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ABSTRACT
A pre-series Kopter AW09 main rotor blade was instrumented with fiber Bragg gratings (FBGs). Static lab tests sup-
ported by digital image correlation (DIC) were conducted to derive and evaluate mathematical relationships between
the measured strain signals and structural quantities. These comprised the beam sectional strains, the elastic deforma-
tion of the blade, and the sectional loads and stiffness properties. Additionally, the paper addresses the challenge of
isolating these target variables from the influence of temperature variations. In order to evaluate cross-sectional strains
due to thermal influences, full-scale rotor test rig data recorded in non-rotating conditions was used as the basis for an
in-field calibration, taking advantage of natural temperature changes. This accounted for the effect of temperature and
its spatial gradients on the sectional signals of the anisotropic rotor blade.

NOTATION

AREA Autonomous Rotorcraft for Extreme Altitudes
AW09 Kopter AW09 (single-engine helicopter)
AW139 Leonardo AW139 (twin-engine helicopter)
CAD Computer aided design
CFD Computational fluid dynamics
DIC Digital image correlation
DFOSS Direct fiber-optic shape sensing
DOF Degree of freedom
EMC Electromagnetic compatibility
FBG Fiber Bragg grating
H135 Airbus Helicopters H135 (twin-engine helicopter)
HUMS Health and usage monitoring system
iRoB Instrumented rotor blade (BayLu25 project)
MERIT Munich Experimental Rotor Investigation Testbed
R Blade section (followed by radial distance in mm)
RMSE Root mean square error
TUM Technical University of Munich

c12 Linear shear strain / twist rate coefficient
F Cross-sectional stress resultant vector
K Cross-sectional stiffness matrix
K Curvature tensor
k Linear gauge factor
q Quaternion
R Rotation matrix
r Displacement vector
s Span-wise coordinate
S1,S2 Temperature probe calibration parameters
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Sept. 10–12, 2024.

T Temperature
W Warping matrix under unit loads
x,y,z Spatial coordinates

ε Strain tensor
εc Cross-sectional strain vector
ε̄1 Axial strain
ζ Thermo-optical coefficient
θ1 Ply / surface angle
κ1 Twist rate
κ2 Flap bending curvature
κ3 Lead-lag bending curvature
λ Bragg wavelength
Ψ1 Warping function

(.)re f reference
(.)mech mechanical
(.)ph phantom
(.)therm thermal
(.)SS suction side
(.)PS pressure side

INTRODUCTION

Traditionally, helicopter component lifespans are estimated
based on loads that are encountered during design and qual-
ification, with adjustments for known fleet issues. However,
actual in-flight loads are rarely measured on production air-
craft, leaving these predictions conservative and vulnerable
to unforeseen circumstances. It has been accepted, that load
monitoring on production aircraft has the potential to improve
safety and to reduce maintenance costs. The adoption of this
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technology has been hindered by the limitations of traditional
sensors and data acquisition systems, which are often bulky,
heavy and unreliable in long-term use (Ref. 1).

Hajek, Manner and Süße (Refs. 2, 3) investigated the inte-
gration of fiber Bragg grating (FBG) sensors into the com-
posite structure of an elastic H135 blade root. The authors
concluded that the signal quality of the FBG sensors in terms
of noise and linearity showed potential for future HUMS ap-
plications. Furthermore, the embedding of FBGs in a fiber
composite structure promised robustness against environmen-
tal influences, EMC protection and good fatigue properties.
Based upon the previous work, Süße (Ref. 4) refined an anal-
ysis method of strain measurements along the blade in order
to determine the elastic deformation and bending stiffness of
the AREA rotor blade (Ref. 5).

Building upon the concept of rotor-integrated health monitor-
ing, Bottasso et al. (Ref. 6) presented for the Leonardo AW139
tail rotor a novel blade strain monitoring system, with which
they demonstrated the feasibility of embedding FBG sensors
directly into composite rotor blades. Furthermore, they show-
cased a complete interrogation system housed within a dedi-
cated enclosure for harsh rotor hub environments.

Particular noteworthy is also the project BladeSense (Refs. 7–
11), which utilized both fiber Bragg gratings for strain mea-
surements and a direct fiber-optic shape sensing (DFOSS) ap-
proach based on differential interferometry for the recovery
of deformation and the dynamic characterization of an H135
rotor blade. Beyond laboratory and test bench trials, the fea-
sibility of the technology was evaluated through ground runs.

As part of the joint research project iRoB (instrumented
rotor blade) of Kopter Germany and TUM, Berghammer et
al. (Refs. 12, 13) assessed the impact of FBGs integrated into
a composite rotor blade. They tested small samples with
and without FBGs, and successfully embedded them into a
small-scale blade for static and dynamic tests both in the lab
and on the rotor test rig MERIT (Ref. 14).

The objective of this paper, created in the context of the
research project iRoB, is to establish a mathematical rela-
tionship between the strain signals measured on a rotor blade
and structural quantities such as beam sectional strains, the
elastic deformation of the blade, and the sectional loads and
stiffness properties. Additionally, the paper addresses the
challenge of isolating these target variables from the influence
of temperature variations.

INSTRUMENTATION

A pre-series AW09 main rotor blade was instrumented with
FBGs in addition to electrical resistance strain gauges. There-
fore, a total number of 60 FBG strain sensors was applied to
five distinct sections at 820 mm (R820), 1505 mm (R1505),
2025 mm (R2025), 2795 mm (R2795) and 4470 mm (R4470)
measured from the rotor rotation axis. The section at 3613 mm

(R3616) was instrumented with two FBG temperature sen-
sors, isolated in a stainless steel tube and spliced at the end
of the fiber. One sensor was bonded to the suction side and
one to the pressure side of the rotor blade. Each temperature
probe was calibrated by the supplier with dedicated calibra-
tion parameters (Tre f , S1, S2, λre f ). The strain sensors were
bonded both in axial direction and in ±45◦ pairs. Figure 1
shows an illustration of the sensor network and fiber routing.
The unique sensor indexes refer to the fiber and grating num-
bers.
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Figure 1. FBG sensor network and fiber routing on a pre-
series AW09 rotor blade

The radial distribution was determined based on numerical
modal analysis to capture at least the first five Eigenmodes
of the rotor blade. The four optical fibers with their gratings
were placed in the respective quadrants of the cross-section in
such way, that under load the strains of each sensor of a fiber
usually have equal signs. Sections R820, R2025 and R4470
had a layout that consisted of six axial strain sensors and two
rosettes to maximize the bending signal-to-noise ratio. On the
other hand, the layout selected for sections R1505 and R2795
contained four rosettes in order to capture the shear strain field
in more detail. The fibers were bonded to the surface of the
rotor blade in following steps: First, the surface was prepared
for bonding by removing paint and primer until the structure
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was exposed. Then the sensor positions were measured and
marked with dedicated stencils. The surface was cleaned from
any contamination to ensure a good bond. Subsequently, the
fiber was bonded with a fast curing adhesive under light pres-
sure. Finally, the bonded surface was sealed and coated with
transparent silicone to protect it from the environment and to
allow inspection.

METHODOLOGY

The flowchart in Figure 2 illustrates the path from the mea-
sured signal quantities of the Bragg wavelengths via local
strains and temperatures to cross-sectional strains, sectional
forces as well as rotations and displacements of the rotor
blade.

An interrogator induced a specified spectrum of light into
each of the optical fibers. Each strain sensor and each tem-
perature sensor reflected a wavelength specific to its Bragg
grating back to the interrogator. The interrogator identified
the peaks in the reflected optical spectrum and assigned
the wavelength to the respective sensors. When a strain
sensor experienced strain, the spacing between the repetitive
structures within the Bragg grating altered, leading to a shift
of the reflected wavelength. Such wavelength shift could also
be the result of temperature fluctuations, which affected the
refractive index of the fiber due to the thermo-optic effect.
An approximated compensation of this effect was applied
using the local temperatures at the two temperature probes,
determined by Equation (2). The approximation assumed
equal local temperatures at each surface point of a blade
side. Subsequently, the local strains could be calculated with
Equation (1) from the change of Bragg wavelength with the
knowledge of the linear gauge factor k = 7.6E−7 µε(−1), as
well as the linear (ζ1) and quadratic (ζ2) components of the
thermo-optical coefficient.

The main components of this study were based on the rep-
resentation of the rotor blade as a beam and the determina-
tion of the sectional strains εc = (ε̄1, κ1, κ2, κ3), with the
sectional axial strain ε̄1, the twisting rate κ1, the flap bend-
ing curvature κ2 and the lead-lag bending curvature κ3. The
transversal shear strains ε̄2 and ε̄3 were neglected for this anal-
ysis as they have an insignificant effect on the dynamic re-
sponse of rotor blades. The relationship between measured
strain signals and beam sectional strains is described in Equa-
tion (3) as linear kinematic strain-displacement relation and
is derived and evaluated in Chapter KINEMATIC STRAIN-
DISPLACEMENT RELATION.

Using an appropriate interpolation function between the five
support cross-sections, the rotations and displacements of the
rotor blade were integrated according to Equation (10), as de-
scribed and validated in Chapter STRAIN-BASED SHAPE
RECONSTRUCTION.

The sectional strains were also the basis of the TEMPERA-
TURE COMPENSATION study, in which a relation accord-
ing to Equation (4) between the temperature signals and the

thermal sectional strains was derived from non-rotating tests
on the rotor test rig. The model accounted for the anisotropic
behavior of the rotor blade and allowed to determine the iso-
lated mechanical sectional strains.

Finally, the sectional strains are related to the sectional loads
to find the linear coefficients of the beam-sectional stiffness
matrix according to Equation (6). The primary objective is to
derive a relationship between the measured strain signals and
sectional loads. The secondary objective is to evaluate the
beam sectional stiffness matrices (K) to validate the structural
numerical models of the rotor blade and the beam descriptions
of aeromechanic models.

STATIC DEFORMATION MEASUREMENTS

Several static tests were carried out on a blade test rig in order
to derive the kinematic strain-displacement relationship, val-
idate the shape reconstruction and subsequently evaluate the
stiffness matrices. The deformation field of the rotor blade
under different load conditions was determined using digital
image correlation.

The experimental setup is shown in Figure 3a. Two digital
cameras were placed in a stereo configuration to perform 3D
measurements. The surface structure of the rotor blade and
the test rig were recognized based on attached point markers,
which allowed to assign 3D coordinates to image pixels by tri-
angulation. During the deformation of the specimen, images
were taken and subsequently compared to the undeformed
state in order to calculate the displacement and deformation
of the object.

The rotor blade was mounted on the rotor calibration test rig
and oriented in a position with the trailing-edge pointing up-
wards. A six degree-of-freedom (DOF) load cell was installed
between two flanges at the attachment. The main blade refer-
ence coordinate system, as visualized in Figure 1 and Fig-
ure 3a, was oriented with the x-axis along the span of the ro-
tor blade, the y-axis pointing towards the trailing-edge and the
z-axis upwards. A random pattern of optical markers was dis-
tributed on the suction side surface of the rotor blade, on the
blade clamp and on the cylindrical flanges. Additional LED
arrays provided a homogeneous illumination of the test arti-
cle. The used camera system was a GOM ARAMIS SRX 1600
with lenses of 20 mm focal length. Prior to the measurements,
it was necessary to ensure that the sensors had attained ther-
mal equilibrium and to carry out a recalibration. The system
allowed to capture images for full-field and point-based mea-
surements with a resulting calibrated field of view of 4500 mm
width and an image size of 4096x3068 pixels. With this setup
an accuracy of the 3D coordinates for each optical marker
of approximately 0.1 mm in-plane and 0.3 mm out-of-plane
could be achieved.

Loads were applied using weights, which acted on a load
frame via a cable pulley. Various load cases were recorded.
For the purpose of evaluating deflections, the twist rate and
the performance of the shape reconstruction algorithms, loads
were applied to the direction of only one coordinate axis at a
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time. A static test with a combined load in all directions was
also conducted.

Data was recorded simultaneously by the FBG interrogator for
the attached FBG sensors, and by a separate data acquisition
unit for the 6-DOF load cell and the 15 electrical resistance
strain gauge full bridges. The DIC system recorded eleven
stages of each load case and test.

A stage is defined as the momentary capture of the combined
set of stereo images. After the recording, all stages were fur-
ther processed with the DIC software GOM Correlate Profes-
sional 2022. The cylindrical flanges and the plane surfaces of
the blade clamp were used for the initial alignment of the mea-
surement data with respect to a coordinate system. The CAD
description of the experimental setup was superimposed to the
undeformed reference state to align the coordinate system (in
blade reference coordinates) to the original target data.

The measured deformation field was split into multiple radial
sections. In order to recover the deformed local coordinate
system of each section, the neighboring markers were con-
nected to a point component as shown in Figure 3b. The point
component links the coordinate system at the beam axis with
a rigid body motion. Note that this local sectional coordinate
system coincides with the local coordinate system of the de-
formed beam. For each stage the position vector of the origin
and the unit vectors of the local coordinate system were ex-
ported for further evaluation.

KINEMATIC STRAIN-DISPLACEMENT
RELATION

The objective of this chapter is to derive for each instrumented
section a relationship between measured strain signals and
beam sectional strains at sensor location i. The sectional strain
vector is described as εT

c = (ε̄1, κ1, κ2, κ3), with the sectional
axial strain ε̄1, the twisting rate κ1, the flap bending curvatures
κ2 and the lead-lag bending curvature κ3.

Equation (3) describes the axial strain field based on Euler-
Bernoulli assumptions, which have been proven to be ade-
quate for isotropic homogeneous beams featuring extension
and bending. For each sensor i the axial entries of the ma-
trix are defined by the y and z coordinates of the strain sen-
sor. However, the Euler-Bernoulli assumptions provide a poor
representation of beams under torsion and are only valid for
isotropic cylindrical cross-sections. In general, if the beam
is twisted, the cross-section warps and cannot remain plane.
For this reason, Saint Venant relaxed the Euler-Bernoulli as-
sumptions (Ref. 15) and introduced a new assumption, stating
that after deformation the cross-section warps proportionally
to the rate of twist. According to Saint Venant’s theory, the ax-
ial displacement field is proportional to the twist rate κ1 and
has an arbitrary variation over the cross-section described by
the unknown warping function Ψ1(y,z). The associated strain
field can be evaluated based on the strain-displacement rela-
tionship to find the strain/twist-rate coefficient c12, which de-
pends on the partial derivatives of the unknown warping func-
tion, the sensor location (y,z) and the ply/surface angle θ1:

c12 =

(
∂Ψ1

∂ z
+ y

)
sin(θ1)+

(
∂Ψ1

∂y
− z

)
cos(θ1) (11)

The previously described optical deformation measurements
were used to calibrate the c12 coefficients for each shear strain
sensor location. First, the twist rate κ1 was derived from the
DIC measurements and correlated to the strain measurements.
As explained, grouping optical markers together to form a
point component linked the motion of the local coordinate
system to that of the group of points. In order to derive the
local sectional strains, the spatial derivative was calculated for
the derived local coordinate system rotation matrix R with the
following equations:

εc =

{
ε̄

κ

}
=

{
RT r̄′− t̄

axial(RT R′)

}
(12)

The axial vector, associated with a second-order tensor A, is
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axial(A) =
1
2

a32 −a23
a13 −a31
a21 −a12

 . (13)

The low out-of-plane accuracy (around 0.3 to 0.5 mm) of the
data created significant fluctuations when directly calculat-
ing the derivative of the sectional strains obtained from DIC.
To address this issue, spline interpolation was employed as a
method to smooth the data.

All torsional load measurement cases were used for a linear
regression. From the calculated least squares solution the re-
lationship between twist rate and local shear strains could be
derived. Figure 4 shows exemplary the shear strain of the sen-
sor pair 1-10/1-12 versus the twist rate κ1. The dashed line
represents the corresponding least squares solution for the co-
efficient c12.

In order to validate the derived kinematic shear strain relation,
the twist rate κ1 was determined from DIC measurements and
compared to the predicted twist rates, as presented in Figure 5.
In addition to the approach of the DIC-calibrated c12 coeffi-
cients, the figure also shows the solution of the Bernoulli rep-
resentation without warping terms.

According to a further methodology applied for this compar-
ison, the unknown warping displacement was evaluated with
the help of sectional finite element models of SONATA and
the solver ANBA4. This hybrid approach was first introduced

by Sinotte and Bauchau (Refs. 16–18) and later adopted by
Pflumm (Ref. 19).

After interpolating the calculated warping field under unit
loads to the FBG sensor location i, as shown in Figure 6,
Equation (3) can be rewritten as the sum of the rigid section
Euler-Bernoulli model Ui and the unknown warping correc-
tion ViK:

εi = (Ui +ViK)εc (14)

The warping correction term contains the differential oper-
ators A and B, the sectional stiffness matrix K, the non-
dimensional curvature tensor K̃, the warping displacement un-
der unit load W and the strain rotation matrix Re(θ1), which
ensures a common orientation of all measured strains. The
derivation was described by Han and Bauchau (Refs. 20, 21).

Vi = R−1
e,i (AWiK +BWi) (15)

It was recognized that the warping correction improved the
solution at the first four instrumented sections compared to
the classical Euler-Bernoulli beam model, yet showed a large
offset at the last section. As an educated guess there was a sig-
nificant discrepancy between the model and the reality, and
the influence of the trim tab was not well represented in the
model. Said discrepancy revealed the weakness of this inher-
ently implicit hybrid approach. Since the warping corrections
were determined from a numerical model, the model itself had
to represent the problem accurately.

Figure 5 also shows that the classical Euler-Bernoulli assump-
tions fail most notably in the last section and that the DIC cal-
ibration of the c12 coefficient has the smallest overall error. It
was therefore the method selected for further analysis.

According to Equataion (6), the symmetric sectional stiff-
ness matrix K establishes a relationship between the sectional
strains εc and the stress resultant vector F . All datapoints of
the measurements create an over-determined system of lin-
ear equations that is solved to determine the desired coeffi-
cients. For that, the constitutive equation is rewritten in the
general form Ax = b by vectorising the sectional stiffness ma-
trix and unraveling the sectional strains. To enforce the sym-
metry of the sectional stiffness matrix the duplication matrix
Dnvech(K) = vec(K) is used to unravel the sectional strains
(I ⊗ εc)Dn. The SOE is solved by minimizing the Euclidean
2-norm.

OUTLIER DETECTION

The objective of this chapter is the identification of poten-
tial sensor errors or malfunctions by taking advantage of the
overdetermination of the instrumented sections. In more de-
tail, the sensor layout per section provided more strain sensors
than required to solve the kinematic strain-displacement rela-
tionship. This property was used to detect faulty signals, mask
them as outliers and exclude them from the further computa-
tion.

6



y
−50 0 50 100 150

z

−30
−20
−10

0
10
20
30

x

1e
−

4

−1.0
−0.5
0.0
0.5

1.0

y
−50 0 50 100 150

z

−20
−15
−10
−5

0
5
10
15

x

1e
−

4

−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5

y

−50 0 50 100 150

z

−15
−10
−5

0
5
10

x

1e
−

4

−3
−2
−1
0
1

y
−50 0 50 100 150

z

−10
−5

0
5
10

x

1e
−

4

−3
−2
−1
0
1

y

−50 0 50 100 150 200 250

z

−10.0
−7.5
−5.0
−2.5

0.0
2.5
5.0
7.5
10.0

x

1e
−

4

−3
−2
−1
0
1
2

Figure 6. Out-of-plane surface warping field under unit load torsion (Mx = 1 Nm), from section R820 to R4470 (left to
right)

In the kinematic strain-displacement calculation the problem
has been separated into an axial and a shear strain field with
two separate linear systems of equations in the form Ax = b.
The coefficient matrix A1 contains only the axial sensor po-
sitions. In contrast, the coefficient matrix A2 is an equivalent
shear problem, which contains the DIC-calibrated coefficient
c12 relating the shear strain at sensor position i to the associ-
ated twist rate. Thereby transversal shear strains are assumed
to be negligible. Both coefficient matrices are a fix property
of the instrumented section and do not alter with a varying
signal.

[ε11]i = A1,i

ε1
κ2
κ3

 (16)

[ε12]i = A2,i
{

κ1
}

(17)

For every possible sensor combination up to M − N (num-
ber of unknowns − number of sensors), the Moore-Penrose-
Pseudo Inverse A+

1 and A+
2 was calculated, with which the

sectional strains and the remaining residuals |b−Ax| could be
evaluated from measurement signals.

The sensor combinations and their remaining residuals were
compared iteratively to a fixed residual threshold, beginning
with a combination of all sensors. If the residual for a com-
bination was higher than the threshold, subsequently an itera-
tion was done over all combinations with one sensor excluded.
Then their residuals were compared against the threshold. If
one or more combinations meeting the criteria were found,
the case with the lowest residual was selected and the sen-
sor outlier was identified. This procedure was continued until
the number of sensors was equal to the number of unknowns,
which would naturally produce a residual of zero.

The residual, defined by the root mean square error (RMSE),
for a load calibration measurement is plotted in Figure 7. The
x-axis represents the sample number, the y-axis the RMSE in
log scale. The test started from a preloaded condition, upon
which the load was released. For high torsional loads, resid-
uals with an order of magnitude three times higher than usual
were detected. As the load was further released, their value
suddenly dropped towards that of normal residuals. By ap-
plying the above methodology, the shear sensor combination

1-10/1-12 was identified as outlier that caused the large dis-
crepancy. Once this sensor was removed from the calculation,
the error decreased into normal regions. Since this malfunc-
tion only appeared under very high loads that are uncommon
during regular operation, it was assumed that the wavelength
peak of one of the sensors started to interfere with another
peak, neighbored in the optical spectrum of the fiber. Such
phenomena is illustrated in the example of Figure 8.

The described approach is an easy and effective method to
check for signal consistency in an overdetermined system of
equations. It proved to be a fast algorithm for a low number
of outliers and small problems with a lot of executions.

10−9
10−8
10−7
10−6
10−5
10−4
10−3
10−2
10−1

peak interference of shear sensor 1-10/1-12

reduction of torsional moment Mx

R
M

SE

A1 - Axial Model A2 - Shear Model
A2 - Outlier Removed

Figure 7. Residuals (RMSE) of the kinematic strain-
displacement relationship during the release of high tor-
sional loads

STRAIN-BASED SHAPE
RECONSTRUCTION

In this chapter a displacement theory is developed and
validated with the objective of providing shape predictions
based on strain measurements of the rotor blade during
flight. The two common approaches are an integration along
the span-wise coordinate of a beam, and a modal shape
sensing method. The latter requires the determination of the
modal shape functions of the rotor blade during the different
operational states and was not considered in the scope of the
investigation.

Quaternions are an extension of the complex numbers to form
a non-commutative algebra in four dimensions. They provide
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Figure 8. Interference of FBG sensors 2-9 and 2-10 at sec-
tion R2975 under large static flap bending loads.

a convenient mathematical notation for representing spatial
orientation and rotation of elements in the three-dimensional
space. More specific, they encode information of an axis-
angle rotation about an arbitrary axis. For this purpose,
quaternions are treated here as vectors:

q = q0 +q1i+q2 j+q3k (18)

= [q0 q1 q2 q3]
T (19)

As noted in Equation (7), the spatial derivative of a unit
quaternion q′ is determined by the bending curvatures κ2 and
κ3, and the twist rate κ1 within K of Equation (8) and the
quaternion q itself (Ref. 22).

The sectional strains were derived for each instrumented sec-
tion from the kinematic strain-displacement relationship. Val-
ues between data points were estimated by quadratic polyno-
mial interpolation. The initial value problem of a system of
ordinary differential equations is numerically integrated with
the Explicit Runge-Kutta method of order 5(4).

With the transformation of Equation (9) the displacements
r(s) are integrated along the span s according to Equa-
tion (10).

Figure 9 illustrates the displacements in the flap (z) and chord-
wise (y) directions, as well as the twist angle expressed as an
Euler angle (X) (θ ), for three distinct loads applied using the
strain-based shape reconstruction methodology. These results
are presented in comparison to the recorded displacements
from the DIC measurements. In the case of the chord-wise
lead load, the largest displacement in the y-direction was ob-
served, with a tip displacement of −26 mm. The strain-based
reconstructed displacements demonstrate an excellent degree
of agreement in comparison to the DIC displacements.
Figure 10 illustrates the box plot of the absolute tip displace-
ment error across all recorded load cases, demonstrating a
maximum deviation of only 2.6 mm in the y-direction. In
the z-direction, the measured tip displacement reached values
of up to 74 mm during a flap load case. While the agreement
remains satisfactory, the deviation increased to a median of

3.0 mm and a maximum value of 8.1 mm in all load cases.
The discrepancy between the reconstructed displacements and
the DIC measurements also remains small in the direction of
torsion. However, with a maximum deviation of 0.51° at the
blade tip, it is still significant, depending on the purpose of
application.
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Figure 9. Shape reconstruction vs. DIC measurements

|∆y,tip| |∆z,tip|
0

2

4

6

8

m
m

|∆θ ,tip|

0.2

0.3

0.4

0.5

de
g

Figure 10. Box plot of the tip displacement error over all
static load cases.

The results are noteworthy for all load cases, particularly
given the limited number of instrumented sections utilized for
support points in the interpolation and integration processes.
It is anticipated that further enhancements will be observed
with an increase in the number of instrumented sections. It is
important to note that the load case does not accurately repre-
sent the actual operating conditions. In this test setup, the load
was consistently applied as a single load or moment at the tip,
which resulted in a linear bending moment distribution along
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the span and a constant torsional moment. This could result in
less favorable outcomes than those observed in the lab tests.

TEMPERATURE COMPENSATION
For the development and demonstration of the thermal cali-
bration model, data of the instrumented blade recorded during
a full-scale rotor test rig campaign was taken as basis. In Ref.
23 the setup and program of the campaign is described, which
comprised twelve test runs with different configuration and
control inputs. All recorded data points contained the temper-
ature information from the two FBG temperature sensors on
the two blade surfaces. This chapter investigates the question,
whether and to which extent this information can be exploited
to improve the accuracy of load measurements by isolating
thermal sectional strains.
A preliminary examination of the recorded temperature data –
the local temperatures had been determined beforehand with
Equation (2) – revealed an obvious influence of the dynamic
blade state on the temperature recordings. Figure 11 suggests
a dependency of the temperature signals from the rotational
speed, which resulted from the airflow conditions. However,
it also shows a timely lag of said dependency, indicating heat
transfer processes within the blade structure and between the
blade and its environment. Since airflow conditions varied
significantly both span-wise and chord-wise along the blade
during rotation, the data available from two temperature sen-
sors did not suffice for a quantitative analysis.
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Figure 11. Control inputs and temperature sensor signals
for a rotational speed sweep test run. The vertical lines
indicate local minima of the temperature recordings and
rotational speed.

Figure 11 also contains two time periods in non-rotating con-
dition, one before and one after the test run. While the tem-
perature signals in the first period show a balanced state with
a remarkable temperature difference between the sensors, the
second period is characterized by initially even temperatures
followed by an increase of the suction side temperature. Thus,
the recorded temperature data contains both a spatial and a
temporal gradient.
As illustrated in Figure 12, the sectional strains did not remain
stable during the second period, contrary to what would be
expected in a non-rotating condition with constant mechani-
cal loads. Instead, a correlation with temperature influences is
indicated. As Equation (2) already accounted for the thermo-
optic effect, the observed behavior could be explained by the

effect of thermal sectional strains, represented by the parame-
ter εc,therm.
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Figure 12. Values derived from the two temperature sen-
sors and sectional strains determined for section R820
during a period directly after stopping the whirl tower ro-
tation

Particularly interesting to the development of a relationship
between cross-sectional strains and thermal influences were
the FBG recordings before and after rotation. On the one
hand, the mechanical loads were repeatable and approxi-
mately constant during these periods, since there were barely
wind or gusts and the rotor controls were in a defined state. On
the other hand, the temperature range measured on the blade
was comparably broad. This was due to changing sun ele-
vation, shade and ambient temperature over the course of the
test campaign, but also a useful side effect of the thermal im-
balance right after stopping the rotor spinning. 23 such time
snippets could be extracted from the recorded data as illus-
trated in Figure 13. Each of them could be allocated to one
of three different general temperature characteristics: the two
states described above (balanced, increase), as well as a state
of decreasing temperatures (decrease). The weather condi-
tions during the testing period had been sunny and dry, mostly
free of wind or gusts, and the ambient temperature had varied
in a range from 21°C to 30°C. The temperature state increase
usually arised, when the instrumented blade after rotation had
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stopped in a rest position exposed to the sun. Consequently
the temperature on the suction side had increased significantly
faster than on the pressure side. On the other hand, a blade rest
position in the shade of surrounding trees, which had occurred
in the late afternoon, lead to a decrease state.
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Figure 13. Selected time periods in non-rotating condition
with temperature sensor recordings, ambient temperature
and sun elevation

It was seen as desirable to quantify the thermal sectional
strains and subtract them from the sectional strains, in or-
der to yield the pure mechanical sectional strains according
to Equation (5). With available temperature data only from
two sensors the prospects of such a regression task appeared
to be limited, however worth to be investigated. Ideally this
would lead to a model that can be applied in arbitrary condi-
tions, i.e. also for the determination of mechanical sectional
strains during rotation.

The used data set was composed of the 23 time periods in
non-rotating condition, taken as discrete data points. Three of
the time periods – one of each state balanced, increase and
decrease – were put aside as test set. The performance of the
investigated regression models was measured using the root
mean square error (RMSE).

In order to facilitate interpretation, a local reference state was
selected within the measurement data, for which the thermal
component of the sectional strain was set to zero. The refer-
ence point was taken at the end of the last time period, because
due to the blade stop position in the shade not only the tem-
peratures, but also their timely and spatial gradients were low.

The model εc,therm = f (Tmean,∆T ), as noted in Equation (4),
was trained with twenty labels, representing the four-value
sectional strain vector at five blade sections. The feature vec-
tor comprised two values, which were the mean temperature
of the two sensors, as well as the difference of the temperature
values. The latter represents the spatial gradient between the
two sensor locations.

Figure 14 shows the RMSE for a linear regression analysis
and a 2nd degree polynomial analysis on the training set, a
5-fold cross-validation (development) set with standard devi-
ation error bar, and on the test set. Despite the limited band-
width of the data set, predominantly linear correlations were
observed, and an increase of the model order resulted in a
reduction of the error measure for both the training and de-
velopment sets. However, this did not translate to satisfactory

generalization for the selected cases in the test set. To illus-
trate the effects and enhance interpretability, a simple linear
regression model was employed for the following analysis.
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Figure 14. Model performance comparison

Figure 12 shows exemplarily the target and predicted values
for the sectional strains at blade section R820 for a test set
time series in increase state. The overall trend of both models
aligns closely with the observed data, although a discernible
offset is evident in subsets of the test set.
Figure 15 illustrates the deformation of the rotor blade due
to a mean temperature increase of +15°C and a temperature
difference between the suction side and the pressure side of
+5°C and +10°C, respectively. This was achieved using the
strain-based shape reconstruction method, which is presented
in this study, and which was compared to the reference state.
An average temperature increase of 15°C resulted in a bend-
ing of the rotor blade of approximately 6.5 mm in a backward
direction and 6.8 mm in an upward direction at the blade tip.
In contrast, a positive temperature difference lead to a blade
deformation in the opposite direction. Additionally, the tem-
perature increase caused a notable twist of the rotor blade.
Regarding the deformation reconstruction results presented
above, it is essential to exercise caution when interpreting the
absolute values, as they merely illustrate a trend. Regrettably,
these deformation measurements could not be compared to a
second instance such as DIC measurements.
Figure 16 illustrates the impact of the three exemplary
temperature states on the phantom sectional loads, which
are defined as the thermal sectional strains multiplied by the
sectional stiffness matrix, denoted as Fph = Kεc,therm. These
phantom loads are quantities which would have been regis-
tered incorrectly, if this type of temperature compensation
had not been carried out.
For example in absolute terms, a phantom torsional moment
of 42 Nm would have been observed at the first instrumented
section when a temperature differential of +10°C was present.

To summarize, a thermal compensation methodology has been
presented, which allows to isolate the thermal influences on
the sectional strain values by the recorded temperature signals
and therefore improve the accuracy of load measurements in
varying environmental conditions. The temperature record-
ings gave insights into the temperature condition on the blade
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Figure 15. The effect of temperature on the elastic defor-
mation of the rotor blade. Derived with the described
shape reconstruction methodology.

surface both in rotating and non-rotating state. Furthermore,
the limitations of this study have been outlined, primarily re-
sulting from the number and location of temperature sensors
and limited data set.
Improved data quality and sensor placement are key to en-
hancing the accuracy of the regression model. To achieve
this, future studies should particularly expand the data set
and optimize the distribution of temperature sensors. Embed-
ding sensors into the structure could further minimize external
influences. The presented method is not exclusive to FBG-
instrumented rotor blades; it can also be applied to classical
strain-gauge instrumented beams in general.
Furthermore, the presented method is intended as an in-field
procedure, avoiding the necessity for supplementary labora-
tory tests for thermal recalibration. This results in a reduction
of the overall effort and costs associated with the instrumented
component. In this procedure, the aircraft equipped with in-
strumented blades gathers strain and temperature data on a
regular basis, whenever mechanical conditions remain con-
stant. Once a sufficient quantity of data has been accumulated,
the regression model is determined and evaluated against for-
mer parameters. This also paves the way for further monitor-
ing capabilities and the potential to identify degraded sensors
or structural damage.

CONCLUSIONS

The implementation of load monitoring systems has the po-
tential to enhance aviation safety and reduce maintenance
costs. However, the current limitations of sensor technology,
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Figure 16. Phantom sectional loads of the rotor blade due
to temperature effects.
particularly in terms of size, weight and reliability, are hinder-
ing the widespread adoption of these systems on the rotor.
In this study, a pre-series Kopter AW09 main rotor blade was
instrumented with fiber Bragg gratings (FBGs). Static lab
tests with digital image correlation (DIC) were conducted to
derive and evaluate mathematical relationships between the
measured strain signals and structural quantities. These com-
prised the beam sectional strains, the elastic deformation of
the blade, and the sectional loads and stiffness properties. Fur-
thermore, the paper addressed the challenge of isolating these
target variables from the influence of temperature variations.

The following key conclusions were drawn from this study:

1. A linear relationship between the shear strain at sensor
position i and the twist rate κ1 was identified with the
use of DIC. The primary advantage is that it is entirely
based on experimental data, avoiding the necessity of
complex finite element models. Furthermore, it repre-
sents a crucial advancement compared to the inaccurate
Euler-Bernoulli relationship.

2. An outlier detection method was presented which im-
proved the robustness of the measurement system against
sensor failures by exploiting the over-determination of
each instrumented section. In the case of spectral peak
interference, erroneous signals could effectively be re-
moved from the data set. This demonstrated a key advan-
tage over current strain gauge instrumentation in terms
of reliability and potential suitability for load-monitoring
applications.

3. A novel strain-based shape reconstruction method was
developed and validated, which considers axial, bending
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and twist deformation of the rotor blade without rely-
ing on predetermined mode shapes. The method demon-
strated notable accuracy in comparison to the reference
deformation captured by the DIC system.

4. A methodology for the experimental determination of ro-
tor blade sectional stiffness properties was developed,
with the primary intention of establishing the relation
between sectional strains and sectional loads. Addition-
ally, the methodology can be used to validate the struc-
tural numerical models of the rotor blade and the beam
descriptions of aeromechanic models. Furthermore, the
methodology has the potential to be employed for qual-
ity assurance purposes in production, thereby reducing
the uncertainties associated with stiffness properties, and
improving rotor track and balance behavior.

5. A thermal compensation methodology was presented,
which effectively isolated thermal effects on sectional
strain measurements. Under consideration of the
anisotropic behavior of the structure and non-uniform
temperature distributions, load accuracy under varying
environmental conditions was enhanced. Temperature
data provided valuable insights into blade surface con-
ditions. While the current study was limited by the
quantity and placement of the sensors and the data set
size, the proposed method showed potential for improve-
ment with data expansion and an optimized sensor dis-
tribution. The technique is applicable beyond FBG-
instrumented rotor blades and offers the advantage of
in-field implementation, reducing costs and effort. In fu-
ture work the potential of the method for structural health
monitoring can be explored.
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