the second eigenmode. It
is evident that this phenomenon can be used to implement all-optical humid-
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Figure 4.5: Spectrum of the first (a), second (b) and third (c) eigenmodes driven
with light excitation. The measurements were performed in vacuum (10−3 mbar).
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Figure 4.6: Cantilever bending amplitude as a function of excitation laser power at
resonance with the fundamental frequency. Measurements were performed both in
air and vacuum (10−3 mbar).

ity sensors. As water adsorbs on the cantilevers surfaces or is absorbed by
the polymeric filling material, in fact, the mass and the spring constant of the
cantilever changes. These changes can be detected by following the mechanical
resonance frequency of the sensor. If one neglects the influence of temperature
(which is a known performance limiting factor in moisture measurements [83])
and calculates the minimum detectable humidity change as three times the rms
noise of frequency measurements, one can estimate that the resolution of our
sensor is approximately 0.02%, which is comparable with present optical fiber
based sensors [84, 85] and better than gravimetric transducers [86]. To further
improve the sensitivity one can replace the material filling the cantilever bore
hole with a more absorbing one. A proper selection of the sensing polymer, in
fact, can significantly change the response of optical fiber humidity transducer
[87, 88].

4.3.2 Pressure sensor

To test the capability of all-optical FT sensors to measure pressure, an FT can-
tilever with a non-transparent filling material (TorrSealr resin) was enclosed
inside a chamber connected to a vacuum pump and to a leak-valve. This
system allowed us to reproducibly vary the pressure inside the chamber from
10−3 mbar to atmospheric pressure. The residual pressure was continuously
monitored by a commercial pressure gauge (MKS DualTransr 910). For this
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Figure 4.7: Resonance curves of the fundamental mode of an FT cantilever acquired
for different humidity levels.

set of measurements, the setup was modified as depicted in Fig. 4.8. The main
difference with respect to the solution shown in Fig. 4.4 lies in the electronic
part, which offers now the possibility to automatically lock the light excita-
tion frequency to the resonance frequency of the cantilever, and thus measure
the latter without necessarily acquiring a complete vibration spectrum. The

Figure 4.8: Schematic view of the readout and excitation setup for pressure mea-
surements. The electronic part of the readout allows one to lock to the resonance
curve and measure the resonance frequency of the cantilever instantaneously, with-
out necessarily acquiring a complete vibration spectrum.

locking mechanism is based on an FM/AM technique. The carrier frequency
of the excitation laser is controlled by a Voltage Controlled Oscillator (VCO).
At the start of the experiment, the voltage on the input of the VCO is set
to the level that corresponds to the resonance frequency fR of the cantilever
(Fig. 4.9). The carrier frequency is then swept around the resonance frequency
(between points A and B of Fig. 4.9) by adding a low frequency (fm) modu-
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lation on the VCO. As a result, the amplitude of the signal received from the
photodetector of the setup is the combination of a high frequency component
(due to the oscillation of the cantilever at the resonance) and a low frequency
component (due to the change of the cantilever amplitude response around
the resonance). The latter is isolated in a rectifier and fed into the lock-in
amplifier that measures its 90 degree shifted component. The average value
of this signal, which is proportional to the derivative of the curve reported in
Fig. 4.9, is then used to drive a high gain loop that keeps the carrier frequency
at the peak of the mechanical resonance curve. When the loop is locked, the
amplitude of the low frequency component (fm) is roughly zero. At the same

Figure 4.9: Definition of the parameters used in the description of the technique
that allows instantaneous tracking of the resonance frequency of the FT cantilever
(see text).

time its second harmonics reaches maximum.For this proof-of-concept experi-
ment, we measured the first resonance frequency of the cantilever as a function
of the pressure in the chamber, which was first evacuated to 10−3 mbar and
then slowly filled with air up to atmospheric pressure. The time constant of
the loop was set to 1 s to prevent instabilities connected with a high quality
factor of the cantilever in vacuum (≈1400). The measurement took about 3
minutes. After that, we repeated the procedure while monitoring the second
eigenfrequency of the sensor. The results of both experiments are reported in
Fig. 4.10. An analysis of the noise of those data shows that, with this sensor,
one can achieve a pressure resolution of 1 mbar and 0.5 mbar for the first and
second mode respectively. In comparison, membrane-based fiber optic pres-
sure sensors [89, 90] have typically higher resolution and sensitivity but lower
pressure range. Additionally, contrary to FT sensors, they can be damaged
by overpressure. On the other hand, fiber optic Bragg-grating (FBG) pressure
transducers are in general less sensitive [91, 92], but cover a much wider work-
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ing range. FT sensors thus seems to fill the gap between membrane-based and
FBG transducers, offering a tradeoff between sensitivity and working range.

Figure 4.10: Resonance frequency of the first (graph a) and the second (graph
b) mode of an FT sensor as a function of air pressure. The slope of the curves
corresponds to 0.01 and 0.05 Hz/mbar for the first and second mode respectively.

4.4 Conclusions

In this paper we have proposed an all-optical excitation scheme that can be
applied to actuate FT devices. The excitation light is delivered to the sensor
via the same optical fiber that is simultaneously used to measure the deflection
of the mechanical part fabricated on the ferrule. Therefore, the scheme can
be applied without any change in the design of the device. We have demon-
strated that by varying the power of the excitation laser one can control the
static bending of an FT cantilever. Moreover, by introducing an amplitude
modulation one can excite the vibrations of the device and measure its reso-
nance curve, paving the way to the development of truly all-optical sensors.
To demonstrate this principle, we have implemented two proof-of-concepts
experiments that show the ability of this approach to measure changes in en-
vironmental humidity and pressure. The results confirm that the combination
of all-optical excitation with all-optical readout is indeed possible and may be
used as a new platform for point sensing in critical environments.
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gram (FP7/2007-2013)/ERC grant agreement number 207139 and the Dutch
Foundation for Fundamental Research on Matter (FOM) under a Valorization
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Chapter 5

Ferrule-top atomic force
microscope

Ferrule-top cantilevers are a new generation of all-optical miniaturized devices
for utilization in liquids, harsh environments, and small volumes [G. Gruca et
al., Meas. Sci. Technol. 21, 094033 (2010)]. They are obtained by carving the
end of a ferruled fiber in the form of a mechanical beam. Light coupled from
the opposite side of the fiber allows detection of cantilever deflections. In this
paper, we demonstrate that ferrule-top cantilevers can be used to develop ultra
compact AFMs for contact mode imaging in air and in liquids with sensitivity
comparable to that of commercial AFMs. The probes do not require any
alignment procedure and are easy to handle, favoring applications also outside
research laboratories.

This chapter is based on paper:

D. Chavan, G. Gruca, S. de Man, M. Slaman, J. H. Rector, K. Heeck and D. Ian-
nuzzi, Rev. Sci. Instrum. 81, 123702, (2010)
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5.1 Introduction

Since its invention in 1986 (Ref. [16]) atomic force microscopy has witnessed an
ever increasing popularity. Today, the atomic force microscope (AFM) is con-
sidered a unique instrument for its ability to provide surface topology images,
force measurements, and information on material properties at the nanoscale.
It is thus not surprising to notice that many research groups belonging to both
the academic and the industrial environment have been continuously proposing
new solutions to improve the performance of their AFMs, from novel imaging
modes [93, 94] to high speed [95–97] and video rate scanning [98]. In spite of
this impressive progress, in most commercially available AFMs the deflection
of the cantilever is still detected by means of optical triangulation. Opti-
cal triangulation, however, requires a volume of several cm3, making further
miniaturization virtually impossible. Furthermore, it does not adapt well to
applications beyond research laboratories, where untrained personnel might
not be comfortable with the alignment procedure necessary to bring the laser
spot on the cantilever before utilization. Alternative detection schemes, like,
for example, piezoresistive sensing [99], can be hardly used in liquid environ-
ments. There is thus an evident need of a compact, all-optical probe that
overcomes the alignment procedure. In 2006, our group has proposed a new
generation of miniaturized devices that may solve this issue: the fiber-top can-
tilever [7, 9]. In a fiber-top probe, the cantilever is carved at the center of the
cleaved end of an optical fiber. Light coupled from the opposite side of the
fiber can then be used to detect the deflection of the cantilever. The probe
is extremely compact (it is machined on a 125 µm diameter fiber), all-optical,
and very easy to use (the operator only needs to plug the fiber to the readout
system). Unfortunately, fiber-top cantilevers are currently produced by means
of a very expensive process (namely, Focused Ion Beam milling [8]). To solve
this problem, at the beginning of 2010 we introduced a new approach to fiber-
top probes, which now goes under the name of ferrule-top cantilevers[51, 100].
Ferrule-top cantilevers are obtained by carving a cantilever out of a ferruled
optical fiber. Because the dimensions of a ferrule are more than one order
of magnitude larger than those of a fiber, the fabrication process can rely on
steps that adapt better to cost effective series production. In this paper, we
show that it is possible to equip a ferrule-top cantilever with a sharp conical
tip for AFM purposes. The ferrule-top probe is then mounted on an extremely
compact AFM, where it is used for contact mode imaging in both air and
water.
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5.2 Ferrule-top probe: fabrication and read-

out

Ferrule-top tipped cantilevers are obtained via the fabrication steps illustrated
in Fig. 5.1. The building block is a 2.5 mm × 2.5 mm × 7 mm pierced ferrule
made out of borosilicate glass (VitroCom Inc.), with a central bore hole that
has a diameter of 127 µm [Fig. 5.1(i)]. The ferrule is initially mounted on
the stage of a ps-laser ablation machine (Optec System with Lumera Laser
source), where, following the steps described in Refs. [51] and [100], it is
machined into a 220 µm wide, 200 µm thick rectangular ridge [Fig. 5.1(ii)].
The ablation machine is then used to carve a 50 µm × 50 µm suspended square
hole at the end of the ridge and a v-groove on the side of the ferrule [Figs.
5.1(iii) and 5.2]. After the ferrule is taken out of the ablation machine, a GeO2

doped single mode silica fiber (Fibercore Ltd.), equipped with an ≈8 µm high,
≈100 nm radius conical tip1 is laid on the v-groove, slid into the rectangular
hole, and glued to the ridge [Figs. 5.1(iv) and 5.3]. The ferrule is then mounted
again on the stage of the ps-laser ablation machine to carve the ridge in the
form of a tipped cantilever [Figs. 5.1(v) and 5.4]. The length and the width
of the cantilever can be controlled within the cutting resolution of the laser
ablation system (approximately 5 µm). The thickness of the cantilever is
more difficult to control, and is limited to 10 µm reproducibility. Because of
those limitations, we generally carve cantilevers that are 2200–2300 µm long,
215–225 µm wide, and 20–30 µm thick, which correspond to spring constants
between 8 and 20 N/m and resonance frequencies between 5 and 7 kHz. At
the end of the carving process, the residual hole at the center of the cantilever
is filled with ultraviolet (UV) curable glue. The probe is then put inside a
sputtering system, where it is coated with a 5 nm thick Cr layer followed by a
30 nm thick Au film [Fig. 5.1(vi)]. Finally, a singlemode optical fiber (Corning
SMF28-e) is slid into the bore hole of the ferrule and glued [Fig. 5.1(vii)]. At
the opposite end, the fiber is plugged to a commercial optical interferometer
readout (LDM1300, Attocube AG) that couples a laser source into the fiber
and measures the amplitude of the signal reflected by the head of the probe
[7, 43]. This signal is the result of the interference between the light reflected at
the fiber-to-gap interface, the light reflected by the gap-to-cantilever interface,
and the light reflected at the cantilever-to-metal interface (see Fig. 5.5), and

1To obtain the tip, we used the method described in T. Pangaribuan, K. Yamada, S.
Jiang, H. Oshawa, and M. Ohtsu, Jpn. J. Appl. Phys. 31, 1302 (1992). The fiber was
cleaved and immersed for 360 minutes in a buffered HF solution (NH4F:HF:H2O, 7:1:1
volume ratio), where, because of the different etching rate of the cladding and the core,
the tip spontaneously forms. Our fibers, however, had a slight dip in the doping profile in
correspondence of the most central part of the core. This detail did not allow us to produce
tips with a radius smaller than 100 nm. Using a fiber with a uniform doping profile, though,
one should be able to systematically produce 10 nm radius tips.
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Figure 5.1: Illustration of the fabrication steps followed for the production of tipped
ferrule-top cantilevers (not to scale): (i) the building block is a 2.5 mm × 2.5 mm ×
7 mm pierced ferrule made out of borosilicate glass (diameter of the central bore =
127 m); (ii) the top of the ferrule is machined in a form of a 220 m wide, 200 m thick
rectangular ridge; (iii) one side of the ridge is machined to host an ≈50 m diameter
fiber; (iv) a ≈50 m diameter fiber with a conical sharp tip on its end is glued to the
ridge; (v) the ridge is further machined in a form of a cantilever (undercut); (vi) a
droplet of glue is placed inside the hole at the center of the cantilever, and the probe
is coated with a thin gold layer; (vii) a standard single mode optical fiber is inserted
into the bore of the ferrule and glued.
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Figure 5.2: Optical microscope images of the v-groove and of the suspended rect-
angular hole carved to host a ≈50 µm diameter fiber. The arrows in the drawings
indicate the view direction.

Figure 5.3: (a) Optical microscope image of the end of the ridge after step (iv) of
Fig. 5.1. (b) Scanning electron microscope image of the sharp tip formed on the
GeO2 doped silica fiber by means of chemical etching in a buffered HF solution.
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its amplitude is given by [7, 43]

W (d) = W0

[
1 + V cos

(
4πd

λ
+ ϕ0

)]
, (5.1)

where d is the separation between the fiber-to-gap and the gap-to-cantilever
interfaces, ϕ0 is a constant phase shift that only depends on the geometry of
the cantilever, λ is the wavelength of the laser (λ = 1310 nm), and W0 and
V are, respectively, the midpoint interference signal and the fringe visibility.
From the signal of the readout system, it is thus possible to remotely sense
mechanical displacements of the ferrule-top device [7, 9, 51, 100]. It is to note
that the fabrication procedure presented here is slightly different with respect
to that described in Refs. [100] and [51]. In the latter, the central fiber is glued
before any carving procedure. In this way, however, the surface roughness
of the fiber-to-gap and gap-to-cantilever interfaces is determined by the laser
ablation process, which cannot provide optically smooth surfaces. The method
described here, on the contrary, allows one to rely on optically smooth surfaces
at all interfaces, increasing the fringe visibility. Thanks to this expedient, it
is now possible to systematically achieve an root-mean-square (rms) deflection
sensitivity on the order of 0.1 nm (and, thus, 0.3 nN rms force sensitivity
for loads applied to the free hanging end of the cantilever) over the 35 kHz
bandwidth of the interferometer.

Figure 5.4: Optical microscope image of a tipped ferrule-top cantilever.
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Figure 5.5: Schematic view of the ferrule-top AFM.
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5.3 Experimental setup

To demonstrate the imaging capabilities of ferrule-top cantilevers, the probe
described in the previous section was mounted on the setup sketched in Fig. 5,
which consists of a Z-positioner (ANPz51/RES, Attocube AG) with a sample
holder, mounted on a 30 µm × 30 µm range XY-scanner (ANSxy50, Attocube
AG) in front of a ferrule-top probe holder equipped with a piezoelectric actu-
ator (AE0203D04F, Thorlabs Inc.). The Z-positioner can be used in stick-slip
mode (which moves the sample in discrete steps) or as a standard piezoelectric
translator (which allows continuous displacement). To facilitate assembly, the
probe is glued to a thin 5 mm × 10 mm iron plate, which is anchored to the
holder by means of a small magnet. To reduce acoustic and seismic noise, the
entire assembly is mounted on an active vibration isolation stage (Nano-20,
Accurion GmbH) housed inside an anechoic box. Thanks to the combined
use of ferrule-top technology and compact scanners and positioners, the whole
AFM can be contained in a 5 cm × 5 cm × 7 cm volume, and, with an accurate
design, can be miniaturized even further.

Figure 5.6: Schematic view of the working principle that lies at the heart of the high
gain feedback loop used in our ferrule-top AFM.
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5.4 Control system

To obtain a contact mode image, the operator first moves the Z-positioner in
a series of discrete stick-slip steps that bring the sample in contact with the
sharp conical tip of the ferrule-top cantilever. This procedure is extremely
simple, because upon contact, the cantilever undergoes static bending, which
is readily detected by the interferometer. Once in contact, the XY -scanner
moves the sample underneath the tip to allow raster scan of the area of interest,
while a feedback circuit keeps the cantilever deflection constant by moving the
sample in the vertical direction, like in standard close loop AFMs.

To close the loop, one could simply fix the set point in correspondence
to a position where the cantilever is in quadrature, and then adjust the ver-
tical position of the sample to keep the output signal of the interferometer
constant. Following this method, however, the image might be affected by
spurious features that are caused by power fluctuations of the laser of the
interferometer, which would give rise to signals that would mimic cantilever
deflections. This systematic effect can be avoided by using a different feedback
method designed to lock the set point not to quadrature but to a maximum or
a minimum of interference. In this way, the set point is not defined in terms
of absolute voltage output of the interferometer, but as the position where the
first derivative of the signal vanishes, which is independent from the output
power of the laser. To lock to a maximum or a minimum of interference, the
probe is sinusoidally excited in the vertical direction by means of the piezoelec-
tric actuator of the probe holder at a frequency below the resonance frequency
of the cantilever (like in some force modulation techniques already described in
the literature)[101]. The amplitude of the oscillation is much smaller than the
static bending of the cantilever at the set point. Therefore, the tip never loses
contact with the surface. This vertical motion is at the heart of the feedback
loop that eventually allows one to obtain accurate images of the sample, as
explained in detail here below (see Fig. 5.6). Lets suppose that, after contact,
the Z-positioner, now working in piezoelectric scanning mode, is extended over
a length equal to z+ for which the interference signal is maximum. Lets then
assume that the excitation signal of the probe holder is switched on and that,
during the XY-scan, the probe initially moves on a flat surface (no change of
the output signal). Lets finally imagine that at t = t0 the cantilever is bent
upward (or downward) of a small amount d0 because of the presence of a step
in the sample. If one neglects the inertia of the cantilever and the rising time
of the readout, the output signal observed is described by [see Eq. 5.1]

W (t) ≈ W0 (1 + V )− 1

2
W0V

(
4π

λ

)2

× (d0 − z+ + δcos(ωt))2 (5.2)

where ω and δ are, respectively, the angular frequency and the modulation
amplitude of the cantilever in response of the oscillation of the probe holder.
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Figure 5.7: Movement of the Z-positioner in response to a driving signal that simu-
lates an ≈25 nm sharp step.
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From Eq. 5.2, one can see that W (t) is the sum of one time independent term,
one 1ω term, and one 2ω term.

W (t) ≈ C0 + C1d0cos(ωt) + C2cos(2ωt) (5.3)

where the exact expressions of C0 and C2 are not relevant for the description
of the method, and C1(d0) is given by

C1(d0) = W0V

(
4π

λ

)2

(d0 − z+)δ (5.4)

To close the loop, the readout output is sent to a lock-in amplifier locked at
frequency ω. The output of the lock-in amplifier is further amplified and sent
to the power supply of the Z-positioner. The extension of the Z-positioner at
a generic instant t is thus equal to

z(t) =
G

G+ 1
(z+ − d0(1− e−

(t−t0)
τ )) (5.5)

where G is the loop gain and τ is the loop time constant. From Eq. 5.5,
it is evident that with sufficiently high gain one can accurately reconstruct
the image of the sample by looking at the extension of the Z-positioner as a
function of the XY -coordinate, and that, in principle, high speed rates can be
achieved if the time constant is sufficiently low. In our instrument, the loop
gain and the time constant are set to 80 and 135 µs, respectively. However, we
observed that, when driven at high frequencies, our Z-positioner suffers from
severe mechanical oscillations that decrease the image quality. For this reason,
we have intentionally limited the maximum output current of the amplifier
that feeds the Z-positioner. This expedient decreases the scanning speed, but
eliminates all the mechanical problems. For example, in Fig. 5.7 we show the
movement of the Z-positioner in response to a driving signal that simulates an
≈25 nm sharp step. From that graph one can see that, indeed, the positioner
does not suffer from mechanical oscillations. The response time is, however,
limited by a 15 ms long rising time and a 10 ms falling time.

5.5 Contact mode imaging

In Figs. 5.8(a) and 5.8(b) we report images of a 23 nm high calibration grating
(NT-MDT TGZ1) obtained in air and water, respectively. For the latter, the
grating was attached to the bottom of a small Petri dish filled with water.
Each image covers an area of 7 µm × 4 µm (resolution 120 pixels × 70 pixels)
with scan time of ≈12 minutes. The two images were obtained with two
different cantilevers, whose resonance frequencies in atmospheric conditions
were independently determined to be 4.9 kHz and 6.2 kHz, respectively. Those
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Figure 5.8: AFM images of a calibration grating obtained with our ferrule-top AFM
in (a) air and (b) water. Images were processed using Gwyddion software with
implementation of only standard plane leveling and line correction (see Ref. [102]).
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Figure 5.9: Line-scan of the AFM images reported in Fig. 5.8: (a) in air, (b) in
water.
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values correspond to spring constants of approximately 8 N/m and 15 N/m.
Since the feedback mechanism needs, in the worst case scenario, a cantilever
deflection of λ/4 to engage at a maximum or a minimum of interference, the
force applied onto the sample during the scan was anyway less than 7.2 µN
and 13.5 µN, respectively. The frequency of the vertical oscillation that lies
at the heart of the feedback loop was set to 1.1 kHz, with amplitude equal to
15 nm in air and 35 nm in water. From the images reported in Figs. 5.8(a) and
5.8(b), it is clear that the instrument can correctly reproduce the shape of the
calibration grating. The line-scans reproduced in Fig. 5.9 further confirm that
the quality of the image is comparable to that of commercial AFMs. Indeed,
by analyzing the data recorded while the probe was scanning a flat region of
the sample, one can see that the rms of the data distribution (that include the
effects of vibrations and surface roughness) is equal to 0.5 nm for the image in
air and 1.8 nm for the image in water. The slightly higher value obtained in
water can be attributed to the presence of small turbulence around the probe,
which increases vibrations and, therefore, noise.

5.6 Conclusions

We have fabricated a tipped ferrule-top cantilever for AFM purposes. We
have demonstrated that this new kind of probe allows the implementation of
very compact, all-optical, triangulation-free AFMs. Thanks to the monolithic
design of ferrule-top technology, the user can quickly engage the scanning tip,
regardless of the environment in which the sample is immersed. The instrument
can then provide high quality images in both air and liquids. We believe that
our work paves the way for a new generation of AFMs that are very easy to use,
and thus adapt well to utilization in as well as outside research laboratories.
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Chapter 6

Measurement of the Casimir
force with a ferrule-top sensor

We present a Casimir force setup based on an all-optical ferrule-top sensor. We
demonstrate that the instrument can be used to measure the gradient of the
Casimir force between a gold-coated sphere and a gold-coated plate with re-
sults that are comparable to those achieved by similar atomic force microscope
experiments. Thanks to the monolithic design of the force sensor (which does
not require any optical triangulation readout) and to the absence of electron-
ics on the sensing head, the instrument represents a significant step forward
for future studies of the Casimir effect under engineered conditions, where the
intervening medium or the environmental conditions might be unsuitable for
the use of more standard setups.

This chapter is based on paper:

P. Zuurbier, S. de Man, G. Gruca, K. Heeck and D. Iannuzzi, New Journal of Physics 13,
023027, (2011)
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6.1 Introduction

Long-range surface interactions are of paramount importance in the design of
micro- and nanoelectromechanical systems (MEMS and NEMS), as they de-
termine the minimum separation that two miniaturized mechanical pieces can
reach before they snap to contact. It is thus not surprising that, over the last
decade, an ever increasing number of groups have been drawing the attention
of the scientific community to the potential relevance of the Casimir effect in
nanotechnology [103, 104] and what currently goes under the name of quantum
fluctuations engineering – the possibility of tailoring the Casimir force with a
suitable choice of the shape and material properties of the interacting objects
and the medium between them [105–112]1. Driven by this trend, scientists have
developed a wide variety of instruments that can assess different aspects of this
interaction mechanism. Macroscopic setupscote [115–118] and micromachined
torsional balances [119–121] are typically optimized for utilization in a vac-
uum or air, but would hardly work in liquids. Experiments in a vacuum can
also be performed by means of custom-made atomic force microscopes (AFMs)
[122, 123], which, after proper modification, can be also used to measure the
Casimir force in gaseous environments [110] or in liquids [109]. Because AFMs
rely on optical triangulation, however, it is difficult to imagine a universal
measuring head that can easily adapt to different environments, ranging, for
example, from low-temperature vacuum to room temperature liquids. Earlier
this year, our group proposed overcoming this issue by replacing the AFM head
with an all-optical micromachined torsional force sensor that adapts well to
both vacuum and critical environments [124]. The sensor is based on fiber-top
technology [7]. It consists of a mechanical rectangular beam carved out of the
cleaved end of a standard single mode optical fiber. The beam is suspended a
few microns above the rest of the fiber by means of two lateral torsional rods.
The light coupled from the opposite end of the fiber allows one to measure
the tilting angle of the rectangular beam and, therefore, the force that makes
it tilt. Thanks to its monolithic design and the absence of electronics on the
sensing element, this micro–opto–mechanical balance can in principle be used
in any environment without any change of the readout mechanics, optics or
electronics. Unfortunately, however, preliminary experiments show that, as
soon as measurements are not carried out in a vacuum, the sensor can only be
used in static mode [124]. Dynamic modes, which are typically more sensitive,
are in fact disturbed by spurious effects induced by the hydrodynamic force
between the mechanical beam and the fiber below (a phenomenon that goes

1Over the last 30 years, there has been much more extensive activity focused on the
investigation of the van der Waals interaction in the non-retarded limit, with particular em-
phasis on liquid environments, and there are important examples in which the investigation
has been extended to the retarded part of the interaction. A complete review of that part
of the literature is beyond the scope of this paper. See [113, 114] for more details.
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under the name of squeezed field air damping [125]). Furthermore, because
the optical fiber is only 125 µm in diameter, fiber-top devices are typically
fabricated with an expensive and time-consuming technique (such as focused
ion beam (FIB) milling [8]). Fiber-top technology cannot thus be considered
as a practical solution for systematic measurements, where, due to recurrent
accidental damaging of the force sensor, one must rely on probes that can
be easily replaced. To overcome the fabrication issue of fiber-top devices, we
recently introduced a novel approach that preserves the flexibility of fiber-
top technology while reducing manufacturing costs and production time: the
ferrule-top cantilever [51]. To fabricate a ferrule-top cantilever, a standard
single-mode optical fiber is glued inside the bore hole of a much bigger pierced
ferrule. The fiber and the ferrule are so well held together by the glue that
they behave like a single mechanical piece. The ferruled fiber is thus equivalent
to a very large single-mode optical fiber that can now be milled in the form
of a cantilever by means of more convenient techniques (e.g. laser ablation).
Interestingly, because of the larger dimensions of the building block, the gap
between the cantilever and the remaining part of the ferrule is typically much
larger than in fiber-top devices. Ferrule-top cantilevers are thus supposed to
suffer considerably less from hydrodynamic problems than fiber-top sensors.
In this paper, we present a ferrule-top force setup designed to measure the
Casimir attraction between a sphere and a flat plate, and we demonstrate that
one can indeed perform precise measurements of the Casimir force between a
sphere and a plate kept in air with a dynamic detection scheme that does not
induce any spurious effects.

6.2 Introduction

The experimental setup presented in this paper is designed to measure the
Casimir force between a 200 µm diameter sphere and a plate as a function of
separation in a distance range between approximately 50 and 200 nm. The
force sensor is realized according to the scheme sketched in figure 6.1. A
pierced 2.5 mm × 2.5 mm × 7 mm rectangular ferrule, made of borosilicate
glass, is initially carved by means of laser ablation in the form of a cantilever
that stretches over one of the diagonals of the edge of the ferrule. At the end
of the milling process, a small amount of transparent epoxy is dropped and
cured inside the 127 µm diameter hole left open at the center of the cantilever,
while a standard single-mode optical fiber is slid into the hole of the ferrule
from the other side and glued with the cleaved end at approximately 100 µm
from the bottom surface of the cantilever. A 200 µm diameter sphere is then
attached to the top of the free-hanging end of the sensor by means of a small
droplet of UV curable epoxy. The sensor and the sphere are finally coated
with a 5 nm thick Cr adhesion layer followed by a 200 nm thick Au film. The
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Figure 6.1: Fabrication steps followed to manufacture a ferrule-top cantilever for
Casimir force measurements. The building block is a pierced 2.5 mm × 2.5 mm ×
7 mm rectangular ferrule made of borosilicate glass. The ferrule is machined in the
form of a rectangular cantilever, which is then equipped with a spherical bead. An
optical fiber slid through the central hole and glued to the ferrule allows the detection
of cantilever deflections by means of interferometric techniques. The bottom figure
is a composite of six scanning electron microscope images showing the device used
in the experiment described in this paper.
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ferrule-top device is anchored on top of a manual translation stage, just in
front of a gold-coated sapphire plate that is attached to a piezoelectric stage
(see figure 6.2). The manual manipulator allows a first coarse approach of the
sensor towards the plate, while the piezoelectric stage is used for the actual
scanning during the force-versus-distance measurements. The translational
stage also hosts a bare cleaved optical fiber, parallel to the ferrule-top sensor,
that is used to measure movements of the piezoelectric stage. The setup is
fixed to a block of aluminum that is kept at a fixed temperature by means of
four resistors controlled via a feedback circuit. To reduce acoustic and seismic
coupling to the environment, the whole instrument is mounted on a silicone
pad inside an anechoic chamber on top of a marble table equipped with passive
vibration damping blocks. To simultaneously measure the deflection of the
ferrule-top cantilever and the motion of the piezoelectric stage, we built two
fiber optic interferometers that are fed with the same laser source (Thorlabs
Pro800 chassis with a WDM tunable laser module (1552.48–1554.18 nm)) (see
Fig. 6.2). The laser light is split by a 50/50 optical fiber coupler into two
forward branches. In both forward branches, the light is then split again by
90/10 couplers and sent toward the ferrule-top cantilever and the bare cleaved
fiber. For the ferrule-top sensor, the light is reflected by the fiber-to-air, air-
to-glue and glue-to-gold interfaces. The amount of light traveling backwards
into the fiber is given by:

W (dgap) = W0

[
1 + V cos

(
4πdgap
λ

+ φ0

)]
(6.1)

where dgap is the distance between the fiber end and the cantilever, W0 is the
mid-point interference signal, V is the fringe visibility, λ is the laser wavelength
and φ0 is a phase shift that only depends on the geometry of the cantilever [51].
This reflected light travels back into the fiber and is split again by the coupler,
which sends part of the signal onto a photodetector (Thorlabs PDA10CS).
Reading the current generated on the photodetector, which is proportional
to W (dgap), one can measure changes in dgap (see equation 6.1) and thus the
external forces that have produced those changes. The other branch of the
double interferometer works identically to the ferrule-top branch, except that
the reflected signal is composed of reflections from the fiber-to-air interface and
from the gold mirror, allowing one to measure the relative position of the piezo-
electric stage. From equation 6.1, it is clear that it is convenient to operate the
force sensor in its quadrature point, where the readout is most sensitive and lin-
ear in deflection [43]. For this reason, before each experiment, we first coarsely
bring dgap close to quadrature by adjusting the temperature set-point of the
setup, which induces differential thermal expansions on the different parts of
the ferrule-top device. We then use the tunable laser wavelength to precisely
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Figure 6.2: Sketch of the experimental setup used to measure the Casimir force
between a plate and a sphere attached to a ferrule-top cantilever. The ferrule-top
cantilever is anchored to a translational stage that allows one to coarsely move the
sensor with the sphere close to the plate. The plate is attached to a piezoelectric
stage for fine-tuning the separation between the two interacting surfaces. A bare
fiber is anchored parallel to the force sensor and is used to measure movements of the
piezoelectric actuator via interferometric techniques. An electronic circuit supplies
an ac voltage between the sphere and the plate, which allows one to compensate for
the residual electrostatic force and calibrate the force sensor. The setup is mounted
on an aluminum block kept at a fixed temperature inside an anechoic box and
isolated from the surroundings with passive vibration dampers (not shown).
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tune to the quadrature point2. Casimir force measurements are carried out
following a method similar to that described in [110, 126], which allows one to
simultaneously calibrate the instrument, counterbias the electrostatic poten-
tial difference that exists between the sphere and the plate and measure the
gradient of the Casimir force as a function of separation. In a nutshell, while
slowly changing the separation between the sphere and the plate by means of
the piezoelectric stage, we supply an ac voltage to the sphere with frequency
ω1 much smaller than the resonance frequency of the force sensor. This ac
voltage gives rise to an electrostatic force that makes the cantilever oscillate.
The mechanical oscillation has one component at ω1 and one component at
2ω1. The ω1 component drives a negative feedback loop that compensates for
the contact potential difference that exists between the sphere and the plate,
while the 2ω1 component allows one to calibrate the instrument and to measure
the separation between the interacting surfaces. On top of the electrostatic
force modulation, we add a small oscillatory motion to the piezoelectric stage
at a frequency ω2 that lies somewhere between ω1 and 2ω1. From the in-phase
motion of the cantilever at ω2, we can finally measure the gradient of the force
between the sphere and the plate. For details of the experimental method, see
[110, 126]. It is, however, important to stress that, contrary to the piezoelectric
stage of the setup presented in [110, 126], the one used in this experiment is
driven via an open loop circuit and is not equipped with any internal calibra-
tion sensor. For this reason, we have implemented a slightly different method
to determine the separation between the two surfaces. To explain this new
approach, we first note that the electrostatic force generated by the ac voltage
is equal to

Fe
R

=
ε0π (Vaccos (ω1t) + V0)

2

d
(6.2)

where ε0 is the permittivity of air, R is the radius of the sphere and V0 is the
residual potential difference. Therefore, the mechanical oscillation induced by
the electrostatic force on the force sensor at 2ω1 gives rise to a 2ω1 signal
on the photodiode of the interferometer that scales like S2ω1 ∝ V 2

ac/d. The
proportionality constant can be measured by looking at the output signal of
the bare fiber interferometer. We know in fact that, when the bare fiber
interferometer signal has moved through exactly one interference fringe, the
plate has moved for exactly λ/2. Once the proportionality constant β is known,
one can extract d from d = β · V 2

ac/S2ω1 .

2The 1.7 nm wavelength variation spanned by our laser source alone is not always suffi-
cient to adapt the laser wavelength to the actual length of the fiber-to-cantilever gap.
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6.3 Results and discussion

The sensor used for the data presented below was a 3.4 mm long, 200 µm wide
and 40 µm thick ferrule-top cantilever (resulting in an expected spring con-
stant of ≈2 Nm−1) with ≈100 µm ferrule-to-cantilever gap (see the scanning
electron microscope image of Fig. 6.1). The resonance frequency was measured
independently, and resulted to be equal to 2.7 kHz, with a Q-factor of 42. In
Figs. 6.3 and 6.4, we show the results of a typical measurement run. Data
were gathered during ten consecutive back-and-forth scans. Each scan had a
duration of 1000 s and a stroke of 1 µm spanned by applying a driving voltage
to the piezoelectric stage of the form VPZT ∝ 1−|τs−1|3, with τs = 500 s. The
frequency of the ac voltage was set to ω1 = 72 Hz. Its amplitude was continu-
ously adjusted during the scan to keep the root mean square (rms) of the 2ω1

electrostatic force component equal to roughly 230 pN at all separations (see
[110, 126]). The oscillation frequency of the piezoelectric stage was set to ω2 =
119 Hz with 7.2 nm amplitude. Signals at 2ω1 and ω2 were demodulated with
two lock-in amplifiers equipped with a 24 dB low-pass filter with RC time of
200 and 100 ms, respectively. To avoid mixing of the Casimir signal with that
induced by the hydrodynamic force due to the air in the gap [110], the phase
of the ω2 lock-in amplifier was aligned with the phase of the oscillatory motion
by going to contact, where the plate and the cantilever move synchronously.
This procedure was performed only once before starting the measurement run.
Figure 6.3 shows the potential difference V0 needed to minimize the electro-

Figure 6.3: Measurement of the residual potential between the interacting surfaces
as a function of separation as obtained during ten consecutive scans.
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static interaction between the sphere and the plate as a function of separation
d. The observed spread in the data is due to measurement noise and not to
a time-related drift. It is clear that the data loosely follow a behavior like a
log(d + b), as observed before in [116, 126] and [127]. This dependence is not
yet fully understood. Figure 6.4 shows the Casimir force gradient as a function

Figure 6.4: Dots: measurements of the gradient of the Casimir force between the
sphere and the plate (normalized to the radius of the sphere) as a function of sepa-
ration as obtained during ten consecutive scans. The gray line represents the result
expected from theory. Inset: histogram of the residuals of the data between 160 and
200 nm.

of separation. The data were obtained by subtracting from the original data
an electrostatic contribution that arises from the calibration procedure [110].
This contribution, which scales like 1/d, can be accurately calculated from the
value of S2ω1 . In our experiment, this correction ranged from 15 Nm−2 at
200 nm to 70 Nm−2 at 45 nm. The gray line in the graph represents the the-
oretical Casimir force as computed from the Lifshitz equation, where we have
assumed that the dielectric function of the gold surfaces can be obtained by
combining the tabulated data of [128] with the Drude term described in [129]
and where we have neglected surface roughness corrections. The theoretical
result should thus not be taken too rigorously. It is known, in fact, that gold
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layers deposited with different methods may have different optical properties,
which can lead to significant differences in the resulting Casimir force [130].
Furthermore, surface roughness corrections can be as high as several tens of
per cent at the closest separations. A more refined calculation of the expected
force is, however, beyond our scope. The goal of this paper, in fact, is not
to improve the accuracy in the comparison between theory and experiment,
but to prove that ferrule-top cantilevers can be successfully used to obtain
precise (i.e. low noise, small statistical error in force gradient) Casimir force
measurements.

It is thus now important to discuss the statistical error in the Casimir force
gradient. The inset of figure 6.4 shows a histogram of the residuals of all the
Casimir force data collected in the separation range between 160 and 200 nm.
The standard deviation is equal to 2.5 Nm−2. For comparison, our state-of-
the-art AFM for Casimir force measurements is currently capable of achieving
a standard deviation of 1.75 Nm−2 [131] with an ω2 oscillation amplitude a
factor of 2 lower but an integration time ten times higher.

6.4 Conclusions

We have presented a ferrule-top sensor for Casimir force experiments. The
sensor is based on a monolithic miniaturized cantilever that is coupled to a
remote readout via optical fibers. We have demonstrated that the setup pro-
vides measurements of the Casimir force between a sphere and a plate by
means of a dynamic detection scheme. The sensor can be easily fabricated
with cost-effective techniques, allowing frequent substitution of the probe in
systematic experiments. Furthermore, it adapts well for utilization in harsh
environments, such as low temperatures, vacuum and liquids. Similar ferrule-
top devices can of course be used to investigate other longrange interaction
mechanisms as well. Ferrule-top technology can thus be considered as a new
tool for exploring phenomena that are of relevance in the future development
of MEMS and NEMS.
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tives Scheme Vernieuwingsimpuls (VIDI-680-47-209). The authors acknowl-
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Chapter 7

Numerical study of a ferrule-top
cantilever optical fiber sensor
for wind-tunnel applications and
comparison with experimental
results

We present a numerical analysis of an air flow velocity sensor based on a fiber-
optic ferrule-top cantilever. The device forms a low-finesse Fabry-Perot inter-
ferometer, with one of the two reflecting surfaces constituted by a cantilever
beam. Under the effect of the flow pressure, the cantilever bends producing
a change in the cavity length of the Fabry-Perot and therefore a modification
of its optical response. The numerical analysis, performed by use of finite-
element method (FEM), is then compared with a set of experimental results
obtained in a small wind-tunnel.

This chapter is based on paper:

A. Cipullo , G. Gruca, K. Heeck, F. De Filippis, D. Iannuzzi, A. Minardo, L. Zeni,
Sensors and Actuators A 178, 17-25, (2012)

73



74
7 Numerical study of a ferrule-top cantilever optical fiber sensor for wind-tunnel

applications and comparison with experimental results

7.1 Introduction

Low-speed air flow measurement is a topic of great interest in several industrial
and research areas, such as aeronautics, applied fluid dynamics and turboma-
chinery. A significant number of well-established techniques exist to perform
single-point and field measurements, either intrusively or non-intrusively. Pitot
tubes, for instance, coupled with pressure transducers are rugged and easy-to-
use devices, especially suited for single-point (or multiple-points, using rakes)
measurements. When high bandwidths are required to detect flow turbu-
lences, single-point techniques such as hot-wire anemometry or laser Doppler
velocimetry (LDV) are commonly used. Due to their compact sensing region,
both techniques are also often preferred when velocity profiles must be deter-
mined close to surfaces and walls. Contrary to hot-wire anemometry, LDV is
non-intrusive. However, it normally requires the flow to be seeded with scatter-
ing particles. When field measurements (both 2D and 3D) are needed, particle
image velocimetry (PIV) is a common choice. PIV is again a non-intrusive
technique, but requires seeding of the flow as well. A deeper overview on the
mentioned techniques can be found, for instance, in Ref. [132] and in the
references therein. We propose an alternative single-point intrusive technique
based on a ferrule-top cantilever optical fiber sensor. The device behaves as a
low-finesse Fabry-Perot interferometer, with the cavity length changing when
the cantilever bends. Air flow across the cantilever causes deformation of the
cantilever, and therefore a change of the optical reflectivity of the interfer-
ometer. The main advantages of such device are the sensitivity (due to the
interferometric readout), the immunity to electromagnetic interferences (it is
an all-optical device) and the compactness (the device has the shape of a 1.8
mm diameter cylinder). Note that small air flow sensors are typically preferred
in order for minimal obstruction of the air flow [133]. In the following, we first
review the fabrication steps required to realize the sensor. We then present
the working principle of the sensor and a numerical analysis of the expected
performance. The result of the theoretical model are finally compared with
a first set of experimental results, obtained during an earlier test campaign
[134].

7.2 Fabrication process for ferrule-top cantilever

flow sensor

The key steps of device fabrication, as well as a microscope image of the end
result, are presented in Fig. 7.1 [51]. First, a Duran borosilicate ferrule with
an outer diameter of 1.8 mm is carved in the form of a ridge (Fig. 7.1(a)). The
ferrule is then rotated to shape the ridge in the form of a suspended cantilever
(Fig. 7.1b). Finally, an SMF-28e Corning single-mode optical fiber (ThorLabs
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SMPF0215) is glued inside the ferrule. The milling steps are performed using a
355 nm ps-laser ablation system equipped with a X-Y precision motion stage.
Ferrule-top cantilevers are patented devices [135]. A more detailed description
of the fabrication process and some potential applications can be found in Refs.
[51–53]. The cantilever employed as flow velocity sensor in the experimental
tests is 1650 µm long, 30 µm thick and 200 µm wide, while the air gap (i.e.
the undercut width) is 100 µm.

Figure 7.1: (a) and (b) milling steps for ridge and cantilever fabrication; (c) gluing
of the fiber into the ferrule; (d) microscope image (side-view) and 3D model of the
cantilever fabricated according to the procedure illustrated in (a-c).

7.3 Working principle

In the proposed interferometric readout system, light from a laser diode is
coupled to the ferrule-top cantilever by an optical circulator. The latter is also
employed to send the light reflected by the sensor device to a photodetector
(Fig. 7.2). The light reflected by the ferrule-top device is the result of the
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optical interference between the light reflected at the fiber/air interface and
the light reflected by the cantilever (which in turn is the superimposition of the
light reflected by the back and front surfaces of the cantilever) [7].If multiple
reflections from the cantilever are neglected, the reflected optical intensity R
is a function of the air gap width d, according to the raised cosine function
typical of a low-finesse Fabry-Perot interferometer:

R (d) = R0

[
1 + V cos

(
4πd

λ

)
+ ϕ0

]
(7.1)

where φ0 is a constant phase shift, and R0 and V are, respectively, the midpoint
interference signal and the fringe visibility [136]. They are defined as:

R0 =
R+ +R−

2
(7.2)

V =
R+ −R−

R+ +R− (7.3)

where R+ and R− represent the maximum and minimum interference signal
measured by the photodetector. Neglecting polarization effects and assuming
that all the reflected optical energy couples back to the input/output fiber, the
midpoint reflectivity and fringe visibility can be expressed as:

R0 = r21 + r22(1− r1)4 (7.4)

V =
2r1r2(1− r21)
r21 + r22(1− r1)4

(7.5)

where r1 and r2 are the Fresnel reflection coefficients at the fiber/air and
air/cantilever interfaces. Note that, as r2 is the combined reflection from
both faces of the cantilever, its value depends on the phase difference between
the waves reflected by the two faces, being maximum at the wavelengths for
which the double-pass phase delay across the cantilever width is a multiple
of 2π. Therefore, also fringe visibility is wavelength-dependent: Assuming a
typical Fresnel reflection coefficient of 0.2 at both fiber/air and cantilever/air
interfaces and a cantilever width of 30 µm, the computed visibility is ≈ 58 %
at the operating wavelength of 1.544 µm (the one used in the experiments
reported below). According to Eq. 7.1, the readout system is able to remotely
sense the mechanical bending (i.e. d changes) induced by the air flow pressure
acting on the cantilever (Fig. 7.2), by monitoring the changes in the reflected
optical intensity.

7.4 Numerical results

A finite-element-method (FEM) analysis was carried out in order to study
the behavior of the cantilever immersed in a flow. In particular, a three-
dimensional model of the sensor was studied under the presence of a laminar
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Figure 7.2: Simplified scheme illustrating the ferrule-top cantilever sensor working
principle.

air inflow. The fluid dynamics problem was described by the incompressible
Navier-Stokes equations, while structural deformations were solved using an
elastic formulation. The simulator employed (COMSOL Multiphysicsr) al-
lowed us to perform each simulation in two steps: in the first step the fluid
pressure field was computed for a given input flow velocity; in the second
step the fluid pressure field previously calculated was employed to retrieve the
deformations induced on the cantilever member. A preliminary study was con-
ducted to verify that decoupling fluid dynamics from mechanics, while greatly
simplifying the computational effort, did not produce any noticeable different
result with respect to the coupled case, as a consequence of the relatively small
deformations of the cantilever within the considered fluid velocity range (0 m/s
10 m/s). The cantilever dimensions are those of the fabricated device. The
ferrule material has been modeled by assuming for Duran a Young modulus of
64 GPa, a material density of 2230 kg/m3 and a Poissons ratio of 0.20 [137].
Air was modeled assuming a density of 1.205 kg/m3 and a dynamic viscosity
of 1.85·10−5 Pa·s (standard conditions of 20oC and 1 atm). The simulation
geometry and the unstructured mesh are presented in Fig. 7.3. The computa-
tional region is a cylinder having its axis coincident with the one of the ferrule
(x-axis). The diameter of the cylinder is 12 mm and its height is 8 mm. A
preliminary analysis was carried out to ensure that these dimensions were suf-
ficient to avoid spurious effects on the cantilever behavior due to the cylinder
walls. The mesh was made up of about 2·105 elements, being denser near the
cantilever and coarser in the rest of the geometry. A parametric analysis was
carried out by sweeping the air flow input velocity from 0 to 10 m/s. Note that
these values refer to the centerline (y = z = 0) velocity of the laminar air flow
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Figure 7.3: Geometry and unstructured mesh used for FEM simulations.

distribution entering the computational window, with the input flow directed
toward positive values of the x-axis. As described above, we first calculated the
fluid velocity and pressure fields for each fixed input flow velocity. As an ex-
ample, we report in Fig. 7.4 the velocity magnitude distribution across the x-z
plane for y = 0, calculated for an input flow centerline velocity of 2 m/s. From
the detail on the right of the figure we can note that air velocity goes to zero on
the cantilever borders, as a consequence of the non-slip boundary conditions
imposed at the walls. Note that the diameter of the cylinder was chosen in
order to have a uniform free-stream velocity across the whole cantilever front
face. Next, we report in Fig. 7.5 the air pressure field on the cantilever sur-
face and the velocity streamlines for the same input centerline velocity. It is
seen that the air pressure reaches its maximum in correspondence of the can-
tilever front face (where the flow velocity goes to zero), with the fluid velocity
streamlines being deviated by the ferrule region. It is interesting to show a
zoomed view of the same picture in the region surrounding the cantilever (Fig.
7.6). It is seen that part of the fluid flow enters the undercut area, giving rise
to a positive pressure on the back face of the cantilever partly contrasting the
pressure at its front face. The effect of the flow entering the undercut can be
further appreciated in Fig. 7.7, where the pressure distribution on the x − z
plane for y = 0 is depicted. The non-negligible pressure in the undercut region
counteracts the pressure on the cantilever front face, reducing the cantilever
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Figure 7.4: Velocity magnitude distribution across the x − z plane for y = 0 (left)
and detail of the velocity field around the cantilever (right), calculated for an input
flow centerline velocity of 2 m/s. The colorbar indicates the velocity in m/s.

Figure 7.5: Air pressure field and velocity field streamlines computed for an input
flow centerline velocity of 2 m/s. The colorbar indicates the pressure in Pa.
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bending and therefore limiting the sensitivity of the sensor. In Fig. 7.8 we plot

Figure 7.6: Zoomed view of the air pressure field and velocity field streamlines
computed for an input flow centerline velocity of 2 m/s. The colorbar indicates the
pressure in Pa.

the pressure on the front and the back faces of the cantilever at y = z = 0, as a
function of the input centerline flow velocity. As expected from Bernoullis law,
both pressures increase quadratically with the input velocity. The cantilever,
originally designed for applications far from fluid dynamics (see Refs [51–53]),
allows a significant amount of flow to enter laterally the undercut region, also
because part of the flow stagnates on the ferrule front face at both sides of
the ridge (see Fig. 7.1). The effect could be mitigated by either increasing
the ridge length or redesigning the cantilever geometry to minimize the flow
penetration. Finally, Fig. 7.9 shows the x-displacement of the cantilever in
correspondence of the fiber core, calculated as a function of the centerline flow
velocity. The cantilever displacement due to the embedding flow, which is
proportional to the fluid pressure in the elastic regime, increases quadratically
with the flow velocity. Note that the estimated cantilever displacement at its
midpoint is about 30 nm for an input flow velocity of 10 m/s. As discussed
in Ref. [134], the interferometric readout allows measurements of cantilever
displacements as small as a few Å, corresponding to a theoretical sensitivity
in terms of flow velocities in the order of a few cm/s.

7.5 Wind tunnel testing

The numerical model can be compared to the experimental results recently
obtained by our group [134]. The experimental set-up used for those measure-
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Figure 7.7: Pressure distribution on the x− z plane for y = 0 and for an input flow
centerline velocity of 2 m/s. The colorbar indicates the pressure in Pa.

Figure 7.8: Pressure evolution with input flow centerline velocity on the cantilever
front and back surfaces in correspondence of the fiber core.
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Figure 7.9: Horizontal displacement of the cantilever front face, computed as a
function of the input flow centerline velocity.

ments is depicted in Fig. 7.10. A rotational speed controlled fan was placed
at the end of a 2 m long wind tunnel to take up the surrounding air through
the inlet and create a low-speed flow in a 50×45×50 cm3 test chamber. The
ferrule-top cantilever, after gluing on a glass support, was placed at the center
of the test chamber, 5 cm above a standard Pitot tube used as a reference
sensor. In this position, it can be safely assumed that the two flowmeters
experience the same laminar flow velocity without interfering one each other.
The total pressure hole and the static hole of the Pitot were connected to a
differential pressure transducer (Sensortecnics HCXPM05D6V). The voltage
output of the transducer, which is proportional to the pressure difference, was
acquired through a data acquisition (DAQ) card (National Instruments USB-
6009). The interferometric readout for the ferrule-top cantilever was based on
a 1.544 µm laser diode (LD) and an IR photodetector (PD). The DAQ card
was also employed to acquire the interferometric signal from the photodetec-
tor.The experimental characterization of the ferrule-top cantilever optical fiber
sensor was carried out by setting the flow velocity between 0 m/s and ≈8 m/s
(slightly below the maximum flow speed achievable in the wind tunnel). The
velocity of the flow was deduced from the Pitot tube by applying the Bernoullis
equation:

U =

√
2(p0 − pS)

ρ
with ρ =

p

RT
(7.6)
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Figure 7.10: Schematic view of the experimental setup for flow velocity measurement
using a ferrule-top cantilever.

where U is the flow velocity [m/s], p0 is the total pressure [Pa], pS is the static
pressure [Pa], ρ is the density of the air [kg/m3], p is the environmental pressure
[Pa], T is the environmental temperature [K] and R is the ideal gas constant
(R =287.058 J·kg−1·K−1) for dry air. The environmental conditions were mon-
itored using a barometric station (Sensirion SHT71). The estimation of the
error on the flow velocity measured by the Pitot tube was performed by ap-
plying the error propagation theory on Eq. 7.6 and considering the standard
deviation of repeated measurements for each calibration point as well [138].
The error introduced by the ferrule-top cantilever sensor and its readout is
considered negligible. To assess the level of hysteresis and short-term repeata-
bility, the characterization was performed by scanning the flow velocity first
from the lowest to the highest values, and then from the highest to the lowest
(Fig. 7.11). It is evident that the two calibration curves are in agreement
within the error bars, indicating no hysteresis and good short-term repeata-
bility (the experiment was completed within 10 minutes). It is important to
stress that the calibration curve is not linear. As a matter of fact, non-linearity
arises from two sources: first, cantilever displacement is not linear with the air
flow velocity, rather it increases quadratically; second, the intensity of the re-
flected optical beam is a periodic function of the cavity length (and therefore
of the cantilever displacement), according to the response expressed by Eq.
7.1. To put in evidence the two non-linear contributes, we report in Fig. 7.12
the FEM-computed cantilever displacement as a function of the input flow ve-
locity, and the corresponding optical reflectivity of the sensor. The first curve
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Figure 7.11: Bottom-to-top and top-to-bottom calibration curves for flow velocity
measurements.

was obtained by simply inverting the axes of Fig. 7.9, while the second curve
was obtained by using Eqs. 7.1 to 7.5. Note that the phase shift φ0 appearing
in Eq. 7.1 was chosen in order to provide best fit with the experimental curve.
From Eq. 7.1 we note that the half-period of the interferometric response is
λ/4, i.e., in our case, 386 nm. Figure 7.12 shows that the sensor response keeps
monotone within the considered velocity range (0 m/s – 10 m/s). Also, in this
range the optical response is highly linear (linearity ≈ 99.98%). Therefore, we
can conclude that the main cause of non-linearity observed in the calibration
curve arises from the pressure/velocity quadratic relation. From Eq. 7.1 we see
that for large flow velocity ranges a non-monotone response is expected, due
to the periodic response of the interferometer. In particular, the flow velocity
for which the interferometric response of Fig. 7.12 reaches its first minimum is
≈30 m/s, where this value is extrapolated from the quadratic dependence of
the cantilever displacement from flow velocity. On the other hand, a larger op-
erating range may be achieved by fabricating ferrule-top sensors with a shorter
cavity, at the expense of sensitivity. The two curves plotted in Fig. 7.12 can be
combined in order to calculate the overall response of the sensor and compare
it to the experimental results. The numerical and experimental outputs are
shown in Fig. 7.13. A good agreement can be observed within the considered
flow velocity range. The sensitivity of the optical fiber sensor, in terms of min-
imum detectable flow velocity change, can be roughly estimated by taking the
calibration curve slope at the quadrature point of the optical response (cor-
responding in our case to an input flow velocity of ≈15 m/s). In that point,
the slope of the curve is ≈100 mV/(m/s) in absolute value. Considering that
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Figure 7.12: Reflected optical power (solid line) and input flow velocity (dashed line)
as a function of the cantilever midpoint x-displacement.

Figure 7.13: Comparison between the response of the flow sensor as calculated by
FEM simulations (solid line) and experimental results (circles).
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the estimated rms noise of the voltage output over the 100 kHz bandwidth
of the readout system was ∆Vrms=7 mV, this corresponds to a minimum de-
tectable velocity change of ≈0.07 m/s. Better sensitivities can be achieved
after optimization of the readout system and of the geometrical features of the
cantilever (e.g. by use of longer or thinner cantilevers). On the down-side, we
have observed that ferrule-top devices are affected by non-negligible long-term
drifts (10% in roughly 16 hours), which are most likely correlated to humidity
and temperature changes in the surroundings [76]. A possible solution may
be coating the cantilever with a proper hydrophobic layer, or employing a
drift reduction scheme such as the one recently proposed based on cantilever
vibration amplitude measurements [139].

7.6 Conclusions

We have performed a FEM analysis of a ferrule-top cantilever immersed in
a flow to better understand its behavior when employed for air flow velocity
measurements. We have then compared the results of the simulations with a
first set of experimental results recently published [134]. Over the entire veloc-
ity range investigated during the experiment (0 m/s – 8 m/s), the agreement
is satisfactory.

Acknowledgments – The authors acknowledge support from the European
COST action TD1001 OFSESA. G. Gruca, K. Heeck and D. Iannuzzi acknowl-
edge support from the European Research Council under the European Com-
munitys Seventh Framework Program (FP7/2007-2013)/ERC grant agreement
number 207139.



Chapter 8

Fiber optic sensors for
precursory acoustic signals
detection in rockfall events

Two fiber optic sensors (FOSs) for detection of precursory acoustic emissions in
rockfall events are addressed and experimentally characterized. Both sensors
are based on interferometric schemes, with the first one consisting of a fiber
coil used as sensing element and the second one exploiting a micro-machined
cantilever carved on the top of a ferrule. Preliminary comparisons with stan-
dard piezo-electric transducers shows the viability of such FOSs for acoustic
emission monitoring in rock masses.

This chapter is based on paper:

L. Schenato, L. Palmieri, G. Gruca, D. Iannuzzi, G. Marcato, A. Pasuto, A. Gal-
tarossa, J. Europ. Opt. Soc. Rap. Public. 7, 12048, (2012)
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8.1 Introduction

Collapses of rock masses represent a major source of hazard in mountain ar-
eas, being the cause of rapid landslides. Differently from landslides occurring
in earth or debris, which are usually surveyed by directed inspection of their
surface, rockslides offer few, if any, visible signs. Furthermore rockslides ap-
parently occur all of a sudden [140], making the application of early warning
procedures very urgent. Rockslides are associated to processes of stress accu-
mulation in unstable rocks, during which part of the accumulated energy is
released in small internal cracks [141]. These cracks generate acoustic emis-
sions (AE) that can, therefore, be used as precursory signals, through which
unstable rocks could be monitored. In particular, geological models and ex-
periments have suggested that AE in the range 20-100 kHz (the lower limit
being set mainly to greatly limit anthropic noise) are the most indicative to
be monitored for that purpose [142, 143].

Unfortunately, the application of traditional AE sensors, such as accelerom-
eters and piezoelectric transducers, finds serious practical limitations due to
the faintness of these AEs and the hostility of typical mountain environment
(with severe temperature, frequent lightning and ice storms, heavy rains and
arduous access). Furthermore, the conventional method consists, basically, in
the bare counting of events or of the number of times the AE signal crosses
an a-priori defined detection threshold (the so called ring down count): the
temporal distribution of such parameters has been considered enough, so far,
to the aim of monitoring the rock stability [144, 145].

With this respect, FOSs may fill the gap, providing a reliable solution and
potentially offering the following features: more robustness to electromagnetic
interference, smaller form factor, multiplexing capability, longer distance range
(which lead to easiness of installation), higher sensitivity. To explore this
possibility, in this work we analyze two fiber-based optical sensors for AE
detection in rock masses. Both sensors are interferometric. The first one uses
a 100–m–long fiber coil as the sensing arm of a heterodyne Mach-Zehnder
interferometer [146]. The second one is a Fabry-Perot micro-cavity obtained
by carving a cantilever on the top of a fiber-bearing ferrule, according to the
methodology proposed in [51].

This paper extends the results presented in [147, 148] and is organized as
follows: in the Section 8.2, the two sensors are briefly introduced; their exper-
imental characterization is described in Section 8.3 where their performances
are compared with a standard piezo-electric transducer (PZT). Finally, con-
clusions are drawn in Section 8.4: results, while not yet conclusive, confirm
that FOSs may represent a viable solution for AEs detection in unstable rock
masses monitoring.
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Figure 8.1: The fiber coil sensor: (a) the bare rugged sensor; (b) after it has been
acoustically insulated from the environment by means of a layer of acoustic absorbing
material and covered by tape.

8.2 The fiber optic sensor

The fiber optic AE sensors addressed here are interferometric devices. The
first sensor is shown in Figure 8.1. It consists in approximately 100 m of
G.657 optical fiber, tightly wound on an aluminum flanged hollow mandrel
(inner diameter 30 mm, height 42 mm). A layer of acoustic absorbing material
is applied to insulate the mandrel from the environment. The mandrel can be
fastened to the rock by means of a 4–cm–long M10 screw, which acts, also,
as the main acoustic coupling element between the rock and the sensor. This

Figure 8.2: Setup of the sensing scheme for FCS: the light source is a high-coherence
DFB laser at 1550 nm; AOM: acousto-optic modulator at 40 MHz; C0 and C1: opti-
cal coupler; PD: photodiode; FM demod: double balanced quadrature FM detector
board.
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fiber coil sensor (FCS) is inserted in the sensing arm of a heterodyne fiber
Mach-Zehnder interferometer, represented in Figure 8.2; the interferometer is
interrogated by a high-coherence laser with l = 1550 nm. The acousto-optic
modulator in the reference arm downshifts the laser frequency by 40 MHz,
thus enabling heterodyne detection at the receiver. The use of an heterodyne
scheme improves the performance of the setup with respect to the standard
homodyne technique: in fact, it allows (i) to reduce the amount of 1/f noise,
(ii) to avoid the need of an accurate control of laser wavelength (and related
thermal drift), and (iii) to relax constraints posed by polarization sensitivity
[149]. On the other side, however, it makes the detection more complicated,
because a frequency demodulator is needed to retrieve information about AE
which is encoded on the phase of the detected signal. The second sensor,

Figure 8.3: The ferrule top cantilever sensor: (a) front view; (b) side view.

shown in Figure 8.3, is made of a micro cantilever carved on the top of a
cylindrical silica ferrule [51]. The cantilever lays parallel to the ferrule top
along its diameter with only one end attached to the ferrule: in this way the
cantilever is free to oscillate under external perturbations. The ferrule houses
a standard single mode fiber, and the gap between the cantilever and the fiber
end face behaves as a resonating vibration-sensitive Fabry-Perot cavity. The
ferrule is about 10 mm long and has a diameter of 2 mm; the cantilever, made
of Duran, is about 1.25 mm long, 35 mm thick and 220 mm wide; the gap
between the cantilever and the fiber is about 100 mm. In order to increase the
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reflectivity of the cavity, the upper face of the cantilever is coated by a thin
layer of gold. These parameters, along with the Young modulus and density
of Duran, allow to calculate the first nominal mechanical resonance by means
of the Euler-Bernoulli equation [150]; accordingly:

υ =
κ2

2π

√
E

ρ

wt2

12

1

wtL4
∼ 19.4 kHz (8.1)

where κ = 1.875, E = 64 Gpa and r=2.23 g/cm3 are, respectively, Young
Modulus and density of Duran and w, t and L are the width, thickness and
length of the cantilever, respectively. The measured mechanical resonance is
12.5 kHz and differs significantly from the calculated one: this is actually a
common problem that afflicts also commercial atomic–force–microscope probe
where resonance frequency is typically within 50% from its nominal value.
Ultimately, this can be imputed to several reasons: a not perfect rectangular
shape, a not uniform thickness of the cantilever, presence of the thin gold
layer that coats the upper cantilever face, presence of glue which fills in the
bore hole on the cantilever. Finally, the Q-factor of the cantilever has been
roughly estimated in 400, by measuring experimentally the relaxation time of
the damped harmonic oscillation signal from the sensor [151]. A 20–mm–long
M10 bored bolt housed this ferrule top cantilever sensor (FTC), while providing
both protection and a suitable mean of mechanical and acoustic coupling to
the rock. The reflectivity of the FP cavity, which is probed by a lowcoherence
laser tuned at the quadrature point of the cavity, changes accordingly to the
AEs induced vibrations, and that information is decoded with the setup shown
in Figure 8.4.

8.3 Experiments

Acoustic coupling and impedance matching play a crucial role in the perfor-
mance of AE sensors [152]; therefore, in order to get realistic testing conditions,
we have tested the sensors on a block of Montemerlo Classic Gray Trachyte (50
× 50 × 15 cm in size, about 100 kg in weight). The FOSs were screwed in an
internally threaded anchor, chemically glued in a hole at the center of one of
the blocks 50 × 50 cm faces. For convenience, the block was simply supported
at 4 points near the corners of the drilled face; in that way, the sensor under
test was screwed in the bottom face of the block, with the top face left clear
for the excitation of AEs in different positions. During the tests, an amplified
PZT (VS30-SIC-46dB from Vallen Systeme GmbH, 46 dB of electrical ampli-
fication) have been used to compare its performances with those of the FOSs.
Electrical signals from PZT, FTC photodiode and FCS demodulation board
are eventually recorded by a digital storage oscilloscope.
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Figure 8.4: Setup of the sensing scheme for FTC: the light source is a low-coherence
laser (LD: laser diode) at the quadrature wavelength of the cavity; CIR: optical
circulator; PD: photodiode.

Acoustic emissions have been generated in a repeatable way by the impact
of a 5–mm–diameter steel ball dropped along a steep slide, placed on the top
of the block [153]. Repeatability of this method of excitation has been tested
extensively and it is within 10%; moreover, it has been found that direction of
impact of the ball has a negligible effect on the recorded signal. Upper part of
Figure 8.5 shows, for each of the three sensors (the two FOSs and the PZT), a
sample signal recorded when the ball is dropped at the center of the upper face
of the trachyte block. Right below in Figure 8.5, the corresponding power spec-
tral densities (PSD) are represented. It can be noted that, amongst the three
sensors, the PZT has the most flat spectral response. As expected, the spectral
response of the FTC is dominated by a peak centered at 12.5 kHz, the reso-
nance frequency of the cantilever. Correspondingly, the time evolution of the
signal recorded by the FTC is basically a damped oscillation. On the contrary,
the signals recorded by the FCS and the PZT are close to the actual AE. Even
though the FTC can provide very little information about the spectral content
of the AE, this is not at all a limitation, since as noted in the introduction
section the bare detection and counting of AE events, enabled by the FTC, is
the standard methodology for the present geological application. Rather, the
prolonged temporal damping of the signal from FTC, contributes in enhancing
the sensitivity, although this comes at the expense of a reduced capability of
resolving in time two consecutive AEs. To compare the three sensors, several
tests have been performed by dropping the ball at different positions on an
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Figure 8.5: Typical signals (top row) and corresponding PSDs (bottom row) recorded
by the three sensors (FCS, fiber coil sensor; FTC, ferrule-top cantilever; PZT, piezo-
electric transducer).
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uniform 7 × 7 grid, drawn on the top 50 × 50 cm face of the block, as in Fig-
ure 8.6. For each dropping, a signal, y(t), has been recorded and the acoustic

Figure 8.6: Upper face of the trachyte block with the uniform grid according to
which the ball has been dropped to test the responsivity of the sensors.

energy over an arbitrary window T defined as Y (t) =
∫ t+T
t

y2(τ)dτ has been
calculated. The window length T has been chosen as the average length of
the event, as recorded by the specific sensor. Actually, using a window longer
than the event would be pointless, because it would just includes more noise
in the integral. Therefore, we have set T = 5 ms for FCS and PZT, whereas
for the FTC, owing to its damping behavior, we have set T = 100 ms. As
stated above, this longer integration window results in a improved sensitivity
but in a more realistic scenario where a sequence of AEs may occur, increasing
T reduces temporal resolution, as well. Then we have defined the recorded
intensity of the AE as maxt{Y (t)}.

The results of these tests have been plotted in the three uppermost graphs
of Figure 8.7, where we have represented the intensities detected by each sen-
sor with respect to the different dropping positions on the grid. To compare
results, intensities have been normalized for each sensor independently, with
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respect to their maximum on the grid: as expected, the sensors mostly show
higher intensities when the ball is dropped closer to the center, where sensors
were screwed. Nevertheless, this correspondence is not perfect, likely because
of inhomogeneities in the rock block. Moreover, it can be noticed that the more
marked dependency on the excitation position is exhibited by the FTC, fol-
lowed by the FCS, and then, by the PZT. We impute these differences mainly
to a different sensitivity of sensors to surface waves, induced by the impact.
Actually, while the PZT is coupled to the rock only by means of its flat surface,
the FTC is totally inserted inside the rock and therefore it is more sensitive
to volume waves. On the other side, the FCS is acoustically coupled both
through the screw, and through one of the mandrel flanges that in in contact
with the flat block surface. To support this argumentation, the test has been
repeated by installing the PZT on a pedestal, made of a long flat-head bolt
directly screwed into the block, as it happens to the FOSs. In this way, we are
confident to reduce the surface coupling, and hence we expected the PZT to
become more sensitive to volume waves. Results, reported in the lowermost
graph of Figure 8.7, show a marked increase of the dependency on the excita-
tion position, in agreement with our hypothesis.We remark that the intrinsic
insensitivity to surface waves is a desirable feature, because noise sources (e.g.
anthropic activities and meteors) acting outside real rock masses are most
likely to induce surface waves, rather than volume ones. About absolute per-
formances, the FCS is the least sensitive of the three sensors: with respect to
FCS, the peak intensities of FTC and PZT are about 30 dB and 50 dB higher,
respectively. Notice, however, that both FTC and PZT include at the receiver
an electrical amplification of 20 dB and 46 dB, respectively; differently, elec-
trical amplification is not exploited in the FCS. Taking that gain amplification
into account, the most sensitive sensor is the FTC, although we recall that
this performance comes at the expense of a twenty-fold reduction of temporal
resolution. Noise performances are comparable, since the three sensors have
an SNR of about 30 dB. Analogous results have been obtained by changing
the position at which sensors were screwed at the bottom face of the trachyte
block.

8.4 Conclusions

In this paper some preliminary experimental analyses aimed at exploring the
applicability of FOSs to the monitoring of unstable rock masses have been re-
ported. Two different interferometric sensors have been considered and com-
pared with a standard PZT: the first sensor is based on a fiber coil, FCS, while
the second one is based on a ferrule top cantilever, FTC The PZT outperforms
both FOSs in term of sensitivity, yet it should be remarked that this is mainly
due to its internal 46 dB electrical amplification. By taking into account the
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Figure 8.7: Normalized intensities recorded by the sensors as a function of the
position of impact (FCS, fiber coil sensor; FTC, ferrule-top cantilever; PZT, piezo-
electric transducer; empty circles indicate sensor position).
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differences in electrical amplification, the FTC is the most sensitive sensor,
although FTC is also the one with the least temporal resolution. Experimen-
tal results suggest also that FOSs (FTC, in particular) could be intrinsically
more sensitive to volumes waves, whereas PZT appears to be more sensitive to
surface waves. To the aim of rock mass monitoring, this characteristic of the
FOSs is highly desirable, because surface waves are more easily triggered by en-
vironmental noise. While further developments and investigations are needed,
this preliminary analysis has shown that FOSs represent a viable approach to
the monitoring of unstable rock masses.

Figure 8.8: The outcome of the experiment described in this chapter has been noticed
in research highlights of Nature Photonics (N. Horiuchi. Sensors: Rock-fall warning.
Nat Photon, 7(3):167167, 2013).
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Chapter 9

Demonstration of a miniature
all-optical photoacoustic
spectrometer based on
ferrule-top technology

We present a new miniaturized photoacoustic (PA) spectrometer obtained by
carving a micromachined flexural pressure transducer directly at the top of
a glass ferrule. The ferrule is equipped with two optical fibers, one for laser
excitation of the gas and one for interferometric readout of the transducer. To
demonstrate the working principle and assess the sensitivity of the device, we
performed a set of measurements of C2H2 traces in an Ar buffer atmosphere.
The data acquired show that our ferrule-top scheme allows one to reduce the
minimum detectable concentration by more than one order of magnitude with
respect to the other miniaturized PA spectrometers reported in the literature,
while decreasing the integration time of a factor of 10.

This chapter is based on paper:

G. Gruca,K. Heeck, J. H. Rector and D. Iannuzzi, Optics Letters 38, 10, pp. 16721674,
(2013)
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9.1 Introduction

The photoacoustic (PA) effect was discovered more than 130 years ago [154].
However, because of the lack of proper light sources and high resolution pres-
sure transducers, it remained for long ignored in any practical application.
In the mid 70’s [155–158], scientists started to recognize that, exploiting the
tremendous progress in laser technology and electromechanical sensing tech-
niques, it was finally possible to develop extremely sensitive, highly selective
PA gas spectrometers. PA spectroscopy (PAS) is nowadays recognized as an
analysis technique with potential applications in microbiology, physiology and
health diagnostics [159, 160]. Unfortunately, to reach ultimate performance, it

Figure 9.1: (a) Schematic view of a ferrule-top photoacoustic spectrometer. The
ferrule is initially machined with a precise diamond wire saw to fabricate a thin flap
at the top. Next, the flap is carved, by means of picosecond laser ablation, to define
the flexural springs. Finally, a glass tube is mounted underneath the transducer and
two fibers are glued to shine light into the tube (excitation fiber) and to look at the
displacement of the transducer (readout fiber), respectively. (b) Optical microscope
image of the transducer after the laser ablation process (top view). (c) 3D sketch of
the ferrule-top photoacoustic spectrometer.
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is often necessary to rely on sophisticated measurement schemes and elaborated
setups. For example, one of the most sensitive PA spectrometers ever reported
in the literature is based on a microcantilever based microphone equipped with
a bulk optical interferometric readout [161], which requires a careful alignment
procedure to operate correctly. On the other hand, for some applications, per-
formance is not essential. Other factors, such as immunity to electromagnetic
noise or ability to perform measurements from a remote position, may play an
equally important role. It is thus not surprising that a significant part of the
literature has focused on fiber based PAS. Integrating optical fibers directly
into a standard photoacoustic cell [162], or replacing electronic microphones
with their optical equivalents [163], one can assemble PA spectrometers that
have no electronics in the sensing volume while keeping a low detection thresh-
old. All these solutions still rely on quite large pieces of equipment, which do
not adapt well to utilization in small volumes or in the presence of small aper-
tures. In a very recent paper, Y. Cao and colleagues introduced a new setup
based on the idea to put the entire PA cell on the tip of an optical fiber, which
is simultaneously used to remotely interrogate the microphone mounted in the
cell and excite the gas molecules [164]. The latter is as small as a few cubic
millimeters. This new setup is thus both compact and adapted for remote
sensing. Here we present a new scheme where we rather attach a very small
cell to a micromachined force transducer. This scheme allows us to gain more
than one order of magnitude with respect to the previous work while reducing
the integration time to 1 s.

9.2 Working principle

Our PA spectrometer is based on ferrule-top technology [12]. The microma-
chined force transducer consists of a 2800 µm long, 1800 µm wide, 30 µm
thick plate suspended, via a series of cantilever springs, directly over the end
of a 1.6 mm × 3 mm × 7 mm borosilicate glass ferrule (see Fig. 9.1). The
ferrule is equipped with a bore hole designed to host a single mode optical
fiber (readout fiber) that looks at the flat plate of the transducer. The gas
in the surroundings of the transducer (i.e., the gas that has to be analyzed)
diffuses into a small tube (inner diameter = 600 µm, outer diameter = 1 mm)
that is glued onto the carved side of the ferrule, just underneath the hanging
end of the suspended plate (distance between the capillary end and the force
transducer ≈100 µm). Any change of pressure inside the tube pushes the gas
out, producing a force pulse that can be detected by looking, from the distal
end of the optical fiber, at the Fabry-Perot signal generated between the fiber
end and the flat plate. The PA excitation light is brought inside the tube
via another single mode optical fiber (excitation fiber), which is slid into the
tube from the opposite aperture and glued during probe fabrication (distance
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Figure 9.2: Schematic view of the readout and excitation setup. The bending of the
transducer is measured from the interference signal coming back from the Fabry-
Perot cavity created between the fiber end and the transducer. To achieve high
sensitivity, the laser wavelength can be tuned to match the quadrature condition.
Another laser, connected to the excitation fiber, is used to excite the gas molecules.

between the end of the fiber and the open end of the tube ≈2 mm). For the
details of the design and fabrication process we refer the reader to the caption
of Fig. 9.1 and to reference [12].

9.3 Performance evaluation

To evaluate the performance of our PA spectrometer, we mounted the probe
inside a small chamber (50 ml) that was continuously flushed with a mixture
of argon and acetylene at room temperature and atmospheric pressure. The
total flow rate was set to 0.5 l/min. The amount of acetylene was controlled
by injecting, via a calibrated mass flow controller (MKS Mass-Flo) the correct
proportion of C2H2 in the main stream of argon. The displacement of the
suspended plate was monitored with a commercial interferometer (OP1550,
Optics11), whose working principle is sketched in Fig. 9.2. The interferometer
is equipped with a 20 mW laser that can be tuned over 30 nm. The tuning
range is sufficient to determine, after previous wavelength scan, a full spectrum
of the Fabry-Perot cavity. To guarantee maximum linearity and optimal sen-
sitivity, the wavelength was adjusted to match quadrature conditions. For the
transducer used in this experiment, the visibility of the fringes of interference
was measured to be equal to 95%, which allowed us to reach a displacement
resolution of 0.15 nm over a 20 kHz bandwidth. To excite the PA signal, we
coupled the excitation fiber to a 23 mW C-band semiconductor laser tuned
around the P(9) absorption line and modulated in wavelength by injecting ad-
ditional current to the driving circuit, as explained in [164]. The additional
current was set to a level sufficient to reach a symmetric triangular wavelength
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Figure 9.3: (Color online) (a) Photoacoustic signal measured for different concen-
tration of C2H2 in Ar. (b) Linear fit of the data points extracted from (a). The
data presented in this figure were collected with a lock-in amplifier time constant
of 300 ms. From this graph, it is clear that our spectrometer has a linear response
within the range investigated.

modulation (WM) of 150 pm. Although the mechanical quality factor of the
transducer was not particularly high (Q = 32 at atmospheric pressure and
room temperature), to increase the signal level, we set the modulation fre-
quency of the excitation laser to 457 Hz, a half of the mechanical resonance of
the transducer. The output of the readout was then sent to a lock-in amplifier
locked to the second harmonic of the modulation frequency. In Fig. 9.3(a) we
show the in-phase oscillation amplitude of the transducer as recorded at the
exit of the lock-in amplifier, plotted as a function of the central wavelength of
the modulated laser. The different lines correspond to the different concen-
trations of C2H2 present in the chamber, and were obtained setting the time
constant of the lock-in amplifier to 300 ms. The graphs resemble those already
reported in literature for WM-PA [165]. Fig. 9.3(b) shows the peak-to-valley
values as a function of C2H2 concentration. It is evident that our PA spec-
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Figure 9.4: Photoacoustic signal obtained when the measurement chamber was filled
with a gas mixture containing 0.1% of C2H2 in Ar. In the inset: output signal of
the lock-in amplifier acquired outside the absorption range of C2H2 over a prolonged
time interval.

trometer offers a linear response over the range of concentrations explored. It
is to note that, throughout the whole measurement period, we never changed
the excitation frequency. It is thus clear that, in our experiment, the drift
of the resonance frequency of the transducer was negligible. To estimate the
minimum detectable concentration (MDC) of our spectrometer, following the
approach used in reference [164], we divided the peak-to-peak amplitude of
the signal by the standard deviation (1σ) measured in a region where no ab-
sorption was noticed. With this method, we obtained an MDC equal to 551
ppb. Increasing the time constant to 1 s, and improving the gain of the pho-
todetector, we could further reduce the MDC to 330 ppb (Fig. 9.4), which is
more than one order of magnitude better than the value of 4.3 ppm reported
in [164], even though our integration time was 10 times smaller. However, we
would like to point out that this method is rigorously correct only to compare
the performance of different sensors and cannot be taken as representative for
general working conditions, where external acoustic noise and flow variations
can effectively deteriorate the MDC to ≈1.5 ppm (see Fig. 9.5)
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Figure 9.5: Photoacoustic signal measured at the output of the lock-in amplifier
in non-ideal (noisy) laboratory conditions. The excitation laser was tuned to the
maximum of the P(9) absorption line and the lock-in integration time was set to
300 ms. The variation of the signal at the flat parts of the figure mainly comes
from acoustic noise coupled into the chamber and from small flow variations in the
vicinity of the sensor.
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Chapter 10

Top-down approach to fiber-top
cantilevers

Taking inspiration from conventional top-down micromachining techniques,
we have fabricated a low mass gold fiber-top cantilever via align-and-shine
photolithography. The cantilever is characterized by measuring its resonance
frequency and mechanical quality factor. Our results show that the device
grants mass sensitivity comparable to that reported for similar standard can-
tilevers. This proof-of-concept paves the way to series production of highly
sensitive fiber-top devices for remote detection of biochemical substances.

This chapter is based on paper:

K. B. Gavan, J. H. Rector, K. Heeck, D. Chavan, G. Gruca, T. H. Oosterkamp and
D. Iannuzzi, Optics Letters 36(15), 2898-2900, (2011)
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10.1 Introduction

Over the last decade, several groups have demonstrated that an array of minia-
turized cantilevers, individually coated with suitable chosen layers, can provide
a unique platform for ultrasensitive detection of biochemical species [166–169],
with potential applications in, among others, early cancer diagnosis [21]. Those
instruments rely on the fact that, in the presence of one of the substances that
have to be detected, it is possible to observe a static deflection or a resonance
frequency shift of one of the cantilevers, whose positions are continuously mon-
itored by means of optical triangulation [170] or electronic readouts [171, 172].
Unfortunately, optical triangulation techniques are unsuitable for utilization
in small volumes or remote sensing. Furthermore, they require severe tech-
nical efforts to be inserted in a user-friendly automated system. Electronic
readouts, on the other hand, are generally less sensitive, less stable, and they
are prone to failure when used in liquids, electromagnetic noisy environments,
explosive gases, or extreme temperatures. To alleviate the readout problem,
it has been proposed to fit each cantilever on the cleaved end of an optical
fiber tip [7, 11, 173]. Light coupled from the opposite end of the fiber can
then be used to measure the displacement of the cantilever remotely. This
solution, however, relies on unconventional fabrication processes that make
those devices too expensive for any practical application. Still, it is evident
that the implementation of a more convenient approach for the fabrication of
cantilevers on optical fibers would open up unprecedented opportunities in the
field of mechanical detection of biochemical substances.

Figure 10.1: Schematic view of the steps followed for top-down fabrication of fiber-
top cantilevers (not to scale). (a) A cleaved optical fiber, (b) coating of the optical
fiber with photoresist, (c) pattern transfer via align-and-shine photolithography [14],
(d) resist development, (e) deposition of a chromium-gold bilayer and lift off of the
photoresist, (f) wet etch release of the cantilever.
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10.2 Fabrication and readout

In this Letter, we introduce a method that, taking inspiration from conven-
tional top-down micromachining, allows growing, patterning, and mechanical
suspension of a fiber-top cantilever via a series of steps that adapt well to
batch production. Top-down machining is widely recognized as the most cost
effective approach in the fabrication of microelectromechanical systems. The
approach is based on the possibility to grow and pattern alternate layers of
structural and sacrificial materials on a flat substrate. Dissolving the sacrifi-
cial layers with a wet etching process, one can then obtain suspended three-
dimensional mechanical parts that are free to move in response to an external
event [15]. To demonstrate that a similar top-down approach can be used for

Figure 10.2: Scanning electron micrograph of a fiber-top cantilever fabricated with
a top-down approach. The dimensions are: thickness = 350 nm, overall length
cantilever paddle 22 µm, width = 7 µm, and diameter of the paddle = 11 µm.

the fabrication of fiber-top cantilevers, we have followed the steps illustrated
in Fig. 10.1. The cleaved end of a single-mode silicon dioxide optical fiber
(Fig. 10.1(a)) is dipped in positive tone photoresist. The thin, flat photoresist
layer that remains attached at the end of the dipping step is then hardened
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by keeping the fiber at 105oC for 10 minutes (Fig. 10.1(b)) and exposed to
UV light through a patterned mask fiber via align–and–shine photolithogra-
phy [14] (Figs. 10.1(c) and 10.1(d)). After removal of the exposed photoresist
areas (resist development), the fiber is mounted vertically on a deposition sys-
tem, where it is coated with a thin chromium-gold bilayer. The remaining
photoresist film and the metal deposited on its top are then rinsed away with
methanol (lift off) (Fig. 10.1(e)), leaving behind a chromium-gold pattern that
has the shape of a paddled cantilever. Finally, the fiber end is immersed for
50 minutes in buffered oxide etch to isotropically remove a few micrometers of
silicon dioxide from all the areas that are not protected by the chromium-gold
bilayer. This last step frees the cantilever, which remains anchored to the fiber
by means of a metallic base that is large enough to prevent complete under-
etching (Fig. 10.1(f)). Figure 10.2 shows a scanning electron micrograph of
one of the cantilevers that was fabricated following the steps described above.
It consists of a metallic structure machined out of a 350 nm thick metallic
layer (30 nm chromium plus 320 nm gold) that was deposited on top of a
125 µm diameter fiber. The cantilever itself is 11 µm long and 7 µm wide. Its
free hanging end is equipped with an 11 µm diameter paddle that, by design,
is aligned with the core of the fiber. To demonstrate that the device works

Figure 10.3: Sketch of the experimental setup used to measure the resonance fre-
quency of the fiber-top cantilever shown in Fig. 10.2. L: laser, CP: coupler, PZ:
piezoelectric transducer, PD: photodiode, SA: spectrum analyzer. Inset: sketch of
the interferometric principle used to detect the bending of the cantilever. Arrows (a)
and (b) indicate the light reflected by the fiber-to-air interface and by the cantilever,
respectively.
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according to design, we mounted the device in the setup sketched in Fig. 10.3.
The machined end of the fiber is anchored to a piezoelectric transducer that
is driven with a random noise voltage input. The other end of the fiber is
plugged to an optical fiber interferometer that couples a laser source into the
fiber and measures the amplitude of the interference between the light reflected
by the fiberto- air interface and that is reflected by the cantilever. From the
interference signal, which depends on the separation between the two reflecting
points, one can remotely detect the amplitude of the cantilevers bending with
precision, comparable to that obtained with optical triangulation techniques
[7, 43]. In our experiment, the output of the interferometer is directly cou-
pled to a spectrum analyzer which is used to localize the mechanical resonance
frequency of the cantilever.

10.3 Performance

In Fig. 10.4, we report the result of the measurement obtained under ambient
conditions. The resonance curve peaks at 447 kHz, with a mechanical quality
factor of 98. Because the weight of the cantilever is approximately equal to
1:1 pg (volume × density with density gold = 19300 kg/m3, density chromium
= 7140 kg/m3, volume gold cantilever = 24.6 µm3, volume chromium can-
tilever = 2.3 µm3, volume gold paddle = 30.4 µm3, volume chromium paddle
= 2.8 µm3), one obtains a mass sensitivity of about 5 ag/Hz. This result
is comparable with those obtained with similar cantilevers [174]. We believe
that the approach suggested in this Letter can be successfully used as a cost
effective method for series production of metallic cantilevers on top of an op-
tical fiber. Similar steps can be followed to produce cantilevers of different
dimensions and materials. Using techniques developed in the telecommunica-
tion industry, the readout can be multiplexed to interrogate arrays of sensorsa
major requirement in most cantilever based biochemical sensors [169]. This
work thus paves the way for the development of a new platform of all-optical,
user-friendly biochemical detectors for remote sensing in critical environments.
For the latter application, it might be interesting to explore whether it is pos-
sible to excite the cantilever optically (see for example [175]), avoiding in this
way the use of the piezoelectric element.

Acknowledgements – The authors acknowledge Anahita Sadeghzadeh for
providing part of the drawings. This work was supported by the European
Research Council under the European Community’s Seventh Framework Pro-
gramme (FP7/2007–2013)/ERC grant agreement 201739.
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Figure 10.4: Measured spectrum of the resonance curve (in air) of a fiber-top can-
tilever fabricated with a topdown approach. The red curve represents a Lorentzian
fit through the data. The resonance frequency is 447 kHz, and the mechanical
quality factor is 98.



Chapter 11

Summary and outlook

11.1 Fiber-top and ferrule-top cantilevers for

atomic force microscopy and scanning near

field optical microscopy

Fiber-top and ferrule-top cantilevers (FTC) are a new generation of all op-
tical, monolithic, self-aligned microdevices. They are obtained by carving a
cantilever on the cleaved end of an optical fiber (fiber-top) or on a ferrule
terminated fiber (ferrule-top). FTCs rely on Fabry-Perot interferometry to
measure the deflection of the cantilever with subnanometer deflection sensi-
tivity. FTCs specially developed for scanning probe microscopy are equipped
with a sharp tip that has the dual function of probing the topography and
collecting/emitting light. We perform the scanning probe microscopy us-
ing these probes in air, liquid and at low temperature (12 K). The light
emission/collection functionality of FTC probes also allows one to combine
scanning near field optical microscopy (SNOM) and optical transmission mi-
croscopy with contact and non-contact mode atomic force microscopy (AFM).
This makes FTCs ideal for AFM+SNOM on soft samples, polymers and bi-
ological specimens, where bent fiber probes and tuning fork based systems
would not be recommended because of the high stiffness of those probes. We
demonstrate here the capability of fiber-top cantilevers to measure deflection
and collect near field optical signal, and also the capability of ferrule-top can-
tilevers for simultaneous optical transmission microscopy and topography of
SNOM gratings. Thanks to their unique features, FTCs also open up possibil-
ities for UV nanolithography and on-demand optical excitation at nanoscale.

This part is based on paper:

D. Chavan, G. Gruca, T. van de Watering, K. Heeck, J. Rector, M. Slaman, D. An-
dres, B. Tiribilli, G. Margheri and D. Iannuzzi, Proc. SPIE 8430, Optical Micro- and
Nanometrology IV 8430, 84300Z, (2012)
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11.1.1 Introduction

The Atomic force microscope (AFM)[16], which falls under the category of
scanning probe microscope, has become an indispensable tool for imaging as
well as for the characterization of the physical, chemical, electrical, electro-
chemical and optical properties of materials at nanoscale. The last decade
witnessed the development of novel methods for sample scanning [93, 94, 176],
new probe geometries [177, 178] and control electronics [96, 98], which con-
tributed towards improved performance, resolution and speed of imaging. In
spite of this tremendous development the use of AFMs outside the research lab-
oratories has been hampered by its operational complexity. Most AFMs rely
on optical triangulation techniques to measure the deflection of the cantilever,
but the procedure to align the laser spot required before operating it might
prove complex for an untrained professional from outside the research labora-
tory. Furthermore, the use of AFMs for imaging samples in liquids needs much
expertise and even proves challenging for trained users. On the other hand al-
ternative detection schemes, like piezoresistive sensing, can be used, but put
limitations on imaging in liquids. Hence a need is evident for an all optical, user
friendly, compact atomic force microscope. In 2006, Iannuzzi et al, presented
a new device, called fiber-top cantilever[7], obtained by carving a cantilever
on top of a cleaved 125 µm diameter optical fiber by focused ion beam milling
(FIB). Light shone from the other end of this fiber detects the deflection of
the cantilever with nanometer resolution. Applications of fiber-top cantilever
probes were demonstrated for sensing [11] and atomic force microscopy[9].
Unfortunately, fiber-top cantilever probes are fabricated by focused ion beam
milling, an extremely expensive and time intensive technique. To address this
problem, in 2010 we proposed to fabricate a cantilever on top of a glass fer-
rule (3 × 3 × 7 mm), which has dimensions one order of magnitude bigger
than the optical fiber. This new device, called ferrule-top cantilever probe
[51], retains all the advantages of fiber-top cantilever probes with the major
benefit of cost effective fabrication and possibility of series production. With
a small modification to the fabrication process, the optic fiber tip that scans
the sample for topological information for fiber-top and ferrule-top probes can
also simultaneously collect/emit light at nanoscale. Hence these probes can be
in principle used for scanning near field microscopy and have advantages over
current techniques (e.g. bent fiber and tuning fork) in terms of simplicity of
operation, stiffness and force resolution. Here we present the fabrication pro-
cess of ferrule-top cantilever probes, readout for ferrule-top probe, setup for
atomic force microscopy and atomic force microscopy combined with optical
transmission microscopy.
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11.1.2 Ferrule-top probe fabrication

Ferrule-top cantilever [51] probes are obtained by carving a cantilever on top
of a glass ferrule (VitroCom Inc.). Previously we reported methods to entirely
carve the cantilever using a laser ablation system (Optec System with Lumera
Laser source)[51, 52, 71]. Here we present an alternative fabrication process
that minimizes the use of laser ablation and instead uses a wire cutter for
bulk material removal. Some of the important steps of ferrule-top fabrication
processes are shown in Fig. 11.1. The building block for a ferrule-top probe is a

Figure 11.1: Fabrication process for ferrule-top probe for atomic force microscopy
(not to scale): (i) glass ferrule 3 × 3 × 7 mm with two bore holes of 125 µm and
50 µm diameter; (ii) flap of thickness ∼45 µm created by using wire cutter; (iii)
carving of cantilever from the flap by laser ablation; (iv) gluing of tipped fiber in
50 µm bore hole; (v) filling the 125 µm hole in cantilever with UV curable glue,
sputtering the entire probe with chromium+gold and inserting detection fiber; (vi)
optical image of ferrule-top cantilever probe with etched fiber ablated off to release
the cantilever.

glass ferrule (3 × 3× 7 mm) with two bore holes of 125 µm and 50 µm diameter
(Fig. 11.1(i)). As a first step for fabrication, the glass ferrule is mounted on the
wire cutter (Well Diamantdrahtsagen GmbH) to obtain a flap like structure on
top of the glass ferrule (Fig. 11.1(ii)). The thickness of this flap determines the
thickness of the cantilever. With this method of fabrication, one can obtain
cantilevers with thickness of 45 µm onwards. The ferrule with flap is then
mounted on the laser ablation system to cut the portions of the flap to obtain
a cantilever of desired shape and dimensions as shown in FIG. 11.1(iii). A
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tipped optical fiber [179] is then slid in to the 50 µm bore hole and fixed as
shown in Fig. 11.1(iv). The hole in the cantilever is filled with UV curable
glue and the probe is then coated with Chromium (10 nm) + Gold (50 nm) in
a sputtering system (FIG. 11.1(v)). The tipped fiber base is then ablated off
by laser ablation to release the cantilever. At this point a cleaved optical fiber
is slid into the 125 µm hole, which forms the detection fiber to measure the
deflection of the cantilever. The other end of this detection fiber is connected
to the readout explained in next section. The stiffness (k) and resonance
frequency (f) of the probe can be tuned by controlling the dimensions of the
cantilever during fabrication. For the probe presented here, the length of the
cantilever was 1550±10 µm, width 220±10 µm and thickness of 45±5 µm.

11.1.3 Ferrule-top readout

The readout of fiber-top and ferrule-top cantilever probe records the deflection
of the cantilever based on Fabry-Perot interferometry. The readout scheme
used for the ferrule-top probe is shown in Fig. 11.2. An infrared laser is con-
nected to an optic fiber coupler, wherein one arm is connected to the detection
fiber and the other arm is not in use. The photodiode gives the intensity of
the light reflected back from the cantilever. Thus the photodiode output is
the result of interference between the light reflected at fiber-to-gap interface,
the light reflected by gap-to-cantilever interface, and the light reflected at the
cantilever-to-metal interface and its amplitude is given by[11]:

W (d) = W0

[
1 + V cos

(
4πd

λ
+ ϕ0

)]
, (11.1)

where d is the separation between the fiber-to-gap and the gap-to-cantilever
interfaces, φ0 is a constant phase shift that only depends on the geometry of
the cantilever, λ is the wavelength of the laser, W0 is the midpoint interference
signal and V is the fringe visibility. Figure 11.3 shows the photodiode output
while bending the cantilever by pressing it against the glass sample surface. As
seen in Fig. 11.3, the photodiode output W (d) is at the center of the interfer-
ence fringe and varies in accordance with Eq. 11.1 as the separation distance d
changes with bending of the cantilever. The initial photodiode output W (di)
depends on the geometry of the probe and wavelength of the laser. Depending
upon the measurement requirement and mode of imaging (contact mode or
non-contact mode) one might need to tune the initial photodiode output to
the desirable location on the interference fringe. At this point, the geometry
of the probe is not a possible parameter to control as the dimensions and gap
distance d are fixed during fabrication. Hence, one can consider a tunable
wavelength laser source for adjusting the initial photodiode output. The im-
portance of tunable wavelength laser source is explained more in detail in the
next section.
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Figure 11.2: Detection scheme for the ferrule-top cantilever probe.

Figure 11.3: Photodiode output upon cantilever deflection.
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11.1.4 Ferrule-top atomic force microscope

We demonstrate here the imaging capability of ferrule-top cantilever probe in
three different environments-air, water and at low temperature (12 K). The
ferrule top probe was mounted on our atomic force microscope setup for imag-
ing in water, on a commercial atomic force microscope from ElbaTech Srl for
imaging in air and on an atomic force microscopy system AttoAFM Ixs from
Attocube Systems AG for imaging at low temperature (12 K). The schematic
of our atomic force microscope system used for contact mode imaging in liquid
is shown in Fig. 11.4. As seen in Fig. 11.4, the ferrule-top cantilever probe is

Figure 11.4: Schematic of our atomic force microscope used for imaging in liquid

attached to a small metal piece, which is attached to a piezoelectric actuator
(AE0203D04F, Thorlabs Inc.) by a small magnet. The sample to be imaged
is a standard calibration grating with a step size of 20±1.5 nm (TGZ1, NT-
MDT). The sample is glued at the bottom of a petri dish which is mounted on
XY scanner (ANSxy50, Attocube AG) for raster scanning during the imaging.
This XY scanner is mounted on top of Z-positioner (ANPz51/RES, Attocube
AG) that can be operated in slip-stick and scanner mode. The slip-stick mode
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of the Z-positioner is used for coarse positioning to engage the probe and the
sample. The scanner mode of the Z-positioner is used to close the feedback
loop to keep the cantilever deflection constant while imaging. In this experi-
ment we used a fixed wavelength laser (λ = 1310 nm), which sets limitations
on the setpoint force applied during contact mode imaging. For detailed ex-
planation about the control system used for imaging on this setup, we refer
the reader to Ref. [52]. One such image obtained for contact mode scanning
in liquid is shown in Fig. 11.5(II). To demonstrate plug-and-play capability of

Figure 11.5: Contact mode imaging of grating sample using ferrule-top cantilever
probe: (I) Contact mode image in air for probe mounted on Elbatech AFM system;
(II) Contact mode image in water for probe mounted on our AFM system; (III)
Contact mode image at low temperature (12 K) for probe mounted on AttoAFM
Ixs system from Attocube AG.

the ferrule-top cantilever probe, we performed contact mode imaging in air on
a commercial atomic force microscope system from ElbaTech Srl, Italy. In this
experiment we used a tunable wavelength laser source that comprises a broad-
band SLD source (Thorlabs Inc.) and a tunable optic fiber filter (Agiltron
Inc.). Apart from this tunable laser source, the readout schematic remains ex-
actly the same as mentioned earlier. In case of fixed wavelength laser source,
the initial photodiode output can range anywhere on the interference fringe
depending on the geometry of the cantilever and gap size. Now, for the closed
loop operation one needs to fix the setpoint which could either be a maxima
(or minima) of the interference fringe for control technique described in Ref.
[52], or midpoint of the interference fringe. To achieve this desired setpoint
position on interference fringe, one needs to bend the cantilever till the desired
setpoint is reached. On the other hand, for tunable wavelength laser source,
the desired setpoint on the interference fringe can be achieved by tuning the
wavelength, instead of bending the cantilever. This gives the tunable wave-
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length laser readout a better setpoint force resolution during the measurement
with respect to the non-tunable readout. The contact mode image obtained
for this experiment is shown in Fig. 11.5(I).For imaging at low temperature
(12 K) the ferrule-top probe was mounted on AttoAFM Ixs from Attocube
Systems AG. For the details of this experiment, we refer the reader to Ref.
[71]. The contact mode image obtained at low temperature is shown in Fig.
11.5(III). Contact mode topography images (shown in Fig. 11.5) obtained by

Figure 11.6: (Left)Schematic of modified ferrule-top cantilever probe with focused
ion beam (FIB) cut; (Right) scanning electron microscopy (SEM) image of the probe.

ferrule-top cantilever probes clearly demonstrates the capability of the probe
to operate in different environments and its adaptability to commercial AFM
systems. The topography image quality obtained is consistent and comparable
to that of a commercial silicon/silicon nitride cantilever probe. The contact
mode image in liquid (Fig. 11.5(II)) shows higher noise due to a problem in
the mechanical attachment of the sample in the petri dish. The sharpness of
the image is presently limited by the tip radius which is in order of ∼100 nm.
This can be addressed in future by use of customized optical fiber that produce
much sharper tips upon etching.

11.1.5 Combined AFM and optical transmission microscopy

Scanning near field optical microscopy (SNOM/NSOM)[180, 181] is considered
as one of the most important tools for optical characterization beyond the
diffraction limit. Many techniques are proposed for near field imaging, of which
use of optic fiber has gained wide acceptance due to its simplicity of operation
and fabrication. In this technique an optic fiber is pulled or etched to obtain
a sharp tip with subwavelength tip aperture. This optic fiber is then used
to collect (or emit) light from the sample at distance much smaller then the
wavelength of the light (d� λ) while scanning over the sample. To maintain
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a constant nanometer separation from the sample surface while scanning, the
optic fiber tip needs to have a feedback on the distance between the tip and
sample. To achieve this goal one typically uses tuning forks or bent optical
fibers. In techniques using tuning forks, an etched (or pulled) optical fiber is
glued to a tuning fork. The tuning fork has an excitation electrode to excite
it at resonance frequency and a readout mechanism to monitor the shift in
resonance frequency. As the optic fiber glued to the tuning fork approaches the
sample surface, it experiences surface forces that cause a shift in its resonance
peak. This shift is related to the distance from the surface, and can be used
as feedback signal to maintain a constant distance from the sample surface.
The feedback control system in this technique demands high quality factor to
maintain the close loop while scanning. As a result, it becomes challenging
to image samples in liquid, as the viscous damping causes drop in quality
factor and makes it difficult for the control system to close the loop. Hence
the tuning fork technique is not suitable for imaging in liquid. Also the shear
force mode operation of tuning fork puts limitation on the speed of scanning.
For the other widely used technique for SNOM, the pulled (or etched) optical
fiber is bent (usually by heat) in form of a cantilever. This technique uses
optical triangulation method to detect the deflection of the bent optical fiber
while scanning. This technique does not depend on the high quality factor
for its closed loop operation and hence can also be used for imaging samples
submerged in liquid. However alignment of laser spot on bent fibers needs
much expertise and the laser spot can interfere with the SNOM signal. Also
the bent optic fiber probes have usually high stiffness making them unsuitable
for imaging soft samples like cells, tissues and polymers. Considering these
limitations of both the techniques used for near field optical microscopy, fiber-
top technology can be an interesting substitute to consider.

In early 2010, some of us demonstrated the use of fiber-top cantilever probe
for scanning near field optical microscopy [72]. The fiber-top cantilever probe
has the advantage of having a lower spring constant (compared to bent fiber).
Furthermore, it requires no optical triangulation (unlike bent fibers) and can
be operated in liquids. However, fiber-top cantilever probes are fabricated by
focused ion beam milling, which makes them extremely expensive and time
intensive to fabricate. On the other hand, ferrule-top cantilever probes are
easy to fabricate and the tip that scans over the sample to provide topologi-
cal information, can also be used simultaneously for collecting/emitting light
while scanning. To encompass this optical coupling from the tipped fiber, the
ferrule-top probe fabrication process needs a small modification. During the
fabrication of ferrule-top cantilever probe, at the process step shown in Fig.
11.1(V), the tipped fiber base is ablated off to release the cantilever. Instead
of ablating off the tipped fiber, a focused ion beam cut needs to be made to re-
lease the cantilever and achieve optical coupling from the tip. The focused ion
beam cut ensures optically smooth surfaces for optimum light coupling, which
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can not be achieved by laser ablation. The schematic of modified ferrule-top
cantilever probe with focused ion beam cut is shown in Fig. 11.6.

As shown in Fig. 11.6, with the FIB cut on tipped fiber, light can be cou-
pled in or collected from the tip. The FIB cut creates sufficient gap (∼ 3µm)
to allow unrestricted bending of the cantilever and at the same time ensures
adequate optical coupling. As the entire probe was coated with Cr+Au during
the fabrication process, FIB was used to remove this metal coating from the
tip aperture to ensure light transmission through the tip. Depending upon
mode of operation, i.e. light collection or emission, the tipped fiber can be
connected to a photomultiplier tube (PMT) or to a laser source respectively.
The detection fiber (shown in Fig. 11.6) is connected to readout to monitor
the cantilever deflection while scanning. The schematic of the setup used for
combined AFM and optical transmission microscopy is shown in Fig. 11.7.
To demonstrate the feasibility of combined AFM and optical transmission mi-

Figure 11.7: Schematic of the setup for combined AFM and optical transmission
microscopy.

croscopy, the tipped fiber was connected to a laser source (λ = 470 nm). A
calibration grating (SNG01, NT-MDT) with periodic rhomboidal patches of
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vanadium (20-30 nm) on quartz substrate, was mounted on a photodiode. The
output of the photodiode after amplification was acquired as an auxiliary data
channel. The probe was scanned over the grating sample in contact mode,
with the detection fiber monitoring the deflection of the cantilever and the
tipped fiber illuminating the sample with 470 nm laser light. The sample
topography image acquired during the scan and simultaneous optical trans-
mission measured by the photodiode are shown in Fig. 11.7. It can be seen
from the two images (topography and photodiode output) that, when the tip
is scanning over the vanadium metal coating, the optical transmission to pho-
todiode is almost blocked. On the other hand, when the tip is scanning over
the quartz surface, the photodiode records the highest transmission signal. At
the edges of the metal coating, the tip aperture size and the distance of the
grating from the photodiode surface, determine the optical transmission. The
lateral resolution of optical transmission can be improved through optimizing
the ferrule-top probe fabrication process. One can achieve this by avoiding the
metal deposition (Cr+Au) on tip of the fiber during the fabrication process
and hence avoid the use of FIB to remove the metal at the tip aperture. To
further improve the optical signal quality, one can consider use of a multimode
optical fiber to enhance the transmission in the visible wavelength range.

11.1.6 Conclusions

We have demonstrated a novel all-optical device for atomic force microscopy
in air, liquid and at low temperature. The images obtained are consistent in
quality and comparable to images obtained using commercial cantilever probes.
The device is virtually plug-and-play and can adapt to any commercial atomic
force microscopes. The combined optical imaging with the modified ferrule-
top probe opens new possibilities for simultaneous material property mapping
in demanding environments, which is not possible with currently available
instruments.
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11.2 Development of fiber optic ferrule-top can-

tilevers for sensing and beam-steering ap-

plications

Ferrule-top (FT) cantilevers are a new generation of all-optical micromechani-
cal sensors obtained by carving microstructures on the top of ferrule terminated
fibers. In this paper, we will demonstrate how this plug-and-play design can be
used for the development of a new generation of sensors and actuators for harsh
environments, where commercially available devices would be prone to failure.
Ferrule-top sensors can work in two main modes : static and dynamic. The
static mode is based on recording elastic deflections of the cantilever; the dy-
namic mode relies on tracking changes in its mechanical properties (resonance
frequency, quality factor). Depending on the application, one can choose which
mode is most suitable or combine both to achieve best performance. We will
illustrate the relation between a specific measured quantity (humidity, flow)
and the behavior of the sensor. Further, we will show the setup in which the
sensor can be actuated using light, giving the possibility to excite the can-
tilever without any electronics on the sensing head. This technique might be
used for the development of fully optical beamsteering microdevices.

This part is based on paper:

G. Gruca, D. Chavan, A. Cipullo, K. Babaei Gavan, F. De Filippis, A. Minardo, J.
Rector, K. Heek, L. Zeni and D. Iannuzzi, Proc. SPIE, Optical Sensing and Detection II
8439, 84390E, (2012)
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11.2.1 Introduction

Over the last decade optical fiber sensors (OFS) have been increasing their
position as one of the important measurement platforms in science and indus-
try. They are being used to explore new ideas in measurement techniques and
to optimize existing solutions. Thanks to their advantages (e.g. high sensitiv-
ity and high resistance to harsh environments) they have been recognized as
the most effective solution to many crucial metrological problems [182–185].
Moreover, a growing need of multiple point measurements with characteristic
for OFS simplicity and possibility of building remote sensing networks makes
them very interesting also beyond industrial applications. Since a few years,
contribution of fiber sensors in medical diagnosis, therapies and health mon-
itoring has been noticed [186–188]. The market for such sensors is rapidly
growing, accompanied by strong support from a continuous progress in the de-
velopment of new light sources and measurement techniques. All that clearly
shows that there is still need to explore new ideas and optimize existing so-
lutions. Based on that, in 2009 we have introduced a new type of all-optical
device : the ferrule-top (FT) sensor [100]. A ferrule-top sensor is a monolithic
micromechanical structure fabricated at the top of ferruled optical fiber by
various techniques (e.g. laser ablation). The movement of the structure can
be monitored by means of laser light coupled into the fiber from the opposite
end. According to the same principle, it is also possible to excite the vibrations
of the structure using an additional source of light. This unique feature, makes
FT sensors extremely compact and insensitive to high electric and magnetic
fields. The geometry of the sensor can be changed depending on the appli-
cation. In most of the cases the micromechanical element located at the top
of the ferrule is a simple beam clamped on one side. The sensor is small and
robust and does not require any alignment (a very important advantage for
applications in harsh environments, both in air, liquid and vacuum). Its mono-
lithic design in connection with the low thermal expansion coefficient of the
ferrule material minimizes thermal drifts and improves accuracy. Ferrule-top
sensors are extremely versatile and can be used as humidity [76], wind velocity
[73] or surface topography [52] sensors.

Fabrication of the ferrule-top sensors

A standard ferrule-top sensor is fabricated from a 3 × 3 × 8 mm3 borosilicate
(Tab. 11.1) glass ferrule equipped with a 125 µm hole in the middle. Dur-
ing the fabrication procedure [51], where a picoseconds laser ablation system
is involved, a micromechanical cantilever (or any other desired geometry) is
created on the top of the ferrule Fig. 11.8. Typical dimensions of the fab-
ricated micromechanical beam are 2800 × 220 × 35 µm3. As a next step, a
precisely cleaved single mode fiber (typically SMF-28 [189]) is inserted in the
central hole of the ferrule and fixed by gluing. The part of the cantilever just
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Density 2,23 g/cm3

Young Modulus 62.7 GPa
Poisson ratio 0.20
Softening point 821oC
Refractive index 1.54
Thermal expansion coefficient 3·10−6K−1

Table 11.1: Typical borosilicate glass properties.

in the opposite of the measurement fiber has to be filled with a highly reflective
layer. This step creates a cavity between the fiber end and the cantilever sur-
face. Using the technique described in the next subsection, it is then possible
to determine changes in the cavity size due to movement of the cantilever with
subnanometre resolution.

Figure 11.8: Three dimensional visualization of the ferrule-top cantilever sensor
(a) and its optical microscope image (b). It is also possible to fabricate different
geometries than a simple cantilever on the top of the ferrule – microscope image of
torsional cantilever (c)

Readout

The low finesse Fabry-Perot fiber cavity created between the fiber-to-air inter-
face, where reflection is of the order of 4%, and the reflective surface of the
cantilever allows the user to determine the movements of the cantilever [43].
The output of such interferometer can be expressed as:

I (d) = I0

[
1 + V cos

(
4πd

λ
+ ϕ0

)]
(11.2)
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where φ0 is a constant that comes from the initial geometrical conditions, λ
is the wavelength of the readout laser and d is the bending distance of the
cantilever. Parameters V and I0 are calculated as follows:

I0 =
I+ − I−

2
;V =

I+ − I−
I+ + I−

, (11.3)

where I+ and I− are equal to maximum and minimum signal level on the
photodetector. The readout part of the setup (Fig. 11.9) is based on a tunable
laser which operates at the C band (1529–1564 nm), an optical 90/10 fiber
coupler and an InGaAs photodiode. The tunable laser is tuned to the point
of maximal sensitivity the quadrature. The bending resolution of the setup is
typically lower than 1 nm in 100 kHz bandwidth.

Figure 11.9: Schematic view of the readout (TE terminated end of the fiber). Light
reflected from interface I and II creates the interference pattern on the photodetector.

11.2.2 Static and dynamic measurement modes

The basic working principle of FT sensors is based on optically monitoring the
mechanical response of the microstructures. Ferrule-top sensors are capable
of operating in two different modes: static and dynamic. One can choose
the more appropriate for the particular application or combine the two to get
additional information about the measured quantity. Both the static bending
and the mechanical frequency response can be caused by a change in one or
more physical parameters i.e. pressure, mass or surface stress variations.
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Figure 11.10: Frequency response of a FT sensor in air and vacuum (10-5 mbar).
The quality factor and resonance frequency are fa=5424.1 Hz; Qa=402 in air and
fv=5431.1 Hz; Qv=1018 in vacuum.
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Dynamic mode

Dynamic behavior of the ferrule-top cantilever can be modeled as a simple
harmonic oscillator:

∂2x(t)

∂t2
+ 2ξ

dx

dt
+ ω2

0x =
1

m
F0cos(ωt) (11.4)

where ω0, k, Q, x(t), ξ indicate respectively: resonance pulsation, spring con-
stant, quality factor, bending of the cantilever and damping coefficient. The
right term of the equation describes the periodic driving force that excites the
vibrations of the cantilever. As one can suspect, the dynamical response is
strongly connected with the properties of the surrounding media: its density
and its viscosity (Fig. 11.10). This fact can be easily explained by different
damping coefficients, in air and vacuum, which are related with the quality
factor. This effect can be used to build sensors that are able to distinguish
different type of gases. It can be also shown that the FT cantilever is not only

Figure 11.11: Frequency response of ferrule-top sensor to different humidity levels.
Cantilever was forced to vibrations by means of piezo excitation.

sensitive to rheological properties of the medium in which it is immersed. It is
also sensitive to a mass variation and to surface stress modification. To prove
that, the cantilever was enclosed inside a measurement chamber where the
humidity level was precisely controlled. For each level of humidity a single res-
onance curve was recorded (Fig. 11.11). During the experiment temperature
variations were less than 0.2oC. As one can notice, both the quality factor and
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resonance frequency are decreasing while humidity increases. This effect is due

Figure 11.12: Schematic view of the setup used in wind tunnel experiment (a).
Cantilever bending (b) agrees with the FEM simulation data and proves that FT
sensors can be used as flow monitoring devices [73].

to water condensation on the surface of the cantilever. Water is introducing
additional mass, modifying surface stress, thus affecting the overall frequency
response. During the experiment a static bending of the cantilever was also
observed.

Static mode

In some cases the overall performance offered by dynamic mode measurements
is not sufficient. When the quality factor of the FT sensor is low (e.g. in
liquids) the accuracy and the sensitivity achieved in dynamic measurements
are strongly limited. To overcome this issue one can record the static bending

Figure 11.13: A proposed schematic of the additional photoexcitation circuit. WDM
splitters are used to separate the excitation and readout wavelength.

of the cantilever, which can be caused by two mechanisms: surface stress
modification and external force acting on the sensor. When there is a difference
in surface stress ∆σ between top and bottom of the sensor, the bending ∆x
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can be described as [44]:

∆x =
3l2(1− υ)

Eh2
∆σ (11.5)

where l, ν, E, h are respectively the length, Poisson’s ratio, Young’s modulus
and thickness of the cantilever. Additionally, to increase the response of the
sensor its surface can be coated by an active layer. Moreover, if the layer is
able to capture specific molecules from the sensor surroundings one can build
highly selective biosensors. In the second case, where a direct force F (x) is
acting on the cantilever of a width w, its bending fulfills the equation:

∆x = 4
F (x)

Ew
· l

3

h3
(11.6)

As a practical illustration, an experiment in a laboratory wind tunnel was
performed. An FT sensor was placed inside the wind tunnel where airflow
was controlled. The bending of the cantilever was recorded as a function of
air velocity from 0 to 8 m/s (Fig. 11.12). All results were compared with a
reference sensor. The nonlinear behavior of the presented signal is caused by
quadratic relation between velocity and pressure difference (force) acting on the
sensor. Nonetheless, the achieved resolution and minimum detectable velocity
in the order of 0.07 m/s confirmed the practical value of the FT cantilever as
a miniature, fully optical wind velocity sensor.

11.2.3 Photoexcitation

Measurement capabilities of FT sensors in dynamic mode are hampered by
the need of an external mechanical excitation. A typical excitation scheme
(e.g. piezo or electrostatic excitation) involves additional device attached to
the cantilever or requires further cantilever modifications. Moreover, it is very
difficult to use it in liquids. To overcome these issues and in order to take full
advantage of the all-optical readout, we propose to implement an excitation
scheme consisting of an additional laser source (Fig. 11.13). By means of local
heating and due to the stress induced across the cantilever, it is possible to
excite the vibrations without any modifications of the sensor. Photothermal
excitation has a lot of advantages. It is simple and allows to obtain clear
frequency response, without any spurious effects which are present in case of
use other excitation schemes e.g. piezo actuation in liquids. Some preliminary
experiments using the scheme above were already performed (paper under
preparation).

11.2.4 Towards smaller dimensions

FT cantilevers are considered as micromechanical sensors, but in some appli-
cations there is still a strong need to further decrease the dimensions. To meet
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these expectations and to overcome some fabrication limits we have proposed
a top-down approach in fiber-top [7] cantilevers fabrication. A fiber-top sensor

Figure 11.14: A fiber-top sensor can be used if further decrease in dimensions is
required. The dimensions of the cantilever shown on scanning electron micrograph
(a) are 11µm x 7 µm x 360 nm (length x width x thickness). The cantilever resonance
frequency (b) is equal fR=447 kHz [190].

is smaller than its ferrule-top counterpart. The typical length of the fiber-top
cantilever is less than 100 µm. It can be made out of glass or metal and uses
exactly the same readout scheme as explained above. Thanks to smaller di-
mensions its sensitivity in some applications can by higher than that of FT
sensors (about 5 ag/Hz). We refer the reader to reference [190] for further
details.

11.2.5 Conclusions

Ferrule-top devices are new family of transducers that offer all the advantages
of fiber optic sensors (e.g. remote sensing, insensitivity to EM noise, resistivity
to harsh environments). They are small and, because they do not require any
aligning procedure, easy to use. By monitoring the static bending or/and
the frequency shift of FT cantilevers one can build a wide variety of sensors
(e.g. pressure, velocity, humidity, surface topography). The only limitation
is the presence of physical phenomena that might influence the mechanical
properties of the sensor. To additionally extend their functionality, simple
photoexcitation circuits attached to the readout can be implemented. Due to
the unique combination of fully optical readout and excitation, FT sensors can
become a significant sensing platform among already existing solutions.
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Summary

Over the last decade, optical fiber sensors (OFS) have become increasingly
important measurement tools for science and industry. OFS employ an optical
fiber either as a sensing element to measure temperature, strain, pressure, or
other quantities, or as a means to relay a remote signal to a signal processor.
OFS are small, require no electrical power at the measurement point, and can
be multiplexed to record measurements over large and small distances.

Thanks to advantages such as high sensitivity and resistance to harsh en-
vironments, OFS solve many tricky metrological problems, including measure-
ments inside oil wells and jet engines. A growing need for multiple point
measurements with characteristic OFS simplicity and suitability for remote
sensing networks makes OFS also very interesting for non-industrial applica-
tions. OFS are increasingly used for medical diagnoses, therapies, and health
monitoring. The market for these sensors is rapidly growing, accompanied by
strong support from continuous development of new light sources and mea-
surement techniques. Now that more people rely on OFS than ever before,
new ideas and optimized solutions for existing problems are needed.

Ferrule-top (FT) cantilevers are a new generation of all optical microme-
chanical sensors. They are made by carving microstructures on top of a glass
sleeve, or ferrule, that terminates many optical fibers. The structure’s move-
ment can be monitored with laser light coupled into the fiber from the opposite
end. Using the same principle, it is also possible to excite vibrations in the
structure using an additional light source. This unique dual-optical feature
makes FT sensors ideal for applications where simplicity and compact design
are important. Because of their insensitivity to high electric and magnetic
fields, FT cantilevers have attracted interest as alternative tools for accelerom-
eters and optical microphones. The geometry of the sensor can be tailored to
the application. However, in most cases the micromechanical element topping
the ferrule is a simple beam clamped on one side.

FT sensing is based on optical monitoring of the microstructure’s mechan-
ical response to stimuli. The structure is fabricated directly in front of the
end-face of the fiber, and as a result, the sensor does not require any align-
ment, unlike most cantilever-based sensors.The bending resolution of the read-
out is typically subnanometer, which accommodates the demanding sensitivity
requirements of applications such as atomic force microscopy (AFM) measure-
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ments. Ferrule-top sensors operate in two different modes: static and dynamic.
One can choose the appropriate mode for the particular application or combine
the two to get additional information about the measured quantity. Both the
static bending and the mechanical frequency respond to changes in one or more
parameters, including humidity, velocity, and surface topography. The only
limitation is that physical phenomena such as water condensation or viscosity
damping can potentially influence the mechanical properties of the sensor.

The FT cantilever is small, robust, and does not require any alignment,
which gives the sensor an advantage in harsh environments, be they air, liquid,
or vacuum. Its monolithic design and the low thermal expansion coefficient
of the ferrule material minimize temperature-induced drifts of the microstruc-
ture with respect to the fiber, improving measurement accuracy in applications
where temperature variations are present. This feature can be used to build
transducers where high thermal stability is important. The unique combina-
tion of fully optical readout and excitation gives FT sensors the potential to
become a significant sensing platform.



Samenvatting

Optische fiber sensors (OFS) zijn in de wetenschap en industrie de laatste
decennia steeds belangrijkere meetinstrumenten geworden. OFS gebruiken een
optische vezel als sensor om temperatuur, spanning, druk of andere grootheden
te meten, of om het signaal van een remote sensor door te sturen naar een
detector. OFS zijn klein, gebruiken geen elektriciteit bij het meetpunt en
signalen kunnen worden versterkt om metingen over zowel grote en kleine
afstanden mogelijk te maken.

Dankzij de hoge gevoeligheid en robuustheid tegen de elementen, lossen
OFS vele metrologische problemen op, zelfs metingen in olie reservoirs van jet
motoren zijn mogelijk. Door een groeiend tekort aan multiple point metingen
en OFS voor metingen op moeilijk bereikbare plaatsen maken OFSs ook heel
geschikt voor de particuliere markt. Daarnaast worden OFSs steeds meer ge-
bruikt voor medische toepassingen voor het stellen van diagnoses, ondersteun-
ing bij therapien en continue gezondheidsmonitoring. Nu steeds meer mensen
vertrouwen hebben in OFS, is er ruimte om nieuwe ideen en oplossingen voor
bestaande vraagstukken te ontwikkelen.

Ferrule-top (FT) sensors zijn een nieuwe generatie van geheel optische sen-
sors. Ze worden gemaakt door een microstructuur op het uiteinde van een
glazen staafje, een ferrule, te fabriceren. Door de montage van een optische
vezel kunnen de beweging van deze cantilever kan worden gemeten doormiddel
van een laser die verbonden is met het andere uiteinde van de optische vezel.
Door hetzelfde principe te gebruiken is het ook mogelijk om een mechanis-
che frequentie van de structuur aan te slaan met een tweede lichtbron. Deze
unieke eigenschap maakt FT sensors ideaal voor toepassingen waar gebruiks-
gemak en compact ontwerp belangrijk zijn. Doordat ze niet gevoelig zijn voor
sterke elektrische of magnetische velden hebben ze de aandacht getrokken als
alternatieve versnellingsmeter of een optische microfoon. Het ontwerp kan wor-
den aangepast aan de toepassing, echter heeft het micro mechanische element
meestal de vorm van een rechthoekige cantilever.

FT metingen zijn gebaseerd op het optisch monitoren van de mechanische
beweging van de cantilever die reageert op stimuli. De structuur is gefix-
eerd direct voor de optische vezel die de beweging meet, daardoor is het niet
nodig om het instrument uit te lijnen zoals bij de meeste cantilever gebaseerde
instrumenten het geval is. De buigingsgevoeligheid van de detector is nor-
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maal gesproken sub-nanometer, wat voldoet aan de eisen voor veel gebruikte
toepassing zoals atoom kracht microscopie (AFM). FT sensors kunnen op twee
verschillende manieren worden gebruikt, statisch en dynamisch. Er kan worden
gekozen voor een van de twee configuraties, ook kunnen deze twee manieren
gecombineerd worden om meer informatie over de te meten grootheid te krij-
gen. Zowel de statische buiging als de mechanische frequentie reageren op om-
standigheden zoals luchtvochtigheid, snelheid of oppervlakte topografie. Het
enige nadeel van deze sensor is dat watercondensatie of viscositeit de mecha-
nische eigenschappen van de sensor zouden kunnen benvloeden.

FT cantilevers zijn kleine robuuste meetinstrumenten die niet hoeven te
worden uitgelijnd wat ze uitermate geschikt maakt voor uiteenlopende mee-
tomstandigheden als lucht, water en vacum. Het monolithische ontwerp en
het materiaal van de ferrule met een heel lage expansie cofficint zorgen ervoor
dat de drift door temperatuur veranderingen minimaal blijft, dit verhoogt de
meet nauwkeurigheid in omgevingen waar temperatuursveranderingen een rol
spelen. Deze eigenschap kan worden gebruikt in toepassingen waar hoge tem-
peratuur stabiliteit belangrijk is. De unieke combinatie van geheel optische
detectie en excitatie maakt deze technologie in potentie tot een veelbelovend
meetplatform.
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