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a source front surface (51) being the outer
surface of the optoelectronic source (50)
where light of the predetermined wavelength
exits the optoelectronic source (50) and at
least one photodetector (60) for detecting
light of the predetermined wavelength, the at
least one photodetector (60) having a detec-
tor front surface (61) being the outer surface
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optoelectronic source (60) is provided to be
received, characterized in that the optoelec-
tronic source (50) is positioned along the
first surface (81) and emits light towards the
second surface (82), in that a flexible sens-
ing layer (30) covers both the front surface
of the optoelectronic source (50) and the
front surface of the photodetector (60), the
sensing layer (30) being transparent to the
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predetermined wavelength and in that the optoelectronic source (50), the photodetector (60), the second outer surface (82) and the
sensing layer (30) are arranged such that upon application of a shear stress onto the optical shear sensor the sensing layer (30) de-
forms elastically and the first (81) and the second (82) outer surface are displaced along directions parallel to each other and the
source front surface such that the intensity of light emitted by the optoelectronic source (50) detected by the photodetector (60)
changes, the change in intensity of light emitted by the optoelectronic source (50) detected by the photodetector (60) being indica-
tive of the applied shear stress.
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Optical shear sensor and method of producing such an optical shear
sensor

Field of the disclosure
This disclosure relates to optical shear sensors, more
in particular to compact, flexible and/or stretchable optical shear sensors and

to methods for fabricating such shear sensors.

Description of the related technology

For several applications, such as for example for skin
friction measurements (e.g. diabetic patients, shear between prosthesis and
skin) and for robotic applications (artificial skin) there is a need for compact
shear sensors and shear sensor arrays allowing distributed shear sensing
(tactile sensors). Preferably such shear sensors and shear sensor arrays are
flexible and/or stretchable such that they can be adapted to conform to 3D
surfaces. It is an additional advantage of flexible and stretchable sensors or
sensor arrays that they may have a better reliability in terms of mechanical
stability (e.g. shock and vibration absorption) as compared to rigid sensors
and sensor arrays.

There have been several reports on tactile sensors
that can measure shear stresses. Most of these sensors are fabricated using
silicon micro-electro-mechanical systems (MEMS) technology. It is an
advantage of using MEMS technology that it allows implementing tactile
sensors with a fine spatial resolution and sensitivity comparable to human
fingers. One of the disadvantages related to MEMS-based sensors is that
they are not flexible because they are formed on a rigid silicon substrate.
MEMS-based sensors often comprise floating elements, which may limit their
robustness.

Shear sensors can be based on electrical
measurements, such as for example capacitive measurements,

magnetoresistive measurements or piezoelectric measurements. It is a
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disadvantage of sensors based on electrical measurements that they may be
affected by electromagnetic field interference and that they may suffer from
hysteresis and drift. Therefore, optical sensors may be preferred. Apart from
their immunity to electromagnetic field interference, optical sensors can have
a high sensitivity and a large dynamic range, and a highly linear response.
Optical sensors are potentially compact and they can be embedded in or
attached to an object to be sensed.

Optical shear sensors based on fiber-optic bend loss
have been proposed. The basic configuration of such a fiber-optic shear
sensor is a multi-layered sensor in which the top and bottom layers are
composed of a pressure sensor mesh, each mesh comprising two sets of
parallel fiber planes. Coordinates of pressure points are taken from the top
and bottom mesh sensors to determine shear. Pressure points that are
originally located above each other are shifted out of alignment because of
shearing forces, and the amount of misalignment is related to the amount of
shear. However, the spatial resolution that can be obtained by this type of
shear sensor is limited. For example, in “A shear and plantar pressure sensor
based on fiber-optic bend loss”, W-C. Wang et al, Journal of Rehabilitation
Research & Development, Vol. 42, No. 3, pages 315-326, May/June 2005, a
spatial resolution of 1 cm is reported.

In US 7,295,724 a flexible optical distributed shear
sensor is described, the sensor comprising a flexible substrate with a
waveguide formed thereon. The waveguide comprises several Bragg gratings
along the waveguide path, each Bragg grating having a characteristic Bragg
wavelength that shifts in response to an applied load due to elongation or
compression of the grating. These wavelength shifts are monitored to
determine the amount of applied pressure on the gratings. To measure shear
stress, two flexible substrates with the waveguide and Bragg gratings are
provided on top of each other such that the waveguides and gratings are
perpendicular to each other. Read-out of this type of sensors is rather
complicated and expensive, as it requires spectral measurements.

In US 7,466,879 a flexible optical shear sensor is
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described wherein an optical fiber with a Bragg grating is embedded at a
small angle within a deformable layer, between an upper layer and a lower
layer, a first part of the optical fiber being anchored to the upper layer and a
second part of the optical fiber being anchored to the lower layer. When a
shear force is applied on the upper surface of the sensor, the upper layer
moves with respect to the lower layer in the direction of the applied shear
force. This relative movement between the upper layer and the lower layer
deforms the rubber matrix and leads to stretching of the embedded fiber,
resulting in a shift of the Bragg wavelength. Read-out of this type of sensors

is rather complicated and expensive, as it requires spectral measurements.

Summary of certain inventive aspects

Certain inventive aspects relate to compact, flexible
and/or stretchable optical shear sensors having a good spatial resolution, e.g.
down to about 250 micrometer, wherein read-out of the shear sensors is less
complicated as compared to prior art devices and wherein read-out of the
shear sensors can be performed at a single predetermined wavelength, such
that the need for spectral measurements can be avoided.

One aspect relates to a preferably compact, flexible
and/or stretchable optical shear sensor wherein the shear sensor preferably
comprises a first and a second outer surface at opposing sides of the optical
shear sensor and at least one sensing element, the at least one sensing
element comprising: an optoelectronic source for emitting light of a
predetermined wavelength, the optoelectronic source having a source front
surface; at least one photodetector for detecting light of the predetermined
wavelength, the at least one photodetector having a detector front surface.

The optoelectronic source is positioned along the first
outer surface and emits light towards the second outer surface.

A flexible sensing layer covers both the front surface of
the optoelectronic source and the front surface of the photodetector, the

sensing layer being transparent to the predetermined wavelength.
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The optoelectronic source, the photodetector, the
second outer surface and the sensing layer are arranged such that upon
application of a shear stress onto the optical shear sensor the sensing layer
deforms elastically and the first and the second outer surface are displaced
along directions parallel to each other and the source front surface such that
the intensity of light emitted by the optoelectronic source detected by the
photodetector changes, the change in intensity of light emitted by the
optoelectronic source detected by the photodetector being indicative of the
applied shear stress.

Such an optical shear sensor allows to detect shear
stress using a measurement of intensity which is less complicated than a
measurement of a wavelength.

With elastic deformation is meant in the context of the
current application that after deformation the sensing layer returns to its initial
state of before deformation.

According to preferred embodiments of the current
invention, the optoelectronic source and the at least one photodetector are
arranged in a stack, with the photodetector positioned along the second
surface, such that the source front surface and the detector front surface are
substantially parallel and oriented towards each other with the sensing layer in
between the optoelectronic source and the at least one photodetector. The
optoelectronic source, the photodetector and the sensing layer are arranged
such that upon application of a shear stress onto the optical shear sensor the
sensing layer deforms such that the optoelectronic source and the
photodetector are displaced with respect to each other along directions
parallel to each other and the source front surface. It has been found that
such a stack can be constructed with relative ease.

According to alternative preferred embodiments of the
current invention, the photodetector is positioned along the first outer surface,
the second outer surface comprising a reflector for reflecting light emitted by
the optoelectronic device back to the photodetector according to the

displacement of the first outer surface with respect to the second outer
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surface. As in such an embodiment both photodetector and optoelectrical
device are on the same surface, electrically interconnecting the photodetector
and the optoelectrical device becomes easier.

The sensing element preferably further comprises
electrical contacts to the optoelectronic source and to the at least one
photodetector. The electrical contacts can be used to connect the sensing
element into a further electrical circuit.

More preferably in such embodiment, the electrical
contacts of the photodetector and the optelectronic source are provided on a
single surface of the optical shear sensor such that electrical interconnection
into a circuit can be done more easily. Thereto, in the embodiment wherein
the optoelectronic source is positioned along the first outer surface and the
photodetector is positioned along the second outer surface, through-holes,
vias, are for example provided in the sensing layer which are filled with
conductive paste, preferably stretchable conductive paste, such that the
electric contacts of either the photodetector or the optoelectronic source can
be led to the same outer surface of the optical shear sensor.

According to preferred embodiments of the current
invention, the optoelectronic source is embedded in a first embedding layer
and the at least one photodetector is embedded in a second embedding layer.
The first embedding layer and the second embedding layer can comprise a
rigid material. The first embedding layer and/or the second embedding layer
can comprise a flexible material, such as for example SU-8, a polyimide, PEN
or PET. The first embedding layer and/or the second embedding layer can
comprise a stretchable material such as for example a silicone or a
polyurethane. The first embedding layer and the second embedding layer can
comprise the same material, especially in the embodiment wherein the
optoelectronic source and the photodetector are both positioned along the
first outer surface, or they can comprise a different material. The sensing layer
preferably is sandwiched between the first embedding layer and the second

embedding layer, in the embodiment wherein the optoelectronic source is
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positioned along the first outer surface and the photodetector is positioned
along the second outer surface.

When the first and the second embedding layer are for
example PEN or PET and can be provided on respective rolls, fabrication of
the optical shear sensor according to the current invention becomes possible
using a roll-to-roll process for obtaining the optical shear sensor wherein the
optoelectronic source is positioned along the first outer surface and the
photodetector is positioned along the second outer surface.

According to preferred embodiments of the current
invention, the source front surface of the optoelectronic source is the outer
surface of the optoelectronic source at the side where light of the
predetermined wavelength exits the optoelectronic source. According to
preferred embodiments of the current invention, the front surface of the
photodetector is the outer surface of the photodetector at a side where light
from the optoelectronic source is received.

The material of the sensing layer is preferably flexible
and/or stretchable. It can for example comprise a polymer, a polyurethane or
a silicone.

According to preferred embodiments the material of
the sensing layer has a low hysteresis.

The shear modulus of the sensing layer material can
be selected in function of a specific application. For example, the shear
modulus of the sensing layer material can be in the range between about
100kPa and a few 100 MPa, e.g. 300 MPa. By selecting the mechanical
properties (shear modulus, bulk modulus, Young’s modulus) of the sensing
layer material, the sensitivity and the measurement range of the sensing
element can be selected. The measurement range may further be affected by
the thickness of the sensing layer and by the properties of the optoelectronic
source and the photodetector.

According to preferred embodiments of the current
invention, the sensing element comprises one optoelectronic source and one

photodetector, or it can comprise one optoelectronic source and more than
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one photodetector. It can also comprise more than one optoelectronic source
and one or more photodetectors.

According to preferred embodiments of the current
invention the optoelectronic source and the photodetector may be in an
optically aligned position with respect to each other when the sensing element
is in a non-actuated state, i.e. in the absence of shear stress on the sensing
element along a plane parallel to the source front surface. In the context of
the current application with optically aligned position is meant that position of
the photodetector and the optoelectronic source with respect to each other is
such that light exiting the optoelectronic source is maximally incident on the
photodetector.

According to other preferred embodiments according
to the current invention, the optoelectronic source and the photodetector may
be optically misaligned with respect to each other when the sensing element
is in a non-actuated state and they may become more optically aligned upon
application of a shear stress to the sensing element in a plane parallel to the
source front surface.

When a shear stress is applied to the sensing element
in a plane parallel to the source front surface, for example a relative
displacement of the optoelectronic source and the at least one photodetector,
in the embodiment wherein the optoelectronic source is positioned along the
first outer surface and the photodetector is positioned along the second outer
surface, or for example a relative displacement of the reflector with the
photodetector and/or the optoelectronic source in the embodiment wherein
the optoelectronic source and the photodetector are both positioned along the
first outer surface results in a change of the optical coupling, i.e. the intensity
of light emitted by the optoelectronic source detected by the photodetector,
between the optoelectronic source and the at least one photodetector. This
change is a measure for the applied shear stress.

According to preferred embodiment according to the
current invention, the optoelectronic source and the photodetector are chips

or integrated circuits such that a small optical shear sensor is obtained.
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A shear sensor according to one aspect can comprise
a plurality of sensing elements, e.g. arranged in a two-dimensional array.
Such a shear sensor comprising a plurality of sensing elements can be used
for distributed sensing applications. The minimal spatial resolution for example
depends on the size of the optoelectronic source and/or photodetector chip.
For example, chip dimensions may be in the order of about 250 micrometer x
250 micrometer, enabling a spatial resolution down to about 250 micrometer.
In case of smaller chip dimensions, a better spatial resolution can be
obtained.

In embodiments of the present disclosure the
optoelectronic source can for example comprise a vertical cavity surface
emitting laser (VCSEL), a light emitting diode (LED), an organic LED (OLED)
or any other suitable optoelectronic source known by a person skilled in the
art.

According to preferred embodiments of the current
invention, the sensor is flexible and/or stretchable.

According to further embodiments of the shear sensor
according to the invention, a transducer is placed along the first and/or
second outer surface for converting shear stress applied to the transducer to
smaller shear stress such that larger shear stresses can be measured and/or
detected. It has been found that such a transducer allows measuring shear
stress corresponding to a relative displacement of the photodetector with
respect to the optoelectronic source from 100uM up to several cm.

According to preferred embodiments of the current
invention, the sensing element comprises a first group of at least one
optoelectronic source and a second group of at least one photodetector
arranged such that the direction and magnitude of the shear stress can be
determined by determining which photodetector of the second group detects
light emitted by which optoelectronic source.

According to more preferred embodiments the first
group comprises an optoelectronic source and the second group an array of

photodetectors, the first group being positioned with respect to the second
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group such that upon application of a shear stress the intensity measured by
a first photodetector of the array decreases while the intensity of a second
photodetector of the array increases, the change of intensity from the first
photodetector to the second photodetector indicating the direction of the
shear stress.

The array of photodetectors may comprise four
photodetectors arranged in a square-like configuration, the optoelectronic
source being positioned substantially in the center of the square-like
configuration as such a configuration allows to determine the direction of the
shear stress along all directions of the plane in which the photodetectors are
provided.

According to more preferred embodiments the first
group comprises an array of different optoelectronic sources, such as for
example optoelectronic sources emitting light of a different wavelength and/or
emitting light having an intensity which is specifically modulated, and the
second group a photodetector, the first group being positioned with respect to
the second group such that upon application of a shear stress the light
measured by the photodetector is indicative of the position of one of the
optoelectronic sources of the array. The array of optoelectronic sources
preferably comprises four optoelectronic sources arranged in a square-like
configuration, the photodetector being positioned substantially in the center of
the square-like configuration as such a configuration allows to determine the
direction of the shear stress along all directions of the plane in which the
optoelectronic sources are provided.

According to more preferred embodiments the first
group also comprises an array of optoelectronic sources. Preferably, the
arrays of the first and the second group are substantially linear.

According to a first embodiment the linear arrays are
positioned perpendicular with respect to each other and the optoelectronic
sources are different, e.g. optoelectronic sources emitting light of a different

wavelength and/or emitting light having an intensity which is specifically
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modulated to distinguish between the optoelectronic sources as in the earlier
described embodiment.

According to a second embodiment the two groups are
positioned such that pairs of photodetectors and optoelectronic sources are
formed. In a first example, in each pair the optoelectronic source and the
photodetector are optically aligned and part of the photodetector or part of the
optoelectronic source is covered by a layer that is not transparent to the light
emitted by the corresponding optoelectronic source, the part covered being
different in each pair such that the intensities measured by the photodetector
are indicative of the direction of the shear stress. However, according to a
second example, in each pair the optoelectronic source and the photodetector
are not optically aligned and the mutual position of the optoelectronic source
and the photodetector in each pair are chosen such that upon application of a
shear stress, the direction of the shear stress can be determined by
determining which photodetectors detect light and the magnitude of the shear
stress can be determined by measuring the intensities of the detected light.

According to preferred embodiments of the current
invention, the photodetector is a position sensitive detector such that the
direction and/or magnitude of the shear stress can be measured using a
single pair of photodetector and optoelectronic source.

According to preferred embodiments of the current
invention, the optical shear sensor is in the form of a foil, more preferably a
foil in which the distance between the source front surface and the detector
front surface is between 50 um and 500 um, preferably between 100um and
400um. Most preferably the distance between the source front surface and
the detector front surface is about 200um as it has been found that such a
distance provides good response of the detector in relation to the light emitted
by the optoelectronic source.

The invention also relates to a method for making an
optical shear sensor according to the invention wherein the method comprises
the steps of providing the optoelectronic source on a first substrate;

embedding the optoelectronic source in the first embedding layer; providing
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the electrical contacts to the optoelectronic source; providing the
photodetector on a second substrate; embedding the photodetector in the
second embedding layer; providing the electrical contacts to the
photodetector; and bonding the first substrate comprising the embedded
optoelectronic source to the second substrate comprising the embedded
photodetector by the sensing layer such that the front surface of the
optoelectronic source and the photodetector are substantially parallel and
oriented towards each other. The different steps do not need to be performed
in the order as described.

According to preferred embodiments of the method,
the steps of providing the optoelectronic source on a first substrate;
embedding the optoelectronic source in the first embedding layer; providing
the electrical contacts to the optoelectronic source and the steps of providing
the photodetector on a second substrate; embedding the photodetector in the
second embedding layer; providing the electrical contacts to the photodetector
are done separately after which the first substrate comprising the embedded
optoelectronic source is bounded to the second substrate comprising the
embedded photodetector by the sensing layer such that the optoelectronic
source and the photodetector are substantially parallel and oriented towards
each other.

According to different embodiments according to the
invention, the method is a build-up process comprising the subsequent steps
of providing the optoelectronic source on a first substrate; embedding the
optoelectronic source in the first embedding layer; providing first electrical
contacts to the optoelectronic source; providing the sensing layer on the first
embedding layer and the first electrical contacts; providing second electrical
contacts for the photodetector to the sensing layer; providing the
photodetector on the second electrical contacts such that the front surface of
the photodetector and the front surface of the optoelectronic source are
substantially parallel and are oriented towards each other; embedding the
photodetector in the second embedding layer.

For purposes of summarizing certain inventive aspects
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and the advantages achieved over the prior art, certain objects and
advantages have been described herein above. Of course, it is to be
understood that not necessarily all such objects or advantages may be
achieved in accordance with any particular embodiment. Thus, for example.
those skilled in the art will recognize that the disclosure may be embodied or
carried out in a manner that achieves or optimizes one advantage or group of
advantages as taught herein without necessarily achieving other objects or
advantages as may be taught or suggested herein. Further, it is understood
that this summary is merely an example and is not intended to limit the scope
of the disclosure. The disclosure, both as to organization and method of
operation, together with features and advantages thereof, may best be
understood by reference to the following detailed description when read in

conjunction with the accompanying drawings.

Brief description of the drawings

Figure 1 schematically illustrates a shear sensing
element in accordance with one embodiment in a non-actuated state.

Figure 2 schematically illustrates a shear sensing
element in accordance with the one embodiment in an actuated state.

Figure 3 shows simulation results of a shear sensor
according to one embodiment, illustrating the relative sensor output as a
function of the relative displacement between the optoelectronic source
(VCSEL) and the photodetector.

Figures 4(a)4(g) illustrate part of an exemplary
fabrication process for a shear sensor according to one embodiment.

Figure 5(a)-(d) show some further embodiments of the
shear sensor according to the invention.

Figure 6 shows a different embodiment of the optical
shear sensor according to the invention.

In the different drawings, the same reference signs

refer to the same or analogous elements.
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Detailed description of certain illustrative embodiments

In the following detailed description, numerous specific
details are set forth in order to provide a thorough understanding of the
disclosure and how it may be practiced in particular embodiments. However, it
will be understood that the present disclosure may be practiced without these
specific details. In other instances, well-known methods, procedures and
techniques have not been described in detail, so as not to obscure the
present disclosure. While the present disclosure will be described with respect
to particular embodiments and with reference to certain drawings, the
disclosure is not limited hereto. The drawings included and described herein
are schematic and are not limiting the scope of the disclosure. It is also noted
that in the drawings, the size of some elements may be exaggerated and,
therefore, not drawn to scale for illustrative purposes.

Furthermore, the terms first, second, third and the like
in the description, are used for distinguishing between similar elements and
not necessarily for describing a sequence, either temporally, spatially, in
ranking or in any other manner. It is to be understood that the terms so used
are interchangeable under appropriate circumstances and that the
embodiments of the disclosure described herein are capable of operation in
other sequences than described or illustrated herein.

Moreover, the terms top, bottom, over, under and the
like in the description are used for descriptive purposes and not necessarily
for describing relative positions. It is to be understood that the terms so used
are interchangeable under appropriate circumstances and that the
embodiments of the disclosure described herein are capable of operation in
other orientations than described or illustrated herein.

It is to be noticed that the term “comprising” should not
be interpreted as being restricted to the means listed thereafter; it does not
exclude other elements or steps. It is thus to be interpreted as specifying the
presence of the stated features, integers, steps or components as referred to,
but does not preclude the presence or addition of one or more other features,

integers, steps or components, or groups thereof. Thus, the scope of the
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expression “a device comprising means A and B” should not be limited to
devices consisting only of components A and B.

With “rigid” as used in this application is meant stiff,
unyielding, i.e. a rigid structure is not adapted to be deformable during normal
use of the structure.

With “flexible” as used in this application is meant non-
stiff, non-rigid, i.e. bendable but not stretchable. A flexible structure is adapted
to be deformable in a certain direction during normal use of the structure, but
does not elongate. The length does not change during bending.

With “stretchable” as used in this application is meant
resilient, i.e. elastically deformable with elongation. A stretchable structure is
adapted to be elastically deformed during normal use (with elongation).

Certain embodiments relate to a compact, flexible
and/or stretchable optical shear sensor wherein the shear sensor comprises
at least one sensing element, the at least one sensing element comprising: an
optoelectronic source for emitting light of a predetermined wavelength, the
optoelectronic source having a source front surface; at least one
photodetector for detecting light of the predetermined wavelength, the at least
one photodetector having a detector front surface, the optoelectronic source
and the at least one photodetector being arranged in a stack such that the
source front surface and the detector front surface are substantially parallel
and oriented towards each other, the stack further comprising a, preferably
flexible and/or stretchable, sensing layer in between the optoelectronic source
and the photodetector. The sensing element further preferably comprises
electrical contacts to the optoelectronic source and to the photodetector.

The optoelectronic source can be embedded in a first
embedding layer and the at least one photodetector can be embedded in a
second embedding layer. The sensing layer can be sandwiched between the
first embedding layer and the second embedding layer.

In one embodiment, the front surface of an
optoelectronic source is the outer surface of the optoelectronic source at the

side where light of the predetermined wavelength is provided to exit the
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optoelectronic source. The front surface of a photodetector is the outer
surface of the photodetector at a side that is intended for receiving light to be
detected.

In certain embodiments, the sensing element
comprises one optoelectronic source embedded in a first embedding layer
and one photodetector embedded in a second embedding layer. However, the
present disclosure is not limited thereto. For example, the optoelectronic
source and/or the photodetector can be mounted, e.g. flip-chipped on a
supporting layer. For example, the sensing element can comprise more than
one photodetector and/or more than one optoelectronic source.

Figure 1 schematically illustrates a shear sensing
element 100 according to an embodiment of the present disclosure in a non-
actuated state, i.e. in the absence of shear stress on the sensing element in a
plane parallel to the source front surface. Figure 2 shows the shear sensing
element 100 of Figure 1 in an actuated state, i.e. in the presence of shear
stress on the sensing element in a plane parallel to the source front surface.
In Figure 1 and in Figure 2 only a single sensing element 100 is shown. A
shear sensor according to one embodiment can comprise a single shear
sensing element 100. However, a shear sensor according to one embodiment
can comprise a plurality of such sensing elements 100. The plurality of
sensing elements can for example be arranged in an array, e.g. in a matrix
structure. For example, a plurality of flexible sensing elements can be
arranged in an array and interconnected by stretchable interconnects,
resulting in a stretchable shear sensor array.

As illustrated in Figure 1 and Figure 2, a sensing
element 100 according to an embodiment of the present disclosure comprises
an optoelectronic source 50, such as for example a vertical cavity surface
emitting laser (VCSEL), a light emitting device (LED), organic LED (OLED),
having a front surface 51, the optoelectronic source 50 being embedded in a
first embedding layer 21. The thickness of the first embedding layer 21 can for
example be in the range between a few micrometer and a few hundreds of

micrometer. As a material for the first embedding layer 21 a rigid material can
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be used, or a flexible material can be used, such as for example SU-8, a
polyimide, polyethylene naphtalate (PEN), or polyethylene terephtalate (PET),
or a stretchable material can be used, such as for example a silicone or a
polyurethane. The sensing element 100 further comprises a photodetector 60
having a detector front surface 61. The photodetector 60 can for example be
a silicon, germanium or indium gallium arsenide photodetector, e.g.
photodiode, or an organic photodetector, or any suitable photodetector known
by a person skilled in the art. In the embodiment shown, the photodetector 60
is embedded in a second embedding layer 22. The thickness of the second
embedding layer 22 can for example be in the range between a few
micrometer and a few hundreds of micrometer. The first embedding layer 21
and the second embedding layer 22 can comprise the same material or they
can comprise a different material. The optoelectronic source 50 and the
photodetector 60 are arranged in the sensing element face to face, i.e. the
source front surface 51 of the optoelectronic source 50 where light exits the
source is oriented towards the detector front surface 61 of the photodetector
60 where light can be captured by the photodetector. The plane of the source
front surface 51 and the plane of the detector front surface 61 are
substantially parallel and more preferably substantially planar.

In embodiments of the present disclosure the
optoelectronic source 50 and the photodetector 60 can be arranged such that
they are substantially optically aligned when the sensing element 100 is in a
non-actuated state, i.e. they can be arranged such that light exiting the
optoelectronic source 50 from the light emitting area 52 is maximally incident
on the light receiving area 62 of the photodetector 60 when the sensing
element is in a non-actuated state. However, other arrangements are
possible. For example, in embodiments of the present disclosure the
optoelectronic source 50 and the photodetector 60 may be optically non-
aligned when the sensing element is in a non-actuated stated and they may
become optically aligned upon actuation by a shear stress.

The sensing element shown in Figure 1 comprises a

single photodetector 60. However, in embodiments of the present disclosure
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the sensing element can comprise more than one photodetector 60, e.g.
arranged in a two-dimensional array.

The optoelectronic source 50 is positioned along the
first surface 81 and emits light towards the second surface 82. The sensing
layer 30 covers both the front surface of the optoelectronic source 50 and the
front surface of the photodetector 60.

The optoelectronic source 50 embedded in first
embedding layer 21 and the photodetector 60 embedded in second
embedding layer 22 are arranged in a stack, the stack further comprising a
flexible and/or stretchable sensing layer 30 in between the optoelectronic
source 50 and the photodetector 60. The material of the sensing layer 30 can
for example be a polymer, a polyurethane or a silicone such as for example
Sylgard 184 The sensing layer 30 is preferably made from a material which is
compatible with the first 21 and second 22 embedding layer such that the
sensing layer does not chemically affects the first 21 and the second 22
embedding layer. The material of the sensing layer 30 can comprise an array
of mechanical spacers or a liquid. The sensing layer 30 is preferably optically
transparent (at the wavelength of the optoelectronic source 50), flexible
and/or stretchable, and it preferably has a low hysteresis and a low shear
modulus, for example in the range between about 100 kPa and a few 100
MPa. The thickness of the sensing layer 30 is preferably in the range between
a few tens of micrometers to a few hundreds of micrometers, up to a few
millimetres. It has been found that by increasing the thickness of the sensing
layer 30, the range within which the shear stress applied to the shear sensor
can be measured increases.

Furthermore, the sensing element 100 preferably
comprises electrical contacts 41, 42, e.g. metal contacts, to the embedded
optoelectronic source 50 and the embedded photodetector 60.

In the embodiment shown in Figure 1, the
optoelectronic source 50 is attached to a first substrate 11 and the
photodetector 60 is attached to a second substrate 12. In preferred

embodiments the first substrate 11 and the second substrate 12 are flexible
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and/or stretchable substrates. This allows obtaining flexible and/or stretchable
sensing elements.

In the embodiment shown in Figure 1, a heat sink 43 is
provided between the optoelectronic source 50 and the first substrate 11 and
between the photodetector 60 and the second substrate 12.

Figure 2 shows the sensing element in an actuated
state, i.e. when a shear force is present, i.e. a force which is applied parallel
or tangential to a face of the sensing element, substantially parallel to the
source front surface and the detector front surface. The shear force or shear
stress results in a lateral movement of the embedded optoelectronic source
50 and the embedded photodetector 60 with respect to each other. In this
context, a lateral movement refers to a movement substantially parallel to the
source front surface and the detector front surface. The relative displacement
of the photodetector 60 with respect to the source 50 results in a change of
the optical coupling between both components. This change of optical
coupling is a measure for the applied shear force. By selecting the mechanical
properties (shear modulus, bulk modulus, Young’s modulus) of the sensing
layer material, the sensitivity and the range of the sensing element can be
selected.

Simulations of the behaviour of a sensing element
according to one embodiment were performed. A two-dimensional mechanical
model was constructed in COMSOL Multiphysics. The model consists of a
PDMS sensing layer (Sylgard 184) with a thickness of 150 micrometer
sandwiched between two flexible optical packages. A shear force was applied
on a surface of the structure while the opposite surface was assumed to be
fixed. The applied shear force was a distributed uniform load of 500 N/m,
resulting in a maximum lateral displacement of 30 micrometer. Since this
maximum lateral displacement is small compared to the sensing layer
thickness, the choice for a linear model is justified.

As for the optical aspect, two-dimensional calculations
were performed to evaluate the response of an optical shear sensor

according to one embodiment, for varying relative displacements between the
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photodetector and the optoelectronic source. The optoelectronic source
(VCSEL) was modelled as a Gaussian beam with 5 micrometer beam waist
and a (half) beam divergence of 7°. The active area of the photodetector was
assumed to have a line shape with length d. The sensor response to a relative
lateral displacement between the photodetector and the optoelectronic source
was calculated for varying ratios between the detector size d and the laser
beam diameter. These calculations were performed by determining the
amount of power from the Gaussian beam incident on the active area of the
detector with length d under increasing lateral displacement. The length of the
detector was expressed in terms of the standard deviation of the Gaussian
beam curve, which is a measure of the beam size (relative size D of the
detector = length d / standard beam deviation). Hence these calculations
account for both the size of the photodetector and the distance between the
VCSEL and the photodetector, since the beam diameter increases with
increasing distance and the relative size of the detector D, expressed in
number of standard deviations, decreases.

The results are summarized in Figure 3, showing the
relative sensor response as a function of the relative displacement between
the VCSEL and the photodetector. The calculations are done for a ratio D of 1
to 10 of the photodetector size d compared to the laser beam size. For the
example shown, the optimal response is achieved for a detector having a size
that is four to five times the standard deviation of the incident Gaussian beam.
This yields a maximum signal when the sensor is idle and a monotonous
decrease with increasing displacement.

The sensing element 100 shown in Figure 1 and
Figure 2 comprises a single optoelectronic source 50 and a single
photodetector 60. However, in other embodiments the sensing element 100
can comprise for example a single optoelectronic source 50 and more than
one photodetector 60, e.g. arranged in an array. Such a configuration has a
higher resolution and accuracy and allows for example determining the
direction of a shear force. In other embodiments the sensing element 100 can

comprise for example more than one optoelectronic source 50.
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A plurality of sensing elements 100 according to one
embodiment can be used for forming a sensor array or a tactile sensor. For
example, a two-dimensional array of sensing elements, e.g. arranged in a
matrix structure, can be used for performing area measurements. For
example, the sensing elements in such a two-dimensional array can be
connected by stretchable interconnects, such that a stretchable shear sensor
array can be formed. Arranging the plurality of sensing elements in an array
allows measuring the shear direction. According to a different embodiment of
the optical shear sensor according to the current invention, the first outer
surface 81 is positioned along the photodetector 60 such that in other words
the optoelectric source 50 and the photodetector 60 are arranged along the
same outer surface, i.e. the first outer surface 81. This embodiment is for
example shown in figure 6. According to such an embodiment, the second
outer surface 82 comprises a reflector 80 for reflecting light emitted by the
optoelectronic source 50 back to the photodetector 60 according to the
displacement of the first outer surface 81 with respect to the second outer
surface 82. The location and dimensions of the reflector 80 are adapted such
that upon application of shear stress to the optical shear sensor, the light
emitted by the optoelectric source 50 is no longer reflected by the reflector 80
to at least one photodetector 60. For example, according to figure 6, a shear
stress to the left will cause that reflection of light emitted by the optoelectronic
source 50 will cease to be reflected to photodetector 60, indicating that a
shear stress is applied. If another photodetector 86 is positioned at the left of
the optoelectronic source it becomes possible that light emitted by the
optoelectronic source 50 is now detected at the second photodetector 86. In
such case not only can be determined whether a shear stress is applied but in
addition the direction of the shear stress can be determined. According to a
further embodiment, the reflector 80 is positioned and dimensioned such as to
reflect light emitted by the optoelectronic source to both of the photodetectors
86, 60 when no shear stress is being applied, but upon application of a shear
stress ceases to reflect light to one or even both of the photodetectors 60, 86

at least indicating that a shear stress has been applied and sometimes even
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indicating the direction of the shear stress, when for example only one
photodetector still receives light emitted by the optoelectronic source 50 and
reflected from the reflector 80.

Figures 5(a) — 5(d) show some additional embodiments
according to the current invention in which the direction and/or the magnitude
of the shear stress can be measured. In these embodiments shown, the
optoelectronic sources 50 and the photodetectors 60 are arranged in a stack.
Such an arrangement is however not critical for the invention and the
optoelectronic sources 50 and the photodetectors 60 can also both be
positioned along the first outer surface 81.

The sensing element 100 in these shown
embodiments comprises a first group 91 of at least one optoelectronic source
50 and a second group 92 of at least one photodetector 60 arranged such
that the direction and magnitude of the shear stress can be determined by
determining which photodetector 60 of the second group 92 detects light
emitted by which optoelectronic source 50.

Figure 5a shows for example an embodiment wherein
the first group 91 comprises an optoelectronic source 50 and the second
group 92 an array of photodetectors, the first group 91 being positioned with
respect to the second group 92 such that upon application of a shear stress
the intensity measured by a first photodetector 60 of the array decreases
while the intensity of a second photodetector 86 of the array increases, the
change of intensity from the first photodetector 50 to the second
photodetector 86 indicating the direction of the shear stress.

As shown in figure 5a, the array of photodetectors may
comprise four photodetectors arranged in a square-like configuration, the
optoelectronic source 50 being positioned substantially in the center of the
square-like configuration as such a configuration allows to determine the
direction of the shear stress along all directions of the plane in which the
photodetectors are provided.

Figure 5b shows another example wherein the first

group 91 comprises an array of different optoelectronic sources, such as for
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example optoelectronic sources emitting light of a different wavelength and/or
emitting light having an intensity which is specifically modulated, and the
second group 92 a photodetector 60, the first group 91 being positioned with
respect to the second group 92 such that upon application of a shear stress
the light measured by the photodetector 60 is indicative of the position of one
of the optoelectronic sources of the array. As shown in figure 5b, the array of
optoelectronic sources preferably comprises four optoelectronic sources
arranged in a square-like configuration, the photodetector 60 being positioned
substantially in the center of the square-like configuration as such a
configuration allows to determine the direction of the shear stress along all
directions of the plane in which the optoelectronic sources are provided.

Figures 5¢ and 5d show that the first group 91 also
comprises an array of optoelectronic sources. Preferably, the arrays of the
first 91 and the second 92 group are substantially linear, as shown in figure
5b and 5d.

According to a first embodiment shown in figure 5d,
the linear arrays are positioned perpendicular with respect to each other and
the optoelectronic sources are different, e.g. optoelectronic sources emitting
light of a different wavelength and/or emitting light having an intensity which is
specifically modulated to distinguish between the optoelectronic sources as in
the earlier described embodiment.

According to a second embodiment shown in figure 5c,
the two groups are positioned such that pairs of photodetectors and
optoelectronic sources are formed. In a first example shown in figure 5c, in
each pair the optoelectronic source and the photodetector are optically
aligned and part of the photodetector or part of the optoelectronic source is
covered by a layer that is not transparent to the light emitted by the
corresponding optoelectronic source , the part covered being different in each
pair such that the intensities measured by the photodetector are indicative of
the direction of the shear stress. However, according to a second example not
shown in the figures, in each pair the optoelectronic source and the

photodetector are not optically aligned and the mutual position of the
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optoelectronic source and the photodetector in each pair are chosen such that
upon application of a shear stress, the direction of the shear stress can be
determined by determining which photodetectors detect light and the
magnitude of the shear stress can be determined by measuring the intensities
of the detected light.

Fabrication of a shear sensor, e.g. a shear sensor
comprising a plurality of sensing elements according to one embodiment, can
comprise: providing an optoelectronic source 50 on a first substrate 11;
embedding the optoelectronic source 50 in a first embedding layer 21;
providing electrical contacts 41 to the optoelectronic source 50; providing a
photodetector 60 on a second substrate 12; embedding the photodetector 60
in a second embedding layer 22; providing electrical contacts 42 to the
photodetector 60; and bonding the first substrate 11 comprising the
embedded optoelectronic source 50 to the second substrate comprising the
embedded photodetector 60 such that the optoelectronic source 50 and the
photodetector 60 are oriented face to face. Bonding can for example be done
by means of a layer of silicone, acting as a sensing layer 30.

Alternatively, a shear sensor, e.g., a shear sensor
comprising a plurality of sensing elements according to one embodiment, can
be fabricated using a build-up process. Such a fabrication process may
comprise: providing an optoelectronic source 50 on a first substrate 11;
embedding the optoelectronic source 50 in a first embedding layer 21;
providing electrical contacts 41 to the optoelectronic source 50; providing a
sensing layer 30 on the first embedding layer 21 and the electrical contacts
41; providing electrical contacts 42 for the photodetector 60; mounting the
photodetector 60 such that the optoelectronic source 50 and the
photodetector 60 are oriented face to face; embedding the photodetector 60
in a second embedding layer 22; and providing the second substrate 12.

Preferably, beam shape of the light emitted by the
optoelectronic source and the shape of the photodetector are adapted to each

other and to the measurement.
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To further adapt the light emitted by the optoelectronic
source to the requirements of the optical shear sensor, for example extending
the range, changing sensitivity or linearity, etc. of the sensor, optical,
preferably micro-optical, components such as micro lenses, filters, for
examples filters for shaping the beam of the emitted light, for example to
provide the beam with a linear profile in a certain direction or to make the
characteristics of the emitted light dependent on the position of the
optoelectronic source with respect to the photodetector such that, for
example, the direction and/or magnitude of the shear stress can be
measured.

Experiments were performed wherein a shear sensor
according to an embodiment of the present disclosure was fabricated. In a
first step, commercially available optoelectronic devices (1x4 VCSEL array
chip, 1x4 photodetector array chip) were thinned down to a thickness of 20
micrometer. The naked dies were mounted face down on a temporary glass
carrier (i.e. with their front surface oriented to the temporary carrier) with a
dedicated glycophtalate wax which proved good adhesion and optimized
hardness to protect the brittle small GaAs dies during the lapping steps.
Larger dummy GaAs dies were mounted in the same step next to the
functional dies to allow a well controlled pressure distribution over the different
dies. The dummies need to have the same thickness to guarantee a good die
levelling after mounting. The wax was applied above its melting temperature
and an extra load was provided on the dies to obtain a wax layer with a
uniform thickness underneath the dies. The backside of the dies was then
lapped on a glass plate with a slurry comprising about 9 micrometer thick
AlL,O3 grains. The lapping was used to thin down the dies to a thickness of 50
micrometer. After that, an additional about 30 micrometer was removed by
means of a polishing step on a soft tissue with an Al,O3 grain size of about
0.3 micrometer. After the polishing step the dies were removed from the
temporary glass carrier.

In a next step of the exemplary fabrication process, the

dies were embedded in an ultra thin flexible package. This embedding or



10

15

20

25

30

WO 2011/128266 PCT/EP2011/055517

25

packaging step was performed on a temporary rigid carrier, as illustrated in
Figure 4. This step was performed separately for a VCSEL and for a
photodetector. On a glass carrier 70, a thin polyimide layer 71 with a thickness
in the range between 8 micrometer and 10 micrometer was provided by spin
coating (Figure 4(a)). By applying an adhesion promotor only at the edges of
the glass carrier, the polyimide only adheres to the glass at the edges,
enabling simple release of the package from the carrier after fabrication.
However, other release techniques known to a person skilled in the art can be
used, such as for example techniques using thermal release tape. On top of
the polyimide layer 71, 10 micrometer thick metal islands 72 (Cu) were formed
by a consecutive sputter, plate and wet etch process (Figure 4(b)). Other
techniques known to a person skilled in the art may be used for forming the
metal islands. For example, lamination may be used instead of plating. In the
final package, these islands 72 act as a heat buffer for the embedded VCSEL
or photodetector. The optoelectronic devices 75, such as VCSEL chips and
the photodetector chips, used in the experiments only had top electrical
contacts. When using optoelectronic sources and/or photodetectors having
top and bottom contacts, the metal layer 72 may also be used for forming
electrical contacts to the optoelectronic source and/or photodetector.

Next a 20 micrometer thick layer of optical transparent
embedding material 73 (Truemode Backplane Polymer™) was spin coated, as
illustrated in Figure 4(c). In this layer, a cavity 74 was formed by ablation with
a KrF excimer laser (wavelength 248 nm), using the metal islands 72 as a
laser stop (Figure 4(d)). This results in a cavity 74 with a flat bottom. Other
methods known to a person skilled in the art may be used for forming the
cavity 74, such as for example lithography methods. A low viscosity underfill
material for flip-chip applications (U 8449-9 from Namics Corporation) was
used as an adhesive (not illustrated) to mount the optoelectronic device 75
inside the cavity 74. By pressing the optoelectronic device inside the cavity
with a leveller or using pick and place equipment, the die angle with respect to
the substrate after hardening of the adhesive can be limited. In a next step, a

second layer 76 (about 5 um thick) of optical transparent material was spin-
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coated, which makes the die completely embedded. The resulting structure is
schematically shown in Figure 4(e).

In a next step, micro-via’s were created towards the
contact pads of the embedded die 75, by means of a KrF Excimer laser. A
sputter and etch process was then used for providing copper tracks 77 from
within the vias towards larger pitch contacts on the package (Figure 4(f)). A
final layer 78 of optical transparent material (thickness 5 pm) was provided for
filling the vias; this layer also acts as a final planarization layer. On top of the
stack, a second polyimide layer 79 was spin-coated and cured. The resulting
structure (thin optoelectronic package) is shown in Figure 4(g).

The top polyimide layer 79 and the bottom polyimide
layer 71 act in this case as mechanical supporting layers. According to the
principle of the neutral fiber, most of the stress during bending is taken up by
the outer layers of the stack, being the strong polyimide layers. This
technology protects the inner optical layers. Commercially available optical
materials are often not very strong and flexible, but with a total thickness of
only about 40 ym and a build-up with supporting polyimide layers, all materials
can be bended to some extent. In embodiments of the present disclosure
polyimides can also be used for forming the embedding layers 73, 76 and 78.

In a next step a first optoelectronic package (as shown
in Figure 4(g)) comprising an embedded VCSEL chip (optoelectronic device
75 in Figure 4(g)) and a second optoelectronic package comprising an
embedded photodetector chip (optoelectronic device 75 in Figure 4(g)) were
covered with a thin layer of PDMS (Sylgard 184) as sensing layer. The
separate modules were cut-out using a CO, laser. In a final step they were
bonded face to face with the sensing layers facing each other onto each other
to obtain a shear sensor according to one embodiment, as shown in Figure 1.

Initial testing of the shear sensor indicates good
alignment of the optoelectronic source and the photodiode, since an optimum
photodiode current is generated in the idle condition (no shear stress applied).
When increasing the shear force, the photodiode current drops down, till the

noise level has been reached. When releasing the shear force, the
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photodiode current returns back to the initial value, indicating that no
hysteresis effects are playing a role.

When fabricating a shear sensor according to one
embodiment, preferably the optoelectronic source and a photodetector within
a sensing element are optically aligned to each other. Aligning both elements
can be done passively or actively. Passive alignment generally refers to a
procedure using optical or mechanical alignment marks onto the two
substrates which need to be aligned. During active alignment, the
optoelectronic source is connected to a power source, and the alignment is

achieved by maximizing the electrical current generated by the photodiode.
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CLAIMS:

. An optical shear sensor comprising a first (81) and a second (82) outer

surface at opposing sides of the optical shear sensor and at least one
sensing element (100), the at least one sensing element (100)
comprising an optoelectronic source (50) for emitting light of a
predetermined wavelength, the optoelectronic source (50) having a
source front surface (51) being the outer surface of the optoelectronic
source (50) where light of the predetermined wavelength exits the
optoelectronic source (50) and at least one photodetector (60) for
detecting light of the predetermined wavelength, the at least one
photodetector (60) having a detector front surface (61) being the outer
surface of the photodetector (60) where light of the optoelectronic
source (60) is provided to be received, characterized in that the
optoelectronic source (50) is positioned along the first surface (81) and
emits light towards the second surface (82), in that a flexible sensing
layer (30) covers both the front surface of the optoelectronic source
(50) and the front surface of the photodetector (60), the sensing layer
(30) being transparent to the predetermined wavelength and in that the
optoelectronic source (50), the photodetector (60), the second outer
surface (82) and the sensing layer (30) are arranged such that upon
application of a shear stress onto the optical shear sensor the sensing
layer (30) deforms elastically and the first (81) and the second (82)
outer surface are displaced along directions parallel to each other and
the source front surface such that the intensity of light emitted by the
optoelectronic source (50) detected by the photodetector (60)
changes, the change in intensity of light emitted by the optoelectronic
source (50) detected by the photodetector (60) being indicative of the

applied shear stress.

. An optical shear sensor according to claim 1, characterized in that the

optoelectronic source (50) and the at least one photodetector (60) are

arranged in a stack, with the photodetector (60) positioned along the
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second surface (82), such that the source front surface and the
detector front surface are substantially parallel and oriented towards
each other with the sensing layer (30) in between the optoelectronic
source (50) and the at least one photodetector (60) and in that the
optoelectronic source (50), the photodetector (60) and the sensing
layer (30) are arranged such that upon application of a shear stress
onto the optical shear sensor the sensing layer (30) deforms such that
the optoelectronic source (50) and the photodetector (60) are
displaced with respect to each other along directions parallel to each

other and the source front surface.

. An optical shear sensor according to claim 1, characterized in that the

photodetector is positioned along the first outer surface (81), the
second outer surface (82) comprising a reflector (80) for reflecting light
emitted by the optoelectronic source (50) back to the photodetector
(60) according to the displacement of the first outer surface (81) with

respect to the second outer surface (82).

. The optical shear sensor according to any one of claims 1 — 3,

characterized in that in the absence of shear stress, the optoelectronic

source (50) is optically aligned with one photodetector (60).

. The optical shear sensor according to any one of claims 1 — 3,

characterized in that in the presence of the shear stress on the sensor
in a plane parallel to the source front surface, the optoelectronic

source (50) is optically aligned with one photodetector (60).

. The optical shear sensor according to any one of claims 1 — 5,

characterized in that the at least one sensing element (100) further
comprises electrical contacts (41, 42) to the optoelectronic source (50)
and to the photodetector (60).

. The optical shear sensor according to any one of claims 1 — 6 at least

in combination with claim 2, characterized in that the optoelectronic
source (50) is embedded in a first embedding layer (11), wherein the
at least one photodetector (60) is embedded in a second embedding

layer (12) and wherein the sensing layer (30) is sandwiched between
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the first embedding layer (11) and the second embedding layer (12).
The optical shear sensor according to claim 7, characterized in that the
first embedding layer (11) and the second embedding layer (12)
comprise a flexible material.
The optical shear sensor according to claims 7 or 8, characterized in
that the first embedding layer (11) and the second embedding layer
(12) comprise a stretchable material.
The optical shear sensor according to any one of the claims 1 — 9,
characterized in that the sensing layer (30) is flexible.
The optical shear sensor according to any one of the claims 1 — 10,
characterized in that the sensing layer (30) is stretchable.
The optical shear sensor according to any one of claims 1 — 11 in
combination with at least claim 10 and claim 8 characterized in that the
sensor is flexible.
The optical shear sensor according to any one of claims 1 — 12 in
combination with at least claim 11 and claim 9, characterized in that
the sensor is stretchable.
The optical shear sensor according to any one of the claims 1 — 13,
characterized in that the sensing layer (30) comprises a polymer, a
polyurethane or a silicone.
The optical shear sensor according to any one of the claims 1 — 14,
characterized in that the sensing layer (30) has a low hysteresis and a
shear modulus in the range between about 100 kPa and 300 MPa.
The optical shear sensor according to any one of the claims 1 — 15,
characterized in that the shear sensor comprises a plurality of sensing
elements (100) arranged in a two-dimensional array.

The optical shear sensor according to any one of the
claims 1 — 16, characterized in that the sensing element (100)
comprises a first group (91) of at least one optoelectronic source (50)
and a second group (92) of at least one photodetector (60) arranged
such that the direction and/or magnitude of the shear stress can be

determined by determining which photodetector (60) of the second
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group (92) detects light emitted by which optoelectronic source (50) of
the first group (91).

Method for making an optical shear sensor according
to any one of the claims 1 — 16 in combination with at least claim 2, 5
and 6, characterized in that the method comprises the steps of
providing the optoelectronic source (50) on a first substrate (11);
embedding the optoelectronic source (50) in the first embedding layer
(21); providing the electrical contacts (41) to the optoelectronic source
(50); providing the photodetector (60) on a second substrate (12);
embedding the photodetector (60) in the second embedding layer (22);
providing the electrical contacts (42) to the photodetector (60); and
bonding the first substrate (11) comprising the embedded
optoelectronic source (50) to the second substrate comprising the
embedded photodetector (60) by the sensing layer such that the front
surface of the optoelectronic source (50) and the photodetector (60)
are substantially parallel and oriented towards each other.

Method for making an optical shear sensor according
to claim 17, characterized in that the steps of providing the
optoelectronic source (50) on a first substrate (11); embedding the
optoelectronic source (50) in the first embedding layer (21); providing
the electrical contacts (41) to the optoelectronic source (50) and the
steps of providing the photodetector (60) on a second substrate (12);
embedding the photodetector (60) in the second embedding layer (22);
providing the electrical contacts (42) to the photodetector (60) are
done separately after which the first substrate (11) comprising the
embedded optoelectronic source (50) is bounded to the second
substrate comprising the embedded photodetector (60) by the sensing
layer such that the optoelectronic source (50) and the photodetector
(60) are substantially parallel and oriented towards each other.

Method for making an optical shear sensor according
to claim 17, characterized in that the method is a build-up process

comprising the subsequent steps of providing the optoelectronic
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source (50) on a first substrate (11); embedding the optoelectronic
source (50) in the first embedding layer (21); providing first electrical
contacts (41) to the optoelectronic source (50); providing the sensing
layer (30) on the first embedding layer (21) and the first electrical
contacts (41); providing second electrical contacts (42) for the
photodetector (60) to the sensing layer (30); providing the
photodetector (60) on the second electrical contacts (42) such that the
front surface of the photodetector (60) and the front surface of the
optoelectronic source (50) are substantially parallel and are oriented
towards each other; embedding the photodetector (60) in the second

embedding layer (22).
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