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Abstract

The increasing maturity and decreasing size of the measurement equipment enables Fiber Bragg
Grating (FBG) sensors to be used for structural monitoring of complex structures. FBGs applied on
helicopter rotor blades are used to identify blade movements, which will serve as a valuable data source
to supply Usage Monitoring Systems for rotorcraft. In this paper, a modified approach is presented that
calculates the displacement of a rotor blade with nonuniform cross sections in two dimensions, based
on surface strain measurements with FBGs. Furthermore, the effect of different boundary conditions

and sensor combinations is analyzed.

NOTATION

CFRP  Carbon-Fiber—Reinforced Polymer
¢ Distance between neutral fiber and

sensor at cross section i, m

D Normalised strain, (m/m)/m
€ Measured strain at cross section i, (m/m)
Al Distance between adjacent sensors along

the wing-span, m
Sa, Measured strain at sensor i
for load case a, (m/m)

Yi Displacement at cross section i, m

Yas Distance between neutral fiber and
sensor i, m

O, Slope at cross section i, deg

1 INTRODUCTION

Monitoring the deflection of arbitrary-shaped aircraft
structures in real-time allows to improve performance
and safety of these structures and might even be used
for usage monitoring to extend life time credit for parts
of the aircraft. The break-up of the NASA Helios Proto-
type in 2003 is one example of an application, where

the use of real-time structural health monitoring might
have avoided the accident [1].

In the last years, the development of Health and Usage
Monitoring Systems (HUMS) for rotorcraft was focused
primarily on monitoring gearboxes and drive trains. For
example, an amendment proposed by EASA for CS-
29 in 2010 covered mainly vibration health monitoring
of the drive train [2]. With the use of new technologies
like fiber-optical sensors, integrated into and applied
to rotor blades [3], it might be possible to realize a
direct measurement of loads for the use in a Health and
Usage Monitoring System. Using fiber-optical sensors
for deflection measurements offers advantages over
other technologies. Cameras for deflection monitoring
might be installed for flight tests, but are impractical for
permanent installation [4]. Fiber-optical sensors also
have a weight benefit over conventional strain gauges
since less wiring effort is needed for the same amount
of sensors. It is possible to integrate multiple sensors
into one fiber over a length of several meters.

Previous research describes the use of displacement-
strain transformations for calculating displacements
based on measured strains in fiber-optical sensors.
Two individual approaches are primarily used for strain-
displacement calculation. The Ko Displacement The-
ory [5], also referenced as "FOSS Algorithm", with
additional changes in other publications, uses closed-
form equations to calculate displacements using sur-
face strain data. The second method takes displace-
ment and strain matrices of mode shapes to estimate



the displacement at given points [6, 7]. While the re-
search up to the present was conducted mainly on
cantilever beams with uniform cross sections, made
of a single material, this paper demonstrates the appli-
cation on a rotor blade made of composite materials
and with nonuniform cross sections. Furthermore, the
rotor blade is tapered and twisted. The approach is ex-
tended in this paper to account for displacement in two
dimensions, which is of importance for rotor blades;
in contrast to fixed wing displacement which occurs
mainly in one direction. Strain-Displacement transfor-
mations based on measurements on the rotor blade
might be used to estimate loads in real-time, which in
turn would be an important step forward towards us-
age monitoring of the rotor system and the rotorcraft.
Another possible application of the method presented
in this paper could be the estimation of the rotor tip
clearance of coaxial rotorcrafts [8].

2 MATHEMATICAL BACKGROUND - EX-
TENDING THE KO DISPLACEMENT
THEORY

In this chapter, the mathematical part of the original Ko
Displacement theory [5] is extended to calculate the
position of the neutral axis, strain field and displace-
ment of the structure in two dimensions.

2.1 Overview Method

In the following, the process to get from a strain mea-
surement at discrete points on the surface of a struc-
ture to the calculated deflection of the structure in two
dimensions is presented. An overview of the method
is shown in a flowchart in Fig. 1. The first step is
determining the location of the neutral axis by mea-
suring the strain at each sensor position for two load
cases, which must be linearly independent. By solving
an equation system with ten equations, the location of
the neutral axis can be determined in two directions at
each cross section if at least three sensors are avail-
able per cross section. It is possible to apply voting
or "best fit" algorithms in this step to detect erroneous
sensors or refine the solution by using different sensor
combinations.

The location of the neutral axis and the strain measure-
ments of all sensors of one cross section are used to
calculate a two-dimensional strain field for each cross
section with sensors. This strain field will be used af-
terwards to calculate the displacement of each section
and by integrating over the length, the displacement of
the whole beam/rotor blade. If more than two sensors
per cross section are installed, different sensor com-
binations can be utilized to detect erroneous sensor
signals and potentially improve the results.

For this paper, the calculated displacement was com-
pared to the results of photogrammetry measurements.

The error was compared separately for both directions,
Y and Z.

2.2 Determining the Location of the Neu-
tral Axis

In order to be able to calculate the displacement in
each direction, the distance from each sensor to the
neutral axis has to be known. Most other applications
of the Ko-Displacement Theory are based on rectan-
gular cross sections or displacement observations in
only one direction, where it is possible to determine
the position of the neutral axis with one load case and
two sensors. In this case, the cross sections are airfoil-
shaped (see Fig. 2) and are varying over the length of
the rotor blade in span-wise direction.

Therefore, the location of the neutral axis changes
along the wingspan and has to be determined for each
cross section in Y- and Z- direction. The following
equation system was developed for this purpose. Two
linearly independent strain measurements (S; and S3)
have to be conducted to receive ten linear independent
equations to solve for the unknown distance y,, and
zq, from each sensor i to the neutral axis in Y- and
Z-direction

(1) S1, = D1y, Yo, + D1, - 24,
(2) So, = D2, + Yo, + D2, - 24,

for n sensors i = 1,2,3,4,..,n. D is the normalized
strain in y-direction, respectively z-direction and is also
an unknown variable. Together with the relation be-
tween the known global coordinates of the sensor po-
sitions, respectively the distance between two sensors

(3) Yaraz = |Yar — Yas|
(4) Yaras = [Yar — Yas|
(5) Zaras = |Zay — Zas|
(6) Zajas = |%ay — Zag]

is known and the equation system can be solved. For
this paper, the minimum amount of n = 3 sensors
has been used to determine the exact solution of the
equation system with ten equations and ten unknown
variables. The results of the calculation are discussed
later in Section 4.2.

Theoretically, the calculation has to be done only once,
for example on ground. Therefore, this calculation is
not critical for any real-time operation of a future Health
and Usage Monitoring System. The availability of three
sensors is necessary; four or more sensors per cross
section would be even better since it was possible to
compare the results and identify faulty sensors.
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Figure 1: Flowchart of the method to solve for displacement in two directions.

Figure 2: Cut through the rotor blade at z = 300 mm with
typical sensor distribution.

2.3 Dividing Bending in Y- and Z-

Direction

The Ko Displacement Theory has been mainly used
to calculate the displacement in one direction. In this
paper, the displacement is calculated in two directions,
Y and Z. The strain value, measured at FBG sensor,
has to be split into a proportion in Y- and Z-direction:

(7) Say =Dy Ya, + Dz - 2a,
(8) Saz = Dy “Yas + D, - Zag
(9) Sai = Dy “Ya; T D, - Za;

S., is the measured strain value in [m/m] at sensor :
and y,, respectively z,, the distance between the sen-
sor ¢ and the location of the neutral axis at this cross
section. The set of equations is solved for D, and D,
which are normalized values of the strain [(m/m)/m],
independent of the distance from the neutral axis in Y
and Z direction.

To solve the set of equations, a minimum of two sen-
sors is required. With a multivariate linear regression,
the equation system can also be solved with more than
two sensors. The quality of the results might be im-
proved and smoothed by using more than the mini-
mum of two sensors. In this paper, results are shown
for n = 2,3, 4 sensors per cross section.
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Figure 3: Exemplary two-dimensional linear strain field in Y-
and Z-direction. In this example, a point load in Z-direction
was applied to the free end of the blade.

An exemplary resulting strain field is shown in Fig. 3.
For this figure, the strain value S,, of equation 9 was
determined for each point in Y- and Z-direction with the
calculated values of D, and D,. It can be seen that
the gradients of the strain field are increasing mainly
in Z-direction, though there is also a slight gradient
in Y-direction (the corresponding displacement curve
can be seen in Fig. 10). This is due to the fact that
the load applied was a single load in Z-direction, ap-
plied to the wing tip of the rotor blade. The benefit
of using a normalized two-dimensional strain field is
being independent in placing the sensors at any dis-
cretionary position on the surface or into the structure.
Additionally, using normalized values for the strain field
makes it possible to compare the results of different
sensor combinations, even if the sensors are located
on arbitrary points at each cross section.



2.4 Calculating the Displacement in
each Direction

The approach to estimate the deflection of fixed wings
by measuring strain at discrete points on the surface,
is known as the Ko Displacement Theory. The theory
is derived from the Euler-Bernoulli beam theory and
discretizes the beam differential equation.

d®y  M(z)
dz2 ~ EI

(10)

Ko and Fleischer developed this equation further for
nonuniform cantilever beams [9]. The displacement y
is calculated with the slope tan ©,;, the measured strain
€;, the distance from the neutral axis ¢; at position i and
the length Al; between cross section i and i — 1:

(11) y(x) = /TL tan O(z)da + y;—1

with the slope equation

(12) tan O(z) = /T1 Zg;dm—l—tan@il

€;,—1C; — €;Ci—1 Ci

lo
(cim—c)2 e,

+tan©,_;

= All {Eil — G +

Ci—1 —C;

For slightly non-uniform cantilever beams where the
cross-sections change slowly [10], the equations can

<2 - G ) €;— + €;
Ci—1

+tan ©;_4

)2 .
(14) Yyi = (8L)7 {(3 - Q) €1+ 61}
6ci—1 Ci—1

+yi—1 + (Al;) tan ©;_4

Al;

Ci—1

(13)  tan®, =

By using the approach of a normalized strain field D
(see Section 2.3), ¢ can be set to an arbitrary value
¢ = constant and e is substituted by the normalized
strain value D,, respectively D,:

Al;

(15) tan @i = 2071 (Dyi—l + sz) + tan @i—l
i1
2
1 w="""(.p, D,
6c;_1 '

—‘ryi,l + (AZ) tan @i,1

2.5 Possible Sensor Combinations

An advantage of the method presented is the ability
to compare the results at each step among different
sensor combinations. Particularly with critical systems
(like a Health and Usage Monitoring System which
might provide lifetime credit in the future), it is impor-
tant to have redundant data. Firstly, to be able to detect
faulty sensors and data, by means of a voting algorithm
and secondly, to be able to still perform displacement
calculations even if one or more sensors are not avail-
able anymore. Below, the number of possible indepen-
dent sensor combinations is determined for different
situations and cases.

2.5.1 Neutral Axis

The calculation of the position of the neutral axis in Y-
and Z-direction requires a minimum of three sensors
per cross section. The number of possible combina-
tions is

(17) n!

(n—m)!-m!

with n total sensors per cross section and m sensors
used for each calculation. For this paper, m = 3 sen-
sors were used for the calculation of the neutral axis.
Thus, there are four possible combinations. The num-
ber of possible combinations for different numbers of
sensors per cross section is shown in Table 1. In order
to be able to compare results from the computation of
the neutral axis, at least four sensors per cross section
are required.

Number of Combinations
Sensors n form=3 form=3,...,n
3 1 1
4 4 5
5 10 16
6 20 42
7 35 99

Table 1: Number of possible combinations to calculate the
position of the neutral axis. m is the number of sensors per
cross section which is used for the calculation.

In order to get more possible combinations, it would
be possible to use, for example, a multivariate linear
regression to solve the equation system in Section
2.2. In this case, the number of possible combinations
would be
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n!
(18) (n—m)!-m!

m=3

with n being the number of sensors per cross section, b
the maximum number of sensors which shall be used
for the multivariate regression (normally b = n) and
m the number of sensors used for each calculation.
The resulting possible combinations for this case are
displayed in the last column of Table 1.

2.5.2 Strain Field

For the calculation of the strain field and hence, the
displacement, a minimum of two sensors per cross
section is needed. The number of possible combina-
tions for a cross section with n sensors is

m=b

n!
2 T

m=a

(19)

where m is the number of sensors used for the strain
field calculation, a the minimum number of sensors
used for the calculation and b the maximum number
of sensors which shall be used for the calculation. For
this paper, values of a« = 2 and b = 4 were used. With a
total number of n = 4 sensors, the amount of possible
combinations is 11.

Possible combinations for b = n sensors:

Number of sensorsn || a=2 | a=3 | a=4
2 1 - -
3 4 1 -
4 11 5 1
5 26 16 6
6 57 42 22

Table 2: Number of possible combinations to calculate dis-
placement in two directions for b = n sensors per cross
section.

Later, it will be shown, that a minimum of « = 3 sensors
is needed to minimize the displacement error. Which
means, on the other hand, that at least four sensors
per cross section are needed to be able to compare
the results of the displacement calculations. Such a
comparison could be useful for a voting algorithm or
to improve the quality of the results.

CFRP (+45° orientation)

CFRP (0/90° orientation)

Figure 4: Cut through the homogeneous section of the rotor
blade at x = 1000 mm [11].

3 EXPERIMENTAL SETUP

3.1 Rotor Blade

The rotor blade used for the tests was developed at
the Technical University of Munich for the Flettner rotor
of a civil drone with a mass of 30 kg. The rotor blade
has a length of 1550 mm and consists of a complex
buildup of carbon fiber layers, a rigid foam core and
lead at the leading edge at the outer radial section. A
cut through the homogeneous part of the rotor blade
is shown in Fig. 4. The skin and innermost layers are
made of +£45° CFRP layers, while the mid layers are
of 0/90° orientation. The rotor blade has a twist of 10°
and taper beginning at 60% of the rotor blade length.
As a side note: The plots in the results section start at
x = 136 mm and not at z = 0 mm due to the fact that
here, the z-axis is defined as the vertical rotor axis of
the rotor system.

3.2 Photogrammetry

For the photogrammetry, a system from AICON 3D
Systems was used. The photogrammetry targets (see
Fig. 5) were applied to the upper and lower surface of
the rotor blade and the stationary surroundings. The
distribution of the targets was similar to the one of the
sensors. For each load step, 80-120 photogramme-
try images were taken. With this amount of pictures
taken, the accuracy of the photogrammetry measure-
ments could be improved. The error of this system for
the experimental tests in this paper is negligible (one
standard deviation of approximately 0.015 — 0.020 mm)
compared to the other measurement errors.

3.3 FBG Sensors

3.3.1 Equipment

The measurement device used for the tests was a
"FBGS FBG-scan 804D", operating at a wavelength
range between 1510 and 1590 nm. The spectrometer
has four parallel inputs for optical fibers with a maxi-
mum scan rate of 500 Hz and 40 sensors per fiber.
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Figure 5: Rotor blade test bench with optical fibers and
bonded photogrammetry targets. Two optcal fibers were ap-
plied to the upper surface and two to the bottom surface.

3.3.2 Sensor Distribution

For the strain-displacement tests, four optical fibers
were applied span-wise to the wing surface. The di-
rection of all sensors was oriented parallel to the x-
axis. Two sensors were placed near the leading edge
at the top and bottom surface, the other two sensors
are located near the trailing edge, also on the top and
bottom. The sensor positions are shown in Fig. 6.
Along the wing-span, sensors were positioned at 15
cross-sections. For this paper, the sensors at the last
cross section near the blade tip were not bonded to
the surface, so they were only used to measure the
impact of temperature on the overall measurements.
The distances between the sensors vary along the
wing-span: One third of the sensors are positioned
at the inhomogeneous section close to the blade root,
where the curvature of the blade and the strain gra-
dients are expected to be the highest. The rest of
the sensors are distributed with increasing spacing to-
wards the blade tip. Theoretically, less sensors would
be required along the radius, especially if only a static,
single force is applied at the end of the rotor blade. For
this paper, more sensors were already applied to the
rotor blade since dynamics and higher-harmonics are
going to be examined in upcoming studies.

4 RESULTS AND DISCUSSIONS

The results of the whole chain from calculating the
neutral axis to the displacement are presented in this
chapter. Furthermore, studies regarding the sensitiv-
ity of certain changes to the boundary conditions and
sensor combinations are shown.

4.1 Test Cases

The test campaign for this research of the displace-
ment in two directions comprises of 36 different load
cases. In all cases, a single force was applied to the
tip of the rotor blade. Three main factors were varied:
Firstly the force, ranging from 10 N to 80 N; secondly,
small variations of the angle of attack of the force to
regard for different effects on the blade twist due to the
blade’s tapered and twisted geometry and thirdly, the
main direction of the force (Z or Y). In flight, the main
force will be exerted in Z direction, though, test were
conducted also with main forces in Y-direction. In this
paper, one of the load cases is shown with a main force
in Z-direction; however, the conclusions presented are
valid for all test cases which were examined.

4.2 Neutral Axis Calculation

The neutral axis was determined using two indepen-
dent load cases and all four possible combinations
with three sensors per combination. Furthermore, the
average of all four combinations was calculated. The
results for each of the 14 cross sections and five com-
binations are shown in Fig. 7. The values are the dis-
tances from the x-axis in Z-, respectively Y-direction.
For both directions, Z and Y, the location of the neu-
tral axis varies over the radius of the rotor blade. This
was expected due to changes in the geometry and the
materials over the wing-span. There are differences
visible between the sensor combinations: Both combi-
nations with two sensors at the trailing edge and one
sensor at the leading edge (sensor combinations 1/2/3
and 2/3/4) show the highest deviations in most cases.
Interestingly, the absolute value of the deviations from
the average is almost identical in all cases for these two
combinations. A reason for these deviations could be
that the strain field is not as linear as assumed. This be-
havior appears mostly for sensor combinations which
involve two outer sensors near the trailing edge. An-
other explanation for this behavior are measurement
errors when the sensors were bonded to the surface
and the coordinates of the sensors in Y-direction were
measured manually by hand. Below, the displacement
calculations are performed with all five combinations
to examine the effect of the neutral axis location on the
displacement error for each combination.
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4.3 Strain Field Calculation

In Section 2.3, a method to separate the measured
strain into two directions was presented. In Figure
9, the results of these calculations are shown for all
14 cross sections and five different sensor combina-
tions. The input for the calculations are the measured
strain values from 60 sensors (four fibers with each
15 sensors) for a static test case. The Y-axis shows
the normalized strain values. Here, normalized means
that the values are representing the strain per distance

from the neutral axis in Z-direction, respectively in Y-
direction. In this test case, a point load was applied
at the wing tip in Z-direction. This can be seen with
the dimension of the values in Z-direction being about
ten times higher than the values in Y-direction. An-
other way of visualizing the normalized strain values
is shown in Fig. 3 exemplary for one cross section.
Visualizing the normalized values for each direction
can be useful to identify erroneous sensor data and
sensor combinations, or cross sections, where the
method and its linear assumption might not be able to
accurately calculate the strain for each direction. Due
to the reason that the values are normalized, the ge-
ometry of the structure has no influence on the values
and hence, sudden gradient changes or discontinu-
ous jumps can be traced back to sensor or modeling
problems.

Here in this case, the calculated strain values show de-
viations between the individual sensor combinations
for the second, third and fifth cross section (see Fig. 9),
for both directions. As a matter of fact, it will be shown
in Section 4.4.2 that excluding these cross sections re-
sults in a smaller error of the displacement estimation.

4.4 Displacement Calculation

The displacement is calculated using the normalized
strain values of the previous chapter. By integrating
piecewise over the wingspan, the displacement can
be determined for both directions, Z and Y. The dis-
placements at discrete points are fitted to a polynomial
regression resulting in a displacement curve. This
curve is then compared to results of the photogram-
metry measurements. Both curves and the difference
between them, the absolute error, are displayed in
Fig. 10. The displacement in Z is 118 mm at the wing
tip, the absolute error is 4.01 mm. This is a relative
displacement error of 3.41%. InY direction, the dis-
placementis 8.1 mm, the absolute error about 0.71 mm
and hence, the relative error is 8.68%. Later, it will
be shown that by bypassing certain cross sections for
the displacement calculation, the error can be reduced
considerably.



Error Displacement Z

Error Displacement Y

Absolute, mm  Relative, %

Absolute, mm Relative, %

A.) Standard Case - All Sensors used for Calculation of Neutral Axis and Displacement

1234

B.) Sensor Combinations used for Displacement Calculation (averaged neutral axis used)

234

C.) Individual Sensor Combinations used for Calculation of Displacement and Neutral Axis

123
124
134
234

D.) Cross Sections skipped for Displacement
Calculation

A WON =

123
1234

235
2345
23456

4.01 -3.41 0.71 8.68
4.19 -3.56 0.67 8.18
11.72 -9.98 -2.83 -34.58
4.39 -3.73 0.51 6.23
1.97 -1.68 0.89 10.91
13.12 -11.17 3.23 39.51
4.98 -4.23 0.64 7.79
3.50 -2.98 0.67 8.18
4.56 -3.88 0.74 9.09
4.74 -4.03 0.54 6.58
3.94 -3.36 0.82 10.05
1.58 -1.34 1.01 12.38
4.29 -3.65 0.62 7.63
4.47 -3.80 0.71 8.69
2.06 -1.75 0.79 9.66
5.10 -4.34 0.63 7.72
3.33 -2.83 0.72 8.85
4.55 -3.87 0.58 712
4.36 -3.71 0.57 7.03
12.00 -10.21 -0.51 -6.25
18.08 -15.38 -1.56 -19.04
3.69 -3.14 0.05 0.66
3.48 -2.96 0.51 6.19
5.21 -4.43 -0.62 -7.61
6.55 -5.58 -1.256 -15.25

Table 3: Absolute and relative displacement error at the blade tip (x=1620 mm).

4.4.1 Influence of different Sensor Combinations
and different Location of Neutral Axis on

Displacement

For this paper, the effect of different sensor combina-
tions used to calculate the displacement was exam-
ined. The results of this study are shown in Table 3
and Fig. 8. For case B), the averaged neutral axis
was taken as the basis for determining the distances
from the sensor location to the neutral axis - which in-
fluence the strain field calculations and hence the dis-
placement. Compared to standard case A), the relative
error at the wing tip does not differ much for each of the
sensor combinations where three sensors per cross
section were used: The relative error of the displace-
ment at the wing tip varies from —4.03% to —2.98%
in Z, respectively from 6.58% to 10.05% in Y direction.
This is valid for both directions, Z and Y. The displace-
ment error for the calculation with two sensors, though,
shows significant deviations across the different sen-

sor combinations, ranging from —11.17% to —1.68% in
Z, respectively from —34.58% to0 39.51% in Y direction.
Using only two sensors for the displacement calcula-
tion might not be accurate enough. This is particularly
true for two sensors which are located diagonally to
each other (sensors 1 and 3 or sensors 2 and 4). As
a consequence, it might be advisable to use at least
three sensors per cross section to calculate the dis-
placement in two directions.

Furthermore, a variation of this case was examined,
case C.): Taking for each sensor combination of three
sensors per cross section the calculated neutral axis
location of these three sensors instead of the averaged
neutral axis (see Fig. 7). It can be seen that especially
the sensor combinations involving two sensors at the
trailing edge show smaller errors in Z direction, com-
pared to the calculation where the averaged neutral
axis was taken as a basis.



N
. 3 ,
g
5|
e Ir 1
E
2t g
<

; ; ; ; ; ; ; ;

0O 200 400 600 800 1000 1200 1400 1600 1800
1.2
— 10} 1
£ o8f 1
o
§ 0.6 B
04l 1
=
= 0.2 B
R
= o00f g
702 L L L L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800
X [mm|
Sensor Combinations
-- 123 -- [134 — [1234
-- 24 -- [234]
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4.4.2 Influence of Skipping Cross Sections

In Section 4.3, the strain field was plotted for each
sensor combination. At some cross sections, devia-
tions between the individual sensor combinations are
visible. At these cross sections, the assumption of
a strain field with a linear gradient might not be thor-
oughly applicable or other irregularities might be the
cause. Therefore, individual cross sections (numbered
consecutively with "1" being the cross section at the
blade root and "14" being the cross section closest
to the wing tip) are skipped at the displacement cal-
culation and the effect on the displacement error is
examined. Some of the results are shown in Table
3, case D.). The results were gathered by using all
four sensors per cross section. While skipping single
cross sections does not have a considerable effect on
displacement error, some combinations do reduce the
error. For example, skipping cross sections 2/3/4 or
2/3/5 reduces the displacement error in both directions,
Z and Y. These excluded cross sections were already
identified as possibly problematic in Section 4.3. Other
combinations which involve skipping the first four and
five cross sections, had negative effects on the dis-
placement error. An explanation for this might be that
the first four cross sections are located near the blade
root where the highest curvature of the rotor blade is
to be expected in this static case. The strain informa-
tion which can be gathered at these cross sections is

important to resolve the curvature of the wing or rotor
blade correctly. In general, it might improve the dis-
placement calculations if cross sections are skipped
that show deviations among sensor combinations at
the strain field calculation.

4.5 Main Sources for Errors and Possi-
ble Solutions

While it could be shown above that the method could
be successfully applied to a complex rotor blade, calcu-
lating the displacement in two directions, the method
is subject to various factors which could influence the
quality of the results. In the following, the most influ-
ential factors are described:

e Coordinates of the sensors: When the sensors
were bonded to the surface, the coordinates of
the sensors in X- and Y-direction were measured
by hand. In Z-direction, the thickness of the ro-
tor blade, the coordinates could be extracted from
the CAD model. Measurement errors at this point
influence the quality of the neutral axis calcula-
tion. The calculated location of the neutral axis is
shifted to the Y- and/or Z-direction and hence, the
displacement calculation is also affected. Com-
paring the results for different sensor combina-
tions of the neutral axis calculation in order to de-
tect outliers could be a solution to identify sensors
with inaccurate coordinates. An example is shown
in Section 4.2.

e Boundary condition (initial angle): For the first
section of the rotor blade, a boundary condition
has to be set for i« = 0. While it can be assumed
safely, that the deflection at that pointis y = 0 mm,
the initial angle might be more difficult to predict.
It has been chosen for this paper as tan = 0, but
some of the results show evidence, that the angle
might not be 0°. For example, the absolute error
in Z-direction in Fig. 8 is linearly increasing from
the fixed end to one fourth of the rotor blade ra-
dius. This might be caused by the clamp which
is not as stiff as expected and bends to a certain
degree in reality. Indeed, the angle at the grip
could be determined as —4.5° by analyzing the
photogrammetry measurements. Using this value
as the initial angle results in a lower displacement
error. At the moment, there is no solution to this
problem.

e Sensor placement: The location of the cross sec-
tions where strain sensors are applied, is critical
in regards to capturing the displacement and the
shape of the rotor blade correctly. Ideally, the sen-
sors should be located at cross sections where the
first and second derivative of the displacement are
zero (y' = 0 and ¢y’ = 0). While this might be sim-
pler if only the shape of the first eigenmode shall



be determined, it requires an in-depth knowledge
of the behavior of the rotor blade, if also higher
mode shapes shall be calculated. Missing or not
capturing correctly the curvature at a cross section
at radius r/R has negative effects on the quality
of the results over the whole rest of the length of
the rotor blade 1 — r/R, from that particular cross
section up to the tip.

5 CONCLUSION AND OUTLOOK

In this paper, a method was presented to calculate the
displacement of a structure in two dimensions from
measured strain data at discrete points using FBG sen-
sors. It provides a way to calculate a two-dimensional
linear strain field and the resulting displacement with-
out knowledge of the neutral axis. This could be used
in the future as an important input for a Health and Us-
age Monitoring System or for monitoring the wing tip
clearance of a coaxial rotorcraft. It has been shown,
that the method provides an accurate estimation of the
displacement, for both directions. The method was
successfully examined at a test bench on a rotor blade
with a complex geometry and material build-up. One
of the main advantages of the method is the compara-
bility of the neutral axis and strain field calculations by
normalizing the strain at each cross section. Thereby,
erroneous sensors can be identified more easily. Fur-
thermore, it was shown how, and at which stages of the
method, a redundancy concept could be established
using distinct sensor combinations and how many dif-
ferent sensors are required.

In a further step, the method will be compared to the
modal analysis approach. Additionally, Monte-Carlo
simulations are planned to be performed in order to
be able to estimate the effect from variations of the
boundary conditions, sensor noise and sensor errors
on the quality of the neutral axis and displacement cal-
culations. Moreover, dynamic tests will be conducted
to examine the ability to capture higher order mode
shapes.
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Figure 9: Normalized strain in Z and Y direction for each of the 14 cross sections.
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Figure 10: Displacement in Z and Y direction over the wingspan. Comparison between the calculated displacement and
the photogrammetry measurements. The absolute error is the difference between both curves.
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