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Summary

This work aims at radar sensors in the frequency band from 57 to 64 GHz

that can be embedded in wind turbine blades during manufacturing, enabling

non-destructive quality inspection directly after production and structural

health monitoring (SHM) during the complete service life of the blade. In this

paper, we show the fundamental damage detection capability of this sensor

technology during fatigue testing of typical rotor blade materials. Therefore, a

frequency modulated continuous wave (FMCW) radar sensor is used for dam-

age diagnostics, and the results are validated by simultaneous camera record-

ings. Here, we focus on the failure modes delamination, fiber waviness

(ondulation), and inter-fiber failure. For each failure mode, three samples

have been designed and experimentally investigated during fatigue testing. A

damage index has been proposed based on residual, that is, differential, sig-

nals exploiting measurements from pristine structural conditions. This study

shows that the proposed innovative radar approach is able to detect continu-

ous structural degradation for all failure modes by means of gradual signal

changes.
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1 | INTRODUCTION

Radar sensors operating at microwave and millimeter-wave frequencies have been used in non-destructive testing
(NDT) applications for many years to detect material imperfections in dielectric materials such as glass fiber
composites,1 sandwich panels,2 foams,3 ceramics,4 and polymer-bonded civil infrastructures.5 Moreover, it is possible to
evaluate coating layer thicknesses in a non-contact way from remote distance.6 In most of these applications, a single
probe is used in reflection mode that scans the specimen in two dimensions. Subsequent image processing, for example,
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using synthetic aperture radar techniques, generates an image of the interior of the specimen that can be analyzed man-
ually or by semi-supervised learning methods.7

The successful application of radar technology in NDT motivated the usage of radar sensors in structural health
monitoring (SHM) applications in which the sensors are permanently attached to the structure.8 Instead of scanning
the probe, it is possible to record baseline measurements from the pristine state of the structure for advanced diagnostic
tasks. This means that static cross-talk from the transmitter to the receiver and complex multipath patterns can be eas-
ily removed by simple signal subtraction.9 Subsequent signal changes represented by the residual, that is, differential,
signal can be interpreted as damage-related effects. Examples for radar-based SHM systems include the installation of
millimeter-wave radar sensors at the tower of a wind turbine for rotor blade inspection10,11 or the monitoring of surface
damage using guided electromagnetic waves.12

In addition, Doppler radar systems can be used to obtain the structures dynamic response. In a recently published
review article, Rodrigues and Li13 present the latest developments of low-cost Doppler radar systems for SHM applica-
tions. The discussion includes both hardware- and software-related developments. Alternatively, interferometric syn-
thetic aperture radar (InSAR) can be used for structural monitoring as described by Giardina et al14 andMontuori et al15

In this work, we aim at structural embedded radar sensors in wind turbine blades as shown in Figure 1. The frequency
modulated continuous wave (FMCW) radar operates in the frequency band from 57 to 64 GHz. At these frequencies, the
wavelength in air is approximately 5 mm. Taking the dielectric material properties of the blade into account further
reduces the wave speed and also the wavelength of the electromagnetic waves. This means that technically relevant dam-
age sizes can be identified providing information about the early occurrence of damage. A preliminary study has been pro-
posed in Simon et al16 characterizing typical rotor blade materials in terms of their dielectric properties. Additionally, in
that study, a numerical model has been developed for wave propagation analysis in a wind turbine blade.

The present work shows the results of an experimental study for damage detection in typical rotor blade materials
during fatigue testing. It should be noted that this work has been performed on component level and does not address
full-scale testing. To this end, Section 2 presents the sample preparation, the experimental setup, and the data analysis
approach. Subsequently, results are shown and discussed in Section 3 followed by the conclusions.

2 | EXPERIMENTAL SETUP AND DATA ANALYSIS

2.1 | Sample preparation

To investigate the performance of the 60-GHz radar sensor, the Fraunhofer IWES designed and manufactured samples
with typical rotor blade defects and tested for fatigue by using a testing machine. A distinction is made between two
types of defects: first, defects that are created in the manufacturing process or by material imperfections (fiber waviness)
and second, defects that arise from strains on the structure (delamination and inter-fiber failure). Photos of the samples
representing the three defect types are shown in Figure 2a. Three test samples for each case were produced and subse-
quently tested for fatigue. Taking into account the technical conditions of the available testing machines, the sample

FIGURE 1 Structural embedded radar sensors for nondestructive testing and structural health monitoring of wind turbine blades. In

the future, data can be exchanged wirelessly between the sensors
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dimensions were optimized. The dimensions of the adhesive test specimens were calculated with a width/length ratio
of 1/30.

The first manufacturing defect is given by a delamination. It was designed by a drop-shaped and colored 75-μm
PTFE-foil resembling needle-shaped blowholes. It was placed in the middle lamina, oriented in the 0� direction and
located in the region of interest (i.e., within the radar beam). High stress concentrations at the tapered PTFE-foils ends
served as delamination starters. The coloring of the PTFE foils enabled a high reproducibility of the test specimens by
visually locating the delamination.

The second manufacturing defect, fiber waviness, was created by the insertion of a matrix rod into the laminate
using the transverse strip method.17 To manufacture the matrix rod, a commercially available U-profile made of alumi-
num with an internal dimension of 12 mm � 10 mm was covered with vacuum foil; an infusion was set up and filled
with matrix material. The profile was sanded with wet sandpaper to the final dimension of 10 mm � 5 mm. After half
of the laminas were in place, the matrix rod was inserted in the measured region of interest with an orientation of 90�.
The insertion of the matrix rod resulted in a fiber waviness with an offset of 20�. The fiber waviness shifts the fiber ori-
entation from the longitudinal direction and creates a maximum dominant damage for layers that are primarily
oriented in the stress direction 0�.

To create inter-fiber failure, a biaxial fabric was used because the load is off-axis to the fiber direction. Since inter-
fiber failure depends on the material used, a simple infusion setup was designed using biaxial fabric. The occurrence of
inter-fiber failure is caused by the slippage of the ±45� layers, which is encouraged by the alignment of the layers in the
direction of tension. A summary of the sample specification is shown in Table 1. Here, the variable R describes
the stress ratio σu/σo between minimal stress σu and maximum stress σo.

2.2 | Experimental setup

The mechanical tests were carried out with a 1-MN universal testing machine from w+b company. The radar sensor,
shown in Figure 2b, was mounted on a movable boom mechanically decoupled from the testing machine. This support

FIGURE 2 (a) Test specimen showing one sample for each defect type. (b) Photo of the experimental setup with a sample in the fatigue

testing machine. A 60-GHz radar system with a quasi-optical focusing is placed in front of the sample. Moreover, a camera module is

connected to a Raspberry Pi taking a photo of the sample in each measurement cycle

TABLE 1 Specification of the specimen

Specimen Material Fixed ply construction Test method

Fiber waviness U-E-1182 g/m2 24 plies + 10 � 5-mm matrix rod R¼�1

Delamination X-E-778 g/m2 12 plies + drop-shaped PTFE foils R¼ 0:1

Inter-fiber failure X-E-778 g/m2 12 plies R¼ 0:1

Note: Three samples have been produced for each failure mode.
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ensured the optimal alignment of the radar sensor to the specimen with a 90� incidence. The mechanical test procedure
was inspired by the ISO 13003 (fiber-reinforced plastics—determination of fatigue properties under cyclic loading con-
ditions). This standard defines the general procedure for fatigue testing of fiber-reinforced plastic composites under
cyclic loading conditions of constant amplitude and constant frequency. All measurements were taken at constant tem-
perature conditions measured by a temperature sensor on the samples surface. Every 100 cycles, the test was stopped
and the probe unloaded to ensure reference conditions. The radar measurements and the camera were not synchro-
nized with the fatigue testing machine so that the measurements were recorded continuously until the machine was
manually stopped.

The FMCW radar sensor from ASINCO GmbH (Duisburg, Germany) operates in the frequency band from 57–
64 GHz. For this experiment a quasi-optical focusing was used to concentrate the radar beam on the sample. The
�3-dB level of the radiated energy illuminates a diameter on the sample of approximately 40 mm. In addition, a camera
connected to a RaspberryPi was used.

2.3 | Data analysis

A damage indicator (DI) is widely used in SHM systems to describe the structural condition either as intact or damaged.
In many cases the DI is defined relative to a baseline state. This can be the intact structure or a structural state after
inspection with conventional NDT techniques. Examples can be found in acousto-ultrasonics,18 electromechanical
impedance testing,19 and also vibration-based SHM systems.20 In this work, the DI is defined as the root-mean-square
deviation of the residual signal:

DI¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

rmax � rmin ð

rmax

rmin

ΔSðrÞdr

vuuut ð1Þ

In this equation, r is the distance and ΔS(r) is the residual signal between the current signal S(r) and the baseline
signal SB(r). In case of the intact structure, the DI is close to 0 and should increase when the structure is degraded.

3 | RESULTS

The left part of Figure 3 shows a typical radargram in which successively recorded radar signals are displayed one below
the other. In order to evaluate relative signal changes, the differential radargram is shown in the right part of Figure 3.
Therefore, the first measurement serves as baseline and is subtracted from all other measurements. Since multipath

FIGURE 3 (left) Radargram for the sample Delamination #1. (right) Differential radargram in which the first radar measurement is

used as baseline and subtracted from all other radar measurements. The damage indicator (DI) is computed based on all samples in the

distance interval between 0.2 and 0.7 m (marked in white as dash-dotted lines)

4 of 7 MOLL ET AL.



effects should be eliminated, the region of interest covering the position of the sample is limited to the distances of
rmin = 0.2 m and rmax = 0.7 m, respectively.

The development of the DI for a specimen with delamination is shown in Figure 4. It can be clearly seen that the DI
increases over time due to fatiguing of the sample. This interpretation is supported by photos depicted in the same
figure. The blue curve represents the unprocessed DI containing sequential measurements in which the fatigue testing
machine is operating and stopped periodically. The spikes can be explained by loading effects of the sample that causes
a distance variation toward the radar xD as shown in Figure 5. To resolve the movement of the sample, the pulse repeti-
tion rate should have been increased significantly.21 However, this was not the aim of the present study. A similar
fatigue behavior can also be observed in the DI curves for all other specimens in the present study. The corresponding
DI curves are visualized in Figure 6. Although the measurement time until a fatigue damage developed was different, it
can be seen that the DI has a positive trend in all cases. There are at least three explanations to understand the continu-
ous changes in the radar signals. First, the dielectric properties of the defective region change locally as described in

FIGURE 4 (left) Development of the damage indicator (DI) for a specimen with delamination. It can be seen that the DI increases over

time. (right) Three photos of the sample at different time instances show the degradation of the specimen during fatigue testing

FIGURE 5 (a) Close-up of the damage indicator (DI) for a specimen with delamination. A periodic pattern can be observed that comes

from harmonic oscillations of the fatigue testing machine. Reference measurements were recorded when the specimen was unloaded.

(b) The periodic pattern can be explained by the deformation of the sample by the load F that lead to a distance variation xD toward the

radar
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Yang et al22 Second, fatigue mechanisms in the glass fiber reinforced material cause permanent geometric changes in
the sample that are detectable by the radar. Third, fatigue behavior leads to additional interfaces in the sample rep-
resenting impedance discontinuities that cause additional reflections for the electromagnetic waves.23

4 | CONCLUSIONS

In this paper, it was demonstrated that the frequency band from 57 to 64 GHz seems to be adequate for the SHM of
wind turbine blades. Three different failure modes were successfully detected during a fatigue test, namely, delamina-
tion, fiber-waviness (ondulation), and inter-fiber failure. A DI defined as the root-mean-square deviation between a
radar measurement and a baseline signal showed a progressive trend over time in all cases. These promising results
were validated by means of photos acquired simultaneously to the radar measurements.

For the practical application of this technology, integrated sensor solutions with a small footprint are needed that
can be embedded in the blade during manufacturing. In addition, effects related to temperature and relative humidity
must be taken into account and eliminated for reliable damage assessment. Future studies should also consider the pos-
sibility to discriminate different types of damage.
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FIGURE 6 DI for the remaining eight specimen. The testing time (in hours) is different, because the time until failure varies among the

specimen. The peaks in the raw DI curves come from periodic deformation of the sample during operation of the testing machine. Here, IFF

stands for inter-fiber failure
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