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ABSTRACT: For the purpose of kinematic monitoring systems a prototype of a dual-axis fiber 
optic tilt sensor with a precision of 0.01° and a working range of 30° is presented. The sensor 
principle is a pendulum, the sensor element is made of a coated fiber with a tip mass attached to 
its end. The fiber is clamped at a selectable distance from the tip mass thus forming a vertical 
cantilever. When the sensor is tilted, the free end of the cantilever experiences deflections, 
caused by the tilt and unavoidable accelerations. These deflections can be measured using, e.g., 
a position sensitive device (PSD) provided that light propagates through the fiber and creates a 
light spot on the PSD surface. From the measured positions, tilt angles in two orthogonal axes 
may be derived. 

In this paper, necessary fundamentals of beam theory, numerical simulations, the development 
and calibration of the prototype elements are presented. The suitability of the sensor for static 
and kinematic applications is shown. Experimental results are discussed in view of the 
appropriate filtering of the data to extract the tilts only. 

1 INTRODUCTION 

A variety of fiber optic sensors has been presented for acceleration and tilt measurements. 
Dinev (1995), for example, used a horizontal fiber optic cantilever with a tip mass for vibration 
measurements in two axes. A bare fiber cantilever was the sensor element of an accelerometer 
developed by Morante et al. (1996). Zhao et al. (2004) provided a cantilever pendulum with 
fiber bragg gratings (FBGs) to develop an inclinometer. A similar approach using FBGs was 
chosen by Fender et al. (2008) for a two-axis accelerometer based on a multicore fiber 
cantilever. 

Our main motivation to study tiltmeters is the proper separation of tilts from unavoidable 
acceleration. For this purpose the concept of a fiber optic cantilever with a tip mass is 
introduced. The sensor is designed for determining tilt angles in two axes by measuring the 
deflections of the free cantilever end. Besides the very simple measurement principle and 
theoretical considerations, the development of a prototype and its suitability for static and 
kinematic applications is shown. In the context of kinematic applications for monitoring 
purposes, a working range of 30° with a desired precision of 0.01° is often sufficient 
(Woschitz and Macheiner 2007). The principal considerations of kinematic tilt measurements, 
especially for geodetic applications, were already described by, e.g., Glissman and Wenzel 
(1977), Möhlenbrink (1984) and Ingensand (1985) and are still valid for the presented sensor. 
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2 MEASUREMENT PRINCIPLE 

A very simple architecture is proposed for a fiber optic tilt sensor: An optical fiber guiding light 
from a laser diode is clamped at one side forming a cantilever. When the sensor is tilted, the 
cantilever sensor element experiences deflections w, which are a function of the position x on 
the beam and the tilt angle  (in the case of dynamic forces, w is also a function of time). At the 
free end of the fiber (x = l), the displacements of the incident light spot can be measured using a 
position sensitive device. The situation is shown in Figure 1 for the one-dimensional case. From 
the measured positions, the tilt angles in two axes can be calculated. In the case that the 
deflections of a fiber of distinct length are too small for a useful position measurement, a tip 
mass can be used to increase the magnitude of the deflections. The advantages of the proposed 
sensor architecture are the simplicity especially for the measurement of the tip’s position, the 
lack of a mechanical hinge for a pendulum and the ability of deriving the tilt angles in two axes. 

Figure 1. Deflections of a clamped fiber sensor 
element within a housing experiencing a tilt    

Figure 2. Shape of the first three vibration modes 
of the sensor element 

3 THEORETICAL ANALYSIS 

3.1 Model for the sensor element 

Following, e.g., Gross et al. (2004), the dynamic behavior of an isotropic beam can be modeled 
by the differential equation 
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where the displacement w(x,t) is a function of the position x on the beam and time t, E is 
Young’s modulus of the fiber, I its transverse moment of inertia, the cross-sectional area is 
abbreviated by A,  is the density of the fiber. The solution of Eq. (1) is 
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The geometric part (position) of Eq. (1) is covered by W(x) and varies with time (circular 
frequency , phase ). Considering initial and boundary conditions (constants Ci) of a 
cantilever with an ideal tip mass at its free end (mass ratio  of the point mass and the mass of 
the beam) yields the characteristic equation 

  0 sin cosh cos sinh   cos cosh1  lllllll   (4) 

The solution of Eq. (4) for  l may be found numerically and yields values for the discrete 
frequencies k of the k different vibration modes 
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The position component Wk(x) for the k discrete vibration modes is given by 
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and is shown in Figure 2 for the first three modes. The contribution of the first mode to the 
deflections is dominant since the tip mass is considerably larger than the beam mass ( >> 1). 

3.2 Geometric configuration 

Numerical simulations using the equations of Sect. 3.1 led to the selection of an appropriate 
sensor element. The diameter of the fiber core was 125 µm, the thickness of the fiber coating 
(material: polyimide) 15 µm. For the mechanical properties of glass (E, ) standard values were 
used (Hecht 2002). The parameters for the coating are Ec = 2.6 GPa and c = 1.34·103 kg/m3. A 
polyimide-coated fiber was chosen due to the minimization of stress between core and coating 
(Hadjiprocopiou et al. 1996). Table 1 gives an overview of the frequencies fk of different 
geometric configurations (length l, tip mass m). The values for w1 (first mode) reflect the fiber 
displacements when the sensor is tilted by 30°. Δ is the difference between the displacement of 
the first mode w1 and the total displacement w (expressed in % of w). 

Table 1. Frequencies and amplitudes of selected geometric configurations 

l [mm] m [mg] f1 [Hz] f2 [Hz] f3 [Hz] w1 [mm] Δ [%] 

20 0 250.5 1569.7 4395.3 0.003 2.93 

 60 13.7 1099.2 3560.4 0.741 < 0.01 

 80 11.8 1099.0 3560.2 0.987 < 0.01 

 100 10.6 1098.9 3560.0 1.233 < 0.01 

30 0 111.3 697.7 1953.5 0.011 2.93 

 60 7.4 488.7 1582.6 2.428 < 0.01 

 80 6.4 488.6 1582.4 3.234 < 0.01 

 100 5.8 488.5 1582.4 4.041 < 0.01 

Without a tip, the displacements w1 at any length are very small. Using a mass, the contribution 
of the first mode to the total displacement is larger than 99.99%. Displacements exceeding the 
mm-level are reached using either a 20 mm fiber with a mass of at least 100 mg or a 30 mm 
fiber using any mass of Table 1. To cover the whole active area of the current PSD (8x8 mm²), a 
sensor element with l = 30 mm and m = 80 mg was chosen (frequency f1: 6.4 Hz). 
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4 PROTOTYPE 

4.1 Hardware components 

For measuring the displacements of the free 
end of the fiber cantilever (light spot on the 
PSD), light must propagate through the 
fiber. The light source chosen for this 
purpose is a LFO-65-d fiber pigtail laser 
diode (red light,  = 650 nm). For 
amplification of the fiber displacements (c.f. 
Sect. 3.2), a tip mass made of a ceramic 
ferrule was bonded to the fiber. The PSD is 
a Hamamatsu S5991-01 integrated with a 
preprocessing unit C4758. The raw output 
signal (10 V) is recorded using an A/D 
converter (e.g., HBM Spider 8). A housing 
made of aluminum alloy contains the 
hardware components and guarantees a 
stable connection for the clamped part of the 
sensor element (Figure 3). Note that the PSD of the prototype could be replaced by a fiber optic 
detection system to make the system completely immune to electromagnetic interference (EMI). 

4.2 Calibration 

Two different calibrations need to be considered: PSD and tilt. The measured positions of the 
selected PSD are affected by systematic distortions (Woschitz et al. 2001) which can be 
corrected using a careful calibration. A calibration device with two orthogonal translation stages 
(Figure 4) was developed for that purpose. 

Figure 4. PSD calibration device Figure 5. Residuals of a position calibration result 

Calibration measurements were carried out yielding reference positions and PSD positions 
simultaneously. The parameters of polynomial transformations (Krauss 1993) were then 
estimated using identical points. Most residuals of an overdetermined bicubic transformation 
using 16 points each (grid: 0.2 mm) are smaller than 2 µm (Figure 5). 

The tilt calibration accounts for imperfections, for example the clamping device. For the tilt 
calibration a motorized Leica TM1100 theodolite (angular precision < 0.001°) was adapted for 

 

Figure 3. Prototype housing (116 x 110 x 120 mm) 
with an artificial view onto the sensor element 
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holding the sensor prototype (Figure 6). A remote control program allows tilting the sensor and 
measuring the tilt angle  (theodolite) and the fiber displacement d (PSD; calibrated) 
simultaneously. The result is a tilt calibration function (tilt angle  vs. displacement d = w(l)) in 
one profile. An example is depicted in Figure 7 (right; residuals Δ < 0.01°). The use of multiple 
profiles enables tilt calibration in different directions . 

 

Figure 6. Tilt calibration device based on a 
motorized theodolite Leica TM1100 

Figure 7. Example of a tilt calibration function 
(upper) and corresponding residuals (lower) 

5 EXPERIMENTAL RESULTS 

5.1 Signal Processing 

To obtain tilt angles in two axes, the measured positions are calibrated yielding local Cartesian 
coordinates x and y (Sect. 4.2). Subsequently the coordinates x and y are transformed to polar 
coordinates d and α (total displacement d and direction of total displacement α). The direction α 
is used to identify the corresponding tilt calibration profile (Sect. 4.2). From the calibration 
profile, the tilt angle  can be calculated from the displacement d. The components of the (total) 
tilt angle  in along track direction (1) and across track (2) are determined using the spherical 
trigonometric relations 
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where  is the tilt angle obtained from the calibration profile in direction . Oscillations of the 
sensor element (frequency f1) result in oscillations of the tilt components 1 and 2, respectively. 

For the extraction of the quasi-static tilt values, digital filtering techniques are used. Based on 
the assumption that tilt changes exhibit lower frequencies than the natural frequency of the 
sensor (cf., e.g., Ingensand 1985), the cutoff-frequency fc of the digital filter must be lower than 
the natural frequency of the first vibration mode f1. Based on the transfer function of the system, 
a cut-off frequency of 1.9 Hz was selected (max. 10% amplitude magnification). 

Among the variety of digital filters (for an overview cf., e.g., Oppenheim and Schafer 1999), a 
minimum order FIR filter, designed by using the algorithm of Karam and McClellan (1995), 
was considered most suitable for the desired kinematic monitoring applications (passband 
ripple: 0.002 dB, stopband attenuation: -60 dB, transition bandwidth: 2 Hz). However, optimal 
filtering procedures are still being investigated. 
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5.2 Static experiments 

In this context, the term “static” considers multiple periods of rest between distinct tilt changes. 
The kinematics of the sensor element is not taken into account. 

The repeatability of the sensor output can be investigated using the tilt calibration device 
(adapted theodolite, Sect. 4.2) for static measurements. Measurement cycles with an increment 
of 2.5° each were carried out with different ranges. Each tilt increment was followed by a static 
period of 60 s. Subsequently, the displacements of the sensor element were measured. The result 
is shown in Figure 8, where the abscissa indicates the tilt angle , and the ordinate shows the 
differences Δ compared to the reference tilt. 

Dependent on the direction of the tilt changes, the differences Δ reach up to 0.06° at 30°. 
Smaller tilt ranges result in smaller differences. All observed systematic effects are larger than 
the desired precision of the sensor. However, the repeatability (0.01° to 0.02°) within 
corresponding curves is better than the systematic effects. A dependency on the duration of the 
static period of the individual measurements was not detected. 

Systematic effects of a sensor output dependent on the direction and the range of the input are 
known as hysteresis (cf., e.g., Göpel et al. 1989). For the current prototype, hysteresis effects are 
most likely caused by the mechanical properties of the sensor element. Measurements with 
fibers having other coating materials showed larger hysteresis effects (factor 3 to 4), so the 
current fiber element is already the result of an optimization process (cf. sect. 4.2). 

Figure 8. Static measurement cycles with ranges 
from 10° (light grey) to 30° (dark grey) 

Figure 9. Measurement cycle (upper), correction 
values from model and reference (middle) and 
differences between model and reference (lower) 

For hysteresis compensation the model of Fusiek et al. (2005) was adapted. Repeated tilt 
changes with a range of 30° were used to test the applicability of the model (Figure 9, upper). 
The correction values from the compensation model are depicted in Figure 9 (middle) together 
with the differences from the reference values (Δ). The lower part of Figure 9 shows the 
differences between the hysteresis compensation model and the reference values (ΔΔ). After the 
application of the model, the differences ΔΔ are free of periodic effects (STD: 0.01°). This STD 
value is in agreement with the desired precision. Other measurement cycles with different 
ranges may also be handled by the hysteresis compensation model (not shown here). 

5.3 First kinematic experiments 

Based on the considerations made in Sect. 5.1, kinematic tilt changes up to frequencies of 
approx. 2 Hz (fc) can be reasonably measured with the current prototype. Due to the intolerable 
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amplitude magnification, higher frequencies are suppressed using digital filtering. Forces 
inherent to the physics of tilt and acceleration with frequencies higher than fc or with impulse-
type behavior are also eliminated using this approach. Accelerations with frequencies lower 
than fc or constant accelerations cannot be separated from tilts by filtering. 

Figure 10 shows an example of a kinematic tilt measurement (sampling rate: 100 Hz): A tilt 
change in direction 1 is generated by the supporting theodolite (Sect. 4.2), the raw sensor 
signals (components 1 and 2, grey line) show oscillations with the natural frequency f1 
(6.4 Hz). The dashed grey line represents the reference tilts as generated by the theodolite, the 
black line corresponds to the filtered signals. The minimum-order FIR filter (tolerance 
specifications: Sect. 5.1) generates a time delay of 0.3 s and an overshoot of the first amplitude 
of 0.2° (2% of the step height). Current experiments do not involve any (mechanical) damping 
of the fiber optic cantilever, which ought to be first studied by simulation. Damping could for 
example be varied by selecting different mass-fiber assemblies. 

The influence of horizontal accelerations without any tilting is shown in Figure 11. The 
horizontal accelerations are generated by turning the theodolite about its vertical axis by 10° 
and, subsequently, back again to the initial position (points of turning are indicated by vertical 
lines in Figure 11). An influence is expected since the sensor element is not aligned with the 
vertical axis of the calibration device. 

Figure 10. Raw and filtered signal caused by a 
tilt change of 10° in direction 1   

Figure 11. Influence of horizontal accelerations on 
the tilt angles 

The (filtered) tilt angles 1 and 2 show systematic distortions with absolute values of 0.05° and 
0.30°, respectively, due to the low-frequent accelerations which cannot be separated from a real 
tilting in this case. The angle 2 is more influenced since its axis nearly coincides with the 
direction of motion (tangential component of rotation). 

6 CONCLUSIONS 

A prototype of a fiber optic sensor for tilt measurements was developed based on the principle 
of cantilever deflections. The key advantage of the proposed sensor design is its simplicity and 
its suitability for static and kinematic applications. For the description of the dynamic behavior 
of the current sensor system the fundamental vibration frequency (first mode) is sufficient due 
to the use of a tip mass. Consequently, the sensor element could also be described by an 
ordinary mass-spring-damper system. For the calculation of tilt angles from measured fiber 
displacements, thorough calibration for position as well as tilt is required. In the current 
configuration (working range: 30°) a precision of 0.01° can be reached. Hysteresis effects can 
be treated using a compensation model. Besides static applications, the prototype is suitable for 
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kinematic applications up to approx. 2 Hz. The separation of proper tilt angles from other 
induced tilts can be achieved by filtering techniques when both effects have different spectral 
characteristics. The first kinematic results are encouraging, but developments concerning the 
appropriate filtering are continuing, especially for the reduction of the time delay and the 
improvement of the sensor output during kinematic periods. 
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