US 20230288440A1

asy United States

a2 Patent Application Publication o) Pub. No.: US 2023/0288446 A1

KIM et al.

43) Pub. Date: Sep. 14, 2023

(54

(71)

(72)

(73)

@n
(22)
(86)

(30)

STRAIN SENSOR-BASED IMU SENSOR, AND
INERTIAL MEASUREMENT SYSTEM
COMPRISING SAME

Applicant: KOREA INSTITUTE OF SCIENCE
AND TECHNOLOGY, Seoul (KR)

Inventors: Jinseok KIM, Seoul (KR); Minsu
JANG, Seoul (KR); Byung Kook KIM,
Seoul (KR); Kyumin KANG, Seoul
(KR)

Assignee: KOREA INSTITUTE OF SCIENCE
AND TECHNOLOGY, Seoul (KR)

Appl. No.: 18/019,930
PCT Filed: Aug. 4, 2021

PCT No.: PCT/KR2021/010268
§ 371 (o)(1),
(2) Date: Feb. 6, 2023

Foreign Application Priority Data

Aug. 5,2020 (KR) .o 10-2020-0098078

Publication Classification

(51) Int.CL
GOIP 15/097 (2006.01)
GOIP 15/18 (2006.01)
GOIP 15/08 (2006.01)
GOIK 11/3206 (2006.01)
(52) US.CL
CPC .......... GOIP 15/097 (2013.01); GOIK 11/3206
(2013.01); GOIP 15/0802 (2013.01);
GOIP 15/18 (2013.01)
(57) ABSTRACT

Embodiments relate to an IMU sensor and an inertial mea-
surement system comprising same, wherein the IMU sensor
comprises: a core body including at least three surfaces each
having a surface direction parallel to any one of three axes; a
plurality of cantilevers configured to be deformable, one
side of each cantilever being coupled to the core body; and
a plurality of strain sensors each disposed on the surface of
each cantilever, the strain sensors extending along the direc-
tion of the other side from one fixed side of the cantilever.
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FIG. 4
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FIG. 6
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FIG. 8
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FIG. 9B
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FIG. 10
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FIG. 15A
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STRAIN SENSOR-BASED IMU SENSOR, AND
INERTIAL MEASUREMENT SYSTEM
COMPRISING SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a U.S. national stage application
of International Application No. PCT/KR2021/010268 filed
on Aug. 4, 2021, which claims the benefit of Korean Patent
Application No. 10-2020-0098078 filed on Aug. 5, 2020, in
the Korean Intellectual Property Office, the entire disclo-
sures of which are incorporated herein by reference for all
purposes.

TECHNICAL FIELD

[0002] Embodiments of the disclosure relate to an inertial
measurement unit (IMU) sensor for measuring an accelera-
tion of an object, and more particularly, to an IMU sensor
including a fiber Bragg grating (FBG) sensor and configured
to measure a linear acceleration and/or an angular accelera-
tion, and an inertial measurement system including the IMU
Sensor.

DESCRIPTION OF GOVERNMENT-FUNDED
RESEARCH AND DEVELOPMENT

[0003] This research is conducted under the support of the
Ministry of Science and ICT, [Project Name: Research pro-
ject for overcoming disability responding to super-popula-
tion aging, Project Number: 1711124217, Sub-Project Num-
ber: 2E30090].

BACKGROUND ART

[0004] Inertial measurement unit (IMU) sensors are
widely used as sensors for measuring accelerations and rota-
tional velocities using accelerometers and gyroscopes. In
general, IMU sensors are manufactured by using microelec-
tromechanical systems (MEMS) technology and measure an
acceleration and a rotational velocity in an electric/magnetic
manner.

[0005] However, IMU sensors manufactured by using
MEMS technology are highly affected by electromagnetic
fields. Accordingly, in a measurement environment in
which a measurement object is exposed to a high-intensity
electromagnetic field, an error occurs, and drift that is the
accumulation of errors over time increases.

[0006] Also, because an angular velocity sensor (e.g., a
gyro sensor) mounted on a MEMS-based IMU detects
only the amount of change in an angular velocity without a
reference point, a lot of errors occur, and a measurement
value is relatively inaccurate.

DISCLOSURE
Technical Problem

[0007] According to an aspect of the present application,
there may be provided an inertial measurement unit (IMU)
sensor including a plurality of cantilevers including surfaces
with axes parallel to three axes as normal vectors and strain
sensors coupled to the plurality of cantilevers.

[0008] There also may be provided an inertial measure-
ment system for measuring a linear acceleration and/or an
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angular acceleration of an object to which an IMU unit is
attached by using a signal of the IMU sensor.

Technical Solution

[0009] According to an aspect of the present application,
an inertial measurement unit (IMU) sensor for measuring
inertia of an object includes a plurality of cantilevers each
having a surface including a first axis and a second axis and
configured to be deformable, a core body coupled to the
plurality of cantilevers, and a plurality of strain sensors
respectively located on the plurality of cantilevers and
each configured to detect a bending strain of a correspond-
ing cantilever.

[0010] At least one from among the plurality of cantile-
vers may be coupled so that a direction of the first axis of
the surface of the at least one cantilever faces an x-axis with
respect to the core body, at least one other cantilever from
among the plurality of cantilevers may be coupled so that a
direction of the first axis of the surface of the at least one
other cantilever faces a y-axis, and at least one other canti-
lever from among the plurality of cantilevers may be
coupled so that a direction of the first axis of the surface
faces a z-axis, wherein a linear acceleration or an angular
acceleration for the object is measured based on a strain
measurement result obtained from the plurality of strain
Sensors.

[0011] The IMU sensor may include six cantilevers as the
plurality of cantilevers. Each of the six cantilevers may
include a strain sensor aligned in a direction of the first
axis on the surface, wherein two cantilevers from among
the six cantilevers are coupled so that an axis parallel to
the x-axis is a normal direction of the surface of each of
the two cantilevers, other two cantilevers are coupled so
that an axis parallel to the y-axis is a normal direction of
the surface of each of the other two cantilevers, and remain-
ing two cantilevers are coupled so that an axis parallel the z-
axis is a normal direction of the surface of each of the
remaining two cantilevers.

[0012] The six strain sensors may form three strain sensor
pairs for measuring a linear acceleration of each of three
axes or three strain sensor pairs for measuring an angular
acceleration having a rotation axis of each of the three
axes, wherein each of the six strain sensors is shared by a
strain sensor pair for measuring a linear acceleration of any
one of the three axes and a strain sensor pair for an angular
acceleration having one same axis as a rotation axis.

[0013] When an external force having a linear acceleration
component or an angular acceleration component is applied
to the object, at least two cantilever pairs from among the six
cantilevers may be deformed in response to the external
force, wherein, in the pair of cantilevers, extending axes of
one cantilever and the other cantilever are not parallel to
each other.

[0014] A cantilever pair deformed when a linear accelera-
tion 1s applied to the object may be coupled to the core body
to have a surface direction facing a direction of the linear
acceleration.

[0015] A cantilever pair deformed when an angular accel-
eration is applied to the object may be bent in a direction of
the angular acceleration.

[0016] In the strain sensor pair for measuring the linear
acceleration of any one of the three axes, one strain sensor
may be used to measure an angular acceleration having
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another axis of the three axes as a rotation axis, and the other
strain sensor may be used to measure an angular accelera-
tion having a remaining axis of the three axes as a rotation
axis.

[0017] The core body may have one surface with a larger
area than other surfaces. At least one groove may be formed
in the one surface, and at least one of the plurality of canti-
levers may be coupled to the core body to be located in the at
least one groove.

[0018] The plurality of cantilevers may include six or
more cantilevers. The core body may have six surfaces hav-
ing directions parallel to three axes as normal directions, and
side surfaces of the six cantilevers may be respectively fixed
to the six surfaces of the core body.

[0019] The core body may have a spherical shape.

[0020] At least one of the plurality of cantilevers may
include a groove formed in one surface, wherein at least
one of the plurality of strain sensors is located in the groove.
The IMU sensor may further include a polymer layer formed
on the at least one strain sensor located in the groove of the
at least one cantilever.

[0021] The IMU sensor may further include a mass body
fixed to a side surface opposite to one fixed side surface of
the cantilever.

[0022] The IMU sensor may further include a plurality of
through-holes formed between a portion where the mass
body is projected onto a surface of the cantilever and a por-
tion where the cantilever is coupled and fixed to the core
body. A sensing portion of the strain sensor located on the
surface of the cantilever may be located between the plural-
ity of through-holes.

[0023] Each of the plurality of through-holes may extend
in at least one of an extending direction of the cantilever in
which the through-hole is formed and a direction perpendi-
cular to the extending direction.

[0024] The cantilever may have a planar structure in
which a portion located between one side and the other
side of the cantilever has a smaller width than one side por-
tion and the other side portion.

[0025] The IMU sensor may further include a temperature
sensor located in the core body and configured to correct a
change due to a temperature in a spectrum change of at least
one of the six strain sensors.

[0026] The temperature sensor may be implemented as a
fiber Bragg grating (FBG) sensor, wherein the FBG sensor is
located in the core body. In the core body, a change in a
wavelength spectrum of reflected light caused by an interval
change between gratings due to a temperature change may
be greater than a change in a wavelength spectrum of
reflected light caused by an interval change between grat-
ings due to a deformation of a cantilever due to a movement
of the object to which the IMU sensor is attached.

[0027] At least one of the plurality of cantilevers may
include: a first elastic layer; a viscoelastic layer; and a sec-
ond elastic layer, wherein the strain sensor is located on the
second elastic layer.

[0028] The strain sensor may be configured to measure a
degree or a direction of bending of the cantilever by inertia
according to a linear acceleration or an angular acceleration
of the object.

[0029] An FBG sensor that is an optical fiber-based strain
sensor may be used as the strain sensor, and the FBG sensor
may be a sensor in which gratings with different refractive
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indices are formed at a center of an optical fiber with at least
one of a regular interval, an irregular interval, or a combina-
tion thereof; and a sensor that reflects only light of a specific
wavelength according to the interval of the gratings; and the
FBG sensor is configured to measure a strain when a grating
interval and a wavelength change due to a change in a length
and a temperature.

[0030] According to another aspect of the present applica-
tion, an inertial measurement system includes the IMU sen-
sor according to the above embodiments, a light source con-
figured to emit light to the FBG sensor, and a measurement
device configured to receive a wavelength spectrum set
from a plurality of FBG sensors, wherein the wavelength
spectrum set includes a wavelength spectrum of reflected
light output from each of the plurality of FBG sensors. The
measurement device may be configured to detect a change in
a wavelength spectrum of reflected light caused by an inter-
val change between gratings due to deformation of a canti-
lever caused by a movement of an object to which the IMU
sensor is attached to calculate a strain corresponding to the
movement of the object.

[0031] The measurement device may be configured to
determine the cantilever deformed by the movement of the
object by detecting the change in the wavelength spectrum
of reflected light, determine a deformation direction of the
cantilever based on a wavelength spectrum change sign cor-
responding to the deformed cantilever, and measure a linear
acceleration of the object based on the deformation direction
and the strain.

[0032] When there are at least two deformed cantilevers
and deformation directions of the at least two deformed can-
tilevers include different axis directions, the measurement
device may be further configured to determine a rotation
direction based on the deformation directions of the at
least two deformed cantilevers, and additionally measure
an angular acceleration of the object further based on the
determined rotation direction and the linear acceleration.
[0033] The measurement device may be configured to
store information about a cantilever corresponding to each
wavelength spectrum in the wavelength spectrum set,
wherein the information about the cantilever includes at
least one of identification information of the cantilever, a
bending axis of the cantilever, and a deformation direction
of a surface of the cantilever.

[0034] The measurement device may be further config-
ured to calculate a gravity correction value based on a
change in a wavelength spectrum corresponding to a canti-
lever having a z-axis as a surface direction, and apply the
gravity correction value to the change in the wavelength
spectrum corresponding to the cantilever having the z-axis
as the surface direction in the detected wavelength spectrum
set.

[0035] The measurement device may be further config-
ured to calculate a temperature correction value based on a
change in a wavelength spectrum of reflected light caused
by a grating change of a temperature correction grating
node, and apply the temperature correction value to the
detected wavelength spectrum set.

[0036] The inertial measurement system may further
include an input shaping filter configured to remove residual
vibration.
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Advantageous Effects

[0037] Because an inertial measurement system according
to an aspect of the present disclosure uses an inertial mea-
surement unit (IMU) sensor including a strain sensor, even
when there is a large magnetic field in a measurement envir-
onment, drift that is the accumulation of errors over time
due to the magnetic field does not occur.

[0038] Also, the strain sensor of the IMU sensor may be
located on a surface of each of a plurality of cantilevers
coupled in a 6-degrees of freedom (DOF) structure, and a
rotational velocity (e.g., an angular acceleration) may also
be measured with only an acceleration sensor configured to
measure an acceleration (e.g., a linear acceleration).

[0039] Also, because the inertial measurement system
may correct error factors in acceleration measurement
including, for example, gravity, temperature, and/or residual
vibration due to deformation of a cantilever, more accurate
acceleration measurements may be made. In particular,
because the inertial measurement system may apply all
algorithm technology used for more accurate acceleration
measurements such as a complementary filter and/or a Kal-
man filter, the inertial measurement system has high
compatibility.

[0040] However, technical effects of the present applica-
tion are not limited thereto, and other unmentioned technical
effects will be apparent to one of ordinary skill in the art
from the description of the claims.

DESCRIPTION OF DRAWINGS

[0041] The following is a brief introduction to necessary
drawings in the description of the embodiments to describe
the technical solutions of the embodiments of the present
application or the existing technology more clearly. It
should be understood that the accompanying drawings are
for the purpose of describing the embodiments of the present
disclosure and are not intended to be limiting of the present
disclosure. Additionally, for clarity of explanation, some
elements to which various modifications such as exaggera-
tion and omission are applied may be illustrated.

[0042] FIG. 1 is a conceptual view illustrating an inertial
measurement system, according to an embodiment of the
present application.

[0043] FIG. 2 is a view illustrating an inertial measure-
ment unit (IMU) sensor, according to an embodiment of
the present application.

[0044] FIG. 3 is a conceptual view illustrating a fiber
Bragg grating (FBG) sensor, according to an embodiment
of the present application.

[0045] FIG. 4 is an enlarged view illustrating a cantilever
portion of the IMU sensor of FIG. 2.

[0046] FIG. 5 is a conceptual view illustrating a 6-degrees
of freedom (DOF) cantilever structure, according to an
embodiment of the present application.

[0047] FIG. 6 is a view for describing a wavelength
change of reflected light according to a degree of bending
deformation of a cantilever, according to an embodiment of
the present application.

[0048] FIG. 7 is a view for describing a relationship
between deformation of a cantilever and a linear accelera-
tion/angular acceleration direction of an object in the struc-
ture of FIG. 6.
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[0049] FIG. 8 is a view illustrating a wavelength spectrum
set of an IMU sensor 100 to which only gravity is applied,
according to an embodiment of the present application.
[0050] FIGS. 9A to 9C are views illustrating a wavelength
spectrum set according to a movement direction of the IMU
sensor 100, according to an embodiment of the present
application.

[0051] FIG. 10 is a view illustrating a deformation beha-
vior of each cantilever during rotation of the IMU sensor
100, according to an embodiment of the present application.
[0052] FIGS. 11A to 11C are views illustrating a wave-
length spectrum change according to a rotation direction of
the IMU sensor 100, according to an embodiment of the
present application.

[0053] FIG. 12 is a perspective view illustrating the IMU
sensor 100 including a temperature correction grating node,
according to an embodiment of the present application.
[0054] FIG. 13 is a perspective view illustrating a cantile-
ver of a slim plane, according to an embodiment of the pre-
sent application.

[0055] FIGS. 14A and 14B are views for describing sen-
sitivities of a plane cantilever and a slim cantilever, accord-
ing to an embodiment of the present application.

[0056] FIGS. 15A to 15D are plan views illustrating a slim
area of a slim cantilever, according to various embodiments
of the present application.

[0057] FIG. 16 is a view illustrating designs of a plurality
of through-holes according to an area and a cross-sectional
shape of a through-hole, according to various embodiments
of the present application.

[0058] FIGS. 17A to 17D are views illustrating designs of
through-holes, according to various embodiments of the
present application.

[0059] FIG. 18 is a diagram illustrating a relationship
between a strain and a displacement of a grating interval
according to a design of a through-hole of FIG. 16.

[0060] FIG. 19 is a cross-sectional view illustrating a can-
tilever having an EVE sandwich structure for reducing resi-
dual vibration, according to an embodiment of the present
application.

DESCRIPTION OF REFERENCE NUMERALS

[0061] 1: inertial measurement system
[0062] 10: strain sensor

[0063] 20: cantilever

[0064] 30: core body

[0065] 50: mass body

[0066] 60: rail

[0067] 100: IMU sensor
[0068] 200: light source
[0069] 300: measurement device
Mode for Invention
[0070] The terms used in the present application are

merely used to describe specific embodiments, and are not
intended to limit the present application. As used in the pre-
sent application and the attached claims, the singular forms
“a,” “an,” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. Also,
as used in the present application, the term “and/or” includes
any and all combinations of one or more of the associated
listed items.
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[0071] It will be understood that although the terms “first,”
“second,” etc. may be used herein to describe various por-
tions, components, areas, layers, and/or sections, these por-
tions, components, areas, layers, and/or sections should not
be limited by these terms. These elements are only used to
distinguish one portion, component, area, layer, or section
from another. Accordingly, a first portion, component, area,
layer, or section could be termed a second portion, compo-
nent, area, layer, or section, without departing from the
scope of the present application.

[0072] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting of the present application. Unless expressly
stated to the contrary, the singular forms as used herein
include the plural forms as well. The term “comprises”
used herein specifies the presence of stated features, regions,
integers, steps, operations, items, and/or components, but
does not preclude the presence or addition of one or more
other features, regions, integers, steps, operations, items,
and/or components.

[0073] Unless otherwise defined, all terms including tech-
nical and scientific terms used herein have the same mean-
ing as commonly understood by one of ordinary skill in the
art to which the present application pertains. It will be
further understood that terms, such as those defined in com-
monly used dictionaries, should be interpreted as having a
meaning that is consistent with their meaning in the context
of the relevant art document and the present disclosure, and
will not be interpreted in an idealized or overly formal sense
unless expressly so defined herein.

[0074] The present application will now be described
more fully with reference to the accompanying drawings,
in which embodiments of the present application are shown.
[0075] FIG. 1 is a view illustrating an inertial measure-
ment unit (IMU) sensor, according to an embodiment of
the present application. FIG. 2 is a conceptual view illustrat-
ing an inertial measurement system including the IMU sen-
sor of FIG. 1. In FIG. 2, the IMU sensor of FIG. 1 is shown
in an exploded perspective view.

[0076] Referring to FIGS. 1 and 2, an inertial measure-
ment system 1 includes an IMU sensor 100, a light source
200, and a measurement device 300. In specific embodi-
ments, the inertial measurement system 1 may further
include a fixture (not shown) for fixing the IMU sensor
100 to a user’s body. The fixture may be a band and/or a
shoe including a fixing portion of the IMU sensor 100.
[0077] The IMU sensor 100 that is a sensor for measuring
inertia of an object is configured to use a strain sensor rather
than an electromagnetic method. The strain sensor may be a
sensor that measures a strain with a change in resistance
and/or capacitance due to deformation of a conductive mate-
rial, or an optical fiber-based strain sensor.

[0078] In an embodiment, the IMU sensor 100 may
include a plurality of strain sensors. The IMU sensor 100
may measure a linear acceleration or an angular acceleration
of the object based on strain measurement results obtained
from the plurality of strain sensors.

[0079] In an embodiment, the IMU sensor 100 may
include a fiber Bragg grating (FBG) sensor having a least a
part formed of an optical fiber. For clarity of explanation, the
present application will be described in more detail based on
embodiments in which an FBG sensor is used as a strain
sensor. However, the technical sprit of the present applica-
tion is limited to the strain sensor of the FBG sensor, and it
will be understood by one of ordinary skill in the art that the
technical sprit of the present application is applied to various
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optical fiber-based strain sensors other than the FBG sensor,
or sensors for measuring a strain with a change in resistance
and/or capacity due to deformation of a conductive material.
[0080] The FBG sensor may be used to measure informa-
tion about a change in an acceleration and/or an angular
acceleration of the object when a cantilever corresponding
to a specific movement is partially deformed in response to a
movement of the object to which the IMU sensor 100 is
attached. An optical fiber (not shown) of the IMU sensor
100 is connected to the light source 200.

[0081] The light source 200 emits light to the optical fiber
of the IMU sensor 100. The optical fiber of the IMU sensor
100 is configured to receive light and output reflected light
around a portion with an FBG node.

[0082] The measurement device 300 may receive a signal
(e.g., reflected light) output from the IMU sensor 100, and
may measure physical information (e.g., linear acceleration
information or angular acceleration information) of the
object to which the IMU sensor 100 is attached based on
the received signal. In specific embodiments, when the mea-
surement device 300 receives reflected light of the IMU sen-
sor 100 through a circulator (not shown), the measurement
device 300 may convert the linear acceleration information
and the angular acceleration information into position and
angle changes through an algorithm and integral calculation.
[0083] A physical information measurement process of
the measurement device 300 will be described in more detail
with reference to FIGS. § to 11.

[0084] The measurement device 300 according to embodi-
ments may be entirely hardware, entirely software, or par-
tially hardware and partially software. For example, a sys-
tem may collectively refer to hardware having data
processing capability and operating software for driving
the hardware. In the specification, the term such as “unit”,
“module”, “device”, or “system” is indented to refer to a
combination of hardware and software driven by the hard-
ware. For example, hardware may be a data processing
device including a data processing unit (CPU), a graphics
processing unit (GPU), or another processor. Also, software
may be a running process, an object, an executable file, a
thread of execution, or a program.

[0085] In specific embodiments, a commonly used com-
plementary filter or Kalman filter may be applied to the soft-
ware, or a filter optimized for data processing of the present
FBG-based IMU may be applied to the software. In addi-
tion, a unique algorithm and/or filter technology for separat-
ing an angular acceleration and a linear acceleration may be
applied to the software.

[0086] As shown in FIGS. 1 and 2, the IMU sensor 100
may include a plurality of FBG sensors 10, a plurality of
cantilevers 20, and a core body 30. In specific embodiments,
the IMU sensor 100 may further include a mass body 50, a
rail 60, and/or a cap (not shown). The rail 60, the cap, etc.
are used to protect the sensor. The FBG sensor 10 includes
an optical fiber, and when the FBG sensor 10 is at least par-
tially deformed, the FBG sensor 10 detects a physical factor
causing the deformation (e.g., a temperature and/or an exter-
nal force).

[0087] FIG. 3 is a conceptual view illustrating an FBG
sensor, according to an embodiment of the present
application.

[0088] Referring to FIG. 3, the FBG sensor 10 is config-
ured to form a grating node in a portion of an optical fiber 11
elongating in one axis direction. The grating node includes a
plurality of gratings.
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[0089] Although a rating node 16 is mainly illustrated in
FIG. 3 for convenience, it will be understood that the
remaining portion of the optical fiber 11 not including grat-
ings may elongate from the left and right of the grating node
16. The remaining portion of the optical fiber 11 extending
from the left and right of the grating node 16 functions as a
path through which light is transmitted into the optical fiber
11, and a length and a displacement of the remaining portion
of the optical fiber 11 do not affect detection of a movement.
In other words, a length of the remaining portion of the opti-
cal fiber 11 other than the grating node 16 may be adjusted
when necessary, and an extending direction of the remaining
portion of the optical fiber 11 may also be adjusted in var-
ious ways.

[0090] According to the present embodiment, the optical
fiber 11 includes a cladding 12 formed of a glass material
and being freely bent, and a core 13 formed in a longitudinal
direction of the cladding 12 at the center of the cladding 12.
A refractive index of the cladding 12 and a refractive index
of the core 13 are different from each other. For example, a
refractive index of the cladding 12 is nl, and a refractive
index of the core 13 is n0, and nl and nO are different
from each other. A light inlet 14 through which light is inci-
dent form a light source (not shown) and a light outlet 15
through which light is output through the core 13 are formed
at both ends of the optical fiber 11.

[0091] The grating node 16 that includes a set of n (n > 2,
natural number) gratings is formed in the core 13 of a por-
tion of the optical fiber 11. The FBG sensor 10 may include
at least one grating node 16.

[0092] The gratings with a grating pattern are formed in
the core 13 through ultraviolet light in a process of manu-
facturing the optical fiber 11, and have a refractive index
(e.g., n0 + An) different from refractive indices of the clad-
ding 12 and the core 13.

[0093] A plurality of gratings may include at least one of
gratings having a constant interval A between gratings, grat-
ings having a non-constant interval A between gratings, and
a combination thereof, and may be located in the optical
fiber 11. An interval between grating nodes is much greater
than the interval A between gratings of a grating node. The
interval A between gratings may vary. For example, the
grating intervals A may be the same. Alternatively, at least
one grating interval A may be different from at least one of
the other grating intervals A.

[0094] According to the above configuration, light inci-
dent on the light inlet 14 of the optical fiber 11 causes inter-
ference by the grating nodes. Reflected light output back
from the light inlet 14 may be expressed as a wavelength
spectrum having a peak corresponding to each grating node.
[0095] In the wavelength spectrum of the reflected light
output from the light inlet 14 of the FBG sensor 10, the
grating interval A of the grating node and a wavelength A
of the reflected light have the relationship as shown in Equa-
tion 1.

Ap =2%n g% A [Equation 1]

[0096] Here, neff is an index indicating an effective
refractive index of the core.

[0097] As shown in Equation 1, a Bragg wavelength Az of
light reflected by the grating is a function between the effec-
tive refractive index neff and the grating interval A. The
effective refractive index and the grating period are a func-
tion between a temperature and a strain. When a temperature
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or a strain in the grating node 16 is disturbed, the Bragg
wavelength A, of the light reflected by the grating is chan-
ged. The cantilever 20 is configured to cause deformation of
at least one grating node 16 in the FBG sensor 10.

[0098] The cantilever 20 may include one surface includ-
ing a horizontal axis and a vertical axis. A plurality of FBG
sensors 10 may be respectively provided on a plurality of
cantilevers 20. For example, the FBG sensor 10 may be
located on the one surface of the cantilever 20. The FBG
sensor 10 may be stably located on the one surface. Alter-
natively, the FBG sensor 10 may be located in the cantilever
20.

[0099] The FBG sensor 10 is located to measure a strain in
a longitudinal direction of the cantilever 20. Also, the FBG
sensor 10 is far from a fixed axis of bending deformation
with a strain of 0 (ie., a coupling portion with the core
body 30 of FIG. 2). In this case, even when the same bend-
ing deformation occurs, the grating interval A is greatly
changed, compared to a case where the FBG sensor 10 is
close to the fixed axis of bending deformation.

[0100] Also, the FBG sensor is located on the surface one
cantilever 20, and the cantilever 20 may be partially or
entirely deformed in response to a movement of an object
to which the IMU sensor 100 is attached. The cantilever 20
supports the FBG sensor 10, and when the cantilever 20 is
not deformed, the FBG sensor 10 is not deformed. To this
end, the cantilever 20 may be formed of any of various
deformable materials, for example, a flexible material. The
flexible material may include any of various polymer mate-
rials such as UV epoxy or ethyl vinyl ether (EVE). However,
the flexible material is not limited thereto, and may include
any of various nonmagnetic metal materials such as poly-
carbonate (PC), polyether ether ketone (PEEK), Vero,
Tango, carbon steel, or spring steel which may be shaped
and/or 3D printed, in addition to the polymer material.
That s, the flexible material may include any of most elastic
materials except for a ceramic material.

[0101] In an embodiment, the cantilever 20 may be con-
figured to be bent in a normal direction of a surface with
respect to a bending axis in the IMU sensor 100. The bend-
ing axis refers to a portion that is formed when the cantilever
20 and the core body 30 are coupled to each other and that
fixes a portion of the cantilever 20. When the cantilever 20 is
deformed, the FBG sensor 10 is also deformed. When the
cantilever 20 is bent, the FBG sensor 10 is stretched/con-
tracted in an axis direction of the FBG sensor 10 due to
deformation of the cantilever 20. An interaction between
the FBG sensor 10 and the cantilever 20 will be described
below in more detail with reference to FIG. 5.

[0102] In addition, the cantilever 20 may have a planar
design for the IMU sensor 100 with a higher sensitivity.
For a higher sensitivity, the cantilever 20 may include one
or more through-holes, or may be designed to have a planar
structure in which a part of the cantilever 20 is slimmer than
another part.

[0103] For clarity of explanation, an operation of the IMU
sensor 100 when the object to which the IMU sensor 100 is
attached moves based on embodiments with a plurality of
through-holes (e.g., two holes) will be described in more
detail.

[0104] FIG. 4 is an enlarged view illustrating a cantilever
portion of the IMU sensor of FIG. 2.

[0105] Referring to FIG. 4, the FBG sensor 10 may be
provided in a groove formed in one surface of the cantilever
20.
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[0106] In an embodiment, a process of manufacturing the
IMU sensor 100 may include: forming a cantilever structure
formed of a bendable material; forming a groove in one sur-
face of the cantilever structure; and locating the FBG sensor
10 in the groove. At least one grating node of the FBG sen-
sor 10 is located in a portion where the cantilever 20 is bent.
[0107] Also, the process of manufacturing the IMU sensor
100 may further include attaching the mass body 50.
[0108] In an embodiment, the mass body 50 is attached to
a side opposite to a side surface where the cantilever 20 is
coupled to the core body 30, that is, the other side of the
cantilever 20. However, the mass body 50 does not need to
be attached to an end of the other side of the cantilever 20. In
other embodiments, the mass body 50 may be attached to a
central portion of the cantilever, or any of side surfaces other
than the coupled side surface. The mass body 50 and the
cantilever 20 constitute one vibrometer. When the same
external force that causes an acceleration is applied to the
vibrometer, the vibrometer has a larger physical change than
a vibrometer including only the cantilever 20. Accordingly,
more accurate acceleration measurements may be made.
[0109] In some embodiments, the mass body 50 may be
attached to a surface opposite to the surface of the cantilever
20 in which the groove is formed. In other embodiments, the
mass body 50 may be attached to both the surface of the
cantilever 20 in which the groove is formed and the surface
opposite to the surface in which the groove is formed.
[0110] In an embodiment, when one surface of the canti-
lever 20 further includes a plurality of through-holes, the
through-holes may be formed between the mass body 50
and the core body 30. The through-holes may each have
any of various shapes such as a trapezoidal shape, a quad-
rangular shape, or a circular shape. In some embodiments,
the plurality of through-holes are formed between a portion
where the mass body is projected onto a surface of the can-
tilever 20 and a portion where the cantilever 20 is coupled
and fixed to the core body 30.

[0111] Also, the grating node 16 of the sensor 10 may be
located between the plurality of through-holes. For example,
the FBG sensor 10 may be disposed so that the grating node
16 of the FBG sensor 10 is located between through-holes
having trapezoidal shapes.

[0112] Also, the process of manufacturing the IMU sensor
100 may further include applying a polymer to the cantilever
20 on which the FBG sensor 10 is located. The polymer may
include a viscoelastic or hyper-elastic material. Due to the
applying of the polymer, the cantilever 20 and a polymer
layer form a sandwich structure around the FBG sensor 10.
The sandwich structure may improve damping of the canti-
lever 20. In this case, when an external force is applied to
deform the cantilever 20, residual vibration unrelated to the
external force may be reduced. The applying of the polymer
for the sandwich structure is merely an example, and a poly-
mer may be deposited by using coating, shaping, or 3D
printing.

[0113] The core body 30 is coupled to a plurality of canti-
levers 20. In an embodiment, at least one cantilever 20 from
among the plurality of cantilevers may be coupled to the
core body 30 so that a direction of the first axis of the surface
of the cantilever faces an x-axis. Also, at least one other
cantilever 20 from among the plurality of cantilevers may
be coupled to the core body 30 so that a direction of the first
axis of the surface of the cantilever faces a y-axis. Also, at
least one other cantilever 20 from among the plurality of
cantilevers may be coupled to the core body 30 so that a
direction of the first axis of the surface faces a z-axis.
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[0114] To this end, in an embodiment, the core body 30
may be formed to have at least three surfaces having the x-
axis, the y-axis, and the z-axis as surface directions.
Although the core body 30 may be, for example, a hexahe-
dron as shown in FIG. 2, the present application is not lim-
ited thereto, and the core body 30 may be any of various
polyhedrons having surfaces of the three axes directions
such as an octahedron.

[0115] In another embodiment, the core body 30 may be
spherical. In this case, the plurality of cantilevers 20 are
coupled to the center point of the core body 30 with respect
to the three axes.

[0116] The core body 30 is configured to fix one side of
the cantilever 20. In this case, the other side of the cantilever
20 opposite to the core body 30 undergoes relatively large
deformation.

[0117] The core body 30 is configured to organize optical
fiber. In an embodiment, in order to fix one side surface of
the cantilever 20, the core body 30 may include a coupling
mount 31 coupled to the one side surface. In some embodi-
ments, the coupling mount 31 may be formed as a groove
passing through the inside and the outside of the core body
30. Alternatively, the core body 30 may be manufactured in
an integrated type and/or an assembly type.

[0118] Referring back to FIG. 2, the coupling groove may
be formed so that a cross-section of the coupling groove
corresponds to a cross-section of the one side of the canti-
lever 20, and when the one side surface of the cantilever 20
is coupled to the coupling groove, the one side surface of the
cantilever 20 is fixed to the core body 30. A portion where
the cantilever 20 is coupled and fixed to the core body 30
may function as a bending axis of deformation along which
the cantilever 20 is bent.

[0119] The core body 30 is configured so that the FBG
sensor 10 passes through the inside of the core body 30. In
an embodiment, as shown in FIG. 2, a part of the FBG sen-
sor 10 may be located in the core body 30 through the cou-
pling groove of the core body 30.

[0120] In another embodiment, the core body 30 may
further include a groove 32 passing through the inside of
the core body 30 and the coupling mount 31. In this case,
the core body 30 may further include the groove 32 that
allows the FBG sensor 10 located on the cantilever 20 to
be introduced into the core body 30. In this case, an optical
fiber portion of the FBG sensor 10 is introduced into the
core body 30 through the groove 32. The optical fiber
groove 32 in the core body 30 is formed to correspond to a
groove 61 of the rail 60 for introducing the optical fiber, and
thus, the FBG sensor 10 is discharged to the outside through
the rail 60.

[0121] The FBG sensor 10 located on the cantilever 20
may be connected to the measurement device 300 through
the groove 61 of the rail 60. As shown in FIG. 2, the FBG
sensor 10 may pass through the core body 30 and may be
located on the rail 60, and may pass through the groove 61
of the rail 60 and may be connected to the measurement
device 300.

[0122] The measurement device 300 includes a data
acquisition (DAQ) unit for receiving a signal and collecting
data, and/or a data processing unit. The DAQ unit may
include an avalanche photodiode (APD), a microcontroller
unit (MCU), and/or an optical spectrum analyzer (OSA) for
obtaining reflected light output from the optical fiber in a
time domain. Also, the data processing unit may be a data
processing device including a processor.
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[0123] The measurement device 300 may receive reflected
light of each FBG sensor 10 included in the IMU sensor 100.
In this case, the measurement device 300 may obtain a
wavelength spectrum for each FBG sensor 10 based on the
reflected light. Also, the measurement device 300 may pro-
cess acceleration measurement data of the inertial measure-
ment system 1 in real time.

[0124] The measurement device 300 may detect a change
in the reflected light from the wavelength spectrum for each
FBG sensor 10. In this case, the measurement device 300
may determine the cantilever 20 that is deformed (e.g.,
bent) in response to a movement of an object based on the
detected change in the reflected light (i.e., the change in the
wavelength spectrum). Also, the measurement device 300
may calculate a strain of the cantilever 20 that is determined
to be deformed. Also, the measurement device 300 may
determine a movement direction of the object and a linear
acceleration and/or an angular acceleration of the object
according to a coupling structure of the cantilever 20.
[0125] In an embodiment, the measurement device 300
may calculate a linear acceleration of the object to which
the IMU sensor 100 is attached based on the strain of the
cantilever 20 deformed in response to the movement of the
object. A method of calculating a linear acceleration using a
strain will be described below in more detail with reference
to FIGS. 6 and 7.

[0126] Also, the measurement device 300 may measure a
rotation direction (or an angular acceleration) based on the
strain of the cantilever 20 deformed in response to the move-
ment of the object that rotates. A method of determining a
rotation direction will be described below in more detail
with reference to FIGS. 10 and 11.

[0127] As such, the measurement device 300 may identify
a linear acceleration and an angular acceleration of the
object by identifying a deformed cantilever pair.

[0128] Also, the measurement device 300 may pre-store
information about the cantilever 20 corresponding to the
wavelength spectrum. For example, the measurement device
300 may store information indicating that a cantilever cor-
responding to a first wavelength spectrum is a cantilever
20A, for example, identification information of the cantile-
ver 20A as a specific wavelength spectrum.

[0129] Also, the measurement device 300 may pre-store
deformation information of the cantilever 20. For example,
the deformation information may include at least one of
information indicating that a bending axis of the cantilever
20A 1s the x-axis and information indicating that a deforma-
tion direction of the cantilever 20A is z.

[0130] This will be described below in more detail with
reference to FIGS. 5 to 10.

[0131] The inertial measurement system 1 includes a set
of FBG sensors 10 and cantilevers 20 in which each FBG
sensor 10 is located on each cantilever 20 to measure a lin-
ear acceleration and/or an angular acceleration. A plurality
of cantilevers 20 in the set extend in one axis direction, and
each extending direction is parallel to any one of the three
axes.

[0132] The IMU sensor 100 may include one or more first
cantilevers 20 having an extending axis parallel to the x-
axis, one or more second cantilevers 20 having an extending
axis parallel to the y-axis, and one or more third cantilevers
20 parallel to the z-axis.

[0133] In an embodiment, the IMU sensor 100 may
include at least two first cantilevers 20, at least two second
cantilevers 20, and at least two third cantilevers 20.
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[0134] FIG. 5 is a conceptual view illustrating a 6-DOF
cantilever structure, according to an embodiment of the pre-
sent application.

[0135] In FIG. §, + signs and names of three axes (x-axis,
y-axis, and z-axis) are merely examples, and it would be
obvious to one of ordinary skill in the art that the cantilever
20 is bent in two directions or there are different 3D axes.
[0136] Referring to FIG. 5, the IMU sensor 100 may
include six cantilevers 20 configured so that an extending
axis of each cantilever 20 is parallel to any one of the
three axes. The IMU sensor 100 may include three cantile-
ver pairs having axes parallel to the x-axis, the y-axis, and
the z-axis as extending axes. As shown in FIG. 5, the IMU
sensor 100 may include: a first pair of cantilevers 20B, 20E
extending in a direction parallel to the x-axis; a second pair
of cantilevers 20A, 20D extending in a direction parallel to
the y-axis; and a third pair of cantilevers 20C, 20F extending
in a direction parallel to the z-axis. Such a pair of cantilevers
20 is coupled to the core body 30. The core body 30 includes
six surfaces each parallel to any one of the three axes. The
cantilevers of the pair extending in the same axis direction
are spaced apart from each other around the core body 30.
[0137] The six cantilevers 20 are coupled to the core body
30 in a 6-degrees of freedom (6-DOF) structure for measur-
ing 3-axis directions (orientations) and 3-axis positions. To
this end, in the IMU sensor 100, two cantilevers 20 are
coupled to the core body 30 to have surface directions par-
allel to one axis direction of the three axes, other two canti-
levers 20 are coupled to the core body 30 to have surface
directions parallel to another axis direction, and the remain-
ing cantilevers 20 are coupled to the core body 30 to have
surface directions parallel to the remaining axis direction.
That is, two first cantilevers 20 from among the six cantile-
vers may be coupled to the core body 30 so that an axis
parallel to the x-axis is a normal direction of the surface.
Also, other two second cantilevers 20 from among the six
cantilevers may be coupled to the core body 30 so that an
axis parallel to the y-axis is a normal direction of the sur-
face. Also, the remaining two third cantilevers 20 from
among the six cantilevers may be coupled to the core body
30 so that an axis parallel to the z-axis is a normal direction
of the surface.

[0138] For example, the six cantilevers 20 may be coupled
to the core body 30 so that the cantilevers 20C, 20D have
surface directions parallel to the x-axis, the cantilevers 20B,
20F have surface directions parallel to the y-axis, and the
cantilevers 20A, 20E have surface directions parallel to the
7-axis.

[0139] In this case, one cantilever 20 in a pair of cantile-
vers having the same extending axis has a bending axis dif-
ferent from that of the other cantilever 20. One cantilever 20
is configured to have a surface with a plane vector different
from that of the other cantilever 20. Accordingly, in a pair of
cantilevers 20 parallel to any one of the three axes and hav-
ing the same extending axis, one cantilever 20 has a surface
bent in a direction of any one of the three axes that is not
parallel to its extending axis, and the other cantilever 20 has
a surface bent in a direction that is not parallel to its extend-
ing axis and is different from the bending direction of the
one cantilever 20.

[0140] For example, in the first pair of cantilevers 20B,
20E having an axis parallel to the x-axis as an extending
axis, one cantilever 20E may have the y-axis as a bending
axis and have a surface bent in a £z direction and the other
cantilever 20B may have the z-axis as a bending axis and
have a surface bent in a +y direction.
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[0141] In the second pair of cantilevers 20A, 20D having
an axis parallel to the y-axis as an extending axis, one can-
tilever 20D may have the z-axis as a bending axis and have a
surface bent in a £x direction, and the other cantilever 20A
may have the x-axis as a bending axis and have a surface
bent in the £z direction.

[0142] In the third pair of cantilevers 20C, 20F having an
axis parallel to the z-axis as an extending axis, one cantile-
ver 20C may have the y-axis as a bending axis and have a
surface bent in the £x direction, and the other cantilever 20F
may have the x-axis as a bending axis and have a surface
bent in the +y direction.

[0143] A plurality of FBG sensors 10 are respectively
located on the plurality of cantilevers 20.

[0144] In an embodiment, the plurality of FBG sensors 10
may include the FBG sensor 10 located so that at least some
of optical fibers are equally stretched or contracted for a
plurality of cantilevers 20 simultaneously bent during rota-
tion along the same bending axis.

[0145] For example, the cantilevers 20C, 20E have the y-
axis as a bending axis, and when the IMU sensor 100 rotates
about the bending axis (x-axis), the two cantilevers 20C,
20E are equally bent clockwise or counterclockwise. In
this case, when the two cantilevers 20C, 20E rotate clock-
wise about the bending axis, all of optical fibers of the FBG
sensors 10 located on the cantilevers 20C, 20E are
contracted.

[0146] Also, in the plurality of FBG sensors 10 deformed
in response to deformation of the plurality of cantilevers 20,
some FBG sensors 10 may be stretched and other FBG sen-
sors 10 may be contracted.

[0147] In an embodiment, in the IMU sensor 100, from
among the FBG sensors 10 located on two cantilevers 20
having the same normal vector of the surface of the plurality
of cantilevers 20, any one FBG sensor 10 may be located on
a surface in a direction of a first axis of the normal vector of
the surface, and the other FBG sensor 10 may be located on
a surface in a direction of a second axis of the normal vector
of the surface.

[0148] For example, surfaces of the cantilevers 20C, 20D
all have the x-axis as a normal vector. The FBG sensor 10
located on the cantilever 20C is located on a surface in a
negative x-axis direction, and the FBG sensor 10 located
on the cantilever 20D is located on a surface in a positive
x-axis direction. In this case, when the cantilevers 20C, 20D
are simultaneously deformed, any one of the FBG sensors
10 of the cantilevers 20C, 20D may be stretched, and the
other may be contracted.

[0149] Some or all of the remaining cantilevers 204, 20B,
20E, 20F may be located in the same manner as the cantile-
vers 20C, 20D, or may be located on a surface in the same
direction of a normal vector of a surface. For example, as
shown in FIG. 3, although the cantilevers 20A, 20F have the
z-axis as a normal vector of a surface, the FBG sensors 10
may be located on a surface in a -z direction.

[0150] Bending deformation of the cantilever 20 may be
detected by the FBG sensor 10 located on the cantilever 20.
When a degree of deformation or the like of the cantilever
20 is detected, an external force applied to the cantilever 20
may be measured. This is because, due to a coupling struc-
ture of the cantilevers 20 of FIG. 5, the six strain sensors
form three strain sensor pairs for measuring a linear accel-
eration of each of three axes or three strain sensor pairs for
measuring an angular acceleration having a rotation axis of
each of the three axes, and each of the six strain sensors is
shared by a strain sensor pair for measuring a linear accel-
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eration of any one of the three axes and a strain sensor pair
for an angular acceleration having the same axis as a rota-
tion axis.

[0151] FIG. 6 is a view for describing a wavelength
change of reflected light according to bending deformation
of a cantilever, according to an embodiment of the present
application.

[0152] In FIG. 6, a wavelength spectrum of an embodi-
ment in which one grating node 16 is located in one canti-
lever 20 is illustrated. For clarity of explanation, it is
assumed that gravity is ignored.

[0153] When an external force is not applied to the canti-
lever 20, the cantilever 20 may be maintained in a basic
state. The basic state is a state in which, for example, the
cantilever 20 is maintained in a horizontal structure. When
the cantilever 20 is not bent, a wavelength change of
reflected light of the FBG sensor 10 does not occur.

[0154] For example, when an object to which the IMU
sensor 100 move and an external force is applied to the can-
tilever 20, at least a part of the cantilever 20 may be bent. In
this case, a wavelength change of reflected light may occur.
[0155] For example, when the cantilever 20 is bent down-
ward toward a surface to which the mass body 50 is attached
in FIG. 6, due to bending deformation of the cantilever 20,
the grating interval A of the FBG sensor 10 is changed. As a
result, a wavelength of refiected light is changed.

[0156] Alternatively, when the cantilever 20 is bent
upward toward a side opposite to the surface to which the
mass body 50 is attached in FIG. 6, due to bending deforma-
tion of the cantilever 20, the grating interval A of the FBG
sensor 10 is changed. As a result, a wavelength of reflected
light is changed.

[0157] As such, whether a wavelength of reflected light is
changed indicates whether the cantilever 20 is deformed. As
a result, whether a wavelength of reflected light is changed
may be used to determine whether an external force that
causes deformation of the cantilever 20 occurs.

[0158] Also, a deformation direction of the cantilever 20
may be determined according to a wavelength change direc-
tion of reflected light.

[0159] When the cantilever 20 is bent downward in FIG.
6, the grating interval A is reduced. In contrast, when the
cantilever 20 is bent upward in FIG. 6, the grating interval
A is increased. Because change directions of the grating
interval A are opposite to each other, wavelength change
directions are opposite to each other. For example, when
the cantilever 20 is bent downward in FIG. 6, a wavelength
change amount may have a negative value, and when the
cantilever 20 is bent upward in FIG. 6, a wavelength change
amount may have a positive value.

[0160] As such, when the IMU sensor 100 is used, infor-
mation about whether an external force is applied to the
IMU sensor 100, a strength of the external force, and/or a
direction of the external force may be obtained.

[0161] For example, when a wavelength change amount
of reflected light is applied to Equation 1, a physical change
(e.g., a strain) for each of three axes may be calculated from
an external force that causes deformation of the cantilever
20.

[0162] Also, the measurement device 300 may calculate a
linear acceleration of the cantilever 20 based on the strain of
the cantilever 20.

[0163] When the cantilever 20 is bent as shown in FIG. 6,
a strain at the center of the cantilever 20 is 0 and a magni-
tude of a strain increases away from the center. Here, the
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term “strain” refers to a strain in a longitudinal direction of
the cantilever 20.

[0164] When the FBG sensor 10 is located on an upper
surface and deformation due to a gravitational acceleration
occurs, the measurement device 300 may measure a strain in
a (+) direction due to an expansion direction. In contrast,
when the FBG sensor 10 is located on a lower surface and
deformation occurs due to a gravitational acceleration, the
measurement device 300 may measure a strain in a (-) direc-
tion due to a contraction direction.

[0165] When an acceleration higher than a gravitational
acceleration occurs, a degree of bending deformation of
the cantilever 20 is further increased, and thus, a change in
a signal of the FBG sensor 10 is further increased. The mea-
surement device 300 may calculate an acceleration value
based on a degree of signal change of the FBG sensor 10.
[0166] An external acceleration applied to the cantilever
20 causes bending deformation of the cantilever 20. A
peak value of a wavelength spectrum of the FBG sensor
10 is shifted due to bending deformation of the cantilever
20 with respect to a fixed axis (i.e., a coupling portion with
the core body 30). In an embodiment, the measurement
device 300 may pre-store a linear acceleration value corre-
sponding to a strain obtained under the specification of the
IMU sensor 10. The value may be determined by quantify-
ing a change amount of a peak of the FBG sensor 10.
[0167] Also, the measurement device 300 may measure an
angular acceleration of the cantilever 20 based on a strain of
the cantilever 20. Because an angular acceleration is a tan-
gential acceleration, the angular acceleration is measured in
a manner similar to that of a linear acceleration. In this case,
a centripetal acceleration compensation value should be
applied. A process of calculating an angular acceleration
from a linear acceleration is already known to one of ordin-
ary skill in the art, and thus, a detailed description thereof
will be omitted.

[0168] When bending deformation of the cantilever 20 is
caused by a rotation of the object, a rotation direction is
obtained as a measurement result.

[0169] In a 6-DOF structure, the FBG sensor 10 of the
cantilever 20 is used to measure a strain in any one of
three axes or a linear acceleration in the same direction.
Here, the axis direction of a strain represents a bending
direction. In FIG. 6, an FBG sensor 10D is used to measure
a bending direction (i.e., a strain direction) of the x-axis.
Also, the FBG sensor 10D is used to measure a linear accel-
eration of the object in the x-axis direction.

[0170] When the object moves in any of three-axis direc-
tions, two cantilevers 20 having surfaces against an external
force in the movement axis direction are simultaneously
bent. The surfaces of the two cantilevers 20 face the axis
direction.

[0171] Three FBG sensor pairs are used to measure a lin-
ear acceleration of the object. Also, three FBG sensor pairs
are used to measure an angular acceleration of the object.
The three FBG sensor pairs for the linear acceleration and
the three FBG sensor pairs for the angular acceleration are
different from each other.

[0172] When an external force is applied to the IMU sen-
sor 100, at least two cantilevers 20 from among the three
cantilever pairs may be bent. The measurement device 300
may receive a wavelength spectrum set of the cantilevers 20,
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including wavelength spectra of the FBG sensors 10 of the
at least two bent cantilevers 20. In this case, the measure-
ment device 300 may calculate information about three-axis
components of the external force that causes a wavelength
change based on the wavelength spectrum set of the canti-
levers 20.

[0173] FIG. 7 is a view for describing a relationship
between deformation of a cantilever and a linear accelera-
tion/angular acceleration direction of an object in the struc-
ture of FIG. 6.

[0174] Referring to FIG. 7, main sensors mainly used to
measure an X-axis linear acceleration of the object are FBG
sensors 10C, 10D. Main sensors mainly used to measure a y-
axis linear acceleration of the object are FBG sensors 10B,
10F. Main sensors mainly used to measure a z-axis linear
acceleration of the object are FBG sensors 10A, 10E.
[0175] In contrast, main sensors mainly used to measure
an angular acceleration of the object having the x-axis as a
rotation axis are the FBG sensors 10A, 10F. Main sensors
mainly used to measure an angular acceleration of the object
having the y-axis as a rotation axis are the FBG sensors 10C,
10E. Main sensors mainly used to measure an angular accel-
eration of the object having the z-axis as a rotation axis are
the FBG sensors 10B, 10D.

[0176] As such, three FBG sensor pairs for a linear accel-
eration are respectively used to measure linear accelerations
in the x-axis, y-axis, and z-axis directions. Also, three FBG
sensor pairs for an angular acceleration are respectively
used to measure angular accelerations having the x-axis,
the y-axis, and the z-axis as rotation axes.

[0177] From among two FBG sensors 10 of a cantilever
pair mainly used to measure a linear acceleration in any one
of three axes, any one FBG sensor 10 is mainly used to
measure an angular acceleration having another axis of the
three axes as a rotation axis, and the other FBG sensor 10 is
mainly used to measure an angular acceleration having the
remaining axis of the three axes as a rotation axis.

[0178] For example, from among the main sensors 10C,
10D used to measure the x-axis linear acceleration, any
one (e.g., the main sensor 10C) is used to measure an angu-
lar acceleration having the y-axis as a rotation axis and the
other (e.g., the main sensor 10D) is used to measure an
angular acceleration having the z-axis that is the remaining
axis as a rotation axis.

[0179] An FBG sensor pair for a linear acceleration and an
FBG sensor pair for an angular acceleration may share the
same FBG sensor. A sensor that is shared is referred to as a
dependent sensor, and a sensor that is not shared is referred
to as an independent sensor. A dependent sensor for a spe-
cific axis is used to measure a strain in a specific axis direc-
tion, or measure an angular acceleration having the same
specific axis as a rotation axis.

[0180] For example, in the pair of FBG sensors 10C, 10D
for the x-axis linear acceleration and the pair of FBG sensors
10B, 10D for the angular acceleration of the z rotation axis,
a dependent sensor is the FBG sensor 10D and independent
sensors are sensors other than the dependent sensor, that is,
the FBG sensors 10B, 10C.

[0181] As such, the IMU sensor 100 includes at least one
FBG sensor 10 that is independently used in measuring a
linear acceleration of the object for a specific axis and an
angular acceleration of the object having the specific axis



US 2023/0288446 Al

as a rotation axis. The measurement device 300 identifies
the linear acceleration and the angular acceleration of the
object by using data of the at least one independent FBG
sensor 10.

[0182] When a data value of a dependent sensor is 0, the
measurement device 300 integrates values of dependent and
independent sensors and measures an angular acceleration
and/or a rotation angle. When there is a data value of a
dependent sensor, the measurement device 300 determines
that a linear acceleration occurs. The measurement device
300 integrates only data values of independent sensors and
measures an angular acceleration and/or a rotation angle.
[0183] FIG. 8 is a view illustrating a wavelength spectrum
set of the IMU sensor 100 to which only gravity is applied,
according to an embodiment of the present application.
FIGS. 9A to 9C are views illustrating a wavelength spec-
trum set according to a movement direction of the IMU sen-
sor 100, according to an embodiment of the present
application.

[0184] In FIGS. 8, and 9A to 9C, &y, Ay, Az, Ay, A5, A
respectively represent wavelength spectra corresponding to
the sensors 10A, 10B, 10C, 10D, 10E, 10F provided on the
cantilevers 20A, 20B, 20C, 20D, 20E, 20F. The wavelengths
A, A2, A3, Ag, As, Ag 1llustrated in the wavelength spectra of
FIGS. 8, and 9A to 9C correspond to values obtained by
applying intervals A1, Az, As, Ay, As, Ag of gratings of grat-
ing nodes located in the cantilevers to Equation 1. In other
words, the wavelengths A, X5, A3, Ay, As, Ag respectively
represent wavelengths of reflected light reflected and output
by the grating nodes. In FIGS. 8, and 9A to 9C, it is assumed
that there is no change in a wavelength due to a temperature.
[0185] When all external forces including a movement
and/or gravity do not deform the cantilevers 20, all of multi-
ple wavelength spectra included in the wavelength spectrum
set of the IMU sensor 100 may not be changed. However,
the IMU sensor 100 has a state in which an external force
due to a movement of an object is applied under the influ-
ence of Earth’ gravity, or no external force due to a move-
ment of the object is applied.

[0186] A wavelength spectrum changed when only gravity
is applied to the cantilever 20 and the object is at rest (e.g.,
the object is in a resting state) includes a wavelength spec-
trum corresponding to the cantilever 20 having an axis par-
allel to a gravity direction, for example, the z-axis, as a nor-
mal vector of a surface. In the resting state of the object, the
cantilever 20 having a surface facing a gravity direction in a
wavelength spectrum set is deformed. For example, as
shown in FIG. 8, the cantilever 20E and the cantilever 20A
are bent in the gravity direction. In this case, the wavelength
spectra A;, A5 corresponding to the cantilevers 20A, 20E are
changed. Because changes in grating intervals according to
bending deformation of the cantilevers 20A, 230E are
increased and bending directions are the same, wavelength
change signs are also the same. A wavelength change sign
may vary according to an arrangement of the FBG sensor
10.

[0187] A wavelength spectrum changed when the object
moves in a positive x-axis direction includes a wavelength
spectrum corresponding to the cantilever 20 having an axis
parallel to a movement direction (the x-axis of FIG. 9A) as a
normal vector of a surface. When the object walks in the
positive x-axis direction, the cantilever 20 having a surface
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facing a direction in which the object walks is deformed. For
example, as shown in FIG. 9A, the cantilevers 20C, 20D are
deformed. In this case, the wavelength spectra A3, A4 corre-
sponding to the cantilevers 20C, 20D are changed. As
shown in FIG. 9A, when optical fibers are provided on sur-
faces of the cantilevers 20C, 20D, wavelength change signs
are opposite to each other. This is because the grating inter-
val Aj; is reduced due to bending deformation of the canti-
lever 20C and the grating interval A, is increased due to
bending deformation of the cantilever 20D. Although the
cantilevers 20A, 20E may be deformed by a gravitational
acceleration, the cantilevers 20A, 20E may be less deformed
or more deformed than the cantilevers 20C, 20D.

[0188] A wavelength spectrum changed when the object
moves in a positive y-axis direction includes a wavelength
spectrum corresponding to the cantilever 20 having an axis
parallel to a movement direction (the y-axis of FIG. 9B) as a
normal vector of a surface. When the object walks in the
positive y-axis direction, the cantilever 20 having a surface
facing a direction in which the object walks is deformed. For
example, as shown In FIG. 9B, the cantilevers 20B, 20F are
deformed. In this case, the wavelength spectra A,, A¢ corre-
sponding to the cantilevers 20B, 20F are changed. Because
both the grating intervals A,, Ag are increased due to bend-
ing deformation of the cantilevers 20B, 20F, wavelength
change signs are the same.

[0189] A wavelength spectrum changed when the object
moves in a negative z-axis direction includes a wavelength
spectrum corresponding to the cantilever 20 having an axis
parallel to a movement direction (the z-axis of FIG. 9C) as a
normal vector of a surface. When the object moves in the
negative z-axis direction (e.g., falls down), the cantilever 20
having a surface facing a direction in which the object
moves is deformed. For example, as shown in FIG. 9C, the
cantilevers 20A, 20E are deformed. In this case, the wave-
length spectra A, As corresponding to the cantilevers 20A,
20E are changed. Because both the grating intervals A;, As
are increased due to bending deformation of the cantilevers
20A, 20E, wavelength change signals are the same. A
change amount of the wavelength spectra A, A5 includes a
change amount due to gravity (e.g., a change amount of FIG.
8).

[0190] Also, the measurement device 300 may calculate
an angular acceleration based on the wavelength spectrum
set.

[0191] FIG. 10 is a view illustrating rotation states of the
IMU sensor 100, according to an embodiment of the present
application. FIGS. 11A to 11C are views illustrating a wave-
length spectrum change according to a rotation direction of
the IMU sensor 100, according to an embodiment of the
present application. A spectrum set including six wave-
length spectra is obtained from six FBG sensors 10.

[0192] InFIG. 10, +Q denotes a counterclockwise rotation
with respect to a rotation axis. The cantilevers 20 extend
along three axes, and a surface of each cantilever 20 has
any one of the three axes as a normal vector. Accordingly,
as shown in FIG. 10, the IMU sensor 100 may have six
rotation states.

[0193] When the IMU sensor 100 rotates about any one of
the three axes as shown in FIGS. 10 and 11A to 10C, at least
two cantilevers may be bent.
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[0194] The cantilever 20 deformed when the IMU sensor
100 rotates about the x-axis may include the cantilever 20
having the x-axis as a bending axis. For example, as shown
in FIG. 11A, the cantilever 20 deformed when the IMU sen-
sor 100 rotates about the x-axis may include the cantilevers
20A, 20F that are bent in a direction perpendicular to the x-
axis. In this case, the wavelength spectra A;, Ag correspond-
ing to the cantilevers 20A, 20F are changed. Because the
grating interval A is reduced due to bending deformation
of the cantilever 20A and the grating interval Aq is increased
due to bending deformation of the cantilever 20F, wave-
length change signs are opposite to each other. Although
the cantilever 20E may be deformed by a gravitational
acceleration, the cantilever 20E may be less deformed than
the cantilevers 20A, 20F according to an angular
acceleration.

[0195] The cantilever 20 deformed when the IMU sensor
100 rotates about the y-axis may include the cantilever 20
having the y-axis as a bending axis. For example, as shown
in FIG. 11B, the cantilever 20 deformed when the IMU sen-
sor 100 rotates about the y-axis may include the cantilevers
20C, 20F that are bent in a direction perpendicular to the y-
axis. In this case, the wavelength spectra A3, A4 correspond-
ing to the cantilevers 20C, 20F are changed. Because the
grating interval X4 is reduced due to bending deformation
of the cantilever 20F and the grating interval A; is increased
due to bending deformation of the cantilever 20C, wave-
length change signs are opposite to each other. A change
amount of the wavelength spectrum % includes a change
amount due to gravity. Although the cantilever 20A may
be deformed by gravity, the cantilever 20A may be less
deformed than the cantilevers 20C, 20F according to an
angular acceleration.

[0196] The cantilever 20 deformed when the IMU sensor
100 rotates about the z-axis may include the cantilever 20
having the z-axis as a bending axis. For example, as shown
in FIG. 11C, the cantilever 20 deformed when the IMU sen-
sor 100 rotates about the z-axis may include the cantilevers
20B, 20D that are bent in a direction perpendicular to the z-
axis. In this case, the wavelength spectra A,, A, correspond-
ing to the cantilevers 20B, 20D are changed. The grating
intervals A,, A, are reduced due to bending deformation
of the cantilevers 20B, 20D, and wavelength change signals
are the same. Although the cantilevers 20A, 20E may be
deformed by gravity, the cantilevers 20A, 20E may be less
deformed than the cantilevers 20B, 20D according to an
angular acceleration.

[0197] The measurement device 300 may calculate direc-
tions and/or magnitudes of an angular acceleration and a
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linear acceleration based on a direction and/or a change
amount of a wavelength spectrum for each FBG sensor 10,
included in such a wavelength spectrum set.

[0198] In an embodiment, the measurement device 300
may calculate a change amount for measuring an actual lin-
ear acceleration and/or angular acceleration by subtracting a
change amount due to gravity from a change amount
detected for the cantilever 20 that is bent by gravity. This
is because when directions of a linear acceleration and an
angular acceleration are parallel to a gravity direction, a
detected change amount includes a change amount due to
gravity. In this case, a result of additional deformation due
to gravity is corrected.

[0199] To this end, as shown in FIG. 8, the measurement
device 300 may pre-calculate a change amount of a wave-
length spectrum detected in a situation where only gravity is
applied as a gravity correction value. Also, the measurement
device 300 may pre-store the pre-calculated gravity correc-
tion value.

[0200] When there is no change amount of a wave-
length in a correction result for gravity, it may be
determined that bending deformation does not occur.
After gravity correction is performed by using a change
amount due to gravity, the measurement device 300
may select the cantilever 20 having deformation in
response to a movement of an object. For example,
when four wavelength spectra are changed as shown
at the bottom of FIG. 6B, the cantilevers 20B, 20F
corresponding to the wavelengths spectra X,, As may
be selected as the cantilever 20 having deformation in
response to the movement of the object.

[0201] Also, the measurement device 300 may determine
a cantilever that is formed due to a movement of the object
by detecting a change in a wavelength spectrum of reflected
light included in a wavelength spectrum set received from
the IMU sensor 100, may determine a deformation direction
of the cantilever based on a change sign of the wavelength
spectrum for each FBG sensor 10, and may determine a
direction of a linear acceleration based on the deformation
direction. That is, the measurement device 300 may deter-
mine a direction of a linear acceleration of the object based
on a wavelength spectrum corresponding to the cantilever
20 that is deformed in response to the movement of the
object and is selected.

[0202] The measurement device 300 may determine a
direction of a linear acceleration of an object as shown in
Table 1.

TABLE 1
-X axis -y axis Z axis direction

Normal  +x axis direction direction +y axis direction direction movement

state movement movement movement movement (jump)
Cantilever (20A) -z >4z
Cantilever (20B) +y -y
Cantilever (20C) +x -X
Cantilever (20D} +x -X
Cantilever (20E) -z >4z
Cantilever(20F) +y -y
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[0203] Also, when there are at least two deformed canti-
levers and deformation directions of the at least two
deformed cantilevers include different axis directions, the
measurement device 300 may determine a rotation direction
based on the deformation directions of the at least two
deformed cantilevers. For example, the measurement device
300 may determine a direction of an angular acceleration of
an object as shown in Table 2.

TABLE 2

+Ox +Qy +Qz -Qx -Qy -Qz

Cantilever +z

(20A)

Cantilever +y -y
(20B)

Cantilever X +x

(20C)

Cantilever +x X
(20D)

Cantilever +z

(20E)

Cantilever -y +y
(20F)

[0204] When it is determined that the cantilever 20A is
bent in a +z direction and the cantilever 20F is bent in a -y
direction as shown in Table 2 as an analysis result of a wave-
length spectrum set, the measurement device 300 may deter-
mine that the IMU sensor 100 makes a rotation of +Qx.
Alternatively, in a rotation of -Qx, the measurement device
300 may determine a rotation direction based on that the
cantilever 20A is bent in a -z direction and the cantilever
20F is bent in a +y direction. Signs in Table 2 are merely
examples, and a deformation direction of the cantilever 20
used by the measurement device 300 to determine a rotation
direction (or an angular acceleration direction) is set
depending on whether the FBG sensor 10 is located on a
front surface or a rear surface of the cantilever 20. For exam-
ple, when the FBG sensor 10 is located on the opposite sur-
face in FIGS. § to 11C, signs of Table 2 may be set in
reverse.

[0205] Also, the measurement device 300 may calculate
an angular acceleration based on a calculated linear accel-
eration and rotation direction. The measurement device 300
calculates rotation information of a specific direction by
using strains of a plurality of cantilevers 20 deformed during
rotation of the specific direction.

[0206] For example, the measurement device 300 may
integrate linear accelerations occurring in the cantilevers
20B, 20D corresponding to a rotation of +()z to obtain rota-
tion information of a yaw direction, and may calculate rota-
tion change information of the yaw direction. Linear accel-
erations of the cantilevers 20B, 20D are calculated by strains
of the cantilevers 20B, 20D.

[0207] In addition, the measurement device 300 may inte-
grate linear accelerations occurring in the cantilevers 20A,
20E corresponding to a rotation of +Qx to obtain rotation
information of a pitch direction, and may calculate rotation
change information of the pitch direction. Also, this is the
same in obtaining rotation information of a roll.

[0208] In addition, the inertial measurement system 1 may
be further configured to perform a temperature correction
operation of removing the influence of a temperature. To
this end, the IMU sensor 100 includes a temperature sensor
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for temperature correction. In an embodiment, the tempera-
ture sensor may be the FBG sensor 10. As the temperature
sensor, the FBG sensor 10 includes a temperature correction
grating node. In specific embodiments, at least one of six
FBG sensors 10 of FIG. 6 may further include the tempera-
ture correction grating node. In this case, the FBG sensor 10
includes the grating node 16 for deformation of the cantile-
ver 20 and the temperature correction grating node.

[0209] When a Bragg wavelength is totally differentiated
under a Bragg condition, and then an equation of a tempera-
ture, a strain, a grating interval, and an effective refractive
index is applied, it is summarized as shown in Equation 2.

Ahg =g [ (ctg + & JAT +(1-P, ) | [Equation 2]

[0210] Here, ordenotes a thermal expansion coefficient of
an optical fiber, and & denotes a thermos-optic coefficient
representing a change in a refractive index of the optical
fiber due to a temperature. Pe is a photoelastic constant
and generally has a value of 0.22.

[0211] A change in a wavelength A5 of reflected light out-
put from the light inlet 14 of the FBG sensor 10 depends on
a strain and/or a temperature of the optical fiber of the FBG
sensor 10. Accordingly, in order to calculate an accurate
strain, a change in a wavelength A due to a temperature
should be corrected.

[0212] FIG. 12 is a perspective view illustrating the IMU
sensor 100 including a temperature correction grating node,
according to an embodiment of the present application.
[0213] Referring to FIG. 12, at least one of a plurality of
FBG sensors 10 included in the IMU sensor 100 may
include a temperature correction grating node 16T. The tem-
perature correction grating node 16T is used to detect a
wavelength change amount according to a temperature.
[0214] The at least one FBG sensor 10 including the tem-
perature correction grating node 16T is located so that the
grating interval A is not changed by a movement of an
object.

[0215] In an embodiment, the temperature correction grat-
ing node 16T may be located in an optical fiber portion
extending from a portion where the cantilever 20 and the
core body 30 are coupled to each other, inside the core
body 30. A position where the temperature correction grat-
ing node 16T is provided is a position where an interval
change between gratings due to a temperature change is
greater than an interval change between gratings due to
deformation of a cantilever caused by a movement of an
object to which the IMU sensor is attached. In the optical
fiber portion where the temperature correction grating node
16T is located, expansion/contraction due to bending defor-
mation of the cantilever 20 relatively hardly occurs, or only
expansion/contraction due to a temperature occurs. In this
case, in a change in a wavelength spectrum of reflected
light which is measured, a change in a wavelength spectrum
of reflected light caused by an interval change between grat-
ings due to deformation of a cantilever is relatively ignored.
The change in the wavelength spectrum of reflected light
which is measured may be considered almost identical to a
change in a wavelength spectrum of reflected light caused
by an interval change between gratings due to a temperature
change.

[0216] In another embodiment, the temperature correction
grating node 167 is attached to an arbitrary point outside the
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core body 30. The arbitrary point is a point that is not
affected by bending deformation of the cantilever 20. The
temperature correction grating node 16T attached to the
point outside the core body 30 may be used to detect a tem-
perature without being affected by a strain.

[0217] The measurement device 300 may receive a wave-
length spectrum corresponding to the temperature correction
grating node 16T. The measurement device 300 connected
to the IMU sensor 100 of FIG. 2 may receive a wavelength
spectrum set including six wavelength spectra and a wave-
length spectrum corresponding to the temperature correction
grating node 16T. The measurement device 300 may calcu-
late a temperature correction value by using a change
amount of the wavelength spectrum corresponding to the
temperature correction grating node 16T. The measurement
device 300 may apply the temperature correction value to a
change amount of a wavelength spectrum corresponding to
the cantilever 20, may remove a change amount due to a
temperature included in the change amount of the wave-
length spectrum corresponding to the cantilever 20, and
may detect only a change amount due to a strain. The mea-
surement device 300 may more accurately measure informa-
tion about a linear acceleration and/or an angular accelera-
tion based on the change amount due to the strain, without
the change amount due to the temperature.

[0218] In addition, a sensitivity of the IMU sensor 100
may be improved according to a planar design of the canti-
lever 20. The IMU sensor 100 with a higher sensitivity has a
larger change in the grating interval A than the IMU sensor
100 with a lower sensitivity, despite the same deformation
of the cantilever 20.

[0219] In specific embodiments, in the IMU sensor 100, at
least one cantilever 20 may have a surface shape of the can-
tilever 20 with a higher sensitivity.

[0220] FIG. 13 is a perspective view illustrating a cantile-
ver of a slim plane, according to an embodiment of the pre-
sent application.

[0221] Referring to FIG. 13, at least one of a plurality of
cantilevers (e.g., six cantilevers) of the IMU sensor 100 may
include the cantilever 20 formed in a planar shape of a slim
structure. The slim structure refers to a structure in which a
portion of the cantilever 20 has a smaller width than another
portion. The smaller width portion is referred to as a slim
area.

[0222] When the grating node 16 for detecting deforma-
tion of the cantilever 20 of the FBG sensor 10 is located in
the slim area, even when the same load is applied, a higher
strain may be induced, compared to a case where the grating
node 16 is located in the cantilever 20 of a non-slim plane.
The non-slim plane is a plane not including a slim area, and
includes a plane in which a width from a side surface to the
other side surface of the cantilever 20 is kept constant. As a
higher strain is obtained, a sensitivity of the IMU sensor 100
increases.

[0223] In an embodiment, the cantilever 20 may be con-
figured so that a width of one side surface where the canti-
lever 20 is not coupled to the core body 30 is less than a
width of the other side surface where the cantilever 20 is
coupled to the core body 30. In some embodiments, as
shown in FIG. 4, the cantilever 20 may be formed at a spe-
cific angle from the other side to one point between the one
side and the other side, and may have a parallel plane from
the one point to the one side.
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[0224] Even when the same load is applied and the canti-
lever 20 is bent in the same deformed state, a change in the
grating interval A of the slim cantilever 20 is larger, result-
ing in a higher strain with a slim structure. As a result, the
IMU sensor 100 having the slim cantilever 20 has a higher
sensitivity than the IMU sensor 100 not including the slim
cantilever 20. A slim structure of the slim cantilever 20 may
have any of various structures such as a quadrangular struc-
ture, a trapezoidal structure, a circular structure, or a taper
structure. Also, a sensitivity of the FBG sensor 10 may be
adjusted by changing a parameter of the structure.

[0225] FIGS. 14A and 14B are views for describing sen-
sitivities of a plane cantilever and a slim cantilever, accord-
ing to an embodiment of the present application.

[0226] When the plane cantilever 20 and the slim cantile-
ver 20 of FIG. 14A have the same degree of deformation
with the same force, an interval change of the grating node
16 is illustrated in FIG. 14B. In FIG. 14A, the grating node
16 is located in a slim area.

[0227] As shown in FIG. 14B, a larger interval change
occurs in the slim cantilever 20. Accordingly, an IMU sen-
sor having a higher sensitivity may be manufactured by
using the slim cantilever 20.

[0228] The slim area of the slim cantilever 20 may have
any of various planar shapes.

[0229] FIGS. 15A to 15D are plan views illustrating a slim
area of a slim cantilever, according to various embodiments
of the present application.

[0230] As shown in FIG. 15A, a slim area may have a
groove width W from an outer side surface and a groove
length L.0. The slim area may have a rectangular shape or
a square shape.

[0231] As shown in FIG. 15B, in a slim area, a first width
length W0 and a second width length W1 may be different
from each other. The slim area may have a trapezoidal
shape.

[0232] As shown in FIG. 15C, a slim area may have a
semicircular shape with a radius Ry.

[0233] As shown in FIG. 15D, in a slim area, a length LO
of an outer groove and a length L1 of an inner groove may
be different from each other. The slim area may have a tra-
pezoidal shape.

[0234] FIG. 16 is a view illustrating designs of a plurality
of through-holes according to an area and a cross-sectional
shape of a through-hole, according to various embodiments
of the present application.

[0235] Referring to FIG. 16, the cantilever 20 may have a
layer structure not including a through-hole. Alternatively,
the cantilever 20 may have a through-hole of any of various
shapes such as a quadrangular shape, a trapezoidal shape, or
a fan shape according to a size and/or a shape of the canti-
lever 20. The through-hole may extend in an extending axis
direction of the cantilever 20 and/or a direction perpendicu-
lar to the extending axis. Cross-sections of two through-
holes formed with the grating node 16 therebetween may
be symmetrical to each other.

[0236] FIGS. 17A to 17D are views illustrating designs of
through-holes, according to various embodiments of the
present application.

[0237] As shown in FIG. 17A, a width W1 of one side
surface of a through-hole and a width WO of the other side
surface may be different from each other. Also, lengths L of
two through-holes formed with the grating node 16 there-
between may be the same.
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[0238] As shown in FIG. 17B, a length of an inner side
surface of a through-hole may be less than a length of an
outer side surface.

[0239] As shown in FIG. 17C, an interval Wy between
one side surfaces and an interval Wy, between the other
side surfaces of two through-holes formed with the grating
node 16 therebetween may be different from each other.
[0240] As shown in FIG. 17D, one inner side surface of a
through-hole may have a curved shape with a radius R,.
[0241] FIG. 18 is a diagram illustrating a relationship
between a strain and a displacement of a grating interval
according to a design of a through-hole of FIG. 16.

[0242] FIG. 18 illustrates a result of applying the same
external force to the cantilevers 20 having various
through-hole designs of FIG. 16.

[0243] Referring to FIG. 18, when the cantilever 20 has a
through-hole extending in an extending axis direction of the
cantilever 20 and extending in a direction perpendicular to
the extending axis, a largest stress (V.M. S, von Mises stress)
and a largest displacement of the grating interval A are
caused, and thus, best performance is provided.

[0244] In addition, the inertial measurement system 1 is
further configured to correct residual vibration.

[0245] After a single external force is applied to the canti-
lever 20 and is deformed, the cantilever 20 is continuously
deformed even though an external force is no longer
applied. Typically, such a phenomenon is referred to as resi-
dual vibration. An amplitude and a damping ratio of the
residual vibration depends on a magnitude of an external
force (or a magnitude of an acceleration of an object) or a
mass and a stiffness of the cantilever.

[0246] When software of the measurement device 300
applies a cut-off for each residual vibration according to a
magnitude of an acceleration of the object, in a situation
where a movement of the object is dynamic, the IMU sensor
100 may not accurately detect the movement of the object.
[0247] The inertial measurement system 21 may reduce
residual vibration in a structure aspect of the IMU sensor
100.

[0248] FIG. 19 is a cross-sectional view illustrating a can-
tilever having an EVE sandwich structure for reducing resi-
dual vibration, according to an embodiment of the present
application.

[0249] Referring to FIG. 19, the IMU sensor 100 may
include at least one cantilever 20 having an EVE sandwich
structure. The EVE sandwich structure includes a first elas-
tic layer 21, a viscoelastic layer 23, and a second elastic
layer 25. The FBG sensor 10 is located on the second elastic
layer 25.

[0250] The viscoelastic layer is formed of a viscoelastic
material having viscosity and elasticity. The viscoelastic
material may include, for example, various viscoelastic
materials and/or hyper-elastic polymer materials, a Tango
material, a rubber material, thermoplastic polyurethane
(TPU), or polydimethylsiloxane (PDMS).

[0251] As such, when an EVE sandwich structure in
which a flexible polymer layer and a viscoelastic material
(e.g., a Tango material) are combined is provided, damping
may be improved and residual vibration may be reduced in a
structural aspect. This is because when a Tango material is
stacked, an equivalent stiffness of the cantilever decreases.
As a result, it may contribute to increasing a sensitivity of
the sensor. Also, the inertial measurement system 1 may
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reduce residual vibration due to the measurement device
300.

[0252] In an embodiment, the measurement device 300
may remove residual vibration through an input shaping fil-
ter. The input shaping filter that is a filter based on an
impulse response may minimize or remove residual vibra-
tion due to a change in a reference command. When infor-
mation about a vibration mode of a vibrometer is known in
the measurement system 1, a collection of impulses for
minimizing vibration according to the mode is set as an
input shaper. The vibration mode of the vibrometer is deter-
mined by a material, a shape, etc. of the cantilever 20. The
measurement device 300 may receive a vibration mode of a
vibrometer based on a material, a shape, etc. of the cantile-
ver 20, and may pre-set an input shaper corresponding to the
vibration mode.

[0253] The input shaper may include two impulses having
a time difference. The measurement device 300 may receive
a wavelength spectrum set from the IMU sensor 100, and
may remove a wavelength change due to residual vibration
by applying the input shaper to the received wavelength
spectrum set.

[0254] In another embodiment, the IMU sensor 100 may
include at least three cantilevers 20. The IMU sensor 100
may include the three cantilevers 20 respectively having
axes parallel to the x-axis, the y-axis, and the z-axis as
extending axes. In this case, the inertial measurement sys-
tem 1 may measure a linear acceleration and/or may perform
a correction operation. The linear acceleration measurement
and/or the correction operation has already been described,
and thus, a detailed description thereof will be omitted.
[0255] As such, the measurement device 300 may mea-
sure a more accurate acceleration of an object, by perform-
ing an operation of correcting an error due to gravity, tem-
perature, and/or residual vibration.

[0256] It will be apparent to one of ordinary skill in the art
that the inertial measurement system 1 may include other
elements not described herein. For example, the inertial
measurement system 1 that is a diagnostic support system
may include other hardware elements necessary for the
operation described herein, including a network interface,
an input device for data entry, and an output device for dis-
play, printing, or other data display. Alternatively, the sys-
tem 1 may further include a connector that connects an opti-
cal fiber of the IMU sensor 100 to the light source 200, and/
or a distributor (not shown) for distributing reflected light of
the optical fiber of the IMU sensor 100 to the measurement
device 300.

[0257] While the present application has been particularly
shown and described with reference to embodiments
thereof, they are provided for the purposes of illustration
and it will be understood by one of ordinary skill in the art
that various modifications and equivalent other embodi-
ments may be made from the present application. It should
be understood that such modifications are included in the
technical scope of the present application. Accordingly, the
true technical scope of the present application is defined
only by the accompanying claims.

INDUSTRIAL APPLICABILITY

[0258] An inertial measurement unit (IMU) sensor
according to embodiments of the present application is
free from disturbance, and has low cost and high perfor-
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mance, without using an angular velocity sensor that has a
lot of errors in linear acceleration/angular acceleration mea-
surements. Accordingly, the IMU sensor has high industrial
applicability in motion capture, autonomous electric vehicle
market, and drone.

1. An inertial measurement unit (IMU) sensor for measur-
ing inertia of an object, the IMU sensor comprising:

aplurality of cantilevers each having a surface comprising a

first axis and a second axis and configured to be
deformable;

a core body coupled to the plurality of cantilevers; and

aplurality of strain sensors respectively located on the plur-

ality of cantilevers and each configured to detect a bend-
ing strain of a corresponding cantilever,

wherein at least one from among the plurality of cantilevers

is coupled so thata direction of the first axis of the surface
of the at least one cantilever faces an x-axis with respect
to the core body, at least one other cantilever from among
the plurality of cantilevers is coupled so that a direction
of the first axis of the surface of the at least one other
cantilever faces a y-axis, and at least one other cantilever
from among the plurality of cantilevers is coupled so that
a direction of the first axis of the surface faces a z-axis,
wherein a linear acceleration or an angular acceleration for
the object is measured based on a strain measurement
result obtained from the plurality of strain sensors.
2. The IMU sensor according to claim 1, wherein the plur-
ality of cantilevers comprise six cantilevers,
wherein each of the six cantilevers comprises astrain sensor
aligned in a direction of the first axis on the surface,

wherein two cantilevers from among the six cantilevers are
coupled so that an axis parallel to the x-axis is a normal
direction of the surface of each of the two cantilevers,
other two cantilevers are coupled so that an axis parallel
to the y-axis is anormal direction of the surface of each of
the other two cantilevers, and remaining two cantilevers
are coupled so that an axis parallel the z-axis is a normal
direction of the surface of each of the remaining two
cantilevers.

3. The IMU sensor according to claim 2, wherein the six
strain sensors form three strain sensor pairs for measuring a
linear acceleration of each of three axes or three strain sensor
pairs for measuring an angular acceleration having a rotation
axis of each of the three axes,

wherein each of the six strain sensors is shared by a strain

sensor pair for measuring a linear acceleration of any one
of the three axes and a strain sensor pair for an angular
acceleration having one same axis as a rotation axis.

4. The IMU sensor according to claim 2, wherein, when an
external force having a linear acceleration component or an
angular acceleration component is applied to the object, at
least two cantilever pairs from among the six cantilevers are
deformed in response to the external force,

wherein, in the pair of cantilevers, extending axes of one

cantilever and the other cantilever are not parallel to
each other.

5. The IMU sensor according to claim 4, wherein a cantile-
ver pair deformed when a linear acceleration is applied to the
object is coupled to the core body to have a surface direction
facing a direction of the linear acceleration.

6. The IMU sensor according to claim 4, wherein a cantile-
ver pair deformed when an angular acceleration is applied to
the object is bent in a direction of the angular acceleration.
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7. The IMU sensor according to claim 3, wherein, in the
strain sensor pair for measuring the linear acceleration of
any one of the three axes, one strain sensor is used to measure
an angular acceleration having another axis of the three axes
as arotation axis, and the other strain sensor is used to measure
an angular acceleration having a remaining axis of the three
axes as a rotation axis.

8. The IMU sensor according to claim 1, wherein the core
body has one surface with a larger area than other surfaces,

wherein at least one groove s formed in the one surface, and

atleast one of the plurality of cantilevers is coupled to the
core body to be located in the at least one groove.

9. The IMU sensor according to claim 1, wherein the plur-
ality of cantilevers comprise six or more cantilevers,

wherein the core body has six surfaces having directions

parallel to three axes as normal directions, and side sur-
faces of the six cantilevers are respectively fixed to the
six surfaces of the core body.

10. (canceled)

11. The IMU sensor according to claim 1, wherein at least
one of the plurality of cantilevers comprises a groove formed
in one surface,

wherein at least one of the plurality of strain sensors is

located in the groove,

wherein the IMU sensor further comprises a polymer layer

formed on the at least one strain sensor located in the
groove of the at least one cantilever.

12. The IMU sensor according to claim 1, further compris-
ing a mass body fixed to a side surface opposite to one fixed
side surface of the cantilever; and

a plurality of through-holes formed between a portion

where the mass body is projected onto a surface of the
cantilever and a portion where the cantilever is coupled
and fixed to the core body,

wherein a sensing portion of the strain sensor located on the

surface of the cantilever is located between the plurality
of through-holes.

13. (canceled)

14. (canceled)

15. The IMU sensor according to claim 1, wherein the can-
tilever has a planar structure in which a portion located
between one side and the other side of the cantilever has a
smaller width than one side portion and the other side portion.

16. The IMU sensor according to claim 1, further compris-
ing a temperature sensor located in the core body and config-
ured to correct a change due to a temperature in a spectrum
change of at least one of the six strain sensors.

17. The IMU sensor according to claim 16, wherein the
temperature sensor is implemented as a fiber Bragg grating
(FBG) sensor,

wherein the FBG sensor of the temperature sensor is

located in the core body in which a change in a wave-
length spectrum of reflected light caused by an interval
change between gratings due to a temperature change is
greater than a change in a wavelength spectrum of
reflected light caused by an interval change between grat-
ings due to a deformation of a cantilever due to a move-
ment of the object to which the IMU sensor is attached.

18. The IMU sensor according to claim 1, wherein at least
one of the plurality of cantilevers comprises: a first elastic
layer; a viscoelastic layer; and a second elastic layer,

wherein the strain sensor is located on the second elastic

layer.

19. (canceled)
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20. The IMU sensor according to claim 17, wherein an FBG
sensor that is an optical fiber-based strain sensor is used as the
strain sensor, and the FBG sensor is a sensor in which gratings
with different refractive indices are formed at a center of an
optical fiber with at least one of a regular interval, an irregular
interval, or a combination thereof; and a sensor that reflects
only light ofa specific wavelength according to the interval of
the gratings; and the FBG sensor is configured to measure a
strain when a grating interval and a wavelength change due to
achange in a length and a temperature.

21. An inertial measurement system comprising:

the IMU sensor according to claim 17;

alight source configured to emit light to a plurality of FBG

sensors; and

a measurement device configured to receive a wavelength

spectrum set from the plurality of FBG sensors, wherein
the wavelength spectrum set comprises a wavelength
spectrum of reflected light output from each of the plur-
ality of FBG sensors,

wherein the measurement device is configured to detect a

change in a wavelength spectrum of reflected light
caused by an interval change between gratings due to
deformation of a cantilever caused by a movement of
an object to which the IMU sensor is attached to calculate
a strain corresponding to the movement of the object.

22. The inertial measurement system according to claim 21,
wherein the measurement device is configured to
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determine the cantilever deformed by the movement of the
object by detecting the change in the wavelength spec-
trum of reflected light,

determine a deformation direction of the cantilever based

on a wavelength spectrum change sign corresponding to
the deformed cantilever, and

measure a linear acceleration of the object based on the

deformation direction and the strain.

23. The inertial measurement system according toclaim 22,
wherein, when there are at least two deformed cantilevers and
deformation directions of the at least two deformed cantile-
vers comprise different axis directions, the measurement
device is further configured to determine a rotation direction
based on the deformation directions of the at least two
deformed cantilevers, and additionally measure an angular
acceleration of the object further based on the determined
rotation direction and the linear acceleration.

24. The inertial measurement systemaccording toclaim 21,
wherein the measurement device is configured to store infor-
mation about a cantilever corresponding to each wavelength
spectrum in the wavelength spectrum set,

wherein the information about the cantilever comprises at

least one of identification information of the cantilever, a
bending axis of the cantilever, and a deformation direc-
tion of a surface of the cantilever.

25-27. (canceled)
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