Kettering University
Digital Commons @ Kettering University

Physics Patents Physics

3-21-2016

Fiber-Optic Sensor Assembly

Corneliu Rablau

Follow this and additional works at: https://digitalcommons.kettering.edu/physics_patents

b‘ Part of the Physics Commons


https://digitalcommons.kettering.edu/
https://digitalcommons.kettering.edu/physics_patents
https://digitalcommons.kettering.edu/physics
https://digitalcommons.kettering.edu/physics_patents?utm_source=digitalcommons.kettering.edu%2Fphysics_patents%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=digitalcommons.kettering.edu%2Fphysics_patents%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages

US 20160282207A1
a9 United States
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(54) FIBER-OPTIC SENSOR ASSEMBLY (52) US.CL
CPC .ot GOIL 1242 (2013.01)
(71) Applicant: Kettering University, Flint, MI (US)
57 ABSTRACT
(72) Inventor: Corneliu loan Rablau, Grand Blanc, MI A fiber-optic force and displacement sensor includes a mirror
(as) comprising a plurality of sectors extending from a center
point to a peripheral edge. Each of the sectors has a high
(21) Appl. No.: 15/076,286 reflectance corresponding to only one of a plurality of single
wavelength light beams having different wavelengths trans-
(22) Filed: Mar. 21, 2016 mitted from a laser light source. A method of measuring force
and displacement includes measuring the radiant flux
Related U.S. Application Data between each of a plurality of reflected single wavelength
light beams that change as the area of the sectors are displaced
(60)  Provisional application No. 62/139,188, filed on Mar. towards and away from a center of projection of a combina-
27, 2015. tion light beam that comprises the plurality of single wave-
length light beams projected towards the center point of the
Publication Classification mirror when the mirror is in a rested position. Forces acting
upon the mirror are measured as a function of the displace-
(51) Int.ClL ment of the mirror and the transverse and the axial stiffness of
GOIL 1724 (2006.01) a connector.
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Producing a  plurality of
wavelength light beams

single

Dividing each of the single wavelength
light beams into predefined fractions

Monitering the radiant flux of a
predefined fractions of the single
wavelength light beams

Merging each of the single wavelength
light beams into a combination light
beam

Projecting the combination light beam
about a center of prejection

Organizing and aligning the rays of the
combination light beam into a parallel
relationship

Biasing a mirror in a rested position
along the center of projection with a
connector elastically

Receiving the projected combination
light beam with a mirror
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FIG. 5

Reflecting only one
sector of the mirrer

wavelength per

Focusing the combination light beam
back into the distal end of the fiber-optic
cable

Separating the reflected combination
tight beam back into single wavelength
light beams

Measuring the radiant flux of each of the
single wavelength light beams

Applying cutside forces on the mirror

Measuring the tramnsverse amd axial
displacement as a function of the radiant
flux of each of the single wavelengih light
beams that change as each sector is
displaced towards and away from the
center of projection

Measuring force acting upon the mirror
as a function of displacement and the
axial and transverse stiffness of the
connector
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FIBER-OPTIC SENSOR ASSEMBLY

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of provisional
application with a Ser. No. 62/139,188 filed Mar. 27, 2015.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a fiber-optic sensor
assembly and a method for sensing force and displacement.
[0004] 2. Description of the Prior Art

[0005] There have been various attempts to create a
durable, inexpensive, fiber-optic force and displacement sen-
sor. One such sensor is known as the Fiber Bragg grating
sensor (FBG) that utilizes various changes in the refractive
index of a fiber core in a fiber-optic cable to measure force and
pressure. However, the FBG and other similar sensors that use
alternating layers with different refractive indexes suffer from
common drawbacks such as weak and brittle axial tensile
strength and temperature dependency. Another such sensor is
disclosed in U.S. Pat. No. 8,879,067 (hereinafter the *067
Patent) that utilizes a wavelength dependent sensor that
reflects or transmits a wavelength-specific spectral feature.
The 067 Patent discloses using a laser light source to produce
a plurality of single wavelength light beams in electromag-
netic communication with a two-way fiber-optic cable. The
two-way fiber-optic cable extends to a distal end for discharg-
ing the combination light beam. A collimating lens is spaced
from the distal end at a first distance. A wavelength sensitive
element is spaced from the collimating lens a second distance.
The *067 Patent assembly is wavelength dependent and thus
measures displacement as a function of the change of wave-
length. With advances in technology, there exists an opportu-
nity to create a sensor that is intensity dependent and not
wavelength dependent.

SUMMARY OF THE INVENTION

[0006] The invention provides for a fiber-optic sensor and
method utilizing a mirror that includes a plurality of sectors
extending from a center point of the minor to a peripheral
edge of the mirror. Each of the sectors of the mirror have a
reflectance (also known as reflectivity) corresponding to one
of a plurality of single wavelength light beams transmitted
from a laser light source for calculating force and displace-
ment. The plurality of single wavelength light beams is pro-
jected onto the mirror about a center of projection. Displace-
ment is calculated as a function of the change of radiant flux
between each of the single wavelength light beams reflected
from the mirror as the area of each of the sectors are displaced
towards and away from the center of projection. Therefore,
both the fiber-optic sensor and method are intensity depen-
dent under wavelength interrogation.

Advantages of the Invention

[0007] The present invention overcomes the shortcomings
of measuring force and displacement at the end of a fiber-
optic cable.

[0008] The present invention provides for a fiber-optic sen-
sor with improved capabilities of measuring force in displace-
ment along three degrees of applied force by using a mirror
comprising a plurality of sectors each having different reflec-
tive properties.
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[0009] The present invention further provides for an
improved method of measuring force and displacement along
three degrees of applied force with a fiber-optic sensor using
a mirror comprising a plurality of sectors each having difter-
ent reflective properties.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Other advantages of the present invention will be
readily appreciated, as the same becomes better understood
by reference to the following detailed description when con-
sidered in connection with the accompanying drawings per-
taining to a preferred embodiment of the sensor using a four-
sector minor wherein:

[0011] FIG.1 is a schematic top view of the fiber-optic
assembly.

[0012] FIG. 2 is a perspective view of the mirror in the
rested position.

[0013] FIG. 3 is a perspective view of the displaced mirror.
[0014] FIG. 4 is a cross-sectional view of the connector

showing the reflected combination light beam entering the
collimating lens and reflecting off the mirror.

[0015] FIG. 5 is a flow chart of the method described
herein.
DESCRIPTION OF THE ENABLING
EMBODIMENT
[0016] Referring to the Figures, wherein like numerals

indicate corresponding parts throughout the several views,
the present invention relates to a fiber-optic sensor assembly
20, generally shown in FIG. 1, for sensing force and displace-
ment at the end of a fiber-optic cable.

[0017] The assembly includes a laser light source 22 that
has a plurality of channels (24, 26, 28, 30) with each of the
channels (24, 26, 28, 30) producing a single wavelength light
beam having a different wavelength. In the preferred embodi-
ment, the plurality of channels (24, 26, 28, 30) each produce
alight beam having a different wavelength that includes a first
channel 24 that produces a light beam having a wavelength
A, . A second channel 26 that produces a light beam having a
wavelengthh,. A third channel 28 that produces a light beam
having a wavelength A.;. A fourth channel 30 for producing a
light beam having a wavelength A,,. It should be appreciated
that in one embodiment each of the single wavelength light
beams have a wavelength between 1529 nm and 1562 nm. It
should also be appreciated that the laser light source 22 could
produce more than one single wavelength light beam having
the same wavelength so long as the laser light source 22
produces a plurality of wavelengths in total.

[0018] First fiber-optic cables 32 are connected and paired
to each of the channels (24, 26, 28, 30) for transmitting one of
the single wavelength light beams from the laser light source
22 through the first fiber-optic cables 32. A plurality of power
splitters 34 each include an input a first output and a second
output. Each input is connected and paired to one of the first
fiber-optic cables 32 for dividing the single wavelength light
beams into predefined fractions.

[0019] First division fiber-optic cables 36 are connected
and paired to the first output of a power splitter 34 for trans-
mitting the predefined fraction of the single wavelength beam
to one of a plurality of first photodiodes 38. The first photo-
diodes 38 are used for measuring and monitoring the radiant
flux of the predefined fraction of the single wavelength light
beam by converting the measurement of intensity into a cur-
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rent. Accordingly, the overall radiant flux can be determined
by dividing the radiant flux of the predefined fraction of each
single wavelength light beam by the predefined fraction and
aggregating the totals.

[0020] Second division fiber-optic cables 40 are connected
and paired to the second output of each of the power splitters
34 for transferring the remainder of the single wavelength
light beam to a wavelength division multiplexer 42. The
wavelength division multiplexer 42 is in electromagnetic
communication with the laser light source 22 through the
plurality of first fiber-optic cables 32 and the plurality of
second division fiber-optic cables 40 for combining the
remaining fraction of each of the single wavelength light
beams into a combination light beam, comprising the single
wavelength light beams having wavelengths A, A, A5, and
A,. An input fiber-optic cable 44 is connected to the wave-
length division multiplexer 42 for transmitting the combina-
tion light beam to a circulator 46, generally indicated in FIG.
1, that includes a first port 48, a second port 50, and a third
port 52. The first port 48 is connected to the input fiber-optic
cable 44 for receiving the combination light beam and trans-
mitting the combination light beam to the second port 50. It
should also be appreciated that the laser light source 22, by
itself, could produce the combination light beam comprising
a plurality of single wavelength light beams at predefined
intensities into one or more fiber-optic cables.

[0021] A two-way fiber-optic cable 54 is in electromagnetic
communication with the laser light source 22 and extends
from the second port 50 to a distal end 56. The two-way
fiber-optic cable 54 defines an outward direction from the
second port 50 to the distal end 56 and an inward direction
from the distal end 56 to the second port 50 for transmitting
the combination light beam between the circulator 46 and the
distal end 56. The distal end 56 of the two-way fiber-optic
cable 54 discharges the combination light beam that includes
each of the single wavelength light beams about a center of
projection C.

[0022] A collimating lens 58, generally indicated in FIGS.
1,2, 3, and 4, is spaced from the distal end 56 along the center
of projection C at a first distance D. The collimating lens 58
comprises a first side 60 spaced from a second side 62 defin-
ing a thickness T with the first side 60 facing towards from the
distal end 56 and the second side 62 facing away from the
distal end 56. The first side 60 of the collimating lens 58
defines a first radius of curvature 64 for receiving the combi-
nation light beam. The collimating lens aligns the combina-
tion light beam into a parallel relationship about the center of
projection C and casts the combination light beam entering
from the first side 60 of the collimating lens 58. It should be
noted that the projection of the combination light beam exit-
ing the collimating lens 58, towards the mirror ideally has a
Gaussian profile. Additionally, it should be appreciated that
the collimating lens 58 could be spherical or non-spherical,
i.e., aspheric.

[0023] A mirror 66, generally indicated in FIGS. 1, 2,3, and
4, includes a center point 68 that extends to a peripheral edge
70 to define a circular shape. The mirror 66 is spaced along the
center of projection C from the collimating lens 58 a second
distance B when the mirror 66 is in a rested position 72. The
center point 68 of the minor 66 receives the center of projec-
tion C of the combination light beam from the collimating
lens 58. The mirror 66 reflects a larger fraction of the combi-
nation light beam back onto the collimating lens 58 as the
mirror 66 is displaced from the rested position 72 towards the
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collimating lens 58 along the center of projection C. The
second side 62 of the collimating lens 58 has a second radius
of curvature 74 and the collimating lens 58 includes a focal
point at the first distance D along the center of projection C.
Accordingly, the collimating lens 58 focuses the reflected
combination light beam into the distal end 56 of the two-way
fiber-optic cable 54 in the inward direction back to the second
port 50.

[0024] A connector 76, generally indicated in FIGS. 1,2, 3,
and 4, comprises material non-reflective to the combination
light beam and includes a rigid portion 78 and a flexible
portion 80. The rigid portion 78 statically connects the distal
end 56 of the two-way fiber-optic cable 54 to the collimating
lens 58 and the flexible portion 80 elastically connects the
collimating lens 58 to the minor 66 and biases the mirror 66 in
the rested position 72. The flexible portion 80 of the connector
76 has a defined transverse stiffness K in a first dimension of
applied force X and a second dimension of applied force Y
and a defined axial stiffness L in a third dimension of applied
force Z for allowing deformation of the flexible portion 80.
Accordingly, when outside forces act upon the mirror 66 the
flexible portion 80 of the connector 76 is deformed and
changes the alignment of the mirror 66 with the center of
projection C. As the alignment of the mirror 66 changes with
respect to the center of projection C, the fraction of the com-
bination light beam that is reflected back to the two-way
fiber-optic cable 54 through the collimating lens 58 changes.
It should be appreciated that the transverse stiffness could be
different in a first dimension of applied force X and a second
dimension of applied force Y. It should also be appreciated
that the connector 76 could be deformable in any number of
dimensions of applied force. In an additional embodiment,
the connector 76 defines a hermetically sealed cavity for
housing the distal 56 end of the two-way fiber optic cable 54,
the collimating lens 58, and the mirror 66.

[0025] A reflected light fiber-optic cable 82 extends from
the third port 52 of the circulator 46. The reflected light
fiber-optic cable 82 transmits the reflected combination light
beam traveling from the two-way fiber-optic cable 54 in the
inward direction through the second port 50 to an array
waveguide grating demultiplexer 84. The array waveguide
grating demultiplexer 84 is in electromagnetic communica-
tion with the circulator 46 through the reflected light fiber-
optic cable 82 and separates the reflected combination light
beam back into the single wavelength light beams.

[0026] A plurality of second fiber-optic cables 86 extends
from the array waveguide grating demultiplexer 84 with each
of the second fiber-optic cables 86 transmitting one of the
single wavelength light beams from the array waveguide grat-
ing demultiplexer 84 to a plurality of final photodiodes 88.
The plurality of final photodiodes 88 are in electromagnetic
communication with the array waveguide grating demulti-
plexer 84 with each of the final photodiodes 88 connected and
paired to one of the second fiber-optic cables 86. The final
photodiodes 88 are used for measuring and converting the
radiant flux of the single wavelength light beams into a cur-
rent that can be aggregated into a combined measurement.
The current can be used for calculating displacement along
the third dimension of applied force Z as a function of the
change of radiant flux between the first photodiode 38 and the
final photodiode 88. However, it should also be appreciated
that the first photodiodes 38 and the final photodiodes 88
could be any type of photodetectors. The radiant flux
increases in proportion as the mirror 66 is displaced from the



US 2016/0282207 Al

rested position 72 towards the collimating lens 58 thereby
reflecting more of the reflected combination light beam back
into the collimating lens 58.

[0027] The mirror 66 includes a plurality of sectors (90, 92,
94, 96) that extends from the center point 68 to the peripheral
edge 70. Each of the sectors (90, 92, 94, 96) are equal in size
and shape and define an equal ratio of the mirror 66 for
reflecting an equal amount of the projection of the combina-
tion light beam when the mirror 66 is in the rested position 72.
Furthermore, each of the sectors (90, 92, 94, 96) of the mirror
66 has a different reflectance (also known as reflectivity). It
should be appreciated that each of the sectors (90, 92, 94, 96)
of the mirror 66 may comprise a substrate and at least one
layer of optical coating 98. The optical coating 98 on each
sector (90, 92, 94, 96) has a reflectance corresponding to one
of the single wavelength light beams transmitted from the
laser light source 22. Therefore, each sector reflects only that
one of the single wavelength light beams in the combination
light beam that has a matched wavelength to the reflectance of
the optical coating 98. It should also be appreciated that the
mirror 66 could be a dichroic mirror 66 with sectors (90, 92,
94, 96).

[0028] The plurality of final photodiodes 88 can then
receive and measure the radiant flux of each one of the single
wavelength light beams, individually. The radiant flux mea-
surements can then be used to calculate the transverse dis-
placement along the first dimension of applied force X, the
second dimension of applied forceY, and the third dimension
of applied force Z. The calculation is a function of the radiant
flux between each of the single wavelength light beams
changing as the area of each of the sectors (90, 92, 94, 96) are
displaced towards and away from the center of projection C
by elastic deformation of the flexible portion 80 of the con-
nector 76. In addition, forces acting upon the mirror 66 are
also calculable as a function of the displacement of the mirror
66 and the transverse stiffness K and the axial stiffness L. It
should be appreciated that these measurements can be made
through calibration or any mathematical principles such as
but not limited to matrix force methods, intensity distribution
in view of the Gaussian propagation, or the ratio of reflection
in view of the geometric characteristics of the sectors (90, 92,
94, 96).

[0029] In a preferred embodiment, the plurality of sectors
(90, 92, 94, 96) further comprise a first sector 90 that has a
high reflectance only for the light beam having a wavelength
A, from the first channel 24 of the laser light source 22. A
second sector 92 that has a high reflectance only for the light
beam having a wavelength A, from the second channel 26 of
the laser light source 22. A third sector 94 having a high
reflectance only for the light beam that has a wavelength A,
from the third channel 28 of the laser light source 22. A forth
sector 96 that has a high reflectance only for the light beam
having a wavelength A, from the forth channel of the laser
light source 22. However, it should be appreciated that there
could be any number of sectors (90, 92, 94, 96) defining the
mirror 66. It should be reiterated that in one embodiment each
of the single wavelength light beams produced have a wave-
length between 1529 nm and 1562 nm.

[0030] It is another aspect of the present invention to pro-
vide a method for measuring force and displacement of a
fiber-optic sensor 20, shown in FIG. 5. Where the fiber-optic
sensor 20 comprises a mirror 66 with a plurality of sectors
(90, 92, 94, 96) extending from a center point 68 to a periph-
eral edge 70. Each of the sectors (90, 92, 94, 96) have a
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different reflectance. The mirror 66 is biased in a rested posi-
tion 72 along a center of projection C of a combination light
beam by a connector 76 having a flexible portion 80. The first
step begins with producing a plurality of single wavelength
light beams with a laser light source 22 with each of the single
wavelength light beams having a different wavelength. In a
preferred embodiment the step of producing a plurality of
single wavelength light beams at different wavelengths
includes producing four light single wavelength light beams.
A first light beam having a wavelength A, a second light
beam having a wavelength A, a third light beam having a
wavelength A5, and a forth light beam having a wavelength A,,.
It should also be appreciated that the laser light source 22
could produce more than one single wavelength light beam
having the same wavelength so long as the laser light source
22 produces a plurality of wavelengths in total.

[0031] The method further includes a step of dividing each
of'the single wavelength light beams with a power splitter 34
into a predefined first fraction of the single wavelength light
beam and a predefined second fraction of the single wave-
length light beam. Next a measurement of the radiant flux of
the first fraction of each of the single wavelength light beams
is taken. The step of monitoring the radiant flux of the first
fraction of each of the single wavelength light beams further
includes converting the radiant flux into a current with a first
photodiode 38 which could include any type of photodetector.
The next step includes merging each of the second fractions
of'the single wavelength light beams into a combination light
beam with a multiplexor 42. It should also be appreciated that
the laser light source 22 could itself produce the combination
light beam comprising a plurality of single wavelength light
beams at predefined intensities.

[0032] The step of creating the combination light beam is
followed by transmitting the combination light beam to a
circulator 46 that includes a first port 48, a second port 50, and
a third port 52. Next, the combination light beam is directed
from the first port 48 to the second port 50 of the circulator 46
and transmitted from the second port 50 of the circulator 46
along a two-way fiber-optic cable 54 that extends from the
second port 50 to a distal end 56.

[0033] The next step of the method is projecting the com-
bination light beam that includes each single wavelength light
beam from the distal end 56 about a center of projection C to
a collimating lens 58 that is spaced from the distal end 56 a
first distance D. Then, rays of the combination light beam are
organized and aligned into a parallel relationship with the
collimating lens 58 and cast onto a mirror 66 with the colli-
mating lens 58. The mirror 66 includes a center point 68
extending to a peripheral edge 70 defining a circular shape.
The mirror 66 is spaced along the center of projection C from
the collimating lens 58 a second distance B when the mirror
66 is in a rested position 72.

[0034] Next, the mirror 66 is biased in the rested position 72
with a connector 76 that comprises material non-reflective to
the combination light beam. The connector 76 includes a rigid
portion 78 and a flexible portion 80. The rigid portion 78
statically connects the distal end 56 of the two-way fiber-optic
cable 54 to the collimating lens 58. The flexible portion 80
elastically connects the collimating lens 58 to the mirror 66.
[0035] It should be appreciated that the step of biasing the
mirror 66 may further include applying outside forces on the
flexible portion 80 of the connector 76. Where the connector
76 has a transverse stiffness K in a first dimension of applied
force X, a second dimension of applied force Y, and a axial
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stiffness L in a third dimension of applied force Z allowing
deformation of the flexible portion 80. Deformation of the
flexible portion 80 changes the alignment of the mirror 66
with the center of projection C and in response changes the
fraction of the combination light beam reflected back to the
two-way fiber-optic cable 54 through the collimating lens 58.

[0036] The next step includes receiving and returning the
reflected combination light beam from the mirror 66 back to
the collimating lens 58. The mirror 66 reflects a larger fraction
of'the combination light beam back onto the collimating lens
(58) as the mirror 66 moves closer to the collimating lens 58
by deformation of the flexible portion 80 of the connector 76.
Itshould be appreciated that the step of returning the reflected
combination light beam may further include focusing the
reflected combination light beam along the center of projec-
tion C back into the distal end 56 of the two-way fiber-optic
cable 54 with the collimating lens 58.

[0037] Next, the reflected combination light beam is trans-
mitted back through the second port 50 of the circulator 46
and directed to the third port 52 of the circulator 46. Then the
reflected combination light beam is transmitted from the third
port 52 of the circulator 46 to an array waveguide grating
demultiplexor 84 in order to separate the reflected combina-
tion light beam back into separate single wavelength light
beams. The next step includes measuring the radiant flux of
each of the single wavelength light beams. It should be appre-
ciated that the step of measuring the radiant flux of single
wavelength light beams may further include converting the
radiant flux of each single wavelength light beam into a cur-
rent with a plurality of final photodiodes 88 and aggregating
each current.

[0038] The next step includes measuring the displacement
of'the mirror along the third dimension of applied force Z. The
measurement is a function of the change of radiant flux
between the aggregated single wavelength light beams from
the laser light source 22 and the aggregated reflected single
wavelength light beams that increase in proportion as the
mirror 66 is displaced from the rested position 72. When the
mirror 66 is displaced towards the collimating lens 58 it
reflects more of the reflected combination light beam back
into the collimating lens 58. It should be appreciated that the
displacement may be measured along the third dimension of
applied force Z by measuring and monitoring the radiant flux
from the first photodiode 38 and measuring the radiant flux
from the final photodiode 88 and comparing the two measure-
ments.

[0039] The step of receiving and returning the reflected
combination light beam from the mirror 66 back to the colli-
mating lens 58 further includes reflecting only one wave-
length of the combination light beam per sector (90, 92, 94,
96) of the mirror 66 that extend to the peripheral edge 70. The
preceding step further includes reflecting equal portions of
the combination light beam from the mirror 66 with each
sector (90, 92, 94, 96) of the mirror 66 when the mirror 66 is
in the rested position 72.

[0040] It should be appreciated that the step of reflecting
only one wavelength with each sector 0f (90,92, 94, 96) of the
mirror 66 may also include reflecting the first light beam
having wavelength A, with a first sector 90. Reflecting the
second light beam having a wavelength A, with a second
sector 92. Reflecting the third light beam having a wavelength
Ay with a third sector 94. Reflecting the forth light beam

Sep. 29, 2016

having a wavelength A, with a forth sector 96. It should also
be appreciated that the mirror 66 could be a dichroic mirror 66
with sectors (90, 92, 94, 96),
[0041] The next step includes receiving and measuring the
radiant flux of each one of the single wavelength light beams,
individually. Then, measuring the displacement of the mirror
(66) by measuring the transverse displacement along the first
dimension of applied force X and the second dimension of
applied force V as a function of the change radiant flux
between each of the single wavelength light beams. The radi-
ant flux between each of the single wavelength light beams
changes as the area of each of the sectors (90, 92, 94, 96) are
displaced towards and away from the center of projection C.
The displacement occurs by deformation of the flexible por-
tion 80 of the connector CO in the first dimension of applied
force X and the second dimension of applied force Y. Then,
measuring a force acting upon the mirror 66 becomes a func-
tion of the displacement of the mirror 66 and the transverse
stiffness K and the axial stiffness L. It should be appreciated
that these measurements can be made through calibration or
any mathematical principles such as but not limited to matrix
force methods, intensity distribution in view of the Gaussian
propagation, or the ratio of reflection in view of the geometric
characteristics of the sectors (90, 92, 94, 96).
[0042] In operation,the fiber-optic sensor assembly 20 and
the method of measuring force and displacement have mul-
tiple applications and can be used wherever a force or dis-
placement sensor is needed, particularly in applications that
require sensors that can operate free of electronic or magnetic
interference. In one example, the fiber-optic sensor assembly
20 can be utilized in both robotic and non-robotic laparo-
scopic surgery.
[0043] Obviously, many modifications and variations of the
present invention are possible in light of the above teachings
and may be practiced otherwise than as specifically described
while within the scope of the appended claims. That which is
prior art in the claims precedes the novelty set forth in the
“characterized by ” clause. The novelty is meant to be par-
ticularly and distinctly recited in the “characterized by”
clause whereas the antecedent recitations merely set forth the
old and well-known combination in which the invention
resides. These antecedent recitations should be interpreted to
cover any combination in which the inventive novelty exer-
cises its utility. The use of the word “said” in the apparatus
claims refers to an antecedent that is a positive recitation
meant to be included in the coverage of the claims whereas the
word “the ” precedes a word not meant to be included in the
coverage of the claims. In addition, the reference numerals in
the claims are merely for convenience and are not to be read
in any way as limiting.
What is claimed is:
1. A fiber-optic sensor assembly (20) for sensing force and
displacement at the end of a fiber-optic cable comprising;
a laser light source (22) producing a plurality of single
wavelength light beams having different wavelengths,
a two-way fiber-optic cable (54) in electromagnetic com-
munication with said laser light source (22) extending to
a distal end (56) for discharging a combination light
beam including each of the single wavelength light
beams about a center of projection C,
a collimating lens (58) spaced from said distal end (56)
along said center of projection C at a first distance D,
a mirror (66) including a center point (68) extending to a
peripheral edge (70) being spaced along said center of
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projection C from said collimating lens (58) a second
distance B when said mirror (66) being in a rested posi-
tion (72),

a connector (76) elastically connecting said collimating
lens (58) to said mirror (66) and biasing said mirror (66)
in said rested position (72),

and characterized by,

said mirror (66) including a plurality of sectors (90, 92, 94,
96) extending from said center point (68) to said periph-
eral edge (70),

each of said sectors (90, 92, 94, 96) of said mirror (66)

having a high reflectance corresponding to one of the
single wavelength light beams transmitted from said
laser light source (22) for calculating the transverse dis-
placement as a function of the change of radiant flux
between each of the single wavelength light beams
reflected from said mirror (66) as each of said sectors
(90, 92, 96) are displaced by elastic deformation of said
connector (76).

2. An assembly as set forth in claim 1 further including
each of said sectors (90, 92, 94, 96) being equal in size and
shape and defining an equal ratio of said mirror (66) for
reflecting an equal amount of the combination light beam
when said mirror (66) being in said rested position (72).

3. Anassembly as set forth in claim 2 further including said
peripheral edge (70) of said mirror (66) defining a circular
shape reflecting a larger fraction of the combination light
beam projected with a Gaussian profile back to said collimat-
ing lens (58) as said mirror (66) being displaced from said
rested position (72) towards said collimating lens (58) along
the center of projection C.

4. An assembly as set forth in claim 3 further including said
plurality of channels (24, 26, 28, 30) each producing a light
beam having a different wavelength including a first channel
(24) for producing a light beam having a wavelength A, a
second channel (26) for producing a light beam having a
wavelength A, a third channel (28) for producing a light beam
having a wavelength A; and a fourth channel (30) for produc-
ing a light beam having a wavelength A,,.

5. An assembly as set forth in claim 4 further including said
plurality of sectors (90, 92, 94, 96) further comprising a first
sector (90) having a high reflectance only for the light beam
having a wavelength A, from said first channel (24) of said
laser light source (22) and a second sector (92) having a high
reflectance only for the light beam having a wavelength X,
from said second channel (26) of said laser light source (22)
and a third sector (94) having a high reflectance only for the
light beam having a wavelength A, from said third channel
(28) of said laser light source (22) and a forth sector (96)
having a high reflectance only for the light beam having a
wavelength A, from said forth channel of said laser light
source (22).

6. An assembly as set forth in claim 1 where said mirror
(66) being a dichroic mirror (66).

7. An assembly as set forth in claim 1 including an array
waveguide grating demultiplexer (84) for separating the
reflected combination light beam back into the single wave-
length light beams for measuring the radiant flux of each
single wavelength light beams reflected from said mirror
(66).

8. An assembly as set forth in claim 7 further including said
flexible portion (80) of said connector (76) having a defined
transverse stiftness K in a first dimension of applied force X
and a second dimension of applied force'Y and a defined axial
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stiffness [ in a third dimension of applied force Z for allowing
deformation of said flexible portion (80) and outside forces
acting upon said mirror (66) deforming said flexible portion
(80) of said connector (76).

9. An assembly as set forth in claim 8 further including
each of said sectors (90, 92, 94, 96) of said mirror (66)
comprising a substrate and at least one layer of optical coating
(98) having a reflectance corresponding to one of the single
wavelength light beams transmitted from said laser light
source (22) for reflecting only single wavelength light beams
in the combination light beam having a matched wavelength
to the reflectance for measuring the radiant flux of each one of
the single wavelength light beams and calculating the trans-
verse displacement along said first dimension of applied force
X and said second dimension of applied force Y and said third
dimension of applied force Z as a function of the change of the
radiant flux between each of the single wavelength light
beams changing as the area of each of said sectors (90, 92, 94,
96) are displaced towards and away from said center of pro-
jection C by elastic deformation of said flexible portion (80)
of'said connector (76) and forces acting upon said mirror (66)
become a function of the displacement of said mirror (66) and
said transverse stiffness K and said axial stiffness L.

10. A fiber-optic sensor assembly (20) for sensing force
and displacement at the end of a fiber-optic cable comprising;

a laser light source (22) including a plurality of channels
(24, 26, 28, 30) with each of said channels (24, 26, 28,
30) producing a plurality of single wavelength light
beams having different wavelengths,

said plurality of channels (24, 26, 28, 30) each producing a
light beam having a different wavelength including a
first channel (24) for producing a light beam having a
wavelength A, a second channel (26) for producing a
light beam having a wavelength A, a third channel (28)
for producing a light beam having a wavelength A.; and a
fourth channel (30) for producing a light beam having a
wavelength A,

a plurality of first fiber-optic cables (32) with each of said
first fiber-optic cables (32) connected and paired to one
of said channels (24, 26, 28, 30) for transmitting one of
the single wavelength light beams from said laser light
source (22) through said first fiber-optic cables (32),

a plurality of power splitters (34) with each of said power
splitters (34) including an input a first output and a
second output and said input being connected and paired
to one of said first fiber-optic cables (32) for dividing the
single wavelength light beams into predefined fractions,

a plurality of first division fiber-optic cables (36) with each
of said first division fiber-optic cables (36) connected
and paired to said first output of one of said power
splitters (34) for transmitting the predefined fraction of
the single wavelength light beam,

a plurality of first photodiodes (38) with each of said first
photodiodes (38) connected and paired to one of said
first division fiber-optic cables (36) for measuring the
radiant flux ofthe predefined fraction of the single wave-
length light beam by converting the measurement of
intensity into a current,

a plurality of second division fiber-optic cables (40) with
each of said second division fiber-optic cables (40) con-
nected and paired to said second output of one of said
power splitters (34) for transferring the remainder of the
single wavelength light beam,
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a wavelength division multiplexer (42) in electromagnetic
communication with said laser light source (22) through
said plurality of first fiber-optic cables (32) and said
plurality of second division fiber-optic cables (40) for
combining the remaining fraction of each of the single
wavelength light beams into a combination light beam,

an input fiber-optic cable (44) connecting to said wave-
length division multiplexer (42) for transmitting the
combination light beam,

a circulator (46) including a first port (48) a second port
(50) and a third port (52) and said first port (48) being
connected to said input fiber-optic cable (44) for receiv-
ing the combination light beam and transmitting the
combination light beam to said second port (50),

a two-way fiber-optic cable (54) in electromagnetic com-
munication with said laser light source (22) extending
from said second port (50) to a distal end (56) defining an
outward direction from said second port (50) to said
distal end (56) and defining an inward direction from
said distal end (56) to said second port (50) for transmit-
ting the combination light beam between said circulator
(46) and said distal end (56),

said distal end (56) of said two-way fiber-optic cable (54)
for discharging the combination light beam including
each of the single wavelength light beams about a center
of projection C,

a collimating lens (58) spaced from said distal end (56)
along said center of projection C at a first distance D,
said collimating lens (58) comprising a first side (60)
spaced from a second side (62) defining a thickness T
with said first side (60) facing towards said distal end
(56) and said second side (62) facing away from said

distal end (56),

said first side (60) of said collimating lens (58) defining a
first radius of curvature (64) and said collimating lens
(58) aligning the combination light beam into a parallel
relationship about said center of projection C and send-
ing the combination light beam entering from said first
side (60) of said collimating lens (58),

a mirror (66) including a center point (68) extending to a
peripheral edge (70) defining a circular shape being
spaced along said center of projection C from said col-
limating lens (58) a second distance B when said mirror
(66) being in a rested position (72),

said peripheral edge (70) of said mirror (66) defining a
circular shape and said center point (68) of said mirror
(66) receiving said center of projection C of the combi-
nation light beam from said collimating lens (58) with
said mirror (66) reflecting a larger fraction of the com-
bination light beam projected with a Gaussian profile
back onto said collimating lens (58) as said mirror (66)
being displaced from said rested position (72) towards
said collimating lens (58) along the center of projection
Cs

said second side (62) of said collimating lens (58) having a
second radius of curvature (74) and said collimating lens
(58) including a focal point at said first distance D along
said center of projection C for focusing the reflected
combination light beam into said distal end (56) of said
two-way fiber-optic cable (54) in the inward direction to
said second port (50),

a connector (76) comprising material non-reflective to the
combination light beam including a rigid portion (78)
and a flexible portion (80) with said rigid portion (78)
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statically connecting said distal end (56) of said two-
way fiber-optic cable (54) to said collimating lens (58)
and said flexible portion (80) elastically connecting said
collimating lens (58) to said mirror (66) and biasing said
mirror (66) in said rested position (72),

said flexible portion (80) of said connector (76) having a
defined transverse stiffness K in a first dimension of
applied force X and a second dimension of applied force
V and a defined axial stiffness L in a third dimension of
applied force Z for allowing deformation of said flexible
portion (80) and outside forces acting upon said mirror
(66) deforming said flexible portion (80) of said connec-
tor (76) and changing the alignment of said mirror (66)
with said center of projection C and changing the frac-
tion of the combination light beam reflected back to said
two-way fiber-optic cable (54) through said collimating
lens (58),

a reflected light fiber-optic cable (82) extending from said
third port (52) of said circulator (46) for transmitting the
reflected combination light beam traveling from said
two-way fiber-optic cable (54) in the inward direction
through said second port (50),

an array waveguide grating demultiplexer (84) in electro-
magnetic communication with said circulator (46)
through said reflected light fiber-optic cable (82) for
separating the reflected combination light beam back
into the single wavelength light beams for measuring the
radiant flux of each single wavelength light beams
reflected from said mirror (66),

aplurality of second fiber-optic cables (86) extending from
said array waveguide grating demultiplexer (84) with
each of said second fiber-optic cables (86) transmitting
one of the single wavelength light beams from said array
waveguide grating demultiplexer (84),

a plurality of final photodiodes (88) in electromagnetic
communication with said array waveguide grating
demultiplexer (84) with each of said final photodiodes
(88) connected and paired to one of said second fiber-
optic cables (86) for measuring and converting the radi-
ant flux of the single wavelength light beams into a
current which can be aggregated for calculating dis-
placement along said third dimension of applied force Z
as a function of the change of radiant flux between said
first photodiode (38) and said final photodiode (88) that
increases in proportion as said mirror (66) being dis-
placed from said rested position (72) towards said col-
limating lens (58) thereby reflecting more of the
reflected combination light beam back into said colli-
mating lens (58),

and characterized by,

said mirror (66) including a plurality of sectors (90, 92, 94,
96) extending from said center point (68) to said periph-
eral edge (70) and each of said sectors (90, 92, 94, 96)
being equal in size and shape and defining an equal ratio
of said mirror (66) for reflecting an equal amount of the
projection of the combination light beam when said
mirror (66) being in said rested position (72),

each of said sectors (90, 92, 94, 96) of said mirror (66)
comprising a substrate and at least one layer of optical
coating (98) having a reflectance corresponding to one
of the single wavelength light beams transmitted from
said laser light source (22) for reflecting only single
wavelength light beams in the combination light beam
having a matched wavelength to the reflectance and said
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plurality of final photodiodes (88) receiving and mea-
suring the radiant flux of each one of the single wave-
length light beams and calculating the transverse dis-
placement along said first dimension of applied force X
said second dimension of applied force V and said third
dimension of applied force Z as a function of the change
of'the radiant flux between each of the single wavelength
light beams changing as the area of each of said sectors
(90, 92, 94, 96) are displaced towards and away from
said center of projection C by elastic deformation of said
flexible portion (80) of said connector (76) and forces
acting upon said mirror (66) becomes a function of the
displacement of said mirror (66) and said transverse
stiffness K and said axial stiffness L,

said plurality of sectors (90, 92, 94, 96) further comprising
a first sector (90) having a high reflectance only for the
light beam having a wavelengthi.; from said first chan-
nel (24) of said laser light source (22) and a second
sector (92) having a high reflectance only for the light
beam having a wavelength A, from said second channel
(26) of said laser light source (22) and a third sector (94)
having a high reflectance only for the light beam having
awavelength A, from said third channel (28) of said laser
light source (22) and a forth sector (96) having a high
reflectance only for the light beam having a wavelength
A, from said forth channel of said laser light source (22).

11. A method for measuring force and displacement of a
fiber-optic sensor (20) comprising a mirror (66) with a plu-
rality of sectors (90, 92, 94, 96) extending from a center point
(68) to aperipheral edge (70) with each of said sectors (90, 92,
94, 96) having a different reflectance and said mirror (66)
being biased in a rested position (72) along a center of pro-
jection C of a combination light beam by a connector (76)
having a flexible portion (80) and said method including the
steps of

producing a plurality of single wavelength light beams

having different wavelengths,
projecting a combination light beam that includes each
single wavelength light beam about the center of projec-
tion C,

organizing and aligning the rays of the combination light
beamparallel relationship and casting the aligned rays of
the combination light beam,
biasing the mirror (66) in the rested position (72) with the
connector (76),

and characterized by,

reflecting only one wavelength of the combination light
beam per sector (90, 92, 94, 96) of the mirror (66),

measuring displacement of the mirror (66) as a function of
the radiant flux between each of the single wavelength
light beams changing as the area of each of the sectors
(90,92, 94, 96) are displaced towards and away from the
center of projection C by deformation of the flexible
portion (80) of the connector (76).

12. A method as set forth in claim 11 further including
reflecting equal portions of the combination light beam from
the mirror (66) with each sector (90, 92, 94, 96) of the mirror
(66) when the mirror (66) being in the rested position (72).

13. A method as set forth in claim 12 further including
reflecting four different wavelengths comprising a first light
beam having wavelength A, with a first sector (90) and reflect-
ing a second light beam having a wavelength A, with a second
sector (92) and reflecting a third light beam having a wave-
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length A; with a third sector (94) and reflecting a forth light
beam having a wavelength A, with a forth sector (96).
14. A method as set forth in claim 13 further including
applying outside forces on the flexible portion (80) of the
connector (76) having a transverse stiffness K in a first dimen-
sion of applied force X and a second dimension of applied
forceY and a axial stiffness L. in a third dimension of applied
force Z allowing deformation of the flexible portion (80) for
changing the alignment of the mirror (66) with the center of
projection C thereby changing the fraction of the combination
light beam reflected.
15. A method as set forth in claim 14 further including
measuring the transverse displacement along the first dimen-
sion of applied force X and the second dimension of applied
force V and the third dimension of applied force Z as a
function of the change of the radiant flux between each of the
single wavelength light beams changing as the area of each of
the sectors (90, 92, 94, 96) are displaced towards and away
from the center of projection C by deformation of the flexible
portion (80) of the connector (76).
16. A method as set forth in claim 15 further including
measuring a force acting upon the mirror (66) as a function of
the displacement of the mirror (66) and the transverse stiff-
ness K and the axial stiffness L of the flexible portion of the
connector (76).
17. A method as set forth in claim 16 further including
returning the reflected combination light beam from the mir-
ror (66) back to the collimating lens (58) with the mirror (66)
reflecting a larger fraction of the combination light beam
projected with a Gaussian profile back onto the collimating
lens (58) as the mirror (66) moves closer to the collimating
lens (58).
18. A method as set forth in claim 17 further including
focusing the reflected combination light beam along the cen-
ter of projection C back into the distal end (56) of the two-way
fiber-optic cable (54) with the collimating lens (58).
19. A method as set forth in claim 18 further including a
step of separating the reflected combination light beam back
into separate single wavelength light beams with the array
waveguide grating demultiplexor (84) and measuring the
radiant flux of each single wavelength light beams with a final
photodiode (88).
20. A method for measuring force and displacement of a
fiber-optic sensor (20) comprising a mirror (66) with a plu-
rality of sectors (90, 92, 94, 96) extending from a center point
(68) to aperipheral edge (70) with each of said sectors (90, 92,
94, 96) having a different reflectance and said mirror (66)
being biased in a rested position (72) along a center of pro-
jection C of a combination light beam by a connector (76)
having a flexible portion (80) and said method including the
steps of}
producing a plurality of single wavelength light beams
with a laser light source (22) with each of the single
wavelength light beams having a different wavelength,

said step of producing a plurality of single wavelength light
beams at different wavelengths including producing a
first light beam having a wavelength A, a second light
beam having a wavelength A, a third light beam having
a wavelength A5 and a forth light beam having a wave-
length A,

dividing each of the single wavelength light beams with a
power splitter (34) into a predefined first fraction of the
single wavelength light beam and a predefined second
fraction of the single wavelength light beam,
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monitoring the radiant flux of the first fraction of each of
the single wavelength light beams,

said step of monitoring the radiant flux of the first fraction
of each of the single wavelength light beams further
including converting the radiant flux into a current with
a first photodiode (38),

merging each of the second fractions of the single wave-
length light beams into a combination light beam with a
multiplexor (42),

transmitting the combination light beam to a circulator (46)
that includes a first port (48) a second port (50) and a
third port (52),

directing the combination light beam from the first port
(48) to the second port (50) of he circulator (46),

transmitting the combination light beam from the second
port (50) of the circulator (46) along a two-way fiber-
optic cable (54) extending from the second port (50) to a
distal end (56),

projecting the combination light beam about a center of
projection C from the distal end (56) to a collimating
lens (58) being spaced from the distal end (56) a first
distance D,

organizing and aligning the rays of the combination light
beam into a parallel relationship with the collimating
lens (58) and casting the aligned rays of the combination
light beam onto a mirror (66) including a center point
(68) extending to a peripheral edge (70) defining a cir-
cular shape being spaced along the center of projection
C from the collimating lens (58) a second distance B
when the mirror (66) being in a rested position (72),

biasing the mirror (66) in the rested position (72) with a
connector (76) comprising material non-reflective to the
combination light beam including a rigid portion (78)
and a flexible portion (80) and statically connecting the
distal end (56) of the two-way fiber-optic cable (54) to
the collimating lens (58) with the rigid portion (78) and
elastically connecting the collimating lens (58) to the
mirror (66) with the flexible portion (80) of the connec-
tor (76) having a transverse stiffness K in a first dimen-
sion of applied force X and a second dimension of
applied force Y and a axial stiffness L in a third dimen-
sion of applied force Z for allowing deformation of the
flexible portion (80) when outside forces acting upon the
mirror (66) for changing the alignment of the mirror (66)
with the center of projection C thereby changing the
fraction of the combination light beam reflected back to
the two-way fiber-optic cable (54) through the collimat-
ing lens (58),

receiving and returning the reflected combination light
beam from the mirror (66) back to the collimating lens
(58) with the mirror (66) reflecting a larger fraction of
the combination light beam projected with a Gaussian
profile back onto the collimating lens (58) as the mirror
(66) moves closer to the collimating lens (58),

focusing the reflected combination light beam along the
center of projection C back into the distal end (56) of the
two-way fiber-optic cable (54) with the collimating lens
(58),

transmitting the reflected combination light beam back
through the second port (50) of the circulator (46) and
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directing the reflected combination light beam to the
third port (52) of the circulator (46),

transmitting the reflected combination light beam from the
third port (52) of the circulator (46) to an array
waveguide grating demultiplexor (84),

separating the reflected combination light beam back into
separate single wavelength light beams with the array
waveguide grating demultiplexor (84),

measuring the radiant flux of each single wavelength light
beams,

said step of measuring the radiant flux of single wavelength
light beams further including converting the radiant flux
of each single wavelength light beam into a current with
a plurality of final photodiodes (88) and aggregating
each current,

measuring displacement along the third dimension of
applied force Z as a function of the change of radiant flux
between the aggregated single light beams from the laser
light source (22) and the aggregated single wavelength
light beams separated from the array waveguide grating
demultiplexor (84) that increases in proportion to the
mirror (66) being displaced from the rested position (72)
towards the collimating lens (58) thereby reflecting
more of the reflected combination light beam back into
the collimating lens (58),

said step of measuring displacement along the third dimen-
sion of applied force Z including monitoring the radiant
flux from the first photodiode (38) and measuring the
radiant flux from the final photodiode (88),

and characterized by,

said step of receiving and returning the reflected combina-
tion light beam from the mirror (66) back to the colli-
mating lens (58) further including reflecting only one
wavelength per a sector (90, 92, 94, 96) in a plurality of
sectors (90, 92, 94, 96) of the mirror (66),

said step of reflecting only one wavelength with each sector
(90, 92, 94, 96) of the mirror (66) further including
reflecting a first light beam having wavelength A, with a
first sector (90) and reflecting a second light beam hav-
ing a wavelength A, with a second sector (92) and
reflecting a third light beam having a wavelength A.; with
a third sector (94) and reflecting a forth light beam
having a wavelength A, with a forth sector (96),

receiving and measuring the radiant flux of each one of the
single wavelength light beams,

measuring the transverse displacement along the first
dimension of applied force X and the second dimension
of applied forceY as a function of change of the radiant
flux between each of the single wavelength light beams
changing as the area of each of the sectors (90, 92, 94,
96) are displaced towards and away from the center of
projection C by deformation of the flexible portion (80)
of the connector (76) in the first dimension of applied
force X and the second dimension of applied forceY,

measuring a force acting upon the mirror (66) as a function
of the displacement of the mirror (66) and the transverse
stiffness K and the axial stiffness L.

#* #* #* #* #*



	Fiber-Optic Sensor Assembly
	US020160282207A120160929

