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Abstract
Usually, only one surface or one side of 3D structures is measured in Scanning Laser Doppler Vibrometer (SLDV) tests 
due to test setup and instrumentation limitations. However, in this work, we demonstrate an approach to overcome these 
limitations while also using an SLDV that provides high spatial resolution measurement. In the case of a wind turbine 
blade, only one surface is typically measured. In most scenarios, only focusing on one surface of the blade is sufficient 
to characterize the dynamics of the global blade modes. However, as we show measurement of both surfaces offers valu-
able insights to explore both the global blade modes and the relative motions of the two surfaces of the blade. This work 
proposes and applies a new method of experimental modal testing on both surfaces of the wind turbine blade using a high 
spatial resolution 3D SLDV. The two surfaces of the wind turbine blade are scanned by the 3D SLDV respectively under 
the same global test coordinate system defined by several alignment objects. Then the two surfaces are stitched together to 
build the blade mode shapes of both surfaces. In the current testing, a total of over 1,500 points (4,500 response degrees 
of freedom for the 3D measurement) are scanned from both surfaces of the blade in a non-contact fashion to obtain the 
flap-wise, edge-wise, and torsional mode shapes of the blade. The orthogonality of the measured mode shapes, either one 
surface or both surfaces, is validated by the correlation tool, Modal Assurance Criterion (MAC). The effectiveness of the 
two-surface measurement is demonstrated by comparing the drive point Frequency Response Function and by correlat-
ing the mode shapes from the two surfaces. With the high spatial resolution 3D SLDV measurement, local panel modes 
of the wind turbine blade are observed from the mode shapes. Especially the panel breathing mode can only be revealed 
due to the two-surface measurement. This work also provides a useful reference for the wind turbine blade designers and 
researchers for design, structural analysis, and reliability study on the wind turbine blade. The two-surface measurement 
technique proposed in this work is demonstrated on a wind turbine blade, and it will also be applicable for other types of 
two-surface shell-type structures.

Keywords  Wind Turbine Blade · 3D Scanning Laser Doppler Vibrometer (SLDV) · Modal Testing · Mode Shape · Modal 
Assurance Criterion (MAC) · Blade Panel Mode

Introduction

A wind turbine blade is one of the most complicated and 
essential elements of wind turbines. As blade length contin-
uously grows, testing and modeling the wind turbine blade's 
modal characteristics to have an in-depth understanding of 
wind turbine blade dynamics is essential for the operation 
and service safety of a wind turbine [1].

What is the motivation to measure the mode shapes of both 
surfaces of structures, for example, wind turbine blades? In 
the existing literature, usually, due to the limitation of the test 
setup and instrumentation, only one surface of structure has 
been experimentally studied, and few works have addressed 
both surfaces of a structure. Specifically for the wind turbine 
blade, the configuration is hollow with a shear web or box 
spar supporting both surfaces [2]. There is a possibility that 
the two surfaces exhibit slightly different dynamic behavior, 
and there might be phase differences or relative displacement 
between the two surfaces. Although, for low-frequency mode 
shapes of a wind turbine blade, measuring one surface of the 
wind turbine blade is enough to capture the experimental 
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modal characteristics for global beam-type modes of a wind 
turbine blade. However, some high-order blade modes exhibit 
local panel modes, as shown in Reference [3, 4] via measure-
ments with accelerometers placed on both sides of the blade. 
In some instances, having a better understanding of these 
local modes is necessary for blade damage detection and 
structural health monitoring [4–6]. A high-fidelity numerical 
model of the wind turbine blade, for example, a finite element 
model, can reveal these local panel modes [3]. But from an 
experimental perspective, both surfaces of a wind turbine 
blade have to be measured to experimentally characterize 
these local panel modes. Besides, with the mode shapes at 
both surfaces of the wind turbine blade measured, the mode 
shapes of both surfaces can be cross-correlated to validate 
the measured mode shapes, which is an additional benefit. 
In addition, for model validation, having the measured mode 
shapes at both surfaces of the wind turbine blade can improve 
understanding of blade dynamics and can also benefit the 
test-model correlation by providing extra experimental sen-
sors for advanced model correlation to develop models that 
better capture localized effects and higher frequency dynam-
ics. Extensively, this work can provide a general technique 
for capturing the dynamics of shell or plate structures where 
the relative motion of shells is important.

The finite element method can be used to develop the 
blade finite element model which can be useful to study 
the local panel modes because the finite element model has 
a large number of numerical sensors to address the blade 
geometry. However, developing a reliable blade finite ele-
ment model requires a comprehensive knowledge of the 
blade's composite structural construction [7, 8]. In addition, 
the finite element model still needs experimental data to 
correlate to validate its accuracy.

To obtain the experimental mode shapes of a wind tur-
bine blade, modal testing with accelerometers can be use-
ful [9]. But due to the limited number of accelerometers 
and the data acquisition channels, and the concern of mass 
and cable loading, the measured blade mode shapes with 
accelerometers usually have a sparse spatial resolution. 
Though this is still useful for characterizing the low-order 
modes, it can have difficulties handling high-order modes 
and blade localized panel modes. Though the sensor expan-
sion method [10–12] can increase the mode shape spatial 
resolution, it requires an additional algorithm and is also 
not applicable for the high-frequency range.

To directly acquire a large volume of experimental 
degrees of freedom (DOF) from the test blade, researchers 
have used either optical photogrammetry or Scanning Laser 
Doppler Vibrometer (SLDV) to measure the mode shape 
of one surface of the wind turbine blade. Lundstrom et al. 
[13] used high-speed stereophotogrammetry to extract 
shape information from wind turbine blade operating data. 
LeBlanc et al. [14] captured full-field displacement on the 

surface of a turbine blade with 3D DIC to detect damage. 
Baqersad et al. [15, 16] identified the full-field strain of a 
wind turbine blade with either stereophotogrammetry or 
3D point tracking. Carr et al. [17] measured the full-field 
dynamic strain on wind turbine blades using digital image 
correlation. Wu et al. [18] monitored the wind turbine 
blades in operation using 3D digital image correlation. 
Khadka et al. [19] measured the mode shapes of rotat-
ing wind turbine blades with a flying drone. Luczak et al. 
[20] studied the test setup influence on the blade modes 
with the operational deflection shapes. Chen et al. [21–23] 
measured the 3D mode shapes from one surface of a wind 
turbine blade using 3D SLDV to study high-order mode 
shapes and mode coupling. However, only one surface of 
the wind turbine blades is of interest in these works, and 
both surfaces of a blade are not discussed.

Measurements on both sides of the blade with accelerom-
eters were performed by Griffith et al. [3, 4]. However, the 
authors are not aware of any research on measuring both sur-
faces of the wind turbine blade using high-spatial resolution, 
non-contact 3D SLDV measurements. Blade modes including 
the panel modes can be captured from the modal test, but the 
measured mode shapes have sparse spatial resolution due to 
the limited number of accelerometers deployed on the blade. 
Witt et al. [24] measured three planar surfaces of a small size 
structure by using the 3D SLDV along with two mirrors. Yuan 
et al. [25] measured both surfaces of a small size plate by 
using the 3D SLDV and a mirror. This approach with the mir-
rors works well for small size structures and can ensure that 
the measurement points on both surfaces are measured simul-
taneously. However, this approach requires having a mirror 
and the size of the mirror needs to be large enough to reflect 
over the entire test structure. In addition, the relative position 
of the mirror to the test structure needs to be adjusted to obtain 
a good reflection image. Thus, this approach is not applicable 
to measure both surfaces for a large-size wind turbine blade.

In this work, to obtain the mode shapes on both sur-
faces, a mode shape stitching approach is developed and 
it is versatile for any 3D structure. Specifically, the mode 
shape of Surface 1 of a wind turbine blade is first meas-
ured with the Polytec 3D SLDV [26] under a modal shaker 
excitation. Then under exactly the same test setup, 3D 
SLDV is moved to the other side of the wind turbine blade 
to measure the mode shapes of Surface 2. The Surface 2 
measurement follows the same coordinate system as the 
Surface 1 measurement. Under the same test coordinates 
defined by several alignment objects, the mode shapes of 
the Surface 1 are stitched together with the mode shapes 
of the Surface 2 to form the mode shapes on both surfaces, 
called Surface 1&2. The measured mode shapes of both 
blade surfaces can be used to identify the low and higher-
order global flap-wise bending, edge-wise bending, and 
torsional modes as well as the local panel modes having 
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cross-sectional distortion. Thus, the technique presented 
here provides more information for global bending and 
torsional modes as well as new information regarding the 
relative motion and cross-section distortion.

The SLDV [27–29] uses three laser heads to measure the 
instantaneous vibration velocity in the direction of each laser 
beam. The three velocities measured along the direction of the 
laser beam are transformed into three global orthogonal direc-
tions via an orthogonal decomposition. After this mapping, the 
velocities at each laser scan point in three global orthogonal 
directions are obtained. SLDV is used as the mode shape meas-
urement tool in this work because it can sweep over the blade 
surface to measure the vibration at as many points as desired, 
providing high spatial resolution mode shapes without sensor 
mass loading. The SLDV has the advantage of very sensitive 
measurement with a wide frequency range and can measure 
high-frequency modes. This is also useful for studying the 
local panel modes because these modes usually appear in the 
high-frequency range. The SLDV also has the benefit of not 
requiring any speckling of the test structure surface before the 
test, which is required for full-field measurement techniques, 
for instance, DIC, where a dot pattern or targets are required.

The outline of the paper is as follows. Section 2 develops the 
theory behind the two-surface mode shape measurement tech-
nique. Section 3 introduces the testbed, including the blade and 
the test platform. Section 4 presents the 3D SLDV test setup. 
Section 5 shows the modal testing result of Surface 1, Surface 
2, and Surface 1&2, respectively. Section 6 has some discus-
sion of several relevant topics. Section 7 concludes the work.

Theory

The theory related to the mode shapes measurement and 
validation on both surfaces of a structure is discussed in 
this section.

Stitching Method

A stitching method is used in this work to combine the 
mode shapes of two surfaces together. To show its versatil-
ity, a simple beam is used as an example here to illustrate 
the stitching technique, as shown in Fig. 1.

STEP 1

3D SLDV is instrumented on one side of the structure. The 
global test coordinate system is defined by several align-
ment objects beyond the testbed. The alignment objects are 
used for the geometry scan unit of 3D SLDV to perform 3D 
alignment and define the global test coordinate system. The 
alignment objects are positioned so that they are visible for 
the 3D SLDV instrumented on either side of the structure. 
After the global test coordinate system is defined, the mode 
shapes of Surface 1 of the structure can be measured with 
the 3D SLDV.

STEP 2

After the mode shapes of Surface 1 of the structure are meas-
ured, the 3D SLDV is moved to the other side of the struc-
ture. It should be noted that, in this 3D SLDV transition, 
the testbed and the alignment objects should not be moved. 
The test coordinate system of the Surface 2 is defined to be 
exactly the same as the test coordinate system of Surface 1 by 
performing the 3D alignment on the same alignment objects. 
After the test coordinate system is defined for Surface 2, the 
mode shapes of the Surface 2 can be measured.

STEP 3

Because the mode shapes of both surfaces of the structure 
are measured in the same global coordinate system with the 

Fig. 1   Process of Mode Shape 
Stitching of the Two Surfaces
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assistance of the alignment objects, the mode shapes of the 
two surfaces can be stitched together to build the structural 
mode shapes on both surfaces with the combined surfaces 
again denoted as Surface 1&2.

Modal Assurance Criterion (MAC)

The MAC [30] is a tool for quantifying the correlation 
between two mode shape sets at all degrees of freedom. 
The MAC is written as:

where U and V represent two same dimension mode shape 
sets having m mode shapes (m ≥ 1). When U = V, MAC 
is called AutoMAC, which represents the auto-correlation 
of the mode shape set. AutoMAC is useful for examining 
the orthogonality of the mode shapes within a mode shape 
set. When U ≠ V, MAC is called CrossMAC, which repre-
sents the cross-correlation between the two mode shape sets. 
CrossMAC is useful for checking the similarity of the mode 
shapes between two mode shape sets. The MAC values close 
to 1.0 indicate strong similarity, whereas values close to 0.0 
indicate minimal or no similarity.

Testbed

In this work, there is interest in studying the mode shapes of 
both surfaces of the wind turbine blade. Hence, a test platform 
[31] is designed and manufactured to hold the blade vertically, 
as shown in Fig. 2. The exploded view of the testbed is shown 
in Fig. 3. The testbed includes one wind turbine blade and 
one test platform. The test platform is a seismic mass made 
of steel that rests on the ground and holds the wind turbine 
blade vertically with the aid of two fixture clamps (each one of 
each wide and flat side of the blade root), as shown in Fig. 3.

The dense and highly rigid testing platform fixes the root 
of the blade such that it behaves like a cantilever beam. The 
advantage of using this test stand is that it places the blade 
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Fig. 2   Testbed. (a) CAD Geometry; (b) Photo

Fig. 3   Exploded View of the Test Platform
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vertically and allows the 3D SLDV to scan one side of the 
blade surface in one test. This can be achieved by setting up 
the 3D SLDV to be far enough away to be able to scan the 
entire blade, but still maintain a strong laser return signal. 
A more detailed description of the test blade and the test 
platform is provided next.

Wind Turbine Blade

The wind turbine blade shown in Fig. 4 is designed and man-
ufactured to operate in an 8-kilowatt stall regulated machine 
that is onshore and upwind. The blade weighs 17.6 kg (38.8 
pounds). The blade is 4.2 m long, it is designed with the 
SG6040 airfoil and has varying structural properties along its 
length and chord that are driven by the blade geometry (non-
constant chord, twist, pre-bend, and sweep) as well as by the 
multiple materials (that vary in quantity and location) used 

in its construction. The flap-wise, edge-wise, and torsional 
terms, used to classify the different mode shapes, correspond 
to the directions indicated in Fig. 4.

Figure 5 shows the location of the different materials along the 
cross-section at the 0.9 m span location (along the blade length). 
The quantity (i.e., thickness) of these varies from the root of the 
blade to the tip making the whole wind turbine blade a geometri-
cally complex composite structure with anisotropic properties.

Test Platform

A test platform is placed on the ground and is necessary to 
function as a platform to conduct tests on the wind turbine 
blades, as shown in Fig. 3. The test platform contains three 
parts, a large piece of mass, called seismic mass, and two 
fixture clamps, which are described below.

Seismic Mass

The seismic mass holds the wind turbine blade and fixture 
clamps so that the wind turbine blade is centered as shown in 
Fig. 2. The seismic mass is composed of two A36 Steel plates 
welded together and in total weigh approximately 597 kg (1,316 
pounds). The top surface of seismic mass has a 9 × 9 bolt pattern 
(81 holes in total) of M8 bolts. The grid pattern has 50.8 mm (2 
inches) even spacing with a hole depth of 38.1 mm (1.5 inches). 
This grid pattern is designed to allow for future use of the seis-
mic mass to support different fixtures and different test objects.

Fixture Clamp

The fixture clamp is made from AISI 1045 steel plates that 
are welded together to form rigid support of the blade root. 
One fixture clamp weighs about 9.1 kg (20 pounds). Two 
fixture clamps are bolted to the seismic mass with 8 bolts 
(size M8-1.0 class 8.8 medium carbon steel) and the blade 
is attached to the two fixture clamps using 4 bolts and nuts 
(size M12-1.25 class 8.8 medium carbon steel). Washers are 

Fig. 4   CAD Geometry of Single Blade

Fig. 5   Blade Cross-Section at 
Blade Span Station 0.9 m from 
the Blade Root
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also placed between the bolts and the fixture clamps for both 
the M8 and M12 bolts to help distribute the clamping load.

Since the seismic mass is much heavier than the blade 
and the fixture clamp provides rigid support for the blade 

root, the accelerometer test on the blade and seismic 
mass (test does not show here) indicate that the seismic 
mass placed on the ground does not exhibit rigid body 
modes. The seismic mass can be regarded to have a firm 
attachment to the ground. In addition, nonlinearity has 
not been found, and the blade sitting on the seismic mass 
system can be regarded as linear. Overall, the boundary 
condition of the blade sitting on the seismic mass is a 
cantilever.

Fig. 6   3D SLDV Test Overview

Fig. 7   3D SLDV Test Setup

Table 1   Test Instruments

Test Instruments Vendor Type

3D SLDV Polytec, Inc PSV-500-3D
Shaker Modal Shop, Inc K2004E01
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Fig. 8   3D SLDV Test Steps and 
Scanned Points
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Test Setup

The test strategy of mode shapes measurement on both 
surfaces of the wind turbine blade is shown in Fig. 6. The 
height of the vertical blade is 4.2 m and the total height 
of the blade on the test platform is 4.43 m. First, the 3D 
SLDV is instrumented on one side of the blade to measure 
the mode shapes of Surface 1. The 3D SLDV is setup to 
have enough spatial distance away from the blade so that 
the laser beam shooting from the three aligned laser heads 
can cover the entire blade up to the blade tip down to the 
blade root. After the mode shapes of Surface 1 of the blade 
are measured, the 3D SLDV is moved to the other side of 
the blade. 3D SLDV is the only equipment that is transited, 
and all the test items except the 3D SLDV should not be 
moved. Then, the mode shapes of the Surface 2 of the blade 
are measured. Finally, the mode shapes of both surfaces are 
stitched together to build the mode shapes of the combined 
surface denoted as Surface 1&2.

The test setup is shown in Fig. 7, and the test instru-
ments used are listed in Table 1. The root of the blade is 
bolted firmly to the test platform with four bolts, as shown 
on the right side of Fig. 7. A modal shaker, fixed to a large 
heavy table, is attached to the Surface 2 of the blade via an 
impedance head, as shown in the top left corner of Fig. 7. 
The impedance head has a force/acceleration gauge built-in 
to record the force and acceleration applied to the blade. A 
modal shaker is orientated in a skewed fashion to provide 
adequate energy input for both flap-wise and edge-wise 
directions.

There are four independent alignment objects used to 
define the global test coordinate system, as shown in the 
top right corner of Fig. 7. The reason for using these inde-
pendent alignment objects instead of using the points on 
the testbed is that these alignment objects should be vis-
ible for the 3D SLDV instrumented on either side of the 
blade. Another requirement for these alignment objects is 
that they should be thin. In this matter, no matter which 
side of the blade the 3D SLDV locates, the 3D coordinate 

read from the geometry scan unit of 3D SLDV is regarded 
to be the same. When defining the test coordinate sys-
tem for the measurement of Surface 1 of the blade, the 
geometry laser from the geometry scan unit of 3D SLDV 
focuses on one location on the alignment objects, indi-
cated by the cross on the alignment object, to perform 
the 3D alignment and the 3D coordinates of this loca-
tion are recorded. This 3D coordinate system is also used 
as the global test coordinate system for the measurement 
of Surface 2. When performing a 3D alignment after the 
3D SLDV is transited to the other side of the blade, the 
geometry laser from the geometry scan unit of 3D SLDV 
focuses on the same location of the alignment objects but 
on the opposite side. The global 3D coordinates defined 
from the previous 3D alignment are used to define the 
test coordinate system. Alignment Object 1 defines the 
origin of the global test coordinate system, which is zero. 
The Alignment Object 2 defines the + Y axis. The Align-
ment Object 3 defines the X–Y plane. Alignment Object 4 
defines an alignment point outside of the X–Y plane. The 
alignment objects should have some spatial distance from 
each other to avoid crowdedness. High alignment quality 
is required to ensure that the three laser beams are well 
focused on the scan point.

Under the shaker excitation, the velocity response in three 
dimensions at every scan point is measured by the three aligned 
SLDV heads, one at a time. This blade surface is a good laser 
reflector, and the laser signal acquisition has a reasonable laser 
reflection rate, so there is no need to stick reflective tape at the 
laser scan points to increase the laser reflection. With three 
Frequency Response Function (FRF) averages for each scan 
point, FRF at each scan point is obtained from the measured 
input shaker force and acceleration, and the measured output 
velocity response at each scan point.

To obtain blade mode shapes with high spatial resolu-
tion, a large volume of scan points is defined for the mode 
shape measurement, as shown in Fig. 8. For the Surface 1 
measurement, the laser beams of 3D SLDV can reach up to 
the blade tip and down to the blade root, as shown by the 
red dashed box in Step 1 in Fig. 8. An 800-Point scan grid 
is defined for Surface 1. The same scan grid is applied on 
Surface 2. When measuring Surface 2, the shaker and the 
table should remain unmoved. Because of this, the shaker 
and the table block the laser beam’s path, the scan points 
at the root of the Surface 2 can not be reached by the laser 
beams of 3D SLDV, as shown by the red dashed box in Step 
2 in Fig. 8. The scan points at the root of the Surface 2 are 
removed from the 800-Point scan grid, and a 721-Point scan 
grid is defined for Surface 2.

The same shaker excitation is used when scanning Sur-
face 1 and Surface 2. As described above, Surface 1 and 
Surface 2 are scanned separately, but the two surfaces 
are scanned under the same global test coordinate system 

Table 2   3D SLDV Test Parameters

Test Parameters Value

Shaker Excitation Pseudo Random
Surface 1 800 Points
Surface 2 721 Points
Frequency Bandwidth 312.5 Hz
Frequency Lines 3200
Frequency Resolution 0.1 Hz
Time for Each Average 10.24 s
Window No Window
FRF Average 3
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defined by the alignment objects. Then, the geometry of the 
two surfaces is stitched together to form the whole blade's 
scan geometry, as shown in Step 3 in Fig. 8. There is a total 

of 1,521 scan points defined on both surfaces. Each scan 
point has 3 DOF responses measured. Thus, there is a total 
of 4,563 DOF measured from both surfaces.

Fig. 9   Modal Parameters of the Surface 1
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The test parameters of the 3D SLDV measurement are shown 
in Table 2. Pseudo random is used as the shaker input signal. 
Thus, no window is needed for the data acquisition. The fre-
quency bandwidth is selected up to 312.5 Hz to capture the 
local panel modes because the local panel modes are at a higher 
frequency compared to the lowest blade mode at around 4 Hz 
[21]. The frequency resolution is determined as fine as 0.1 Hz to 
provide a detailed frequency resolution for identifying the mode 
frequency. The FRF average is set as three because the coher-
ence of the FRF measurement would be stable in three averages.

Overall, the coordinates of the scan points of the two surfaces 
are defined under the same global coordinate system via the 
same alignment objects. The FRFs and the geometry coordinates 
of the scan points at Surface 1 are first measured, then measured 
for Surface 2. Surface 1 and Surface 2 is stitched by combing the 
FRFs and the geometry coordinates of Surface 1 and Surface 2 
in the Polytec software [26] to generate Surface 1&2.

Test Results

The FRFs of 800 scan points at Surface 1 (2,400 FRFs) along 
with the geometry of 800 scan points are imported into Sim-
center TestLab [32]. The PolyMax algorithm [32] is used to 
estimate the modal parameters, including frequency, damp-
ing, and mode shapes. Then, the FRFs of 721 scan points at 
Surface 2 (2,163 FRFs) along with the geometry of 721 scan 
points are imported into Simcenter TestLab separately and are 
processed to obtain the frequency, damping, and mode shapes 
of Surface 2. Finally, all FRFs (4,563 FRFs) and the geom-
etry of all scan points (1,521 points) are processed together to 
obtain the modal parameters of both surfaces.

In this section, the modal parameters results are shown for 
Surface 1, Surface 2, and Surface 1&2, respectively, in three 

sub-sections. And all modes below 300 Hz are included. Dif-
ferent colors classify the type of mode. The primary defor-
mation type of the modes determines the color. For exam-
ple, if the mode's primary deformation is flap-wise, the color 
would be marked as blue; if the mode's primary deformation 
is torsional, it would be marked as yellow. In addition, the 
AutoMAC is performed to correlate the mode shape set to 
themselves. This is to validate the orthogonality of the meas-
ured mode shapes to each other in the mode shape set.

Surface 1 Measurement

The modal parameters below 300 Hz measured from the 
blade Surface 1 are shown in Fig. 9. As shown in Fig. 9, the 
mode shapes of the high-order modes have a more complex 
curvature than the low-order mode shapes. Because of the 
three-dimensional response measurement, the flap-wise, 
edge-wise, and torsional types of deformation are shown 
in the modes. The mode primary deformation and the cor-
responding mode order are marked on top of each mode. 
Also, with a large number of points measurement capability, 
the mode shapes can be better visualized, especially for the 
high-order mode shapes with complex curvature.

If the identified mode shapes are noisy, a Gaussian spa-
tial filter in Polytec software [26] is available to smooth 
and polish the measured mode shapes. In this work, Mode 
1 has a noisy mode shape from blade tip down 2 m, and its 
mode shape quality is improved by using the spatial filter 
as a low-pass smoothing function. In addition, this spatial 
filter is also useful for improving the stitching quality of 
the two surfaces, which is discussed in detail in Sect. 5.3. 
The MAC is then calculated on the Surface 1 mode set, 
as shown in Fig. 10. In this figure, the off-diagonal terms 
of the MAC table are below 10%. This fact shows that the 

Fig. 10   AutoMAC of the Mode Shapes of the Surface 1
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measured mode shapes of the Surface 1 mode set have high 
orthogonality, which indicates an effective mode shapes 
measurement for the Surface 1 of the blade.

Surface 2 Measurement

Similar to Surface 1, the modal parameters of the Surface 2 

Fig. 11   Modal Parameters of the Surface 2



1000	 Experimental Techniques (2023) 47:989–1006

1 3

are measured and are shown in Fig. 11. As shown in Fig. 11, 
the Surface 2 modes have similar mode shapes to the Sur-
face 1 modes, which is as expected. The area near the root 
of the Surface 2 is not measured due to the inaccessibility of 
the laser beams of 3D SLDV to this area where the shaker 
is mounted.

The MAC is then calculated on the Surface 2 mode set, 
as shown in Fig. 12. The off-diagonal terms of the MAC 
table are below 25%. The mode shapes of the Surface 2 
also have high orthogonality.

Surface 1&2 Stitching

The FRF and geometry coordinates of Surface 1 and Sur-
face 2 are processed together in PolyMax, as shown in 
Fig. 13. Also, to provide an orthogonal view of the obtained 
mode shapes, several primary modes in their corresponding 
main plane are plotted in Fig. 14.

The FRF and geometry coordinates of Surface 1 and 
Surface 2 are processed together to yield the mode shapes 
on Surface 1&2. For the mode shapes of Surface 1&2 in 
Fig. 13, Surface 1 is generally well overlaid with Surface 
2. However, there is a mode shape difference at the blade 
tip between Surface 1 and Surface 2, which occurs more 
frequently in high-order modes. This is due to the slight 
test coordinate difference between Surface 1 and Surface 2. 
The test coordinate system of the Surface 1 is first defined 
when measuring Surface 1, then Surface 2 is designed 
to follow the same test coordinate system as Surface 1. 
However, when defining the test coordinate of Surface 2, 
which is also the 3D alignment, the geometry laser has to 
be manually moved to focus on the same 3D alignment 
locations. Because of this manual 3D alignment process 

for Surface 2, the test coordinate of the Surface 2 would 
not be exactly the same as Surface 1. This contributes to 
the slight mode shape difference between the two surfaces. 
In addition, the blade tip has larger deformation than the 
other parts of the blade, so even tiny test coordinate dif-
ferences between the two surfaces can contribute to the 
mode shape difference. Same as previous, the AutoMAC 
is calculated on the mode set of Surface 1&2, as shown in 
Fig. 15. The off-diagonal terms of the MAC table are not 
higher than 10%. The mode shapes of the Surface 1&2 are 
also orthogonal to each other.

Discussion

Some items are discussed in this section related to the mode 
shapes of both surfaces.

Two‑Surface Stitching Quality

To obtain the effective stitching of the mode shapes of the 
two surfaces, three requirements must be met. First, the 
test coordinate system of the Surface 2 should follow the 
same test coordinate system of Surface 1. This is also dis-
cussed in the previous section. For the measurement in 
this work, the authors have done their best to align the 
test coordinate system of Surface 2 to Surface 1 using thin 
reference objects placed on stable supports. Second, the 
shaker excitation force when measuring the two surfaces, 
including the force amplitude and force signal, should be 
the same. This requirement is met by maintaining the same 
shaker generator setting when measuring the two surfaces. 
Third, the data measured from the same point from the two 

Fig. 12   AutoMAC of the Mode Shapes of the Surface 2
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surfaces should also be the same. This is also to validate 
the consistency of the measurement of Surface 1 and Sur-
face 2. But, the two surfaces don’t share any scan points, 
and there are no scan points that locate on both surfaces. 

However, the force input and acceleration response at the 
impedance head of the shaker is measured when measuring 
the two surfaces, which is also called the drive point FRF. 
The drive point FRF measured from the two surfaces is 

Fig. 13   Modal Parameters of the Stitched Surface 1&2
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compared, as shown in Fig. 16. The drive point FRF meas-
ured from the Surface 1 has an excellent overlay with the 
drive point FRF measured from Surface 2 over the entire 
frequency band. This excellent agreement also shows the 
consistency of the measurement of the two surfaces.

Similarity of the Two Surfaces

AutoMAC is performed on the mode shapes of either Surface 
1, Surface 2, or Stitched Surface 1&2 to check the orthogonal-
ity of the measured mode shapes to validate the measurement 
effectiveness. In Sect. 5.3, the mode shapes of Stitched Sur-
face 1&2 are visually observed and compared. Generally, from 

observation of the mode shapes of Surface 1&2 in Fig. 13, 
Surface 1 and Surface 2 have a better match over the low-order 
modes than the high-order modes. This section quantifies the 
similarity of the two surfaces with the CrossMAC. CrossMAC 
is employed to correlate the mode shapes of Surface 1 with 
Surface 2 to check the similarity between the two surfaces. 
The diagonal terms of the CrossMAC table in Fig. 17 are 
of interest and quantify the mode shape comparison between 
the two surfaces. Each element of the diagonal terms of the 
CrossMAC table shows the MAC between the mode shape 
pair. Surface 1 and Surface 2 have over 90% similarity from 
Mode 1 to Mode 6, which shows that the measured mode 
shapes from the two surfaces are similar. Mode 7 to Mode 
15 also have a correlation of over 70%, which also shows 

Fig. 14   Mode Shapes of the Stitched Surface 1&2 in Corresponding Main Plane

Fig. 15   AutoMAC of the Mode Shapes of the Stitched Surface 1&2
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good similarity. Overall, the CrossMAC table quantitively 
indicates that the two surfaces have more similarity over the 
low-frequency range than the high-frequency range, which 
reflects the visual observation of the mode shapes of Surface 
1&2 in Fig. 13.

Local Panel Mode

Panel modes are localized modes that are active in the blade 
panels [3, 4]. The panel modes are not global and appear 
in a relatively small region on the blade. If only a few sen-
sors are available in the measurement, for example, blade 
instrumented with accelerometers, the panel modes cannot 

be identified from the sparse sensors. One of the advantages 
of the 3D SLDV is its capability of measuring a large vol-
ume of points in three directions. The 3D SLDV can pro-
vide a sufficient number of sensors to avoid spatial aliasing 
and capture the local panel modes. In addition, the panel 
modes usually appear in the high-frequency range. The 3D 
SLDV has a high-frequency range data acquisition capabil-
ity, which can cover the high-order blade modes. This has 
great benefit to characterizing the blade local panel modes.

When closely examining mode shapes of Surface 1&2 
in Fig. 13, three flap-wise modes have shown local panel 
modes, as identified in Fig. 18. The panel mode appears in 
the large panel sections of the blade. Both Surface 1 and 
Surface 2 provide the same indication of the panel modes. 
This is another merit of the two-surface measurement which 
is the cross-validation between the two surfaces. Having an 
understanding of the local panel modes can be useful for 
dynamic characterization and structural health monitoring 
of the blade panels [4].

To further show the benefit of the two-surface measure-
ment, the panel mode, for example in Mode 14, is viewed 
separately by a cross-section at the blade span 1  m to 
the blade root, as shown in Fig. 19. The undeformed and 
deformed blades in two surfaces of this panel mode are 
plotted by plotting the cross-section of this mode shape 
at different points in the mode cycle: (1) at the positive 
peak (maximum relative motion of panels away from one 
another), (2) for the undeformed case, and (3) at the nega-
tive peak (smallest relative motion of panels toward one 
another). With the two surfaces' measurement capability, 
the relative deformation of the two surfaces can be char-
acterized by a sufficient number of experimental sensors. 

Fig. 16   Drive Point FRF Measured from the Two Surfaces

Fig. 17   CrossMAC of the Mode Shapes Between the Two Surfaces
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This example shows a great advantage of the proposed two 
surface measurement technique over the one surface meas-
urement which would fail to represent the relative distortion 
of the two surfaces.

Conclusion

This work proposes a new method of measuring the mode 
shapes of both surfaces of the wind turbine blade. The meth-
odology developed in this work could also benefit other 3D 
structures. Such two-surface modal testing is conducted on 
a wind turbine blade with a high spatial resolution 3D Scan-
ning Laser Doppler Vibrometer (SLDV). The two surfaces 
of the wind turbine blade are scanned and measured by the 
3D SLDV respectively under the same global test coordi-
nate system defined by the alignment objects. The mode 
shapes of the Surface 1 and Surface 2 are stitched together 
to build the blade mode shapes of Surface 1&2. Flap-wise, 
edge-wise, and torsional mode shapes are obtained in a non-
contact fashion from scanning 1,521 points (4,563 response 
DOF) on both surfaces of one blade. This high spatial reso-
lution FRF measurement can easily capture the complex 
curvature mode shapes. All blade modes below 300 Hz are 
studied. The measured mode shapes of Surface 1, Surface 
2, and Surface 1&2, are validated to be high orthogonality 
mode shape bases by the correlation tool, MAC. The drive 
point FRF measured from both surfaces is shown to have 
an excellent agreement to demonstrate the measurement 

Fig. 18   Localized Panel Modes 
of Wind Turbine Blade

Fig. 19   Localized Panel Modes in Cross-Section
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consistency between the two-surface measurement. Surface 
1 and Surface 2 give close frequency and well-correlated 
mode shapes. With the high spatial resolution measurement 
capability of the 3D SLDV, several local panel modes of the 
wind turbine blade are identified. This work provides an in-
depth understanding of the dynamics of wind turbine blades 
on both surfaces. The identified local panel modes would 
benefit us greatly to conduct structural and reliability analy-
sis to find the root cause or failure mechanism for the oper-
ating wind turbine blade. This also provides blade designers 
with useful information about the blade modal properties 
that can be used while performing blade structural design, 
which is increasingly important as wind turbines grow 
larger to further reduce the cost of energy. Lastly, this work 
can provide a general technique for capturing the dynam-
ics of shell or plate structures where the relative motion of 
shells is important to measure, characterize, and evaluate.
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