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Abstract

Geometrical defects on the surface of wind turbine blades can severely degrade
the blade during operation and lead to reduced lift, which in turn reduces the
power output of the turbine. This paper presents an automated surface geome-
try inspection system which is designed based on manufacturing requirements.
Estimating the measurement uncertainty and establishing traceability is difficult
for huge, freeform objects. An approach based on the Modular Freeform Gauge
(MFG) method is presented and used to estimate the measurement uncertainty
of the system. An expanded measurement uncertainty of 665 µm (k=2) was
established for the system and documented to be 850 µm for freeform measure-
ments on a 55 meter long blade.

Keywords: 3D measurement, Freeform surface metrology, Large object
metrology, Wind turbine blade, Modular Freeform Gauge, ISO 15530-3

1. Introduction

Surface defects on a wind turbine blade can significantly lower the blade’s
lift and thus the power output of the turbine [1]. This paper presents a method
for creating a dense 3D model of a wind turbine blade’s surface, which can be
used for surface quality inspection during production. Moreover, such a surface5

model is a step towards creating a digital blade twin, which is a prerequisite
for efficient, modern manufacturing [2] and quality control [3]. Our proposed
scanner system is illustrated in Figure 1.
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Figure 1: Drawing of the proposed scanner system. A structured light based 3D scanner
captures sub-scans of the wind turbine blade surface while a laser based six Degrees-of-Freedom
(DoF) positioning system records the positions of the individual sub-scans.

1.1. Wind turbine blade manufacturing and geometrical quality control10

The outer geometry of a wind turbine blade is carefully designed such that
the shape of its airfoil optimizes lift while reducing drag within the designated
wind speed range. Every step in the production from packing of fiberglass into
the mold to final surface treatment can potentially introduce surface defects.
The aproximately cylindrical shaped part of the blade, which hits the wind15

first, is called the leading edge. The leading edge is the most critical zone of
the airfoil because it "carves" the air. The maximum lift on the blade is at-
tained when the airflow around the airfoil is laminar. Small-scale defects, such
as pinholes, cracks or steps, can cause prematurely breakage of laminar flow, in
the boundary layer around the airfoil, which causes increased drag and can lead20

to damaging surface erosion [4, 5]. When the blade is turning, the tangential
velocity of a point on the blade’s surface is proportional to the distance from
that point to the turbine’s hub. For current blades, the velocity at which sur-
face related defects become significant is attained from about two thirds of the
blades length and onward. For a 75 meter long blade, this corresponds to the25

last 25 meters.

Today, manufactures rely on trained experts and manual inspections to de-
tect surface defects. While this method provides decent sensitivity, it is rather
slow, relatively expensive and does in many circumstances not provide quanti-30

tative measurements.
Previous research has made significant contributions towards developing an

accurate and fine grained quantitative measurement method, for measuring huge

2



freeform components, which is suitable for automation [6, 7]. However, it seems
that none of these methods have been demonstrated to work on life-sized off-35

shore wind turbine blades. The lack of established standards related to huge
free form components has resulted in poor documentation of their measure-
ment uncertainties. This paper presents an automated method for measuring
the leading edge geometry, which surpasses manual inspection in speed and
quantifiability, while retaining good sensitivity. Traceability, as defined in the40

International Vocabulary of Metrology (VIM) [8] and following the Guide to
the Expression of Uncertainty in Measurement (GUM) [9], is established by an
approach based on a combination of the Procedure for Uncertainty Management
(PUMA) method, described in ISO 14253-2 [10], the modular free form gauge
(MFG) method [11], which is based on the substitution method defined in ISO45

15530-3 [12], and reverse engineering [13].

2. The new scanner system

Modern blades for offshore turbines are huge and flexible structures with
the biggest currently extending past 80 meters in length. The blade surface is
double curved but with a much higher curvature in the transverse direction than50

in the longitudinal direction. These two properties makes it a subject of large
scale, freeform metrology as described by Savio et al. [14]. Peggs et al. [15],
Franceschini et al. [16] and Schmitt et al. [17] agree that large scale metrology
continues to pose challenges, especially with regards to standards and uncer-
tainty estimation, but that a recent increase in interest and research has made55

it more readily available. The difficulties often arise due to the size of the mea-
surement volume, combined with the measurement precision requirements and
workpiece deformation under the influence of gravity.

Several investigations towards dense geometry measurements of wind tur-
bine blades have recently been made. Fu et al. [18] used two sled-mounted60

laser line scanners to measure surface deformations on a small household blade.
Petryna et al. [19] measured a small industrial blade with a system composed
of a structured light based 3D scanner, an industrial robot and a linear robot
transport unit. Shmueli et al. [20] employed photogrammetry to measure lo-
cal deformations in the trailing edge of wind turbine blades. Talbot et al. [21]65

measured a blade-like artifact using coherent laser radar. While all of these
contributions provided valuable insight, none of them produced a scanner sys-
tem which had the resolution, the speed and the flexibility required by modern
blade manufacturing. The scanner system presented in this paper is based on
the lessons learned from the studies outlined above, but with a greater focus on70

manufacturer requirements.

Current offshore blades rotate with tip speeds around 300 km/h. At that
speed, the smallest significant geometrical defects has a spatial extent of about
200 µm. This sets a base target for the distance between neighboring measure-
ment points and their associated measurement uncertainty. Laser based scanner
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systems are highly accurate but require a relatively long time to densely mea-
sure large scale structures [6] and would likely require more than a full shift (8
hours) to measure the full leading edge on a blade. Due to the production fre-
quency and takt times, a maximum inspection time of a quarter of a shift (two
hours) seems to be the upper limit allowed by manufacturers. Structured light
based scanners can achieve uncertainties down to about 100 µm while covering
a 300×300 mm area with a point density of 25 points per mm2 (equivalent to
a point-to-point distance of 200 µm) or better [22]. This type of scanner has
to be moved many times in order to measure the entire surface. The maximum
permissible reconstruction time per sub-scan can be computed by:

tmpr =
(tmpm − tset)Am(1−Q)

As
− than (1)

where tmpm is the maximum permissible measurement time, tset is the initial
setup time, Am is the measurement area covered by each sub-scan, Q is the
overlap ratio between neighboring sub-scans, As is the area of the critical part75

of the blade surface and than is the time it takes to handle and move the scanner
between locations.

The advantages of commercially available standard components, over custom
build ones, are support, scalability and cost. Therefore, standard components80

were used as much as possible.
When selecting the best suited 3D scanner, the most important factors are

speed, precision, resolution, robustness and price. To select the best one, a
benchmark of current commercially available 3D scanners were performed and
the RapidScan from Automated Precision Inc. (API) was chosen. It employs an85

unstructured light pattern [23], where two cameras capture images of a random
dot pattern which is projected onto the surface. The acquisition takes roughly
2.7 seconds to finish and the subsequent reconstruction of 3D points takes about
2.3 seconds. The point-to-point spacing ranges from 220 µm nearest to the scan-
ner and up to 350 µm furthest away in its depth of field. The depth of field90

extends from 245 mm to 400 mm. With about 1,100,000 points per scan at
best, it covers an area of roughly 300×300 mm. The use of infrared light makes
the scanner very robust against ambient illumination, as long as that lighting
is constant during pattern projection, which avoids the need for screening away
lights sources present in the production environment. Finally, it is reasonably95

priced compared to competing industrial scanners.

To measure the blade, the scanner system must be moved around the blade
in all directions [19]. Due to the length of the blade, it is not possible to scan
it from one position. Using a rail system is inconvenient because it limits the100

flexibility of the system, and instead a self-driving platform was chosen that can
easily be set up at any factory floor.

The self-driving platform is constructed from hollow steel sections. It has a
footprint of 1.7×1.2 meters and a height over the floor of just 200 mm. This
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relatively flat footprint, combined with a total assembly weight of more than105

600 kg, makes it a very stable platform, which effectively dampens vibrations
induced by the robot. In addition, its low profile makes it ideal for crawling
under the blade, even in positions with low clearance between the leading edge
and the floor. The robot is mounted at an angle of 45◦ relative to the platform
such that its primary region of singularities are tilted backwards away from the110

measuring region. A rectangular hole placed right below the robot’s base allows
the elbow joint to sweep closely over the floor, which further enhances its ability
to navigate in tight spaces.

A Universal Robots UR10 industrial robot with six Degree of Freedom (DoF)115

is used due to its low weight, adequate carrying capacity, easy control and low
cost. Further, it can be made ISO 15066 [24] compliant, which means that
it can be operated as a collaborative robot that does not need a safety cage.
This is in line with the manufacture requirement of minimizing changes to the
current production environment. The robot moves the 3D scanner in a series of120

U-shaped trajectories around the leading edge with a number of stops to allow
the scanner to measure. The trajectory is illustrated in Figure 2. Whenever the
robot reaches the end of its work envelope, the platform moves forward in the
direction of the leading edge and then the robot continues on its trajectory.

vview

X

Y

Z

Figure 2: Illustration of the trajectory which is covered by the scanner on the blade surface
through movements of the robot and platform. The vector vview indicates the scanner’s
position relative to the surface and is aimed at a length ||vview|| ≈ 300 mm.

The system’s control loop moves the robot and platform based solely on125
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the measured surface geometry and a set of predefined parameters. A global
positioning and tracking system is therefore not required for controlling the
scan sequence. However, each sub-scan has to be transformed into a global
reference frame with a precision which is on par with the scanner precision. The
OmniTrack II laser tracker and vProbe active target from API was selected over130

the others that were benchmarked. The vProbe reflects the tracker’s laser beam,
such that the tracker can measure x, y and z positions, but it also uses an in-
build camera sensor to observe the incident angles of the beam, into the reflector,
which it uses to compute its pitch and yaw orientation. The roll is provided by
a gyroscope. In combination, this system measures six DoF positions. Other135

trackers often rely on a 3D artifact, which has to be pose estimated through
observations made with a camera, in order to measure orientation. Available
camera resolutions seem to limit the range of such system below that which is
needed. Using an active target, such as the vProbe, six DoF positions can be
obtained without the need of measuring four distinct passive targets, known as140

spherical mounted reflectors (SMRs). The position uncertainty of the vProbe
is 55 µm within 7 meters, 100 µm from 7 to 15 meters and 30 µm + 5 µm/m
from 15 to 80 meters. Occlusions between the laser tracker and the scanner is
avoided by placing the laser tracker in front of the scanner system, near the
blade tip. The probe is rigidly mounted close to the scanner. In this setup, the145

tracker defines the common global reference frame.
In theory, the tracking could have been done by dead reckoning. Each robot

movement is governed by a relative transformation Ti,i+1 which moves it from
position i to position i+ 1. A sub-scan at position i could be transformed into
a global reference frame, defined by the initial robot position, by the combined150

transformation Ti = T−11,2T
−1
2,1 · · ·T

−1
i−1,i. However, dead reckoning accumulates

small errors, which relatively quickly leads to a significant positioning uncer-
tainty. Other means of tracking, such as the Nikon iGPS radio based system,
was also considered, but they generally either required mounting fixed "satel-
lites" around the measurement area or could not deliver the required precision.155

A photograph of the scanner system in action is shown in Figure 3.

2.1. Controlling the scan sequence
Before describing the control loop, it is necessary to have an estimate of how

much time is available for each sub-scan. Manufactures are keen on limiting160

inspection times as much as possible, but they generally seem content if the
geometrical inspection can be conducted within two hours. As explained previ-
ously, only the outer third of the blade is inspected, which amounts to 25 m for
an off-shore blade. In a realistic setting, it would probably be enough to measure
0.5 m up on both sides of the leading edge. Some overlap between sub-scans165

is preferable, and 20% of the scan width could be a reasonably number. Given
that 20 minutes are needed for setting up the measurement system, Equation 1
gives a maximum permissible sub-scan and movement time of 17.3 s. The scan-
ner takes 2.7 seconds to acquire the necessary images and then 2.3 seconds to
reconstruct 3D surface points from the images. The reconstruction can take170
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Figure 3: Photograph of the scanner system in action. The 3D scanner is encapsulated in a
black and yellow striped protective cage and the robot is covered by a tight fabric tube to
protect its joints and motors from dust. The laser tracker with its green "on"-LED, standing
20 meters away, can be glimpsed in the middle towards the photo’s right edge.

place while the scanner moves, which leaves 17.3− 2.7 = 14.6 seconds for move-
ment. This example, which uses realistic values, gives an idea of how much time
can be spend on moving the scanner. While it might be feasible to manually
move the scanner, there are multiple benefits gained by automating the process.
Schubel [25] showed that automation, in general, reduces blade manufacturing175

costs. The movement can be completed significantly faster by automating the
scan sequence, which can reduce the total inspection time significantly, with
cost savings in return.

The control loop is designed such that it does not rely on any kind of CAD
model. It only requires specifying certain parameters such as the number of180

sub-scans per U-curve, length of the U-curve and overlap between scans from
neighboring U-curves. Avoiding a dependency of CAD model eases the usability
of the system when different kinds of blade types have to be inspected. More-
over, a pre-computed path would somehow have to be aligned to the physical
blade, which is difficult due to the gravity induced blade deformation mentioned185

previously. Instead of using pre-computed robot positions, the scanner system
computes the positions as it goes. It plans its next movement based on the just
acquired surface scans, why no direct alignment between measurements and de-
sign model is necessary.

190

A block diagram of the control loop is illustrated in Figure 4. The path
planner sends a translation vector, t, to the platform and a sequence of N
acquisition positions, (Ti)

N
i=1, to the robot. The platform adjust its bearing and
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then drives along the translation vector. When finished, it triggers the robot
which then begins moving on its sequence. For every position, Ti, the robot195

stops and trigger the scanner which measures the surface. Once the scanner
finishes its acquisition, it triggers the robot which moves to the next position
in the sequence. When the last position is reached, the scanner sends the N
resulting scans, (Pi)

N
i=1, back to the path planner, which then uses them to

compute the next sequence of acquisition positions. The loop stops once the200

blade tip has been scanned.

Path
planner

Platform Robot

Scanner

t trigger

triggertrigger

(Pi)
N
i=1

(Ti)
N
i=1

Figure 4: Illustration of the scanner system’s control loop. t ∈ R2 is a translation vector in
the 2D plane constituted by the floor. (Ti)

N
i=1 is a sequence of N six DoF robot poses, with

Ti ∈ R4×4 ∀ i. (Pi)
N
i=1 is a sequence of N resulting point clouds corresponding to the N

robot positions.

3. Traceability

The establishment of traceability for the measurement data obtained using
the scanner system was performed through a comparison with freeform mea-
surements using a tactile coordinate measuring machine (CMM). The approach205

follows the general guidelines in the GUM [9, 10]. However, a more specific
evaluation procedure has to be followed as the GUM is not directly applicable
to the more complex measurement task specified in this paper.

Here, a method is presented which is based on the MFG method [11] derived
from the substitution method described in ISO 15530-3 [12].210

Particular care was given to the leading edge which is the most crucial part
of the blade. It can be well approximated by a 100 mm cylinder for blades with
a length between 40 and 80 meters. The low curvature regions before and after
the leading edge could be well approximated by a section of a cylinder with an
approximate diameter of 1200 mm. This is illustrated in Figure 5. Here, focus215

is on the leading edge, which is the reason why an MFG containing only the
small cylinder is chosen.
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Figure 5: Profile view of the cylinders needed to approximate a 55 meter wind turbine blade
by an MFG. The dashed orange circle illustrates a cylinder with a 100 mm diameter. The
dashed blue circle arc illustrates part of a cylinder with a 1,200 mm diameter. The black
curve illustrates the leading edge together with the top and bottom sides of the blade profile.

The traceability chain for the blade measurements acquired by the scanner
system is illustrated in Figure 6.

Unit ”Meter” UCYL UCMM UCW USS UWTB

CMM

Reference cylinder Calibrated workpiece Wind turbine blade

Measurement system

Figure 6: Illustration of the traceability chain. Symbols refer to the text.

Because the MFG consists of only one single object, it is not necessary to220

calibrate the MFG configuration. Following Savio and De Chiffre [11], the un-
certainty contributions of the cylinder’s local deviation are illustrated in Table
1. Here, UCYL is the uncertainty assigned to local radius deviations, which is
defined as the distance between the "calibrated" CAD model and a point mea-
sured on the objects surface, in the direction of the surface normal. The term225

"calibrated" CAD model is defined by Savio and De Chiffre [11], and for our
application it is a cylinder with a diameter that corresponds to the cylinders
diameter as stated in its calibration certificate [26]. UCYL is a combination of
several contributions [11]. The uncertainty of the cylinder’s radius is represented
by urCYL which is equal to half of the uncertainty of the diameter from the cer-230
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tificate. The unknown systematic effect of form error on the local deviation
is represented by uufCYL and follows a triangular distribution. This is why its
standard deviation has to be multiplied by a factor of 1/

√
6 when combining

it with the other, normally distributed, distributions [9]. It is further divided
by 2 because the certificate states the error in terms of the cylinder diameter235

and not the radius. The uncertainty stemming from the assessment of the form
error is given by ufCYL, and is given by half of the uncertainty of the form er-
ror from the certificate, because the form error from the cylinder certificate is
given with respect to diameter instead of radius. Even though the contribution
of the MFG on the final uncertainty of the blade measurements is expected to240

be small, they are included following Savio and De Chiffre [11] for completeness.

An expanded measurement uncertainty can be assigned to the CMM when
used for freeform measurements, labeled UCMM, from a combination of repeated
profile measurements of the cylinder, urepCYL, the cylinder’s calibration, uCYL,245

and a contribution coming from thermal effects, also know as environmental
effects, if the repeated measurements are not conducted at 20◦C, ueCYL. This
is illustrated in Table 2.

The substitution method is used to transfer traceability from the tactile250

CMM to the optical scanner system through a calibrated workpiece. It is not
possible to measure an entire blade in the CMM due to its size and the limited
reach of the CMM and this is the reason to use a smaller workpiece which
contains the leading edge. Such a workpiece can be fabricated by cutting out a
section from an actual blade which will fit in the CMM. The piece was chosen255

such, that the diameter of the half-cylinder formed by its leading edge is within
25 mm of the diameter of the calibration cylinder as required by ISO 15530-
3:2011 [12]. The geometry of the leading edge is relatively uniform when seen
over the inspection blade region. It is thus within the 10% geometrical deviation
allowed by ISO 15530-3:2011 [12].260

The workpiece is calibrated through a series of repeated profile measure-
ments, given by urepCW, while taken the uncertainty of the CMM, uCMM, and
environmental effects, ueCW, into account . The expanded uncertainty is labeled
UCW and defined in Table 3.

265

The uncertainty of the calibrated workpiece is transferred to the scanner
system through repeated scans of the workpiece with the system. A series of
repeated measurements with different distances to the laser tracker is acquired
in order to investigate the relation between this distance and the measurement
uncertainty. The uncertainty is labeled USS and defined in Table 4. As the270

workpiece measurements with the scanner system take place in the produc-
tion environment and the CMM measurements take place in a laboratory, the
workpiece is the link between the laboratory acquired measurements and the
production acquired measurements.

275

Finally, the uncertainty of the blade measurements, UWTB, is estimated
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through a series of repeated blade scans. This uncertainty is defined in Table 5.
Notation follows the GUM, where type A standard uncertainties are estimated
from sampled distributions, and type B are given from a priori distributions.

Table 1: Uncertainty contributions on the MFG cylinder (CYL) (adapted from [11]).

Uncertainty Component Symbol Type Estimation
Uncertainty of radius urCYL B Half of diameter uncer-

tainty from certificate
Unknown effect of form er-
ror

uufCYL B 1√
6

Form error
2

Uncertainty of form ufCYL B Half of form uncertainty
from certificate

UCYL = k
√
u2rCYL + u2ufCYL + u2fCYL

Table 2: Uncertainty budget for CMM measurements on MFG cylinder (CYL).

Uncertainty Component Symbol Type Estimation
Calibration uncertainty of
MFG cylinder

uCYL B From Table 1

Repeatability urepCYL A Repeated CMM mea-
surements on MFG
cylinder

Temperature ueCYL B U-shaped distribution

UCMM = k
√
u2CYL + u2repCYL + u2eCYL

Table 3: Uncertainty budget for CMM measurements on calibrated workpiece (CW).

Uncertainty Component Symbol Type Estimation
Uncertainty of CMM mea-
surements

uCMM B From Table 2

Repeatability urepCW A Repeated CMM mea-
surements on CW

Temperature ueCW B U-shaped distribution

UCW = k
√
u2CMM + u2repCW + u2eCW

11



Table 4: Uncertainty budget for measurements with the optical scanner system (SS) on cali-
brated workpiece (CW).

Uncertainty Component Symbol Type Estimation
Uncertainty of CMM mea-
surements on CW

uCW B From Table 3

Repeatability urepSS A Repeated SS measure-
ments on CW

Temperature ueSS B U-shaped distribution

USS = k
√
u2CW + u2repSS + u2eSS

Table 5: Uncertainty budget for measurements with the optical scanner system (SS) on wind
turbine blade (WTB).

Uncertainty Component Symbol Type Estimation
Uncertainty of optical mea-
surements on CW

uSS B From Table 4

Repeatability urepWTB A Repeated SS measure-
ments on WTB

Temperature ueWTB B U-shaped distribution

UWTB = k
√
u2SS + u2repWTB + u2eWTB

4. Experimental investigation280

The measurements needed for estimating the uncertainties were acquired in
four distinct sessions. The calibration of the MFG cylinder is described by Savio
[26]. The CMM was calibrated by measuring the MFG cylinder. The CMM was
then used to calibrate the workpiece. The workpiece was measured by the
scanner system in a way which best simulated the actual blade measurement285

process. Finally, an actual blade was measured with the scanner system and
used to assign a final measurement uncertainty to the freeform measurements
of the blade.

4.1. Experimental setup
A Zeiss OMC 850 tactile CMM, with a Maximum Permissible Error in space290

of MPEU3 = (3+L/250) µm (L in mm) and a probe force of 0.2 N, was used for
all CMM measurements. It was operated through the Zeiss Calypso software.
The stylus system was chosen such that the tip was able to reach points well
underneath the downwards facing side of the cylinder. This was achieved by
selecting a 180 mm long stylus with a 8 mm diameter ruby sphere. The CMM295

was placed in a temperature controlled room where the temperature is 21 ± 1◦C.
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The used MFG was a 360 mm long steel test cylinder with a calibrated di-
ameter of 100.0112 mm with an expanded measurement uncertainty of 0.4 µm
(k=2) and a 1.0 µm cylindricity calibrated with an expanded measurement un-300

certainty of 0.5 µm (k=2) [26]. Here, k is the coverage factor, as defined by the
GUM, which is multiplied onto the standard uncertainty. A coverage factor of
2 implies that all values within two times the standard deviation from the mean
is retained inside the expanded uncertainty, which corresponds to 95% of the
possible values.305

A workpiece which imitates the leading edge was fabricated by cutting a
600 × 750 mm section out of the leading edge of a real blade. Four 25.4 mm
reference spheres were mounted on the workpiece near the leading edge to be
used for alignment in the CMM as well as scanner.310

4.2. Calibration of CMM
The cylinder was placed in the CMM and supported by two V-blocks as

shown in Figure 7. After having fixed the cylinder to the CMM’s table, the setup
was allowed to acclimatize. The stylus system was qualified using a reference
sphere placed next to the cylinder. The cylinder was aligned through a plane315

measured on its top and a point defined as the center of a circle traced around
the middle of the cylinder.

Figure 7: Photograph of the CMM measuring process of the reference MFG cylinder showing
the probe near the cylinder’s top.

Five profile curves were programmed using the cylinder’s CAD model, as
seen in Figure 8, with each of the profiles repeated five times. The profiles
spanned 180◦ of a circle arc and were placed at 90 mm, 135 mm, 180 mm,320
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225 mm and 270 mm from the cylinder’s top. 52 measuring points were evenly
distributed on each of the profile curves. The measurements were conducted as
individual point measurements in free-form mode, which allowed the CMM to
save the 3D coordinates of the measured points. Due to a period of exceptionally
warm weather in Denmark, the temperature control struggled immensely, why325

the temperature varied between 24.0◦C and 25.1◦C during the measurements.
A systematic correction for temperature was applied to the measurements.
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Figure 8: Plot of the measuring points on the profile curves together with a section of the
cylinder CAD model.

The standard deviation of the repeated measurements was estimated by fit-
ting a mathematical cylinder to the measurements. The signed distance between
each of the measured points and the surface of the mathematical cylinder was330

computed using Calypso. The standard deviation of these distances was used
to estimate the measurement uncertainty urepCYL in Table 2.

4.3. Calibration of calibrated workpiece
The workpiece was mounted in the CMM such that the leading edge was

nearly parallel to the CMM’s Y-axis at approximately the same location as the335

cylinder. Three rods with spherical ends provided a stable nest for the work-
piece, preventing it from tilting. The rods also lifted the workpiece up over
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the CMM’s measurement table, which allowed the stylus to reach around the
leading edge and measure points on a curve starting underneath the bottom of
the workpiece and extending up on its top. A beam was mounted through the340

workpiece in the transverse direction and used to fix it to the table. Through
expert assessment, it was sought to fasten the workpiece tight enough to with-
stand the force of the CMM stylus, but not so tight that it would deform. The
arrangement is shown in Figure 9. The black and white circular stickers, seen on
the figure, were added for a separate investigation with a commercial scanner,345

not reported here. The stickers were placed such that they did not interfere
with the CMM measurements.

Figure 9: Photograph of the calibrated workpiece mounted in the CMM. The black and white
stickers were used for a separate investigation, which is not reported here.

The workpiece was measured through a set of perpendicular curves. The
curves were planned by manually measuring the start and end point of each
curve with the CMM and then let the CMM automatically trace out the rest350

of the curve by "feeling its way forward". It did so by moving in circles in
the direction from the start point towards the end point. Whenever it hit the
surface, it measured the position and started a new circular motion. This process
was repeated until the end point was within a threshold distance of 15 mm. A
circle radius of 15 mm was chosen, which resulted in 36 points on each curve.355

The curves were placed with a spacing of 40 mm. The length of the workpiece
would have allowed for 14 curves had it not been for the four spheres which
shadowed three curves, thus yielding a total of 11 curves.

After mounting and planning, the workpiece was cleaned and allowed to
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acclimatize. The stylus system was qualified as done before the cylinder mea-360

surements. Five points were measured on each of the two top spheres and then
six points on one of the bottom spheres. The bottom sphere was difficult to reach
and thus six points were needed to measure it properly. Three mathematical
spheres where fitted to the measurements and the positions of their centers were
used to form a reference plane. The CMM then executed the measurement pro-365

gram which consisted of five repetitions of the 36 · 11 = 396 semi-automatically
defined points.

The temperature varied between 23.5◦C and 25◦C during the measurements.
Fiberglas and epoxy composites have a Coefficient of Thermal Expansion (CTE)
of αt = 54.8 + 0.163T µm/◦C/m in the direction running across the fibers, and370

αl = 14.8 + 0.039T µm/◦C/m in the direction running along the the fibres,
both with an uncertainty of 3% of the value [27]. T is the temperature and
defined within T ∈ [20, 70]◦C. Taking the uncertainty contribution from ther-
mal expansion into account is not trivial for freeform objects. The geometrical
shape and internal structure of the object will lead to non-uniform deformations375

where different parts of the surface will increase or decrease in size differently.
The behavior can be accurately estimated either through computer modeling or
through repeated measurements of the object at different temperatures. Such
a comprehensive estimation is often a contribution in its own right, which is
the reason why it is out of the scope of the traceability estimation done here.380

Instead, a simpler approach is chosen which assigns a realistic, but potentially
high, thermal uncertainty contribution. Looking on the blade profile, the lead-
ing edge forms a C-shaped arc which encloses a cavity. On the workpiece, the
arc length of the leading edge is 135 cm (rounded up to the nearest 5 cm). While
the thickness of the shell varies, it is at least 20 times smaller than its length.385

Using a mean temperature of 24.25◦C , the CTE of a rod made of transverse
fibers with the same length as the leading edge is (54.8 + 0.163 · 24.25) = 58.75
µm/◦C/m. This would expand the rod by 58.75(24.25 − 20)1.35 = 337.09 µm
with an uncertainty of (24.25 − 20)(58.75 · 0.03)1.35 = 10.11 µm. This uncer-
tainty can be seen as an upper bound of the environmental contribution to the390

uncertainty of the CMM measurements, ueCW, as the CTE of parallel fibers is
much lower.

It was not possible to establish the exact location from where on the blade the
workpiece was cut. Therefore, a model of the workpiece could not be made from
the blade’s CAD model. Instead, it had to be reverse engineered from the CMM
measurements. This was done by fitting a Bézier surface to the measured points.
First, the bias between the mean positions of the five repeated measurement sets
was reduced by applying the Iterative Closest Point (ICP) algorithm [28]. Then,
the mean position of the five repetitions were computed at each measured point.
Let (P(i))5i=1 be a sequence of the five repetitions of the measured points, with
P(i) ∈ R396×3 ∀i = 1, · · · , 5. From this sequence, the mean positions between
the five repetitions at each measurement point were computed and arranged into
a matrix Q ∈ R396×3 with each row computed as qj = 1/5

∑5
i=1 p

(i)
j where qj
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and p
(i)
j are the vectors corresponding to the j’th row ofQ andP(i), respectively.

The Bézier surface, s(u, v) : R2 7→ R3, is defined as the outer product between
two Bézier curves:

s(u, v) =

du∑
i=0

dv∑
j=0

bi,du(u)bj,dv(v)ki,j , (2)

where u, v ∈ [0, 1] spans a unit square plane, and defines the relative position on
the surface. The functions bi,du(u) , bj,dv(v) : R 7→ R are Bernstein polynomials
given by bi,du(u) =

(
du
i

)
ui(1 − u)du−i and bj,dv(v) =

(
dv
j

)
ui(1 − v)dv−j . The

vectors ki,j ∈ R3 ∀ i = 0, · · · , du , j = 0, · · · , dv are control points in 3D space.
The degree of the Bézier surface is defined as (du, dv) and specifies the number
of control points as (du + 1)(dv + 1) in the u and v direction, respectively. The
surface is fitted to the measurement means through least squares optimization
by minimizing the following:

K = arg min
K

N∑
i=1

‖sK(ui, vi)− qi‖2 (3)

where sK(ui, vi) is the predicted point on the Bézier surface, with control point
sequence K = (ki,j)

du,dv
i=0,j=0, that corresponds to measurement mean point qi395

with surface position (ui, vi). The positions of the control points were initially
laid out in a grid on a flat plane which spanned the first two principal compo-
nents of Q.

The surface fitting procedure requires that a forth running pair of (u, v)
parametric coordinates are assigned to each point, which can be difficult to get
exactly right. The coordinates were initialized such that u indicated which curve
the points was on, with 0 corresponding to the first curve and 1 corresponding
to the 11’th curve, and v indicated the location of the point on the curve with
0 corresponding to the top most point and 1 corresponding to the bottom most
point. This did, however, introduce an error because of the three missing curves
which was shadowed by the spheres. The distance between the curves were
thus not identical, and therefore it was necessary to also optimize for the (u, v)
coordinates, which was done as follows:

u,v = arg min
u,v

N∑
i=1

‖sK(ui, vi)− qi‖2 (4)

where the set of control points, K, had been optimized through Equation 3. It
was found that alternating between optimizing for the positions of the control400

points and optimizing for the (u, v) coordinates yielded a much better surface
than simply optimizing once for each. Therefore, Equation 3 and Equation
4 were applied iteratively until convergence, which happened after roughly 10
iterations. An example of the fitted surface is showed in Figure 10. Note that
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the number of target points were N = 11 · 36 = 396.405

Figure 10: Illustration of the points measured by the CMM on the workpiece together with
the fitted Bézier surface. Each point is actually a tight cluster of the five repetitions.

The standard deviation of the signed distance from all 5 ·11 ·36 = 1980 mea-
sured points to the best fit Bézier surface was used to compute the uncertainty
of the workpiece.

4.4. Calibration of the scanner system410

The now calibrated workpiece was moved to the blade production site and
suspended from a forklift with the leading edge oriented towards the floor. Its
height over the floor was set such that it best simulated the height of the leading
edge as it would have been on an actual blade positioned for measurements. The
arrangement is shown in Figure 11.415
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Figure 11: Photograph of the scanner system measurement process of the calibrated workpiece.

The surface of the calibrated workpiece was cleaned and then allowed to ac-
climatize. The laser tracker was qualified through repeated measurements of a
spherically mounted reflector following the specifications from the manufacturer,
and the transformation between the RapidScan and the vProbe was calibrated.
The position of the calibrated workpiece was detected and aligned to the scan-420

ner system’s coordinate frame by measuring its leading edge directly underneath
with the scanner pointing straight up. Then, the path planner was used to com-
pute two u-shaped robot trajectories, one forward and one backwards, each with
six acquisition positions which were distributed such that the entire intermedi-
ate surface was covered. The arclength of each path was 840 mm. The 12425

scans were repeated 10 times. In order to investigate if the scanner system’s
uncertainty was correlated with the distance to the laser tracker, the entire ar-
rangement with scanner system, workpiece and forklift was brought closer to
the tracker and the entire process was repeated. The workpiece was measured
at 12.5, 10, 7.5 and 4 meters distance. The temperature varied between 20.5◦C430

and 21.3◦C during the measurements. The environmental contribution to the
uncertainty is estimated through an approach similar to that followed for the
CMM measurements.

The point clouds resulting from the measurements were first pre-processed.435

Noise points situated near edges and in positions where the scanner had ob-
served the surface at a gracing angle was removed. Then, each point cloud
was transformed into the global reference frame defined by the laser tracker
and combined into a single cloud for each repetition. An example is showed in
Figure 12.440
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Figure 12: The result of a single measurement of the calibrated workpiece performed by the
scanner system at a distance of 12.5 meters from the laser tracker. This scan is composed of
12 individual point clouds and contains just short of 9,000,000 points. Two of the reference
spheres, though sparsely sampled, are slightly visible from this angle. The colors indicate the
points locations on the surface relative to the first point of the first point cloud and are added
here for enhanced comprehensibility.

The distances between the repeated measurements were minimized through
ICP in order to remove bias. The measurements were then aligned with the
Bézier surface from the CMM measurements, which acted as a calibrated CAD
model. The point clouds were roughly aligned with the surface manually and
then ICP was used for fine alignment. As it was not feasible to compute the445

distance between the surface and all nine million points in the point cloud, a
subset of points was sampled uniformly over the surface. This was done by
sampling the 100 nearest neighbors around each CMM measurement position,
which was annotated on the Bézier surface. The standard deviation of the
point-to-surface distances was used to estimate the uncertainty of the scanner450

system.

4.5. Measurements of wind turbine blade
Approximately 20 meters of the leading edge of a 55 m long turbine blade

were scanned with the scanner system with four repetitions. Fist, the blade was
allowed to settle and acclimatize and the laser tracker was qualified. Except455

for the movement of the platform, the measurement process was identical to
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the one conducted for the calibrated workpiece. The photograph in Figure 3
shows the process. Each full measurement took one hour and 20 minutes and six
hours in total for the entire dataset, including handling. The temperature var-
ied between 21.9◦C and 23.5◦C during the measuring session. The uncertainty460

contribution from the environment was estimated in a similar way to that used
for the calibrated workpiece measurements, but with a leading edge arc length
of 1.5 m to account for the larger maximum size of the blade.

An approach similar to the one followed for the calibrated workpiece was465

employed for estimating the uncertainty of the blade measurements. However,
the blade CAD model could not be used directly as a reference surface due to
gravity’s elastic deformation of the blade. Instead, one of the repeated scans
were used as a reference target, first for ridged alignment of the other scans
through ICP and secondly for reconstruction of a Bézier surface. This allowed470

the distance between the surface and the points in the remaining scans to be
computed and used for uncertainty estimation.

Though the procedure seems simple, it is complicated by the sheer number
of measured points. Each repetition is made up of about 500 individual sub-
scans which in turn contains roughly 800,000 points on average. Thus, each475

repetition contains on the order of 400,000,000 measured points. Figure 13
shows an example. The shown blade was measured in 1 hour and 15 minutes,
which is well within the maximum allowed inspection time of two hours.

20 [m]

Figure 13: Rendering of the point cloud from a full leading edge scan. The scan is roughly
20 meters long and made up of more than 500 individual sub-scans. The total point count in
the scan is over 380,000,000. A profile section is highlighted in order to provide a better feel
for the geometry. The ring shaped hole seen near the tip originates from a metal lightning
connector which was difficult for the scanner to acquire due to the view angle and specular
highlights. Note that this is a view of the raw point set without surface reconstruction.

It was not feasible to reconstruct the entire surface, nor compute the distance
between such a surface and the points, due to limits in available computing480

power. Instead, the problem was reduced in size by focusing on a set of sampled
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locations by extracting 100 random points and then the 100 nearest neighbor
points around those points as illustrated in Figure 14. Because the laser tracker
and blade had been stable throughout the measurement procedure, the four
repetitions were more or less aligned from the outset. This allowed for extracting485

all points from all repetitions inside a given cubic volume surrounding each of
the randomly selected sample points. By only focusing on these small regions,
it was feasible to build a k-d search tree [29, 30] for each region to be used for
ICP alignment.

2500 5000 7500 10000 12500 15000 17500

X [mm]

−4000
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m
]
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Figure 14: Locations of the 100 sample patches in the coordinate frame defined by the laser
tracker as seen from above. The laser tracker is positioned at (0,0,0). The color of each point
indicates its height on the z-axis. As seen, the points follow the contour of the blade with the
tip being closest to the origin. See Figure 2 for a definition of the coordinate frame.

After the fine alignment, the 300 points closest to the centers of each cubic490

volume in the first repetition was found by constructing a k-d tree for each
volume. A (4,4) order Bézier surface was then fitted to each of these point sets.
The 100 points closest to the volume centers of the remaining three repetitions
were found in a similar way and the distance between each of these points and
their respective surface were computed and used for uncertainty estimation.495

Figure 15 shows an example of a reconstructed surface patch and an example
of the repeated measurements and their respective surface from one volume is
shown in Figure 16.
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Figure 15: Example of Bézier surface with the 300 target points of one blade patch. The point
to point distance is approximately 250 µm.

0.26 mm

Figure 16: Example of the four repeated measured points around a blade surface patch. The
100 points of each repetition is assigned a different color.

5. Results and discussion

This section presents the results of the uncertainty estimation method. The500

standard deviation of the repeated CMM measurements of the MFG cylinder
was 2.7 µm. Figure 17 shows the distribution of distances between the Bézier
surface fitted to the mean CMM measurements and the measured CMM points.
As seen, the standard deviation of the measurements 152 µm, which is orders of
magnitude higher than that obtained through the MFG measurements. This is505

most likely due to the calibrated workpiece’s material properties together with
its size and micrometer imperfections on its surface.
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Figure 17: Histogram of the deviations between the Bézier surface and the points measured
on the calibrated workpiece by the CMM. The stippled orange line shows a best fit normal
distribution. The histogram is based on five repetitions of 396 measurement points. Note that
the notation N (µ, σ) indicates a normal distribution with mean µ and standard deviation σ.

A histogram of the distances between the aligned surface and the extracted
points from the repeated scanner measurements of the workpiece is shown in
Figure 18. As with the CMM measurements, elastic deformations are expected510

to be a major contributor to the uncertainty. It was intended to mount the
workpiece such that it best resembled an actual blade, but unfortunately this
mounting could not be replicated in the CMM. As described in Section 4.3, the
workpiece was lying down in the CMM instead of hanging, which meant that
the force of gravity acted with a 90◦ rotation between the two measuring ses-515

sions. This resulted in a discrepancy between the surface model obtained from
the CMM measurements and the surface which was measured by the scanner
system. The scanner system measured the workpiece in 12 individual sub-scans,
which was transformed into the same reference frame through the positions mea-
sured by the laser tracker system. The measurements were repeated 10 times.520

Uncertainties in the positioning system caused the 12 sub-scans to be positioned
a little different at every repetition. Thus, the tracker system’s uncertainty prop-
agated through to the overall uncertainty of the scanner system. In addition,
the camera system also generally has a larger measurement uncertainty than
the CMM [31].525
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Figure 18: Histogram of the deviations between the Bézier surface, which was fitted to the
CMM measurements, and the selected points measured on the calibrated workpiece by the
scanner system.

It was speculated that there would be a correlation between the measure-
ment uncertainty and the distance between the scanner system and the laser
tracker. This was investigated by measuring the workpiece at four different dis-
tances from the tracker. A boxplot of the surface to point distances at each of
the four distances is showed in Figure 19. The uncertainty of measuring the530

(x, y, z) positions of the active target is strongly related to the distance of the
laser tracker, but the uncertainty of measuring the orientation (ψ, θ, φ) relates
only vaguely to the distance. From the measurements conducted at different
distances, it was found that there is no apparent relation between the scanner
system’s measurement uncertainty and the distance between the scanner and535

the tracker. It is expected that this is because the uncertainty of the orientation
measurements is significantly higher than that of the position measurements.

Figure 20 shows a histogram of the distances between the reconstructed blade
patches and the repeated measured points. The standard deviation is slightly540

lower than that obtained from the calibrated workpiece, but on the same order
of magnitude.
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Figure 19: Boxplots of the deviations between the Bézier surface and points measured by the
scanner system measured at different distances from the laser tracker. There is no apparent
correlation between tracker distance and the point-to-surface deviations.
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Figure 20: Histogram of the point to surface deviations between the extracted blade patches
from all repetitions and the fitted surfaces.

26



Table 6 shows the standard uncertainties estimated during the calibration
procedure and the final expanded uncertainties for each measurement step. As
seen, the final, rounded expanded uncertainty (k=2) is 850 µm on the blade545

measurements.

Table 6: Uncertainty estimations for the blade surface measurements (values in µm, k=2).

Uncertainty Component Symbol Uncertainty

Uncertainty of cylinder radius urCYL 0.1
Unknown effect of form error uufCYL 0.2
Uncertainty of form ufCYL 0.13

Expanded uncertainty for MFG UCYL 0.52

Repeated CMM measurements on CYL urepCYL 2.73
Temperature ueCYL 0.16

Expanded uncertainty for CMM UCMM 5.50

Repeated CMM measurements on CW urepCW 152.23
Temperature ueCW 10.11

Expanded uncertainty for CW UCW 305.18

Repeated SS measurements on CW urepSS 294.57
Temperature ueSS 2.12

Expanded uncertainty for SS USS 663.50

Repeated SS measurements on WTB urepWTB 253.58
Temperature ueWTB 7.11

Expanded uncertainty for WTB UWTB 835.25

The CMM is calibrated with an uncertainty of 5.5 µm, while the calibration
of the workpiece with the CMM yields an uncertainty of 155 µm. The workpiece
is thus a major contributor to the uncertainty. It is very likely that its uncer-
tainty can be brought down significantly by replacing the fiberglass blade-piece550

with one made from carbon fiber. Such a workpiece would be notably more
rigid and lighter, which would make it less prone to elastic deformations. If the
uncertainty of the calibrated workpiece could be lowered by a factor 10 to 30
µm, the uncertainty of the scanner system would be lowered to 600 µm. This
would further lower the uncertainty of the blade measurements to 780 µm. The555

scanner system would then be the primary contributor to the uncertainty, why
the uncertainty could possibly be brought further down by using a better 3D
scanner.

6. Conclusion

A new optical 3D system for scanning the leading edge of wind turbine560

blades was presented and its freeform measuring capability demonstrated on a
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real blade. The scanner system was able to scan 20 meters of the tip of a 55
meter wind turbine blade in a real production environment in just 90 minutes.
To the extend of our knowledge, this is the first time such a demonstration has
been carried out. Traceability was established through a procedure based on the565

MFG method and the substitution method from ISO 15530-3. Using a reference
steel cylinder, a laboratory CMM was calibrated with an expanded measurement
uncertainty of 5.5 µm (k=2). Using the CMM, a workpiece containing the
leading edge of a blade was calibrated with an expanded uncertainty of 300 µm.
The scanner system was documented to have a measurement uncertainty of 650570

µm through the calibrated workpiece, and provided measurements of the blade
with an expanded uncertainty of 835.25 µm.
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