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Abstract
We present a new optomechanical probe for mechanical testing of soft matter.
The probe consists of a micromachined cantilever equipped with an indenting
sphere, and an array of 16 single-mode optical fibres, which are connected to an
optical coherence tomography (OCT) system that allows subsurface analysis of
the sample during the indentation stroke. To test our device and its capability, we
performed indentation on a PDMS-based phantom. Our findings demonstrate
that Common Path (CP)-OCT via lensed optical fibres can be successfully com-
bined with a microindentation sensor to visualise the phantom’s deformation
profile at different indentation depths and locations in real time.
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1 INTRODUCTION

The human body is continuously subjected to a variety
of external forces while performing a multitude of activi-
ties. Therefore, the investigation of mechanical properties
is crucial in several research fields and at all length scales,
from cellular up to tissue and organ scale.1,2
The local mechanical properties of soft biological mate-

rials are typically assessed via nano and microindentation
by means of Atomic Force Microscopy (AFM).3–7 Here,
a nanometre-size tip is mounted on the free-hanging end
of a cantilever to indent the sample with a small force. By
measuring the deflection of the cantilever, one can then
obtain the elasticity of the sample at nano- andmicroscale.
To contribute to this field, in 2010, our group proposed

a new approach to precisely and locally map the tissue’s
viscoelastic properties at microscale by means of ferrule-
top technology. The technique relies on a ferrule-top probe,
which is obtained by assembling a rather macroscopic
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(compared to AFM) cantilever on a millimetre-sized glass
ferrule. The cantilever is equipped with a sphere at its free-
hanging end, which is brought in contact with the sample’s
surface to allow the user to apply themechanical stimulus.
An optical fibre is then used to measure the deflection of
the cantilever providing the information needed to assess
the mechanical properties of the sample, as in AFM nano-
indentation.9–13 Ferrule-top cantilevers are in general eas-
ier to use thanAFM’s, especiallywhen the sample has to be
kept in a liquid environment during the measurement (as
is often the case with biological samples). This technique
has already been used by several research groups to assess
themechanical properties of biomaterials, tissues and cells
(see Refs. 14–27 and references therein).
Although indentation techniques can accurately probe

the local mechanical properties of biological tissue, and
simultaneously provide subcellular imaging they are less
suitable for in-depth optical imaging of tissues. Microin-
dentation sensors can, in fact, provide data on the bulk
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F IGURE 1 3D printed ferrule-top probe: (Left) 5 mm × 5 mm × 10 mm 3D printed ferrule. The ridge to mount the cantilever, the interfer-
ometric groove, and the 16 OCT fibre grooves are depicted; (Right) front and side view of the ferrule

mechanical response of the sample (at tissue level), with-
out the possibility to discriminate subsurface deformations
due to the application of the external load. A visualisa-
tion of the inner structures of the sample (on amicroscale)
would provide additional information for a better inter-
pretation of the mechanical properties of the indented
material.
Triggered by this series of considerations, in 2013 we

demonstrated that the ferrule-top probes used for inden-
tation can be modified to hold an additional optical fibre
that, when connected to an optical coherence tomography
(OCT) system, enables one to visualise how the subsurface
layers of a sample deform under the application of an
external load.28 In this design, a hollow tube was used as
indenting tip to allow the light for OCT imaging to pass
through the probe and reach the sample at the point of
indentation. This configuration posed severe limitations
on the quantitative analysis of the mechanical data since
there are no analytical models for such an indenter shape.
To overcome those limitations, a few years later, this
approach was further improved29 by using a half-ball
lens indenter tip to probe the material. The half-ball lens
indenter was also used as a focusing element for the
detection of the OCT signal.
Both the designs incorporate only a single OCT-fibre,

which acquires a one-dimensional OCT depth profile of
the sample at the indenter contact point. However, to
visualise the sample’s deformation during the indentation
stroke, one needs to transversally scan the region of inter-
est and reconstruct a cross-sectional image of the tissue

around the indentation site. To this end, in this paper, we
propose a new experimental sensor that combines an array
of multi-OCT fibres with microindentation capability. The
instrument is based on aminiaturised cantilever probe that
compresses the sample with a small force and simulta-
neously collects OCT depth profiles around the indenta-
tion point. The integration of microindentation and OCT
allows one to investigate, in principle, the mechanical
properties of any material while acquiring 2D-profiles that
show the tissue deformation during a single indentation
stroke in real time. Before going into the details, we believe
it is important to clarify that the goal of this paper is to test
the working principle of the probe and not to validate its
performance in identifying specific mechanical properties
of the material. The latter would require an experimental
effort that goes beyond the resources currently available. It
is, however, fair to remind the reader that the use of ferrule-
top technology for material characterisation has already
been discussed in numerous other papers.11–13,32–34

2 MATERIALS ANDMETHODS

2.1 Ferrule-top sensor: design and
fabrication

The building block of the sensor is a 5mm× 5mm× 10mm
3D-printed ferrule, which has a 300 μm ridge, 1 hole in the
centre, and 16 microgrooves on the front side of the rectan-
gular ferrule (pitch ≈ 300 μm), as illustrated in Figure 1. A
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F IGURE 2 Schematic view of the setup. The OCT fibres (in yellow) are connected to a broadband-source optical coherence tomography
readout via a 1 × 16 optical switch. The back-reflected light from the sample is coupled back to the detector of the OCT system via an optical
coupler. The central optical fibre (in red), connected to an interferometer, allows one to measure the deflection of the cantilever and, therefore,
to quantify the mechanical load applied to the sample during indentation. A magnified view of the half-coated cantilever equipped with a
spherical tip employed to probe the sample is shown in the bottom-right insert

half gold-coated borosilicate cantilever (300 µm× 30 µm) is
glued on the ridge of the ferrule as in a standard ferrule-top
configuration.10,30 The free-hanging end of the cantilever
is equipped with a spherical tip (diameter of 400 µm) to
probe thematerial. Next, a single-mode optical fibre (corn-
ing SMF128) is cleaved and mounted in the central hole
of the 3D-printed ferrule, pointing at the reflective part
of the cantilever, and is used to interferometrically read
out the deflection of the cantilever during an indentation
experiment (Figure 2). The 16 v-grooves are used to mount
16 single-mode etched optical fibres, each equipped with a
≈ 65 µm diameter barium titanate sphere31 (Figure 3).

2.2 Experimental setup

The optical fibre mounted in the central groove and
aligned with the reflective part of the cantilever is con-
nected to a commercial interferometer (OP1550, Optics11)
to measure, via Fabry-Perot interferometry, the deflection
of the cantilever. The 16 OCT fibres are connected to a
spectral-domain OCT system (Telesto II series, Thorlabs
GmbH, Germany) implemented in Common Path-OCT
mode (CP-OCT). The layout of the system is shown in
Figure 2. Briefly, the output of a superluminescent diode
(SLD, D-1300 HP, Superlum, Ireland-with a full-width

half-maximum of 85 nm and a central wavelength of 1300
nm) is fed to a liquid crystal 1×16 optical switch (Crysta-
LatchTM 1×16 Fiberoptic Switch, Agiltron, USA) that can
reach a nominal switching time of 50 µs. Each fibre of our
common path sensor is attached to one of the outputs of
the optical switch. The signal collected from each of the
fibres is connected to a broadband circulator (CIRC-3-31-
PB, Gould Fiber Optics, USA), whose exit is further sent
to a 1×16 optical splitter. The output of the optical splitter
is then connected to a spectrometer (THORLABS 1310,
Wasatch Photonics, Inc.), which consists of an InGaAs
line-scan camera (GL-2048-L, Sensors Unlimited, Inc.,
USA) with 2048 pixels. The raw data are collected and
processed using a custom-designed LabVIEW (National
Instruments, USA) interface.
Finally, the sensor is mounted on a piezoelectric stage

operating in closed-loop mode, which is then used to drive
the indentation stroke. Briefly, a cantilever with a spring
constant in the range of 3.4±0.2 N/m, calibrated according
to Ref. (8) and a sphere radius of ∼240 µm was used. Fur-
ther details of sensor design and the experimental setup
that combines optical coherence tomography with depth-
sensing microindentation are reported as supplementary
material. The characterisation of the lensed probes has
been reported in our previous work.31 The initial distance
between the probe and sample is determined as a trade-off
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F IGURE 3 Ferrule-top sensor: (A) Ferrule-top sensor combining micro indentation and OCT: 1 × 16 OCT fibres glued on the top-facet of
the 3D ferrule further mounted on a rigid 3D-printed arm. (B) A magnified optical microscope view of the sensor hosting the OCT fibres. (C)
Magnified view of one of the OCT fibre equipped with a spherical lens tip

between the lens properties (penetration depth of approx-
imately 1.5 mm), the cantilever deflection, and the inden-
tation sphere.

2.3 OCT calibration procedure

Before each experiment, two types of calibration are per-
formed: background subtraction and axial offset align-
ment. The background image is obtained when no scatter-
ing material is present in front of the sensor and is then
subtracted from all subsequent scans. As far as the axial
offset alignment calibration is concerned, one should con-
sider that the facets of the OCT fibres are not perfectly
aligned. This misalignment introduces relative axial shifts
in the recorded A-scans. To overcome this issue, the probe
is mounted in front of a flat surface, which allows us to
measure the phase delay due to the misalignment. The
misalignment is then compensated for during the actual

indentation measurements. Both calibration procedures
are directly implemented in Labview; therefore, no further
postprocessing of OCT data is performed. After the OCT
calibration, the actual mechanical measurement starts. As
the tip is pushed into the sample, the deflection of the
cantilever, the indentation depth (obtained subtracting the
measured deflection on the cantilever from the vertical
motion of the piezoelectric stage to which the probe is
anchored), and the 16 OCT depth profiles are simultane-
ously acquired.

2.4 Sample preparation

To test our approach,weused the sensor described above to
indent and simultaneously image a PDMS-based phantom.
The sample consists of a∼300 µm thinmembrane,made of
Sylgard 184 polydimethylsiloxane (PDMS, 18∶1 elastomer
to curing agent ratio, Dow Corning) poured on a plastic
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F IGURE 4 Probe calibrations. Top view: Background OCT scan (A) and OCT image of a flat microscope glass slide (B) before axial shift
calibration. Bottom view: zoom-in image of (C) the microscope glass slide before calibration and (D) B-scan of the same microscope glass slide
after axial shift calibration. The probe is held at ∼1 mm from the glass slide

ring. To improve the scattering properties of the material,
the phantom was prepared with the addition of TiO2 par-
ticles suspended in OH-terminated silicone oil, following
the fabrication steps indicated in Bartolini et al.29

3 RESULTS

The indenter is based on ferrule-top technology,10,11,30
where a micromachined cantilever is used to indent the
phantom. The OCT fibres detect the sample structure
during the indentation stroke, allowing one to visualise
how the subsurface layers of the indentedmaterial respond
to the external load.
Following the production protocol described in the

method section, we produced several sensors. For a more
systematic use of this probe, it is therefore mandatory to
find more suitable (possibly automated) assembly tech-
niques. It is worth stressing that the lensed fibres proved to

be prone to breaking during the fabrication phase; further-
more, the (manual) gluing process is rather complex and
often leads to nonfully functioning probes. The ultrathin
fibres are glued in the u-groove of a 3D printed fibre array
and mounted on a motorised Z-stage, while the sample is
positioned perpendicularly to the fibre axis. However, the
resolution of the groove of the 3D printed ferrule does not
ensure a straight alignment of the fibres toward the sam-
ple, making the coupling back of the light very difficult.
This is a severe limitation of this probe. As a matter of fact,
the best probe we were able to fabricate could only count
11 working OCT fibres out of the 16 expected.
In our study, we refer to A-scan as the signal recorded

by one single fibre. A set of consecutive A-scan acquired
from several imaging fibres produces a cross-sectional
OCT image called B-scan. Figure 4 shows the results of
the two calibration steps: background subtraction and axial
offset alignment. The latter was obtained by juxtaposing
the probe and a ∼1 mm thick microscope glass.
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F IGURE 5 Axial shift calibration. Single OCT A-scan obtained for (A) fibre 12 and (B) fibre 14 on a microscope glass slide. Peak 1: (fibre-
to-) lens-(front facet) glass slide interface; Peak 2: lens (-to-air)-(front facet) glass slide interface; Peak 3: (fibre-to-) lens-glass slide interface and
Peak 4: lens (-to-air)-(rear facet) glass slide interface. The probe is held at ∼1 mm from the glass slide. The magnitude scale bar represents the
A-scan intensity in dB

As expected, the data acquired before the calibration,
reported in Figures 4(B) and (C), result in a nonflat sur-
face due to the misalignment of the OCT fibres in the Z-
direction. On the contrary, in Figure 4(D), the corrected A
scan shows that the top and bottom surfaces of the glass
microscope slide are well-aligned. The commercial OCT
system used in this study allows one to obtain A-scans
(depth profile) up to 3.5 mm; therefore, to appreciate the
misalignment due to the probe fabrication, it is necessary
to enlarge the images (Figure 4Bvs 4C – same B-scan but
different y-scale).
In Figure 5, we further show two typical offset-corrected

A-scans obtained in this configuration. Each of the A-
scans presents 3 or 4 peaks, depending on the sensitivity
of the OCT fibre, and all peaks are well aligned. Specifi-
cally, peaks 1 and 2 represent the sphere-to-front surface of
the microscope slide interface, as first (fibre-to-lens) and
second reflections (lens-to-air), respectively. In contrast,
peaks 3 and 4 are the sphere-to-rear surface of the glass
slide interface, as first and second reflection.
The distances between the small peaks (peak 1 vs peak

2) are ∼125 µm for fibre 12 and ∼118 µm for fibre 14. How-
ever, the scale bar refers to the image depth that one would
observe in vacuum (n = 1.00); therefore, to obtain the cor-
rect geometrical distances, one has to consider the effect of
the refractive index of the material’s light travel through.
Considering that the fibre lens is made of barium titanate
with a refractive index n = 1.95, the peak-to-peak geomet-
rical distances (dg – peak 1 vs peak 2 and peak 3 vs peak 4)

correspond indeed to the dimension of the lens (∼ 65 µm
in diameter). The effect of the two reference surfaces (front
and rear lens facet) adds two additional peaks in the OCT
scans. Those kinds of reflections are unavoidable in this
type of sensor, as they arise from the reflections due to the
several interfaces the light has to encounter before reach-
ing the sample. The dg for peak 1 to peak 3 and peak 2 to
peak 4 has been measured to be ∼0.8 mm. Those distances
correspond to the microscope glass slide (typically 1 mm
thick). This set of data, together with the graphs showed
in Figure 3, also demonstrates that the lens has a penetra-
tion depth of at least ∼2.5 mm. The magnitude scale bar
represents the A-scan intensity in dB.
To demonstrate the working principle of the probe,

we performed a series of indentation experiments on a
PDMS-based phantom while recording the OCT signal
collected by the OCT fibres. Figure 6 shows the result
obtained at 3 different depths, namely, 30, 40 and 60
µm. The experiment demonstrates that the OCT data
can reveal different deformation profiles under different
indentation conditions. Specifically, in Figure 6(A), one
can notice that three interfaces are detected: Peak 1 is
the (fibre-to-) lens-front material surface; peak 2 is the
lens (-to-air)-front material surface, whereas peak 3 repre-
sents the (fibre-to-) lens-rear material interface. In order
to appreciate micrometre deformation due to increasing
the indentation depth, in Figures 6(B)-(D), only the first
surface of the PDMS sample (surface 1 and 2) is dis-
played for each indentation depth. The latter represents the
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F IGURE 6 OCT B-scan acquired during indentation at different depths on a thin PDMS sample. The red arrow indicates the front surface
of the sample as detected from the top and bottom surface of the focusing element, whereas the black arrow in A indicates the thickness of the
samples. Y-axis depth: ∼600 µm (A) and ∼250 µm for (B), (C) and (D). The magnitude scale bar represents the A-scan intensity in dB

reflection that originated from the focusing elements’ top
and bottom surface with the first PDMS layer. The dis-
tances measured for this set of data are ∼ dg = 65 µm (sur-
face 1 vs surface 2 – red arrow in Figure 6A) and dg =
320 µm (surface 1 vs surface 2 – red arrow in Figure 6A).
Similarly, the distance between the two surfaces detected
in Figure 6(B)-(D) by the sensor has been measured to be
∼dg = 65 µm for all the investigated indentation depth.
To further test the ability of the sensor to distinguish dif-

ferent types of deformations due to the indentation stroke,
we performed two indentation experiments in two differ-
ent locations of the PDMS-based phantom. The first loca-
tionwas selected close to the rim of the ring over which the
PDMS membrane is suspended (Figure 7A), while for the
second indentation, the probewas positioned some 100 µm
from the ring edge (Figure 7B). Our findings clearly show
that both the indentation profiles are slightly asymmetri-
cal since the probe is not positioned perfectly in the cen-
tre of the sample with respect to the ring. Moreover, the
effect of the rigid substrate that lies around the membrane
appears more evident in Figure 7(A) than Figure 7(B), as
one would expect due to the indentation location. The dop
between peak 1 and peak 2 (red arrow) is ∼126.8 µm as for
Figures 5 and 6 and corresponds to the lens dimension (∼dg

= 65 µm). On the contrary, the distance between peak 1 and
3 (black arrow) is, on average,∼305 µm for both the figures
and represents the PDMS membrane’s thickness as mea-
sured with a commercial OCT system (see Figure S4).

4 DISCUSSION

Our work demonstrates that the general concept of a
fibre-array optomechanical sensor able to simultaneously
indent and collect depth information of a phantom has
the potential of assessing the morphological properties of
materials while performing mechanical characterisation.
Our findings prove that CP-OCT systems based on lensed
optical fibres can be successfully combinedwith amicroin-
dentation sensor.
However, it is fair to mention that the sensor still has

several limitations. The assembling of the 16 OCT fibres
on the 3D-printed ferrule is tedious work, since the align-
ment, the mounting and the gluing is performedmanually
and under an optical microscope. Furthermore, the print-
ing resolution of the grooves, created to precisely mount
the OCT fibres, is smooth; therefore, the alignment in the
z-axis is suboptimal. Thus, more often than not, the OCT
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F IGURE 7 OCT B-scan during indentation on thin PDMS sample: (A) the probe is position on the edge of the membrane; (B) the probe
is moved far away from the edge. The red arrow indicates the front surface of the sample as detected from the top and bottom surface of the
focusing element (peak 1 vs peak 2). The black arrow indicates the thickness of the PDMS samples (peak 1 vs peak 3). The magnitude scale bar
represents the A-scan intensity in dB

fibres are not pointing straight toward the sample, and the
back coupling of the light from the sample back to theOCT
fibres is usually weak, with significant deterioration of the
OCT signal to the point that, for some fibres, the losses are
so high that no A-scan can be collected.
Althoughwe recognise that several improvements in the

fabrication steps need to be implemented, it is also impor-
tant to highlight some strengths of the method. To the best
of our knowledge, this is the first fibre array sensor able to
collect depth profile and indentation simultaneously, with-
out limitations on the sample thickness or preparation.
The use of a high refractive index lens allows the imaging
fibre array to be held far from the sample due to the depth-
of-field offered by the barium titanate lenses. This fea-
ture leaves sufficient space for the cantilever to bend and
probe the material without touching the OCT fibre lenses.
Moreover, the integration of OCT imaging with indenta-
tion techniques could be further exploited by introduc-
ing ad hoc mathematical models able to extrapolate multi-
ple information from single OCT depth profiles; one could
think of providing amore extensive evaluation of deforma-
tion profiles in relation to the localmaterial composition or
to apply specificOCTalgorithm for amore accurate extrap-

olation of peak profiles or other information hidden in the
sample. Thus, the combination of OCT with micro inden-
tation opens newways to explore awhole range of informa-
tion (eg sample topography, multilayered structures, thick-
ness and mechanics) that are neglected while choosing
either microindentation or optical imaging separately.
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