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Abstract: As a wind blade is getting larger, its structural behavior becomes more complex and thus 
the risk of blade structural failure becomes higher. Generally, structural integrity is proved through 
blade testing with contact measurement devices such as strain gauges. However, contact 
measurement can only measure the physical quantities from installation points and requires lengthy 
cables to transmit the electrical signals to a data acquisition system, which can cause signal noise 
and add unnecessary weight. Recently, noncontact measurement techniques such as digital image 
correlation (DIC) have been widely used in various industries to process images captured from 
cameras and generate full-field strains and displacements without any mechanical connections such 
as cables. In this study, the application of three-dimensional DIC to wind blades was investigated; 
in addition, the material properties of glass-fiber-reinforced plastics used in blades for the 
measurement of the first frequency were also studied. Tensile testing was performed using coupons 
equipped with strain gauges and speckle patterns. In addition, a small blade from a 10 kW wind 
turbine was utilized to measure the first flapwise frequency using DIC and modal tests; the results 
showed a 2.1% difference between the two different measurements. This research showed that the 
DIC technique could be an alternative replacement for the traditional measurement technique upon 
further validation tests. 
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1. Introduction 
Wind energy is gaining significant attention with increasing demand for renewable 

energy as well as global policies for reducing carbon emissions [1,2]. Based on long-term 
progress, accumulated proven data, and advanced technologies, wind energy has become 
a reliable renewable energy resource. Because the construction of large offshore wind 
farms has been planned based on economics, abundant wind resources, and fewer 
objections from residents, large wind turbines with a capacity of more than 10 MW and 
blades more than 100 m long have become popular today [3–5]. 

However, operation and maintenance tasks are becoming more important and 
difficult because offshore wind turbines are located far from shore. This significantly 
hinders the accessibility and labor tasks compared to those for the onshore wind turbines 
[6,7]. Therefore, reducing the failure risk of components through good monitoring at the 
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manufacturing and testing stages and the early detection of component issues before 
failure occurs are highly important. 

The wind blade is one of the most important and critical components of a wind 
turbine. They are exposed to harsh environmental conditions such as rain, moisture, 
ultraviolet (UV) radiation, extreme winds such as typhoons, and temperature variations. 
During the past decade, the blade has grown to more than 100 m in length and has become 
slender to make efficient use of strong and stable wind resources on the ocean. Moreover, 
the structural behavior has become complex compared to that of a traditional blade, and 
is often difficult to detect using conventional testing and measurement approaches. 
Therefore, the demand for more advanced testing that reflects real conditions and 
improved measurement techniques has increased [8–10]. 

Traditionally, contact measurement methods using traditional transducers, such as 
strain gauges, string extensometers, and accelerometers, have been used to detect the 
strain or displacement response of device under testing (DUT)-like specimens and full-
scale blades [11–15]. Although these sensing devices have been widely used for a long 
time, such conventional methods provide information only at designated discrete points; 
thus, the complicated and complex structural behavior cannot be easily and quickly 
measured using a limited set of contact-sensing devices. In addition, installing the devices 
on a large wind blade is labor-intensive and normally takes several weeks to set up; this 
also requires many signal cables, which can cause signal noise and additional weight, and 
impact the blade frequency measurement owing to expensive and lengthy wiring. 

Recently, optical measurement methods such as DIC, which provide displacement 
fields and/or strain fields, have been actively researched and implemented in industry 
[16]. Some of these methods can only measure in-plane displacements/strains on planar 
specimens, whereas others can provide both in-plane and out-of-plane 
displacement/strain fields on any type of specimen (planar or not). Thus, when used with 
a single camera (Classical DIC or two-dimensional (2D) DIC), the 2D DIC method can only 
measure the in-plane displacement/strain fields on planar objects. Using two cameras 
(stereo vision), the displacement field and surface strain field of any three-dimensional 
(3D) object can be measured. The DIC method has been used not only for the 
determination of material properties, such as static properties, the elastic modulus, 
Poisson’s ratio, and ultimate strength, but also for the determination of the coefficient of 
thermal expansion (CTE) under thermal loading in a heating chamber. This shows that 
3D DIC is a practical and effective tool for full-field thermal deformation and CTE 
measurements of soft materials such as thin-film structures or elastomers [17,18]. 

During the past decade, some studies have been conducted on the application of DIC 
in wind-blade structure testing. Poozesh et al. utilized the 3D DIC method to determine 
the surface geometry, deformation, and strain displacement over a large area on a 50 m 
utility-scale wind blade subjected to quasi-static and cyclic loadings [19]. However, this 
was restricted to measuring only a portion of the full-scale blade. LeBlanc et al. used a 
portable stereo DIC setup system to measure the strain and displacement over the entire 
surface of a 9 m TPI composite CX-100 blade with and without an applied load [20]. In 
their study, the entire blade was divided into 16 fields of view (FOVs), and each FOV was 
captured using a single stereo DIC system. Ozbek et al. used four CCD cameras to monitor 
the vibration characteristics of a 2.5 MW wind turbine blade during operation [21]. 

Winstroth et al. measured 3D movement and obtained the deflection of 3.2 MW wind 
turbine blades using DIC and showed that 3D DIC could be a potential method for 
monitoring the condition of wind turbine blades [22]. Zhao et al. measured the full-field 
displacement of the blades of a 1.5 MW wind turbine using a system of three stereo 
cameras [23]. Carr et al. performed dynamic tests on wind turbine blades and obtained 
the corresponding full-field strain measurements using DIC [24]. 

The international standards document IEC 61400-23 and IEC 61400-5 specify material 
properties and frequency testing [25,26]. The current study could be part of future 
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research to replace traditional contact measurement technology (using strain gauges and 
accelerometers) with a noncontact measurement approach using 3D DIC technology. 

In this study, the possibility of applying 3D DIC technology to the blade certification 
process was studied using material and frequency testing. The present research aims to 
apply a 3D DIC technique to the measurement of material properties at the coupon size 
level, and to measure the structural dynamic behavior of a small-sized wind blade. In the 
current study, a stereovision technique using two cameras to measure 3D 
displacement/strain fields on any 3D object was used to measure the full-field strain and 
displacement of the DUTs. First, the material properties of the GRFP specimen were 
measured by specifying the wind-blade structure. To validate the 3D DIC application, 
conventional contact measurement instruments, such as strain gauges, were installed on 
the specimens in parallel. Second, the 3D DIC method was applied to measure the first 
flapwise frequency of a small blade (3.76 m in length) and was verified with modal test 
results using an impact hammer and accelerometers. Based on validation with the 
conventional contact measurement approach, it is expected that the 3D DIC method could 
be an alternative technique for wind blade property measurement upon more validation 
tests. 

2. Sensing Techniques for the Property Measurement of Material and Blade 
To verify a wind blade through the validation and verification process of the blade 

design model, an assessment based on the test pyramid shown in Figure 1 is typically 
performed. Among these tests, coupon tests for material properties and full-scale tests for 
blade properties and structural integrity are necessary, whereas subcomponent tests for 
beams, flanges, and web connections are optional. 

 
Figure 1. Typical test pyramid for wind blade certification. 

The characteristics of the materials used for blade manufacturing were used for blade 
design and design model verification with manufactured blades based on IEC 61400-5, 
which should be experimentally obtained or provided by OEM suppliers. Full-scale blade 
testing is also required according to IEC 61400-23, which states that the following tests 
should be performed: 
- Blade weight, center of gravity, first natural frequencies in the flap, and edge 

directions. 
- Pre-static testing. 
- Fatigue testing. 
- Post-fatigue static testing. 

To perform each of the aforementioned tests, contact transducers are typically used 
to measure the blade properties. 

2.1. Contact Measurement 
Traditionally, contact or direct measurement techniques are used, including 

transducers such as strain gauges and accelerometers placed at specified discrete points 
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on DUTs. During deformation, electrical signals are transferred from the sensing device 
to the data acquisition (DAQ) system, and finally converted to meaningful engineering 
information such as the modulus and strength. This method is highly effective for 
quantifying the deformation at discrete points of an object with high precision. Figure 2 
shows a typical contact measurement using sensors, such as accelerometers, on a wind 
blade. 

 
Figure 2. Typical wind turbine blade vibration test configuration with more than 500 sensors in-
cluding lengthy signal cables. Credit: DLR (CC-BY 3.0) [27]. 

However, the range of measurement for most contact-based approaches is restricted, 
and the arrangement of the measurement system is complex, limited, or both. In addition, 
installing contact-based sensors might introduce structural defects in the blades or devia-
tion in blade characteristics, such as eigenfrequencies, weight, and center of gravity, as 
shown in Figure 2. This situation has prompted many studies of noncontact or nonde-
structive measurement methods. 

2.2. Noncontact Measurement 
Various noncontact measurement methods have been widely studied, including DIC, 

thermography, and ultrasonic and nondestructive tests. As a noncontact optical measure-
ment technique, DIC combines digital cameras with recording systems and proven image 
measurement techniques and can accurately compute the displacements and strains for 
any given test part. The simplest noncontact method is one-dimensional and can measure 
the distance between two points on the sample being tested. A single camera with DIC 
software (Instra4D 4.6) was used to measure the point-to-point tension/compression strain 
and crack-opening displacement. To measure full-strain or 3D strain values, a stereoscopic 
imaging capability with at least two cameras pointing to the same object from a fixed dis-
tance apart is required; this is known as the 3D DIC method [28]. Figure 3 shows a sche-
matic of the 2D DIC using a single camera and the 3D DIC technique using two cameras. 
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Figure 3. A brief illustration of 2D and 3D DIC processes. Credit: Kaveh Samadian (CC-BY 4.0) [28]. 

Because this method is a noncontact measurement approach, the test data are not 
affected by the weight of the measuring instruments, the signal noise from lengthy cables, 
or the sharp edge of the contact device, such as an extensometer attached to the test article. 
In addition to 3D full-strain and displacement measurements, the 3D DIC method can 
clearly identify the failure locations of samples, and the recorded test data can be post-
processed to validate and even improve the existing finite element model (FEM). DIC has 
been gaining attention in the areas of material and component testing of wind-blade struc-
tures owing to its noncontact principle and ability to measure displacements and derive 
strains, velocities, and accelerations through post-processing. This interest is because 
specimen and measurement preparation is easy, especially for large wind-blade struc-
tures. The DIC technique could replace traditional measuring devices, such as linear var-
iable differential transformers, strain gauges, and accelerometers currently used for wind 
blades. 

In the next section, 3D DIC utilizing two cameras and image processing software is 
applied to determine the material characteristics of the glass-fiber-reinforced plastics 
(GFRPs) typically used for wind-blade structures and validated with simultaneously ob-
tained data from strain gauges. In addition, the 3D DIC technique was applied to measure 
the first frequency of a small wind blade and was validated with modal test results using 
accelerometers and numerical data obtained from the FEM analysis. 

3. Experimental Verification of DIC Application to Material Tests and Blade Tests 
First, the material properties specifying the wind-blade structure were experimen-

tally measured using DIC and verified in parallel with conventional contact measurement 
instruments such as strain gauges. Second, the DIC method was applied to measure the 
first flapwise frequency of a small blade (3.76 m in length) and verified with a modal test 
using an impact hammer and accelerometers. In addition, a frequency analysis of the 3D 
FE model was executed to verify the application of DIC to wind blade property measure-
ment. 

3.1. Measurement of Material Properties 
3.1.1. Coupon Preparation 

Coupons made of 5-ply GFRP mats infused with vinyl were manufactured according 
to ASTM D638, as shown in Figure 4. Their geometric dimensions are listed in Table 1 [29]. 

 
Figure 4. Coupons made with GFRP. 

Table 1. Measured geometry of coupons. 

Coupon No. Length (mm) Width (mm) Thickness (mm) 
1 250 26.1 2.68 
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2 250 26.5 2.59 
3 251 26.2 2.61 
4 250 26.1 2.55 
5 250 16.2 3.19 

For the DIC methods, urethane papers printed with speckles were made and bonded 
to the front surface of the coupons, as shown in Figure 5a,b. Urethane paper is a waterslide 
paper made of urethane material; it is not normal paper, but highly elastic, handy, and 
easily bonded paper. The bonding process was simple. After placing the waterslide paper 
in water for a few seconds or spraying it with water, it was ready to bond to the surface. 
Once wet, it was slid directly off the backing paper onto the dry prepped nail, and pressed 
firmly onto the blade surface. After drying for a minimum of an hour, 3D DIC measure-
ment activity began. It is easy to apply onsite without the surface preparation, cables, or 
chemical bonding necessary for strain gauges, and it is highly elastic because it is made of 
urethane (which is more elastic than the blade surface material). The elastic paper is sen-
sitive to blade deformation, which is advantageous for 3D DIC utilization. It can also be 
easily removed for other testing activities and does not leave any trace on the blade sur-
face. Strain gauges bonded with cables are difficult to remove without scarring or surface 
wear. In this work, for the DIC verification results, strain gauges were also installed on 
the back surface of the same coupons, as shown in Figure 5c. 

   
(a) (b) (c) 

Figure 5. Coupon preparation for DIC: (a) urethane paper printed with speckles; (b) speckle paper 
bonded on coupon; (c) strain gauges installed on coupons. 

3.1.2. Test Configuration 
For material testing, the test configuration was set up as shown in Figure 6. The setup 

was as follows: 
- 3D DIC system with two cameras and a notebook computer with image processing 

software. 
- Two-light system to acquire better images. 
- Test machine with maximum-300-kN-capacity load cell. 
- Strain gauge conditioning box. 
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(a) (b) 

Figure 6. Tensile test configuration: (a) overall setup and (b) DIC camera location. 

Table 2 lists the specifications of the systems used for the test setup for material and 
frequency testing. 

Table 2. Specification of systems used for test setup. 

System Specification Supplier 

Camera system 

• Resolution: 1920 × 1200 px 
• Pixel size: 5.86 × 5.86 µm 
• Frame rate: 30 fps 
• Sensor type: 1/1.2 inch Dantec Dynamics  

(Holtsville, NY, USA) 
Image processing 

system 

• OS: Windows 10. Pro 64-bit 
• CPU: Intel Quad Core i7 (8 GM RAM) 
• SW: Istra4D Software 4.6 

Lightning system 
• Name: 45N Soft Light 
• Performance: 40 W and 1100 LUX/1 m 

#B-Light  
(Villotta, Italy) 

Urethane paper 
• Thickness: 13–15 µm 
• Material: urethane  

Sunnyscopa  
(Goyang-si, Republic of Korea) 

Test machine 
• Capacity: up to 300 kN 
• Cross head speed: 3 mm/min 

Custom-built 

Strain box • Strain indicator/recorder 
Micro Measurements (VPG)  

(Raleigh, NC, USA) 

Accelerometer 
• Triaxial type/Model No. 3333A2 
• 100 mV/g sensitivity, 50 g range 

Dytran  
(Chatsworth, CA, USA) 

Impact hammer 
• Model No. 5802A 
• 1 mV/lbf sensitivity, 5000 lbf range 
• BNC connector 

Dytran  
(Chatsworth, CA, USA) 

3.1.3. Experimental Results 
To observe the elastic deformation at the yield limit and the plastic deformation be-

havior up to failure, if failure occurred, displacement control at a speed of 3 mm/min was 
applied until the specimen failed, as shown in Figure 7. As expected, unlike metallic ma-
terials, the specimen exhibited a linear response until failure without a clear indication of 
the plastic region. Owing to grip slippage, only two specimens were used to verify the 
ultimate load history. 
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(a) 

 
(b) 

Figure 7. Load recorded until specimen failure: (a) coupon #01 and (b) coupon #02. 

The test data were recorded using speckles on the front surface of the specimens for 
the 3D DIC system and strain gauge transducers on the back surface of the specimens. The 
progress of specimen deformation under a tensile load is shown in Figure 8. 

(a) 
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(b) 

 
(c) 

Figure 8. Deformation course of coupon under tensile testing: (a) beginning stage (no load), (b) 
middle stage (under load), and (c) final stage (at ultimate load). 

As shown in Figure 8, the 3D DIC method can detect full strains and displacements 
of all continuous points covered with speckles, whereas the contact measurement method 
using strain gauges can detect in-plane deformation only at discrete points. In this case, a 
single point is installed with strain gauge sensors. 

For a direct comparison with the results recorded from the strain gauges located at 
the center of the back surface of the specimen, the opposite point on the front surface with 
the DIC speckle was selected. Figure 9 shows the longitudinal and transverse strains from 
both 3D DIC and the strain gauges and very good correlation. 

 
(a) 
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(b) 

 
(c) 

Figure 9. Strain value comparison between strain gauges and the DIC system: longitudinal strains 
in blue and transverse strains in red. Solid line indicates strain gauges and dotted line indicates DIC: 
(a) coupon #03, (b) coupon #04, and (c) coupon #05. 

3.2. Measurement of Blade Property (First Frequency in the Flapwise Direction) 
3.2.1. Blade Preparation 

A small blade provided by Geum Poong Energy Inc. was used, which was 3.65 m in 
length, weighed 19.6 kg, and was completely fixed at the root with a test stand through a 
bolted connection, as shown in Figure 10. 
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Figure 10. A small blade (3.65 m) with a fixed boundary condition. 

3.2.2. Test Configuration 
Figure 11 shows the test configuration for the 3D DIC measurement of blade behav-

ior, which includes two cameras, speckle patterns, and two lighting systems containing 
light-emitting diodes. For the 3D DIC measurement of the blade behavior, urethane paper 
with a speckle pattern, measuring 1.2 ± 0.15 m, was bonded to each side of the blade. 

 

 

Figure 11. Three-dimensional DIC test configuration to measure the blade frequency and speckle 
pattern paper bonded on the blade. 

3.2.3. Experimental Results 
As shown in Figure 12, the DUT (a small blade) was forced by hand, and the re-

sponses obtained from the speckle pattern were recorded and visualized. To enable easy 
hand shaking and to boost amplitude, a weight jig was attached 2000 mm from the blade 
root. 

GFRP blade 

Bolted joint connection 

Lightning system 

Two cameras for DIC measurement 

Urethan paper 

(speckle pattern) 
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Figure 12. Blade excitation by hand shaking. 

The experimental results of the test are illustrated in Figure 13, which shows the de-
formation of the speckle pattern and displacement in the z-direction (flapwise direction), 
specifically at the center of the speckle pattern. 

 
(a) 

 
(b) 

Center of urethan paper 

Center of urethan paper 

Weight jig 
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(c) 

(d) 

Figure 13. Visibly observed response of the blade surface with speckle pattern and measured dis-
placement data in the flapwise direction specific to the center of the urethane paper: (a) beginning 
stage (no load), (b) max. deflection (under load), (c) under free vibration, and (d) final stage (near 
rest) (blue line: continuously measured data). 

For clearer visibility of the blade displacement, the response graph between 3 and 5 
s was enlarged, as shown in Figure 14. According to the measurement data, the first flap-
wise frequency was found to be 7.75 Hz. 

  
(a) (b) 

Figure 14. Flapwise dynamic response observed from DIC: (a) magnified response from 3 s to 4 s 
and (b) magnified response from 4 s to 5 s. (blue dot: measured point, blue line: spline curve). 

Center of urethan paper 

Center of urethan paper 
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3.2.4. Validation of the 3D DIC Measurement Approach 
To verify 3D DIC usage based on the first frequency, a modal test using a hammer 

was performed in which accelerometers were placed on the blade, as shown in Figure 15. 
A modal test using an impact hammer is widely used for measuring eigenfrequencies [30–
33]. The modal test configuration, consisting of a test bed, accelerometers, a DAQ device, 
and an impact hammer, is shown in Figure 16. 

 
Figure 15. Accelerometer location on a small blade for a modal test. 

 
Figure 16. Modal test configuration including sensors, DAQ, and impact hammer. 

From the modal test, the measured frequency values were plotted in the frequency 
domain, as shown in Figure 17. The first three natural frequencies are listed in Table 3. 
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Figure 17. Frequency response measured by the modal test. FRFz: FRF in the direction of z (flap-
wise), FRFy: FRF in the direction of y (edgewise). 

Table 3. Measured natural frequencies. 

Mode No. Mode Description Natural Frequency (Hz) 
1 1st Flap 7.92 
2 1st Edge 21.74 
3 2nd Flap 30.63 

Table 4 compares the 3D DIC and modal test measurements. The first frequency val-
ues measured by these two experimental methods are very consistent. 

Table 4. Comparison of 1st frequency values measured by the 3D DIC technique and modal test. 

Item 
Measurement Methods 

Difference (%) 
Modal Test 3D DIC 

1st frequency 
(flapwise) 

7.92 7.75 2.1% 

4. Discussion 
This study considered the application of a 3D DIC system in wind turbine blade 

property measurements that are required for blade certification, and validated this tech-
nique using traditional measurement methods, such as strain gauges and accelerometers. 

Experimental tests showed that traditional measurement techniques using contact 
sensors can measure physical quantities only from installation points and require lengthy 
cables that cause signal noise. However, noncontact measurement techniques, such as 3D 
DIC, can generate full-field strains and displacements without any mechanical connec-
tions, such as cables, and can also provide directly observable data. In this study, a 3D 
DIC measurement technique was used for a feasibility study of a small wind blade certi-
fication test that measures the first frequency of the material properties of the GFRP used 
in blades. The feasibility and validation studies performed in this study are summarized 
in the following paragraphs. 

First, a 3D DIC measurement approach was used to characterize the material prop-
erties and was validated using traditional contact measurement techniques, such as strain 
gauges. The 3D-DIC-measured values successfully matched the strain gauges in a specific 
direction (in this case, the longitudinal direction), and it also provided the deformation 
status quantitatively and visibly over the surface using speckle-patterned urethane paper. 
It is also noteworthy that the preparation time for 3D DIC measurement was significantly 
shorter than that for strain gauge measurement. When analyzing the DIC data, an 

10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

10-4

10-3

10-2

10-1

100

101

FRFz
FRFy
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oscillation issue was observed compared to the strain gauge data shown in Figure 9, which 
resulted from the facet size setting in the image processing software. When the facet size 
was increased from 21 × 21 to 61 × 61, the oscillation effect diminished. It was found that 
the facet size should be adjusted depending on the structure and speckle pattern sizes. 
However, further sensitivity studies on DIC parameters have not been addressed in this 
study and will be conducted in the future. 

Second, the 3D DIC method was applied to obtain the first frequency of a small blade 
in the flapwise direction and was validated with a modal test method using an impact 
hammer. In the comparison of the first frequency values, the 3D DIC technique showed 
very good correlation with the traditional modal test method with a 2.1% difference, in 
addition to the reduced preparation time of the 3D DIC method. 

Based on the validated data resulting from the application of the 3D DIC system to 
the material properties and frequency measurements of a small wind turbine blade, it was 
found that the 3D DIC system could be effectively used for the entire certification process, 
with a reduction in blade development time and cost. Most importantly, the 3D DIC meas-
urement technique can simplify the preparation for the blade test and post-processing 
time of the data obtained from the blade test. 

5. Conclusions 
The aim of the present study was to apply a 3D DIC measurement technique with 

two cameras to measure the material properties at the coupon size level and the structural 
dynamic behavior of a small wind blade. Through validation with a conventional contact 
measurement approach using strain gauges and accelerometers, it was found that the 3D 
DIC method is useful and could be an alternative technique for wind blade property meas-
urements in the future. 

This study showed that the 3D DIC technique can provide a valuable method of 
measuring wind turbine blade properties, ranging from material characterization to fre-
quency measurement. Because this noncontact measurement system uses two cameras 
placed away from the DUT, it can provide full-field 3D displacement and strain fields, 
unlike the directional and point-oriented measurement values from the contact method 
using strain gauges. In addition, with the novel, easily bondable, and removable urethane 
paper, the preparation time related to the bonding and debonding process could be re-
duced compared to that for traditional device approaches, which include wire connection 
and bonding processes for strain gauge attachment and accelerometers, including long 
cables. The tests performed in this study show that 3D DIC methods could be utilized for 
the required certification process test items and offer reduced preparation time. However, 
further research is required to influence the revision of wind blade certification docu-
ments. 
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