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Abstract. We report a two-axis fiber inclinometer fabricated using an ultraweak terahertz-range fiber Bragg
grating. Three sensing grating structures were inscribed along a single-mode optical fiber using a femtosecond
laser, bound together into a sensing array using thermoformed plastic, and fixed to a two-axis rotational stage.
Inclination tests were performed in which the fiber was deflected from 0 to 1.7 deg. These tests were repeated at
eight azimuthal angles in increments of 45 deg (from 0 to 315 deg). The standard deviation of the largest incli-
nation angle error was 0.048 deg and the stability of the inclination angle was 0.030 deg.© 2016 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.2.026106]
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1 Introduction
Optical fibers have seen increasing use as sensing elements
for strain, stress, temperature, and refractive index measure-
ments in a wide variety of engineering applications. A more
recent application of fiber sensors is to determine angle and
position information used for three-dimensional (3-D) shape
sensing. Due to its compact size and ability to conform to
relatively complex shapes, optical fiber can be easily fixed
along an object of interest to mirror its orientation. Multiple
strain sensors can then be integrated together to form a single
sensing probe aligned to the changing contour along the
object. By using a multicore fiber or a multifiber bundle
packaging method, three or more strain sensors can be pack-
aged in parallel together as one sensing element to measure
strain information in three dimensions, data that can ulti-
mately be used to find the angle and position information
necessary for 3-D shape sensing.

Different fiber distributed strain sensors have been pro-
posed and commercialized to reach this engineering goal.
The two main research areas undergirding this technology
are fiber Bragg gratings (FBGs) and coherent optical
frequency-domain reflectometry (C-OFDR). Both methods
use differing fundamental physics to reach the same goal:
distributed strain sensing along an optical fiber.

An FBG is a wavelength-based fiber sensor.1,2 Periodic
reflectors are inscribed along a single-mode fiber by UV
laser to form a wavelength-specific dielectric mirror that
reflects a certain wavelength and transmits the rest. Multiple
FBGs can be integrated along one sensing probe using
wavelength multiplexing to achieve distributed strain mea-
surements. Miller et al. have proposed several FBG-based
structures used to resolve the spatial angle information using
multiple FBGs, which include multicore fibers3,4 and three-
fiber bundles5 as two-axis fiber inclinometers. More recently,
researchers have demonstrated using a femtosecond laser to

directly inscribe FBG waveguide structures into a single
coreless fiber6 and standard single-mode fiber7 for 3-D
shape sensing applications.

C-OFDR8–15 is an alternative, state-of-the-art distributed
sensing technology. By sweeping the optical frequency with
a tunable laser, the Rayleigh backscatter profile along an
optical fiber can be measured, which correlates to strain
along the fiber under test. This interferometric measurement
is capable of maintaining a terahertz-level detection band-
width with high spatial resolution. Using three or more
probes, C-OFDR has successfully demonstrated its ability to
deliver 3-D shape sensing using both the multicore fiber16–18

and multiple fiber packing methods.19

Recently, the use of terahertz FBG (THz FBG), an exten-
sion of C-OFDR interrogation, has been demonstrated.20,21 A
high-power femtosecond laser is employed to inscribe ultra-
weak periodic reflectors (less than −70 dB) within the core
of a standard single-mode optical fiber, providing distributed
interferometric strain measurements along the fiber under
test and allowing the system to achieve enhanced sensitivity
compared with traditional Rayleigh scattering-based (less
than −80 dB) C-OFDR techniques. By combining three or
more of these THz FBG sensors into a single-fiber sensor
bundle, the system is able to determine the spatial angle
information necessary to act as a two-axis optical fiber incli-
nometer, an important step toward 3-D shape sensing.

This paper reports a terahertz fiber grating-based two-axis
optical fiber inclinometer fabricated using ultraweak reflec-
tion arrays (−70 dB). Three identical THz FBGs were
aligned and packaged as a single fiber bundle. The differing
strain distributions across the three THz FBGs within the
sensing probe were measured and used to determine the spa-
tial angle information along the fiber bundle. The inclinom-
eter was tested at eight azimuthal angles (from 0 to 315 deg).
The standard deviation of the greatest inclination angle
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error was 0.048 deg and the inclination angle stability was
0.030 deg. No cross-talk was found between the ultraweak
reflection arrays.

2 Mechanism of Operation
In order to experimentally investigate the terahertz grating-
based inclinometer concept, a 30-mm-long inclinometer was
constructed. Three identical THz FBGs were fabricated with
intact buffer coatings using single-mode fiber (SMF-28,
Corning) and a Ti:Sapphire fs laser (Coherent, Inc.) micro-
machining system.22–26 Each sensing array contained 41 ultra-
weak reflectors (approximately−75 dB) with a pitch length of
1 mm. To bind the modified fibers into a three-fiber bundle,
the three SMF fibers with THz FBG arrays were secured equi-
distant to one another, as shown in Fig. 2(a). The three modi-
fied fibers were aligned using reference marks ∼5 cm beyond
the length of the sensing arrays. Two 40-mm heat melt tubes
(EVA) and a 90-mm heat shrink tube were placed outside the
aligned sensing arrays, as illustrated in Fig. 1(a). Hot air
(∼300°F) was blown from ∼1 cm away and swept across
the length of the bundle at a speed of ∼1 cm∕s. After sub-
sequent cooling, the three THz FBG sensing arrays were
firmly fixed in place, as shown in Fig. 1(b).

To assemble the inclinometer, one end of the packaged
bundle was positioned using a screwed ferrule into the center
of a 360-deg rotational mount (Newport Inc.) along the Z
axis to give azimuthal rotation control, as illustrated in
Fig. 1(b). The other end was affixed to a micrometer-level
stage that could be moved vertically in the Y direction, ena-
bling inclination angle control.

To conduct the inclination measurement experiment, three
THz FBG sensing arrays were cascaded inline, as shown in
Fig. 2, and interrogated via C-OFDR.27–29 For each sensing
array, a 10-mm time-domain moving filter was applied to
measure the distributed strain along the sensor; in total,
seven strain measurements at 5-mm steps were extracted.
The three strain sensing points at the same position along

the inclinometer bundle then form a single sensing element;
in total, seven sensing elements along the 30-mm sensor
were used. Each sensing element contains 3-D strain infor-
mation, which can be used to calculate the spatial position in
the 3-D Cartesian coordinate system with Frenet–Serret
equations. 16 The azimuthal angle φ was defined as the sen-
sor rotation along the Z axis. As the sensor was deflected
toward the Yþ direction, the inclination angle θ at a certain
azimuthal angle φ, as shown in Fig. 3(b), was defined as the
acute angle between the Z axis and the line passing through
the sixth and seventh sensing elements.

In order to account for packaging inconsistencies such as
sensing array misalignment or heat shrink tube nonuniformity,
calibration must be performed. First the cross-plane of each
sensing element and the relative positions of the three strain
sensing points were calibrated. As illustrated in Fig. 4(d), the
bundle was bent toward three different azimuthal angles φ1,
φ2, and φ3, where sensing arrays #1, #2, and #3 were each
positioned on top, respectively. The differing strain distribu-
tions for the seven sensing points were then measured along
each sensing array. For each sensing element, a two-dimen-
sional (2-D) cross-plane was extracted to calculate the relative
position of the three strain sensing points. At each sensing
element, the balanced boundary condition can be expressed as

EQ-TARGET;temp:intralink-;sec2;326;181

εi1
di1

¼ εi2
di2

¼ εi3
di3

;

where εij is the strain measurement with the i’th sensing array
on top (at azimuthal angle φi) for the j’th sensing array and dij
is the related length of the lever arm. It is assumed that the
bending occurs across the center of the sensor at origin
(0,0) in the 2-D plane. The line perpendicular to the bending
direction and passing the origin (0,0), can be expressed as

Fig. 1 Three-core fiber inclinometer bundle packaging and assem-
bling: (a) before heating, (b) after heating, and (c) assembling the
fiber inclinometer.

Fig. 2 Schematic of cascaded THz FBG sensors: (a) the time-domain
interrogation signal of three identical THz FBG sensing arrays, (b) the
details of sensing array 1, and (c) the packaged inclinometer bundle.
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EQ-TARGET;temp:intralink-;sec2;63;462Aix − y ¼ 0;

where Ai is the slope of the line with the i’th sensing array on
top. At a certain sensing element cross-plane, the relative posi-
tion of the i’th sensing array on top at the j’th sensing array
can be expressed as (xij, yij). The related length of lever arm
dij shown in Figs. 4(a)–4(c) can be expressed as

EQ-TARGET;temp:intralink-;sec2;63;385dij ¼
Aixij − yijffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2
i þ 1

p :

The initial condition is defined where the relative distance
between the sensing points along sensing array #1 to the X

axis is normalized to 1. The relative positions of the three
sensing points for each sensing element cross-plane were
then solved, as shown in Fig. 5. These coefficients were con-
verted to polar form and applied to solve the Frenet–Serret
equations.

Second, the absolute radius can be calibrated based on the
assumption that all seven strain sensing points along the
sensing array #1 share the same distance to the center of the
inclinometer bundle. Based on the first calibration results,
another radius coefficient is set to match the calculated posi-
tion and the absolute deflection by the Y-directional stage at
each azimuthal angle.

3 Experimental Results and Discussions
To investigate the utility of the fiber inclinometer, inclination
angles from 0 to 1.7 deg with a step of 0.085 deg were inves-
tigated for all eight azimuthal angles (0, 45, 90, 135, 180,
225, 270, and 315 deg). Some of the representative measure-
ment data are plotted in Fig. 6. The calibration coefficients
were implemented before inclination testing. The inclination
test results at azimuthal angles 0 and 270 deg are shown in
Figs. 6(b) and 6(c). Similar results were found with other
azimuthal angles. The largest error standard deviation was
0.048 deg.

The stability test of the proposed inclinometer was con-
ducted with a fixed 0-deg azimuthal angle and 0-deg incli-
nation angle. In total, 250 sets of tests were repeated to
measure this initial inclination angle. The standard deviation
of the measured angle was 0.030 deg, indicating a good
repeatability for this device.

The maximum inclination measurement range was
2.5 deg with steps of 0.085 deg and the error standard
deviation was 0.036 deg. In these tests, the inclination

Fig. 4 Calibrate the relative position: (a)–(c) the cross-plane illustra-
tion of bending with sensing array #1, #2, and #3 on top, respectively,
and (d) schematic of inclination bending.

Fig. 5 Calibrating the relative position: (a) with sensing array #1 on
top, the strain measurement result along the three sensing arrays, and
(b) the solved relative position on the first sensing element cross-
plane.

Fig. 3 Schematic of the measured inclination angle: (a) 3-D represen-
tation, and (b) 2-D representation (project to YZ plane).
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measurement range was limited by the maximum frequency
shift within one period of the implemented THz FBG, which
is 100 GHz for a 1-mm pitch length.

4 Conclusions
To conclude, this paper reports a new two-axis optical fiber
inclinometer based on THz FBG structures. Inclination
angles from 0 to 1.7 deg were tested at eight azimuthal angles
(from 0 to 315 deg), covering one full rotation. The standard
deviation of the largest inclination angle error was 0.048 deg,
and the observed inclination angle stability was 0.030 deg. In
addition, the 3-D spatial positions for all sensing elements
were solved, indicating this sensor holds substantial potential
for 3-D distributed sensing.
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Fig. 6 Two-axis inclination measurement results: (a) measured
inclination angles θ ¼ 0, 0.767, and 1.70 deg, respectively, at eight
differing azimuthal angles (φ) (45 deg apart from 0 to 315 deg),
(b) measured inclination angle against calculated angle at φ ¼ 0 deg,
and (c) measured inclination angle against calculated angle at
φ ¼ 270 deg.
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