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Abstract The novelty of the research is the detection of dif-
ferent types of flaws in the prepreg carbon fibre-reinforced
fibres (CFRP) layup compared to in cured products. This pa-
per presents the development of a new method for in situ
detection of prepreg CFRP production flaws combining laser
displacement sensors and analytical modelling. Experimental
results are used to validate the results from the models. The
pre-cured flaws are simulated to determine the needed speci-
fications of the measurement system. In static and dynamic
experiments, the typical production flaws are detected to dem-
onstrate the use of laser displacement sensing as a preventative
non-destructive evaluation (NDE) system. During the produc-
tion of CFRP materials, flaws can be introduced due to the
process of layup or curing. Once a production flaw is embed-
ded and cured in the CFRP laminate, the damage is irrevers-
ible and it is expensive to rework or remanufacture the prod-
uct. Laser displacement sensing is currently used in a wide
range of applications in industrial manufacturing and is suc-
cessfully assessed in this research as a preventative NDE
system.
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1 Introduction

Carbon fibre-reinforced fibres (CFRP) are used more and
more in the aerospace industry, because of several advantages,
such as lightweight construction and design flexibility [1, 2].
In a composite manufacturing facility, the non-destructive
evaluation (NDE) phase evaluates products for deviations
from the design specifications after production [1, 2], to en-
sure high-quality products. These production flaws decrease
the level of manufacturing efficiency and increase the costs of
CFRP production. This research paper will concentrate on the
top 5 production flaws during the layup phase that were indi-
cated by the industry in a survey conducted by the authors in
2013 and are presented in Table 1. The typical flaw size in
height is provided in the table for correct reference in the
models and experiments. Current quality assurance systems
are not suited to detect these production flaws before curing,
so a candidate preventative NDE system must be capable of
measuring these deviations. The combination of the geomet-
rical measurements, location and design specifications will
provide the input to a new quality assurance system for the
layup production of CFRP laminates. If an in situ monitoring
system can detect these flaws during the layup, the layup can
be stopped immediately to remove any enclosures or verify
problems.

Optical techniques are non-contact and familiar techniques
in production environment for measurements in industrial ap-
plications [3]. Laser displacement sensing (LDS) is widely
used tomeasure the geometrical dimensions of test specimens,
where a point or line laser signal is projected on the object and
the reflected or scattered signal is processed [4]. LDS has a
wide range of application in industry [4–8] as these sensors are
used in robotics, autonomous vehicles, anti-collision and
proximity sensors. The sensors are also used in industrial
manufacturing to monitor the quality in automatic line
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production, such as a vision inspection sensor system for the
automation of laser welding processes in heavy industries. In
the aerospace industry, the sensors are used for precise mea-
surements of surface defects and for contour measurements
during manufacturing [9]. Previous work related to LDS in
composite production has focused more on the automated
control of the tape laying process. Schmitt et al. [10–13] de-
tected production misalignments during manual layup of
fibre-reinforced plastics (FRP). Schmitt et al. succeeded in
contour scanning the FRP specimen and detecting out-of-
plane defects. The low reflectivity and diffuse reflection of
the FRP material were bottlenecks and were solved by devel-
oping a new evaluation algorithm. Other related research was
performed by Faidi et al. at GE Global Research Center [14].
Faidi et al. investigated an in-line inspection system to im-
prove the automated production of carbon composite wind
turbine blade spar caps, and they successfully detected wrin-
kles in the range of 0.5 to 1 mm in height. Both Schmitt et al.
and Faidi et al. tested LDS in a CFRP production environ-
ment, but did not included typical production flaws or the
needed measurement accuracy. The novelty of the research
is the detection of different types of flaws of the prepreg
CFRP layup compared to post-cured products and if LDS is
suitable for use as a preventative NDE technique to detect
these typical production flaws in prepreg CFRP.

Section 2 describes the working principle of the laser dis-
placement technique, and section 3 describes the simulated
CFRP specimens. Section 4 describes the experiments and
set-ups of the proposed research. The results are presented in
section 5 and are discussed in section 6. Section 7 concludes
the research and assesses the suitability of LDS as an in situ
monitoring system for CFRP production.

2 Laser displacement sensors

LDS with triangulation sensors are based on calibrated detec-
tion sensors with a reference laser source, see Fig. 1 [4, 15]. The
basic principle is to project and receive a laser signal from an
object in order to determine its distance from the sensor. The
set-up of the measurement system will make sure that the

photodetector is in focus relative to the collecting lens, where
the size of the photodetector determines the operating range.
The operating range is defined as the minimum and maximum
distance to the object from the laser source, as shown in Fig. 1.
Determination of the centre of the received signal on the pho-
todetector is aided by algorithms tominimize the amplitude and
position uncertainty due to scatter. Although several algorithms
are available, “Centre of Mass” calculation shows the best re-
sults [16]. As the size and location of the detector are fixed
relative to the laser source, the laser displacement system is
calibrated for a certain operating range, which is limited by
the size and accuracy of the detection sensor. A limiting factor
for size detection is the spot diameter of the laser, beyondwhich
a smaller feature than the laser diameter cannot be resolved.

3 CFRP layup simulation

This section describes a simulation of the layup and LDS
measurements of prepreg CFRP specimens to determine the
needed measurement accuracy of the measurement system.
During the layup process, each layer of CFRP is stacked ac-
cording to the design specifications by a tape layer or by hand
layup. As every layup process has variance in conditions like
the thickness of the sheet, Monte Carlo simulations take this
variability into account. These Monte Carlo simulations take
the layup process, material aspects (only those directly affect-
ing measurements), additional measurement errors and pro-
duction flaws into account. To determine the required accura-
cy of the measurement system for static measurements, sever-
al simulated specimens are created in MATLAB, which rep-
resent the CFRP specimens. As reference material, unidirec-
tional carbon fibre layers from DeltaTech DT160 that have a
typical thickness of 160 μm (±5 μm) are used. An additional
measurement error expected, according to Schmitt et al. [10],
is the scattering of the laser beam between carbon fibres. In the
simulated specimens, a maximum scattered path of two times
the carbon fibre radius is assumed (0–5 μm). Figure 2 shows

Table 1 Typical flaws in CFRP production and expected sizes in height

Flaw type Typical flaw size
in height (μm)

Unremoved foil or other enclosed anomalies 50

Incorrect number of layers 160

Incorrect fibre orientation 5

Fibre bridging/wrinkling 200

Incorrect overlap 160

Flaws are listed in order of number of occurrences

Fig. 1 A laser head projects laser light onto an object within the
operating range, and scattered or reflected light is received by a detector
to determine the distance from the laser head with triangulation

342 Int J Adv Manuf Technol (2016) 82:341–349



the different possible light paths which cause an additional
maximum error to the measurement of 5 μm. Note that the
fibres will not be orderly distributed as shown in the schematic
graph in a real specimen.

Each layer in the simulated specimen is represented as a
matrix (1), and for each layer of CFRP, an error matrix is
added to account for the measurement and scatter error. A total
random error of between −5 and +10 μm is applied perpen-
dicular (X-axis) to the carbon fibre axis. In the parallel direc-
tion (Y-axis) of the carbon fibre, no variations are simulated.
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A practical size of the specimens is chosen at 50×150 mm2

with a resolution of 20 μm in the X- and Y-axes. As the height
of the simulated specimens is critical to measure flaws, the Z-
axis has a resolution of 1 μm. Figure 3 shows a [0]8 specimen
without any production flaws and an average height in the top
layer of 1.28 mm. Each layer overlaps with 1 cm to show
different layers.

Typical production flaws are described in section 1, and
these are simulated in the following specimens. Figure 4
shows a specimen including three typical production
flaws: a 50-μm-thick foil of 1×1 cm2 is embedded under-
neath the top layer (a.), the fourth layer is missing (b.)
and the first layer has the carbon fibres perpendicular to
the X-axis (c.).

Figure 5 shows a specimen with two additional typical
flaws: in the top layer, wrinkling is simulated (d.) as a

simplified stepwise accumulation of the CFRP material simu-
lated of 160 μm in height. This effect causes a strip of missing
material at the edges, which will give an incorrect overlap.

The models only describe the unidirectional samples in
static measurements; in the following experiments, cross-
ply CFRP and dynamic measurements will also be
evaluated.

4 Experimental design

This section describes the experimental set-up used to com-
pare the LDS measurement with the simulations. To demon-
strate the use of the technique in the production process, sev-
eral CFRP specimens were manufactured, measured and
analysed. The specimens consist of different types of com-
monly used materials in CFRP production, unidirectional
(160-μm-thick) and cross-ply (260-μm-thick) CFRP from
DeltaTech. The specimens are 150 mm in length and 50 mm
in width. The following specimens were prepared for labora-
tory testing to assess the detectability of the production flaws
with LDS:

A. Unidirectional [0]8 sample without flaws
B. Unidirectional [0]7 sample with a missing layer and a

piece of enclosed foil of 1 cm2 and 50 μm in height
C. Unidirectional [0]8 sample with a wrinkle included in the

top layer
D. Cross-ply [0]7 sample with a missing layer and enclosed

foil of 1 cm2

Fig. 2 Schematic overview of potential measurement errors: multiple
path reflection returning to the laser head (a.), a measurement between
two carbon fibres (b.) and a reflection from the top of the carbon fibre (c.)
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Fig. 3 [0]8 specimen without any production flaws and an average
maximum height of approximately 1.28 mm. In the enlarged figure, the
orientation of the carbon fibres is clearly visible
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Fig. 4 [0]7 specimen including typical production flaws of an embedded
50-μm-thick foil of 1×1 cm (a.), layer missing (b.) and fibres
perpendicular to the X-axis (c.)
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Fig. 5 [0]8 specimen including a typical production flaw of wrinkling
(d.)
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During the laboratory tests, the specimens are measured in
absolute height to test the LDS technique on typical CFRP
materials and typical production flaws.

The laser heads were chosen based on the results from the
simulations and the specifications of the Keyence LJ-V7000
series to detect these typical flaws in production [17]. The
specifications of the laser heads are described in Table 2.
Either the Keyence LJ-V7200 or LJ-V7060 was used in the
set-up as shown in Fig. 6.

To construct a 3D image, a horizontal laser line was used
instead of a spot. The laser line was projected on the object via
a cylindrical lens and is able to reconstruct a 2D measurement
profile. The sensor head was placed above the test specimen at
the reference distance. The specimen was moved manually on
a calibrated glider (9.5 mm in height), where the laser mea-
surement is triggered every 100 μm on the calibrated glider.
The measurements of the laser head were registered via a
controller, which is connected to a PC. Not including surface
conditions, the LDS is able to measure different profiles and
reflectivities simultaneously.

Analysis of the errors introduced during measurements in-
dicated which factors need attention during industrialization
of the technique [18]. Besides the scattering (0–5 μm) due to
the material characteristics and thickness variation (±5 μm),
which are included in the simulation, other contributing errors
are expected in an industrial environment. According to the
manufacturer’s specifications, the error introduced by the LDS

will be the combined error from the sensor and algorithm
error. The specified error is ±0.4 μm or ±1 μm in the Z-axis,
respectively, for LJ-V7060 and LJ-V7200. Absorption can be
another error, but this will only have an influence on the in-
tensity and detectability of the reflected signal and has no
influence on the distance measurements. The last source for
error will be external influences in an industrial environment,
like vibrations. To assess the influence and the allowable limit
of vibrations in the measurement system, an experimental set-
up is used to simulate the dynamic tape laying process.
Figure 7 shows the set-up designed to simulate dynamic mea-
surements with the laser displacement sensor. The laser head
(LJ-V7060) is fixed above the specimen. While each layer is
pressed on the specimen by a 1.6-kg roller, the laminate spec-
imen is moved through the laser beam for consecutive mea-
surements. The measurements start from the origin of the
specimen, and each layer is measured and registered in rela-
tive height to the last layer. The speed of the system is theo-
retically 100 μm/16 μs or 6.25 m/min.

5 Results

This section will discuss the results from the static and dynam-
ic measurements.

5.1 Static measurements

In specimen A, eight layers of the laminate are measured by
LDS and can be separately identified. The results are shown in

Table 2 Specifications of Keyence laser heads [17]

LJ-V7200 LJ-V7060

Reference distance 200 mm 60 mm

Measurement range Z-axis 96 mm 16 mm

X-axis 62 mm 15 mm

Repeatability Z-axis 1 μm 0.4 μm

X-axis 20 μm 5 μm

Light source output (at 405 nm) 4.8 mW 10 mW

Spot shape and size at reference distance 21 mm×45 μm 90 mm×85 μm

Sampling cycle 16 μs (high speed mode)

Laser head

Mounting

Glider base

Glider

Fig. 6 Actual (left) and
schematic (right) overview of the
experimental set-up using the
laser displacement sensor

Fig. 7 Experimental set-up for the dynamic measurements
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Fig. 8a, and a cross section is shown Fig. 9a. The specimen
has a maximum height of 1.2 mm at the top layer and a size of
150×50 mm2. The measured standard deviation is 15 μm for
LJ-V7200 and 9 μm for LJ-V7060 to a 160-μm layer, which
gives a signal-to-noise (SNR) of 10.7 and 17.8, respectively.
The SNR is calculated as the mean over the standard deviation
of the measurements. Figure 10 shows the actual surface of a
layer of CFRP.

Specimens B and C include flaws and are measured to
demonstrate the detectability of embedded flaws. The results
are shown in Fig. 8b, c and the cross sections in Fig. 9b, c. In
specimen B, the enclosed foil of 1 cm2 of 50 μm in height was
included beneath the top layer, which is indicated with a dot-
ted box in Fig. 8b. The enclosed foil causes a larger

delamination towards the lower right edge of the layer and is
clearly detected. The fourth layer is excluded in specimen B
and results in a lower total height of the specimen of 1.0 mm
and a clear deviation of the design specification. The incorrect
fibre orientation in the first layer cannot be reliably detected,
as the fibre radius is below the standard deviation of the mea-
surement system. In specimen C, a wrinkle was introduced in
the top layer and causes a maximum height of 1.8 mm in the
top layer.

Table 3 and Fig. 11 show the results of the measurements
on specimen D, a bidirectional CFRP laminate of 260-μm-
thick layers. An enclosed piece of foil is included in the top
layer, and layer 6 is missing. Table 3 shows the average abso-
lute and relative values of the measurements on specimen D,
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Fig. 8 Measurement of flawless
[0]8 specimen A (a) and
measurements of embedded flaws
in specimen B (b) and specimen
C (c)

Fig. 9 Cross sections a, b and c
of measurements with LJ-V7200
of specimens A, B and C
,respectively. The red circles
indicate the included foil and the
wrinkle
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including the flaw. Each layer is clearly distinguished, and the
flaw in the top layer is successfully detected. Figure 11b
shows the results of the LJ-V7200, and Fig. 11a shows the
result of the LJ-V7060. The latter shows a higher resolution,
but has a limited width of the measurement of 16 mm. In
Fig. 11c, the enclosed foil (202-μm-thick) is directly visible
in the detailed colour map.

5.2 Dynamic measurements

The dynamic measurements were performed with the LJ-
V7060, where a tape layup process was simulated, and the
results are shown in Figs. 12 and 13 and in Table 4. A 1-cm-
wide bidirectional CFRP tape was rolled down using a 1.6-kg
roller, and each layer was measured to check the quality of the
layer in situ before stacking the next layer. The specimen and
the laser head start each new layer at the calibrated origin.
Each layer was separately measured, and the height of each
layer was determined by relating the value of the new layer to
the previous measured value. A calibration measurement was
made to remove any angle or height dependencies of the spec-
imen or laser head. The embedded foil was successfully de-
tected underneath the fifth layer. The defect is 260 μm in

absolute height and is significantly 100 μm higher than the
surrounding values of layer 5. The enclosed foil of approxi-
mately 1 cm2 can be clearly seen in Fig. 12 and can be clearly
distinguished during the dynamic measurements. Figure 13
shows a box plot of each layer, where the data of each layer
is represented. The included foil is detected through the iden-
tifying significant outliers from the measurement points in
layer 5. The outliers are identified as measurement point out-
side the upper or lower part of the box plot. The total standard
deviation varied between 16 and 29 μm, as vibrations by
moving the specimen adds to the measurement errors. The last
layer has a higher standard deviation of 75 μm due to the
included foil, and this is actually another indicator of devia-
tions compared to the previous layers with a lower standard
deviation.

6 Discussion

This research demonstrates the LDS technique to detect pro-
duction flaws in situ during layup of composite materials. The
Keyence LJ-V7200 and LJ-V7060 sensors are able to detect
typical flaws that occur during the production of layup of
CFRP. The best accuracy was attained with the LJ-V7060,
which resulted in 9 μm standard deviation on a layer of
160 μm in height. The minimum detectable flaw is 27 μm
in height and 0.09 mm2 at 3 SNR.

Following the measurement of the flawless specimen A,
typical production flaws can be successfully detected in other
specimens. The embedded piece of foil is indirectly detectable
through debonding of the top layer in the lower left corner, and
the missing layer in specimen B results in a lower height of the
specimen and a geometrical deviation at the missing fourth
layer. In specimen C, a wrinkle was introduced in the top layer
and caused local height deviations. All flaws thicker than
27 μm in height are significantly detectable, and the system
is able to detect the following typical flaws in a static set-up:

& Enclosed foil, in this research simulated with 50-μm-thick
foil

& Missing layer or incorrect overlap, in this research repre-
sented as a flaw of 160 μm

& Wrinkling, in this research simulated with 200-μm height

Incorrectly placed layers, and so incorrect fibre orientation,
in the layers cannot be clearly detected, where the flaw is
smaller than the standard deviation. However, this problem
does not exist for tape laying machines, as these use unidirec-
tional CFRP and the orientation of the tape laying direction
can be retrieved from the operational steering. Incorrect fibre

Fig. 10 shows the actual surface of a layer of prepreg CFRP.
Measurement was made by the electron microscope at Delft University
of Technology

Table 3 Data from measured data from the bidirectional CFRP

Absolute height (μm) Calculated relative height (μm)

Layer 1 2501 277

Layer 2 2778 273

Layer 3 3101 260

Layer 4 3361 237

Layer 5 3598 264

Layer 7 3862 262

Layer 8 4124 261

Flaw 4364 202
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orientation shows up at hand layup processes, where layers are
manually placed by workers. LDS technique may be able to
indirectly detect the orientation by measuring the scattering of
the laser light from the height differences of the carbon fibres.
Tape laying production use unidirectional CFRP, but hand
layup production uses also other types of material like bidi-
rectional CFRP. Table 3 and Fig. 11 show the results of mea-
surements of 200-μm-thick bidirectional CFRP, specimen D.
Due to the woven structure of bidirectional CFRP, the stan-
dard deviation is larger (~17 to 53μm). However, the foil used
for this material is also thicker (200 μm). The result is shown
in Fig. 11c by a scaled image showing the 1-cm2 embedded
foil.

The above discussed measurements are all static measure-
ments of the specimens with several layers of CFRP. In real-
time production, the product is dynamically built up layer by
layer, where each layer should be measured and analysed
compared to the previous layer to monitor the production. In
the laboratory measurements, the absolute height of the spec-
imen was measured to detect any geometrical deviations. As a
typical tape layer machine lays 30 m per minute [19] and the
laser head operates at 64 kHz, measurements can be made

every 0.5 mm to keep up with the machine. This is sufficiently
below the allowable defect size of 12.5 mm in commercial
aviation [1]. However, aerospace industries are already inves-
tigating smaller defect detection in ranges of 6 to 3 mm.

The foreseen development of the LDS system as a preven-
tative NDE system is provided in Fig. 14 according to
Technology Readiness Levels (TRL) [20]. The presented re-
search brings the concept to TRL 4, where all relevant flaws
are detected in a laboratory environment. The next step is to
validate the economic feasibility to implement LDS in an in-
dustrial environment, before demonstrating this in the actual
production environment. At TRL 7, prototypes are developed
for the hand layup and automated tape laying (ATL) process-
es, as these have other environmental characteristics. After
successful prototyping, LDS can be qualified and installed
as a preventative NDE system.

Several disadvantages of the systems need attention during
further industrialization. For example, small air bubbles can
be detected as geometrical deviations, but will be removed
during the curing phase. These air bubbles have a different
structure compared to enclosed foil. An air bubble has a spher-
ical geometry compared to a cubic geometry of enclosed foil.
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Fig. 11 Results of measurements
of specimen D, bidirectional
CFRP, with LJ-V7060 (a) and LJ-
V7200 (b) and (c)
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Fig. 12 Results from the
simulation of the tape layup
process of unidirectional CFRP,
first layer on top of the image
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However, these air bubbles must not trigger any monitoring
system as a false flaw detection system. Another disadvantage
of the system is the limited width of the laser signal, although
for a tape layer this is not an issue as CFRP tape are typically
smaller in width than the laser signals [21]. For hand layup
products, this does not hold up, as in hand layup large layers
are stacked. This should imply several laser heads to cover the
complete width of the product or a mountable laser head fixed
on the layup roller. These solutions will cause higher costs or
more vibrations, respectively. Additional illumination with a
near UV light source will not impact the specimen through
chemical curing or heating of the CFRP. Mascioni et al. [22]
has demonstrated the needed illumination times to cure typical
epoxy resin in prepreg with UV light, and the added heat by
the LDS light source is negligible.

The described flaws are all geometrical deviations from
design specifications, so the candidate in situ production mon-
itoring system must be capable of measuring these during
operations. By moving the laser source or the measured ob-
ject, a 3D profile is constructed, but during the industrializa-
tion of the in situ measurement system, these geometrical
measurements must be coupled to the original CAD design

specifications and the numerical steering of the tape laying
process. The dynamic measurements showed an increased
standard deviation of 16 to 29 μm due to vibrations in the
set-up. In calibration measurements at the manufacturer, a
vibration error of 7 μm is measured. Any additional vibrations
from an industrial environment must be below the allowable
standard deviation limit. This limit can be calculated through
the K-means sampling method [23]. The K-means sampling
method and the possible 25 measurement points to detect a
flaw of 12.5 mm or larger, shows a maximum allowable stan-
dard deviation of 42 μm to distinguish 210 μm from 160 μm
(i.e. the difference between a layer of CFRP and a layer with
50-μm foil embedded). To significantly detect a flaw of
50 μm, amplitude vibration levels lower than 33 μm are ac-
cepted or need to be above 64 kHz (i.e. interrogation speed) to
be filtered out.

The techniques described will be developed further with an
industry partner of the Structural Integrity & Composites
Group at Delft University of Technology.

7 Conclusion

This research investigated the suitability of the LDS tech-
nique as an in situ monitoring system for CFRP materials.
The technique is able to detect typical flaws from the
production environment, such as enclosed foils, missing
layers and wrinkles in the specimen. The technique can be
used for unidirectional and bidirectional CFRP materials
and is applicable for static measurements of specimens as
well for dynamic measurements, comparable to tape lay-
ing machines.
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Fig. 13 Box plot diagram of the
dynamic measurement data from
the unidirectional CFRP. The
outliers in layer 5 indicate the
embedded foil. (Asterisk indicates
interquartile range (IQR)=75th
percentile−25th percentile.)

Table 4 Data of dynamic measurement data from the unidirectional
CFRP

Relative height (μm) Standard deviation (μm)

Layer 1 164 15.9

Layer 2 178 28.6

Layer 3 173 28.6

Layer 4 163 29.0

Layer 5 155 75.2
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Future research needs to focus on how to integrate the
system real-time into the production process and whether the
system can operate independently from the workers or tape
layers to monitor the quality in situ during layup. After suc-
cessful in situ detection of production flaws, follow-up re-
search needs to address how to remove the embedded flaw
during the production without damaging the product. To de-
termine the requirements for such system, industry partners of
the Aerospace NDT laboratory will contribute to this research.
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