
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 70, NO. 6, JUNE 2023 6377

Investigation of FBG Linear/Angular Acceleration
Sensor for Novel Type Inertial Measurement
Byung Kook Kim, Minsu Jang , Jun Sik Kim, Kyumin Kang, Dae-Eun Kim , and Jinseok Kim

Abstract—A novel inertial measurement unit (IMU) was
proposed to measure the three-axis linear/angular acceler-
ation of a body using six fiber Bragg grating (FBG) optical
fiber acceleration sensors sharing the same rotational cen-
ter. The six acceleration sensors were shown to accurately
distinguish between movements in different directions us-
ing a vibration generator and rotary motor/encoder device.
The results also indicated that the measurement range of
the FBG linear acceleration sensor was ±14 g, its average
sensitivity was approximately 229.4 pm/g, and its nonlinear-
ity was under 0.05%. Furthermore, the average sensitivity
and nonlinearity of the FBG angular acceleration sensor
were 21°/s2/pm and 0.23%, respectively. When measuring
linear and angular acceleration, the cross-axis sensitivity of
the IMU was within 2.0%. The measurement accuracy of the
roll and pitch angle during 360° rotation as well as that of
the yaw angle during 720° rotation were both in the range of
0.54%–1.31%. Most of results indicated that the FBG-based
IMU sensor was within the performance specifications of
an equivalent conventional IMU sensor. Thus, the concept
underlying the proposed sensor can be confidently used
as a basis to develop a high-precision IMU sensor that is
unaffected by electromagnetic interference.

Index Terms—Electromagnetic interference, fiber Bragg
grating (FBG) sensor, gyroscope-free, inertial measure-
ment unit (IMU).
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I. INTRODUCTION

THE inertial measurement unit (IMU) sensor is a combi-
nation of a three-axis acceleration sensor and an angular

velocity sensor. It can be used to indirectly measure the changes
in absolute position and rotation angle in three-dimensional
(3-D) space by integration of acceleration and angular veloc-
ity, respectively [1], [2]. It has been applied to measure the
position and rotation angle of target objects in various fields
including automotive, drone, aerospace, and motion capture
applications [3]. However, conventional IMU sensors manufac-
tured by microelectromechanical systems (MEMS) technology
are based on capacitor change detection, which can distort the
measured value owing to environmental noise generated by
external electromagnetic interference (EMI) and accelerate the
drift phenomenon, defined as an accumulated integration error
over time [4], [5]. This deterioration of measurement accuracy
owing to the drift phenomena induced by EMI severely limits the
growth of satellite location tracking systems, future autonomous
electric vehicle industries in which large amounts of wireless
communication equipment will be installed, and motion capture
technology applied indoors [6], [7], [8].

The drift phenomenon is inevitable as long as the measure-
ment obtained by the IMU sensor even has a small error [9]. The
causes of the drift phenomenon include numerous factors such
as measurement noise, bias, integration method, and accuracy
of the angular velocity sensors. To reduce the impact of drift,
research has been actively conducted on sensor manufactur-
ing processes and signal processing algorithms [10]. However,
previous studies have focused only on reducing the effects of
drift phenomena. To fundamentally solve the problem of drift,
it is necessary to develop an IMU sensor that departs from the
hardware structure of existing MEMS-based IMU sensors to
realize a completely new structure and measurement method.

Conventional MEMS-based IMU sensors detect and measure
changes in static capacitance according to changes in accelera-
tion or angular velocity [11], [12]. This approach is inevitably in-
fluenced by external EMI, adversely affecting the noise property
(such as random walk), which is one of the main characteristics
of IMU sensors [13]. Though EMI exerts a relatively small influ-
ence on the acceleration sensor, when an integration process is
performed over time, even very small errors can be accumulated
that will eventually have a serious effect on the measured value.
Capacitive-type accelerometers and gyroscope sensors will only
badly affect random walk, but EMI of conventional IMU sensors
fusing with magnetic compasses may cause angular errors of up
to 90° or more within a few tens of seconds [14].
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Apart from the aforementioned measurement noise caused
by EMI, MEMS-based IMU sensors are known to exhibit large
errors owing to the use of relatively inaccurate gyroscope sensors
[15]. A gyroscope sensor simply measures the physical quantity
of angular speed without a reference value, potentially intro-
ducing greater errors in roll, pitch angle measurements than an
acceleration sensor, which measures gravitational acceleration
as its reference value to determine the change in the roll and
pitch angles (orientation) of an object [16]. For this reason, some
researchers expect that IMU sensors without gyroscopes will be
increasingly used in future industries [17]. Furthermore, some
researchers have argued that in certain high angular accelera-
tion environments, estimations based on angular acceleration
data obtained from only acceleration sensors is more advan-
tageous than measurements collected by conventional MEMS
gyroscopes [18]. Although technology to increase the accuracy
of IMU sensors through high-precision fiber optic gyroscope
sensors using the Sagnac effect has been commercialized to
realize more accurate angular tracking of objects, its application
in cost-effective industry is limited owing to its extremely high
cost and the limited prospect for the small size device [19].

Therefore, a novel three-axis IMU sensor composed of six
fiber Bragg grating (FBG) optical linear/angular acceleration
sensors unaffected by EMI and gyroscope-free sensor was eval-
uated in this study. The experimental and analytical results
obtained for the proposed FBG-based system were accordingly
examined to determine the possibility of its use as an IMU sensor.

II. SENSOR DESIGN AND FABRICATION

A. Sensor Concept Design

Fig. 1 shows the conceptual design of the proposed FBG
linear/angular acceleration sensor. Two cantilever-type FBG
acceleration sensors are placed in each axial direction. These
sensors are deformed when an external acceleration is applied
to the mass, and the magnitude of the acceleration is deter-
mined by measuring the strain of the cantilever beam using
the FBG sensor. The accelerations measured using this method
can be divided into two types: linear acceleration and angular
acceleration. A single direction of linear movement (x, y, and
z) or angular movement (roll, pitch, and yaw) will always de-
form only the two cantilevers corresponding to that movement.
Therefore, in the case of a single direction acceleration, the
amount of acceleration can be determined using the average
value of the data obtained for two cantilever beams. Even if
multiple complex movements occur simultaneously, at least
one cantilever will consistently serve as an independent sensor,
allowing the direction of movement to be distinguished. Once
the direction of movement is determined by the concept of the
FBG linear/angular acceleration sensor, as shown in Fig. 1, the
magnitude of the movement can be determined by following the
conventional method, in which the linear/angular acceleration
values obtained from the deformed cantilever are filtered and
twice integrated to estimate changes in the position and rotation
angle of the object.

Roll and pitch angle measurements can of course be estimated
directly using the angular acceleration, but it is more effective

Fig. 1. Structural concept of the proposed FBG linear/angular accel-
eration sensor and its three-axis sensing mechanism.

to measure them against gravitational acceleration [20]. The
FBG acceleration sensor is able to measure gravity, and when
rotation occurs in the roll and pitch directions, the measurement
value of gravity changes. Therefore, the change in roll and pitch
angles can also be measured by an acceleration sensor that
measures gravity. Using this linear/angular acceleration mea-
surement mechanism, inertial measurements can be performed.

B. Analytical Model

A simple 3-D mass–cantilever model was employed to con-
duct an analytical investigation of the proposed sensor. A mass–
cantilever system refers to a system that is fixed on one end
and has a free end with an attached mass on the other end. To
establish a more accurate analytical model, a system in which
FBG fiber optic sensors are embedded inside the cantilever beam
was considered. The wavelength change of the FBG optical fiber
sensor can be defined by the following expression [21]:

ΔλB

λB
= (1− pe) εa + (α+ ξ)ΔT (1)

where ΔλB is the wavelength change of the FBG sensor and
λB is the center wavelength of the FBG sensors used for
experiments. Equation (1) shows that the wavelength change
of the FBG sensor is affected by the axial strain (εa) and
temperature change (ΔT ), and the factors affecting the slope
of the wavelength change rate are the photoelastic constant (pe)
and the summation of the thermal expansion coefficient (α) and
thermo-optic coefficient (ξ).

All experiments evaluating linear/angular acceleration were
conducted under constant room temperature conditions, and
the sensors were protected from being directly exposed to the
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outside by a cap; therefore, the wavelength change rate owing to
temperature change was not considered in this study. For more
information on the temperature effects, it is described in detail in
Fig. S1 in the Supplementary material. The relationship between
the axial strain and vertical deflection when the acceleration is
applied to the cantilever beam can therefore be expressed as
follows:

εa =
tM (x)

2EI2
, (2)

M (x) =
3

L3
(L− x)EI2y, (3)

εa =
3t

2L3
(L− d) y (4)

where M(x) is the moment at a specific point located a fixed
distance along the cantilever, t is the thickness of the cantilever,
E and I2 are the elastic modulus of the cantilever material and
cross-sectional secondary moment, respectively, L is the length
of the cantilever, d is the distance from the fixed end of the
cantilever to the FBG node, and y is the vertical deflection of
the mass owing to the deformation of the cantilever.

Through the relational expressions developed thus far, the
wavelength change measured by the FBG sensor according to
the vertical deflection at the free end of the cantilever beam can
be expressed as follows:

ΔλB =
3λB (1− pe) (t) (L− d)

2L3
η1η2y. (5)

Equation (5) was obtained from the combination of (1) and (4),
with the addition of the terms η1 and η2, where η1 is the ratio of
the actual strain in the FBG sensor embedded in the cantilever
to the measured strain, calculated based on related literature
[22], and η2 represents the strain reduction ratio according to the
distance from the FBG sensor to the neutral axis of the cantilever
cross section. If the FBG sensor is integrally embedded with the
cantilever beam, it will experience a reduction in strain according
to the offset distance from the neutral axis of the cross section—
η2 defines this reduction as a coefficient.

To develop the FBG wavelength change in relation to the
applied acceleration rather than the vertical deflection owing to
the deformation of the cantilever beam, the relationship between
the force acting on a specific point along the cantilever beam
and the vertical deflection of the cantilever beam is employed as
follows:

P = ma =
6EI2

l2a (3L− la)
y (6)

where lais distance from the fixed end to the point where the
force P applied. The linear acceleration applied to the cantilever
can be expressed according to its relationship with the vertical
deflection of the cantilever using (6). And by combining (5) and
(6), the wavelength change according to the acceleration can be
obtained as follows:

a =
6EI2

ml2a (3L− la)

2L3

3λB (1− pe) (t) (L− d) η1η2
ΔλB . (7)

When the cantilever which has the mass rotates around a
particular point, inertia causes tangential acceleration from the

Fig. 2. (a) Assembly diagrams of six FBG acceleration sensors
and functions of each assembly process. (b) Manufactured FBG lin-
ear/angular acceleration sensors and protected version.

center of mass. Thus, the cantilever will be deformed by the gen-
erated tangential acceleration, and wavelength changes by the
angular acceleration will occur. Finally, governing expressions
related to this phenomenon are developed through the following
equation:

a = rω̇, (8)

ω̇ =
6EI2

mrl2a (3L− la)

2L3

3λB (1− pe) (t) (L− d) η1η2
ΔλB .

(9)

Here, ω̇ is the angular acceleration generated at the center of
rotation and r is the distance from the center of rotation to the
center of mass. Note the difference between L and la and r. L
is the length of the cantilever and la is the distance from the end
tip of the cantilever to the center of the mass. In this study, it has
a relationship of L = la + 2.5 mm and r = L + 2.32 mm.

C. Fabrication Procedure

The manufacturing procedure shown in Fig. 2 was employed
to produce the proposed FBG-based linear/angular acceleration
sensor. As shown in Fig. 2(a), cantilevers were manufactured
from a 3-D model using a 3-D printer with a maximum reso-
lution of approximately 16 μm. VeroWhitePlus (RGD835) and
SUP705 were used as a build material and support material, re-
spectively, for the 3-D printer based on PolyJet technology. The
manufactured cantilevers were output from the single material
and the high-quality mode.

Each manufactured cantilever was engraved with a square
groove into which an FBG sensor would be inserted. The sen-
sor was attached to the cantilever by compressing both sides
of the cantilever together with a glass slide, then filling the
remaining space between the groove and FBG sensor with a
liquid epoxy and cured using ultraviolet light. This method
realized the integration of the FBG sensor and cantilever into
an FBG acceleration sensor, and a mass–cantilever-type FBG
acceleration sensor was then manufactured by adding a 5.0 ×
5.0 × 5.0 mm3 tungsten mass (99% purity) to the free end of
the cantilever. When the number of the cantilever is assigned
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as shown in Fig. 2(a), the weights of the mass attached to each
cantilever were measured to be 1 : 1.465, 2 : 1.500, 3 : 1.510,
4 : 1.508, 5 : 1.480, and 6 : 1.479 g using micro balance. As
each manufactured FBG acceleration sensor can detect changes
in acceleration in a single-axis direction, six sensors were em-
ployed to measure three-axis linear/angular acceleration. The
final assembled sensor is shown with and without its protective
cap in Fig. 2(b). The maximum length, width, and height of the
manufactured FBG linear/angular acceleration sensor were the
same at ∼51.71 mm. The cap of the manufactured sensor was
fabricated using a 3-D printer with hexagonal sockets engraved
in the six directions identical to the axial directions of the six
cantilever beams, and linear/angular acceleration experiments
were conducted using the sockets to affix the testing equipment.
All experiments were conducted at room temperature (21°C)
and relative humidity (30%).

III. EXPERIMENTS AND RESULTS

A. Experimental Setup

The sensor module, interrogator, and signal processing
algorithms were prepared for the experiments. The central
wavelengths of the six FBG sensors used in the proposed
linear/angular acceleration sensor were all within the C-band
(1530–1565 nm) range. The single-mode optical fibers for the six
FBG sensors had central wavelengths of 1532, 1535.8, 1539.6,
1543.4, 1547.2, and 1551 nm with a total diameter of ∼250 μm
and a node length of 3 mm. The commercial four-channel
interrogator was used to measure the wavelength change of
the FBG sensors. The measurement range of the commercial
interrogators was approximately 40 nm (1528–1568 nm), with a
sampling frequency of 1.25 kHz and wavelength measurement
stability within ∼5 pm. The data of the linear acceleration and
the angular acceleration experiment were postprocessed through
a relatively high sampling frequency (1.25 kHz) provided by the
software of interrogator, but when measuring roll/pitch angle,
A real-time data processing algorithm was needed. Therefore,
the roll/pitch angle were calculated through C++ program that
processes and analyzes data in real time. C++ based program
obtained the summation of 15 or 20 random data packets
through the interrogator software via UDP communication,
and the actual value used in the experiments were obtained by
dividing the packet value by the number of packets, which leads
the sampling frequency of about 70 Hz and average filtering
effect.

The most basic experiment performed to evaluate the FBG
linear/angular acceleration sensor was the linear acceleration
evaluation. Indeed, because the measurement of angular accel-
eration also relies upon the linear acceleration in the direction
tangential to the rotation, the linear acceleration must be fully
evaluated first. Fig. 3(a) and (b) shows the vibration test config-
uration used to evaluate the cross-axis sensitivity, linearity, and
sensor sensitivity of the linear acceleration measurement ob-
tained using the manufactured FBG linear/angular acceleration
sensor through an acceleration analysis of sinusoidal waveforms
over time. A vibration generator was used to generate vibration

Fig. 3. Linear and angular acceleration sensor tester configuration. (a)
Vibration tester for linear acceleration evaluation. (b) Tilt corrected vibra-
tion acceleration data measured using MEMS IMU sensor. (c) BLDC,
encoder motor for angular acceleration evaluation. (d) Gyroscope data
when rotated 360 degrees each in CW/CCW direction (where, DPS is
degree per seconds.).

displacement in a sinusoidal shape up/down relative to the direc-
tion of gravity. The FBG linear/angular acceleration experiments
were conducted in the three linear measurement directions,
as shown in Fig. 3(a). When an MEMS-based IMU sensor
(automotive grade) was used as a reference, the maximum tilt
effect generated by the vibration generator was about 6.15%;
after minimizing the tilt using 3-D printed jigs and bearings,
the maximum tilt effect was reduced to 2.80%. Because the
MEMS-based IMU sensor had a maximum cross-axis sensitivity
of ±2.00%, it was confirmed that the effect of the vibration
generator tilt itself was a maximum of 0.80% after correction.
This corrected result is shown in Fig. 3(b).

Fig. 3(c) and (d) show the configuration of the test equipment
used to perform the angular acceleration evaluation of the sensor
using a brushless direct current (BLDC) motor. To minimize the
influence of external vibrations and tilting of the device, the
angular acceleration tester was divided into two motor parts:
the base motor and the encoder motor. The base motor used
for rotation was a BLDC motor of the BLVM620 series of up
to 200 W, and the encoder motor was a BL4241E1K motor
with a sensitivity of 1000 channel per rotation through the
hall sensor type encoder. When rotation occurs in the base
motor (BLDC motor), the rotational force is transferred to the
encoder motor through a pulley. Thus, when the encoder motor
rotates according to the rotational force, a change in the rotation
angle is obtained with respect to the time axis. Changes in
the encoder angles over time can be converted into angular
velocity and angular acceleration through differentiation over
the time, and then compared with the angular acceleration values
obtained by the FBG linear/angular acceleration sensors. In this
study, angular velocity and acceleration was evaluated through
360° clockwise (CW) and counterclockwise (CCW) rotations as
shown in Fig. 3(d).
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B. Resonant Frequency Analysis

The resonant frequency of the sensor is a very important
factor that can determine the operating area in vibration mea-
surement. In addition, the resonant frequency, mainly as an
angular acceleration measurement, is a very important charac-
teristic that can be used to remove the vibration component of
the cantilever beam generated during rotation. The determined
resonant frequency is used as a constant parameter for the notch
filter and can remove resonant vibration component generated
from not only angular acceleration but also other movements.
Accordingly, noise generated by the vibration component during
the integration process may also be reduced, and thus, it must be
discussed. An experimental method and an analytical method
were introduced to obtain the resonant frequency of the FBG
linear acceleration/angle acceleration sensor. After generating
free vibration on six cantilevers by applying an impact to the
FBG linear/angular acceleration sensor, the first-order resonant
frequency was calculated to be about 47.7 ± 1.6 Hz by cal-
culating the vibration period. Since the resonant frequency is
dominantly determined by the shape and mass of the cantilevers,
the resonant frequency of the next order was also calculated
through the analytical method after confirming the similarity
(46.4 Hz) of the first-order resonant frequencies between the
experimental and analytical methods. Since only the first-order
resonant frequency is required for the application of the notch
filter used in this study, the resonant frequency obtained through
the analytical method was adopted as a parameter for notch filter,
and the detailed results and data of this process are shown in Fig.
S2 of the Supplementary material.

C. Evaluation As an Acceleration Sensor

The linear acceleration measurement of the FBG lin-
ear/angular acceleration sensor were evaluated as shown in
Fig. 4 by applying vibration displacements in the x-, y-, and
z-axis directions using the linear acceleration test device de-
scribed in Fig. 3(a). Fig. 4(a), (c), and (e) depict the wavelength
changes measured by the FBG linear/angular acceleration sen-
sors according to the changes in acceleration values measured
by the MEMS IMU sensors. When acceleration occurs in the
z-axis direction, the wavelength change of the corresponding
two cantilevers (1543 and 1539 nm) was the largest, and the
largest wavelength change in the x-axis direction was 1535
and 1532 nm, and the y-axis was 1547 and 1551 nm. These
results confirm the accuracy of the initial design concept, which
assumed that when an acceleration acts in a single direction,
only the two cantilevers corresponding to that same direction
will be deformed. The wavelength change measured by the FBG
acceleration sensor according to the applied acceleration change
can be defined as the sensor sensitivity as follows:

Sx, y, z =
ΔλB

Δa
(10)

where Sx, y, z represents the sensor sensitivity according to the
linear acceleration along the x-, y-, or z-axes. Through (10), it can
be seen that the sensor sensitivity is the wavelength change of the

Fig. 4. (a) Wavelength changes induced according to vibration dis-
placement along the z-axis and (b) corresponding wavelength shift with
acceleration change over time. (c) Wavelength induced according to vi-
bration displacement along the x-axis and (d) corresponding wavelength
shift with acceleration change over time. (e) Wavelength induced ac-
cording to vibration displacement along the z-axis and (f) corresponding
wavelength shift with acceleration change over time.

FBG sensor according to the change of applied acceleration. For
example, if the wavelength changes of 200 pm occurs when an
applied acceleration of 1 g (approximately 9.81 m/s) is changed,
this FBG acceleration sensor has a sensitivity of 200 pm/g. The
sensor sensitivity measured in this method is used to replace the
wavelength change obtained through the FBG interrogator to
the acceleration change. Moreover, the reliability of the sensor
can be verified through the linearity of the wavelength change
according to the change in acceleration, and it was calculated
by confirming how linearly the wavelength changed according
to the acceleration changed.

Using (10) and Fig. 4(a), (c), and (e), the sensor sensitivity
for z-axis directions (1543 and 1539 nm cantilevers) was 220.6
and 239.0 pm/g, with linearity of 99.97 and 99.96%. For x-axis
(1535 and 1532 nm), sensitivity was 230.1 and 230.2 pm/g with
linearity of 99.99 and 99.85%. For z-axis (1547 and 1551 nm),
the sensitivity was 260.7 and 222.7 pm/g with the linearity of
99.96 and 98.00%, respectively. Looking at the measured values,
in addition to the two acceleration sensors corresponding to the
primary direction of movement, slight wavelength changes were
generated in the other sensors (nonprimary directions); this is
called cross-axis sensitivity.

The influence of cross-axis sensitivity is clearly illustrated in
Fig. 4(b), (d), and (f). These graphs show that under an applied
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acceleration, significant wavelength changes were generated
over time in the two sensors corresponding to the primary direc-
tion of motion, while the other four sensors exhibited only slight
changes in their wavelengths because they were not governed
by the motion in the primary direction. When vibration was
applied in the z-axis direction, the cross-axis sensitivities of
the sensors corresponding to the x-and y-axes were 3.5% and
4.5%, respectively. For x-axis direction, the cross-axis sensitiv-
ities corresponding to the z- and y-axes were 6.3% and 4.8%,
respectively. For y-axis direction, the cross-axis sensitivities
of the x- and z-axes were 4.3% and 4.8%, respectively. The
overall average cross-axis sensitivity of the FBG linear/angular
acceleration was thus determined to be 4.7%. According to
article [23], the maximum allowable range of cross-axis sensi-
tivity is approximately 5.0%; in the case of MEMS-based IMU
sensors, the cross-axis sensitivity has typically been maintained
at ±2.0%. The FBG linear/angular acceleration sensor there-
fore exhibited relatively high levels of cross-axis sensitivity,
but this could be sufficiently compensated for using signal
processing [24].

The cross-axis sensitivity can be defined as the ratio of the
magnitude of the acceleration sensor signals in the nonprimary
directions to the magnitude of the acceleration sensor signals
in the primary direction. Based on this definition, a generalized
relationship compensating for the cross-axis sensitivity can be
established for the x-axis as follows:

λC_N =λX_N ±ΔSC_Y N
ΔλY

ΔλX+Y+Z
±ΔSC_ZN

ΔλZ

ΔλX+Y+Z
(11)

where λC_N is the wavelength value of the specific node in
primary vibration direction where the cross-axis sensitivity is
being compensated for, λX_N is the measured wavelength value
of a different node in nonprimary vibration direction on the (here,
it is x-axis as a representative) without compensation for cross-
axis sensitivity, ΔSC_Y N and ΔSC_ZN refer to the wavelength
change rate of the sensor owing to the cross-axis sensitivities
corresponding to the nonprimary y- and z-directions of motion,
respectively, ΔλY and ΔλZrefer to the wavelength change cor-
responding to the nonprimary direction, and ΔλX+Y+Z is the
summation of the wavelength change in three axis directions.
The use of the ± symbol in (11) indicates that if the wavelength
shift is positive, it should be reduced by the cross-axis sensitivity,
whereas if the wavelength shift is negative, it should be increased
by the cross-axis sensitivity.

Using the expression given by (11), when the acceleration
is applied along the x-axis, the wavelength shifts in the y- and
z-axis directions can be decreased by the cross-axis sensitivity.
Fig. 5 shows the results of compensating for the cross-axis
sensitivity, indicating that the sensitivity and linearity of the
target acceleration sensor were not significantly affected by
the compensation for cross-axis sensitivity, but the cross-axis
sensitivity itself was significantly reduced from 4.7% to 1.8%.

D. Evaluation As an IMU

A linear acceleration sensor can measure the change in linear
acceleration, but also enables the measurement of gravity. An

Fig. 5. Wavelength shifts over time (a) before and (b) after compen-
sating for cross-axis sensitivity.

Fig. 6. (a) Definition of roll & pitch angle and corresponding cantilever
(blue color). (b) Change in cantilevers during rotation. (c) Analytically
and experimentally determined variation in wavelength shift according
to change in roll and (d) pitch angles.

appropriate arrangement of three or more acceleration sensors
can therefore be used to measure changes in gravitational accel-
eration according to changes in the roll and pitch angles of the
target object. Under slow rotational speeds, it is more efficient
to measure the rotation angle through the change in the value of
gravitational acceleration than to directly obtain a roll and pitch
angle through the change in angular acceleration. The change in
roll and pitch angle can then be obtained using a simple relational
equation. In this study, a Madgwick filter was slightly modified
and used to calculate the accuracy of the roll and pitch angles
measured by the FBG linear/angular acceleration sensor [25].

Fig. 6(a) and (b) define the directions of roll and pitch
considered in this study based on the initial state of the FBG
linear/angular acceleration sensor as well as the three cantilevers
(1535, 1539, and 1547 nm) used to measure the change in
roll and pitch angle. The graphs in Fig. 6(c) and (d) show the
analytically and experimentally determined changes in the strain
and wavelength of the cantilevers according to the changes in the
roll and pitch angles. When the roll and pitch angles were rotated
by 360°, the absolute wavelength changes occurring in the three
cantilevers were converted to relative wavelength changes using
the sensor sensitivity and inserted into the modified Madgwick
filter. This process converted the relative wavelength change
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Fig. 7. Yaw angle measurement performance evaluation. (a) Wave-
length shift data before/after notch filters application. (b) Drift rates gen-
erated during angular acceleration measurement. (c) Angular velocity
obtained through primary integration. (d) Yaw angles obtained through
secondary integration.

values into x-, y-, and z -acceleration values used to calculate
the roll and pitch angles.

An finite elements method (FEM) simulation was conducted
to obtain the relative strain value when the three cantilevers
were rotated 360° in the roll and pitch directions under the same
conditions as the experiment; the simulation results were quite
similar to the experimental results. The analytically obtained
relative strain values could also be calculated as the analytical
values of roll and pitch when given as inputs to the modified
Madgwick filter. This approach indicated that the average roll
and pitch error angles of the FBG linear/angular acceleration
sensor were 3.98 and 4.72°, respectively, throughout a 360°
rotation.

The roll and pitch angles were also tracked using the changes
in gravitational acceleration (linear acceleration) without the
help of angular acceleration measurements; an approach adopted
by several current commercial acceleration sensors [25]. One of
the critical differences between commercial acceleration sensors
and the proposed FBG linear/angular acceleration sensor is that
the latter can directly measure the angular acceleration and
estimate the yaw angle accordingly. To evaluate the ability of the
proposed sensor to obtain the change in the rotational yaw angle
using the measured angular acceleration data, an experiment was
conducted to estimate the change in yaw angle through double
integration.

Fig. 7 shows the results of rotating the FBG linear/angular
acceleration sensor connected to the encoder motor by 360°
in the CW direction and then 360° in the CCW direction for
a total of 720° of rotation; this rotational scheme was ap-
plied five times. Notably, tracking the yaw angle requires a
signal processing algorithm that operates differently from the
roll and pitch angle calculations. Thus, the bias for the entire
raw dataset was first corrected, and the vibration component

TABLE I
PERFORMANCE OF FBG LINEAR/ANGULAR ACCELERATION SENSOR

of the cantilever was removed using a notch filter. The peak
frequency, which is the main parameter of the notch filter, was
set to 46 Hz considering the resonant frequency of 46.366 Hz
obtained through an FEM analysis of the resonant frequency
of the cantilever. The measurement noise component of the
data that passed through the notch filter was removed using the
low-pass filter, and the amplitude lost owing to filtering was
restored. Applying an angular acceleration sensor sensitivity
of ∼20 to 22°/s2/pm, (More information on the sensitivity of
angular acceleration were shown in Fig. S3 of the Supplementary
material), the measured wavelengths were converted into the
angular acceleration values shown in Fig. 7(a). Next, a general
dead-reckoning method was used to obtain the angular velocity
at which the drift components were removed. To determine the
drift-reduced angular velocity, the zero-velocity update method
and linear drift model were adopted [26]. The moving and
nonmoving sections were separated using the short-time Fourier
transform, which is frequently used to distinguish movements
in gait analysis, as shown in Fig. 7(b). The drifts occurring at the
start and end points of the movement were considered to be either
linear increases or decreases and compensated for accordingly.
The angular velocity data obtained through drift compensation
was then confirmed against the values reported by the tester in the
blue graph shown in Fig. 7(c). Finally, the data were integrated
once more, and the change in the yaw angle was estimated as
shown in Fig. 7(d).

Notably, the signal processing discussed in this section can be
conducted using postprocessing techniques rather than real-time
processing, And the detailed filtering process is in Fig. S4 of
the Supplementary material. However, the yaw angle obtained
through this process exhibited an error when compared with
the yaw angle obtained through the encoder motor. The average
error angle that occurred during five 720° rotations was ∼3.89°,
which equated to an error rate of 0.54%.

E. Discussion

As can be seen in Table I, the measurement range of the
FBG acceleration sensor evaluated through simulation was
±14 g. Considering that a typical MEMS IMU sensor used for
motion capture has a maximum measurement range of ±16 g
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and the maximum instantaneous linear acceleration occurring
in human movement is less than 10 g, the proposed FBG
linear/angular acceleration sensor has sufficient capabilities to
satisfy the motion capture industry [27]. In addition, the average
sensor sensitivity of 229.4 pm/g is more than twice that of
the one-axis FBG acceleration sensor deployed in commercial
industry, which is about 100 pm/g [28]. The nonlinearity of the
linear acceleration sensor was within ±0.05%, which is in the
range (<0.1%) provided by the gyroscope sensor in a tactical
grade IMU sensor; the nonlinearity of the angular acceleration
sensor was only ±0.23%, showing excellent characteristics. It
was confirmed that the cross-axis sensitivity of the proposed lin-
ear/angular acceleration sensor was within 2.0% (The cross-axis
sensitivity of angular acceleration measurements was discussed
in Fig. S5 of the Supplementary material.) after compensation,
which matches the sensitivity of a commercial automotive grade
MEMS IMU sensor. The roll and pitch angles determined using
the gravitational acceleration measured by the linear acceler-
ation sensor showed an average error of 3.98 to 4.72° when
rotating 360°, representing an accuracy of ∼1.11 to 1.31%. The
yaw angle measured by the angular acceleration sensor indicated
an average error angle of 3.89° or an accuracy of 0.54% when a
720° rotation was performed five times.

IV. CONCLUSION

To overcome the shortcomings of conventional MEMS-based
IMU sensors, a novel sensor comprising six cantilever-type
accelerometers each incorporating an FBG sensor that is un-
affected by EMI was proposed in this study to measure the lin-
ear/angular acceleration of an object through the deformation of
the FBG sensors. The results of the experiments and simulations
conducted in this study indicated that the proposed sensor can
be used to track the movement of an object within the tolerances
for traditional IMU sensors without the risk of interference.

The proposed FBG linear/angular acceleration sensor can be
used for earthquake prediction and angular vibration analysis of
structures, but it was primarily developed to serve as an IMU
sensor capable of estimating roll, pitch, and yaw angles through
measurements of gravity and double integrations of measured
angular acceleration. The results presented in this article can
therefore be actively used as a basis for the development of high-
precision IMU sensors for use in future industrial applications
subjected to environmental noise such as EMI.
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