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Abstract
Automated fibre layup techniques are often applied for the production of complex structural 
components. In order to ensure a sufficient component quality, a subsequent visual inspection 
is necessary, especially in the aerospace industry. The use of automated optical inspection sys‑
tems can reduce the inspection effort by up to 50 %. Laser line scan sensors, which capture the 
topology of the surface, are particularly advantageous for this purpose. These sensors project a 
laser beam at an angle onto the surface and detect its position via a camera. The optical prop‑
erties of the observed surface potentially have a great influence on the quality of the recorded 
data. This is especially relevant for dark or highly scattering materials such as Carbon Fiber 
Reinforced Plastics (CFRP). For this reason, in this study we investigate the optical reflection 
and transmission properties of the commonly used Hexel HexPly 8552 IM7 prepreg CFRP in 
detail. Therefore, we utilise a Gonioreflectometer to investigate such optical characteristics of 
the material with respect to different fibre orientations, illumination directions and detection 
angles. In this way, specific scattering information of the material in the hemispherical space 
are recorded. The major novelty of this research are the findings about the scattering behaviour 
of the fibre composite material which can be used as a more precise input for the methods of 
image data quality assessment from our previous research and thus is particularly valuable for 
developers and users of camera based inspection systems for CFRP components.

Keywords Automated Fiber Placement · Inline inspection · Laser Line Scan Sensor · 
Optical material characterisation · Reflection · Transmission

1 Introduction

In advanced aviation and aerospace industry, lightweight composites are becoming more 
and more common. The Boeing 787 as well as the Airbus A350 XWB are typical aircraft 
types where the need for such composite components is rising [1, 2]. Such structural parts 
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are mostly manufactured using Carbon Fiber Reinforced Plastics (CFRP) owing to its out‑
standing stiffness and strength properties in comparison to metallic components. In order to 
reduce the costs of the complex fabrication procedure, efficient manufacturing techniques 
are of major interest. A suitable automated fibre laying technology is one way to increase 
production efficiency [3–5]. To comply with the high safety standards in the aerospace sec‑
tor, a subsequent visual inspection is mandatory [6, 7].

These days, such manually conducted checks take from 32% [6] to 50% [8] of the over‑
all manufacturing time. In some cases, it is actually almost impossible to guarantee the 
necessary inspection accuracy as a result of the manual inspection procedure. Thus, the 
potential for improvement in quality and speed is enormous [8].  Due to their ability to 
record a three dimensional topological map of a surface, Laser Line Scan Sensor (LLSS) 
based inspection systems are particularly popular for automated inspection in fibre com‑
posite manufacturing [4, 9, 10] .These sensor systems project a laser beam at a specific 
incidence angle onto the fibre material surface. A camera senses the position of this laser 
line at a different viewing angle. However, the quality of the recorded data and thus the 
precision with which the laser line position is determined in the input image is potentially 
highly dependent on the material being viewed and its optical properties [11]. This influ‑
ence is particularly relevant for very dark or strongly scattering surfaces such as CFRP.

To this end, some research has already carried out to investigate the reflectivity and 
emissivity of thermoplastic CFRP materials [12, 13]. However, these studies primarily 
examine the material behaviour in the thermal infrared spectrum. In addition, there is fur‑
ther research dealing with the heat transfer of thermoplastic composites when irradiated 
with a Xenon heating lamp [14, 15]. Moreover, investigations on the reflection behaviour 
of thermoplastic materials during heating with lasers in the near‑infrared spectrum are car‑
ried out [16].

However, only very little knowledge is available about the reflection behaviour of 
prepreg fibre materials in the visible wavelength range. Especially with the focus on 
inspection via a LLSS with a red semiconductor diode laser, detailed investigations have 
not been carried out so far. Such optical material properties are essential for the detailed 
modelling of an optical sensor system and the evaluation of the signal quality, as reported 
in our previous paper [17].

In this context, we perform detailed investigations of the optical material properties of 
Hexel HexPly 8552 IM7 CFRP thermoset prepreg material in this study. This is a com‑
monly used publically available prepreg material in the aviation sector, which is why this 
material was chosen for the investigations in this paper. For this purpose, reflectance and 
transmittance measurements are performed for various fibre orientations, illumination 
angles and detection angles via a Gonioreflectometer. Building on this, our paper will 
answer the following research question: Which optical material characteristics of the Hexel 
HexPly 8552 IM7 prepreg Material are especially of interest for the automated LLSS based 
inspection of CFRP components?

The methodology in this study initially involves a summary of the state of the art. 
Then the procedure for measuring optical material properties with a Gonioreflectometer 
is described. The results are then discussed with respect to the application case of fibre 
composite inspection. As already mentioned in our paper Meister et  al. [17] it requires 
considerable effort to configure an optical sensor and the respective evaluation algorithms 
for inspection in composite manufacturing. An appropriate sensor model and methods for 
assessing the signal quality, as described in our earlier paper [17], in combination with 
precise optical material properties as will be presented below, increases the precision of 
optical inspection in composite production and reduce the setup effort of an optical sensor. 
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Accordingly, the findings from this paper add particular value for developers and users of 
LLSS based optical inspection systems in the automated production of CFRP components.

2  Related Research

This section summarises the state of the art in fibre placement and inspection technologies, 
as well as methods for measuring and modelling optical material properties. The outlined 
optical inspection techniques represent potential applications for which the knowledge of 
optical material properties as described in the second part of the state of the art section is 
very beneficial for increasing the measurement precision and reducing their setup efforts.

2.1  Fibre Placement and Inspection Procedure

In this section fibre placement and composite inspection procedures are outlined. These 
days different fibre placement technologies are available. The Automated Tape Laying 
(ATL) and Automated Fiber Placement (AFP) are the most frequently used processes of 
such a kind [18, 19]. They deposit CFRP material in layers on a tool. The deposited com‑
posite consists of carbon unidirectional (UD) filaments. For prepreg composites these fila‑
ments are embedded in a polymer matrix [20]. A fibre layup process for the application 
of UD composite stripes is illustrated in Fig.  1. The AFP process is especially advanta‑
geous for the production of complex composite components. This technique is increasingly 
installed in industrial aerospace manufacturing [7]. In this respect we choose this AFP pro‑
duction use case to achieve a great transferability level of the findings from this study [21]. 
In this process an effector lays multiple narrow stripes of composite material (tows) along a 
preprogrammed course. During fibre deposition a separate component heats the fibre mate‑
rial to get improved tack properties [22]. Respectively, each structural component is made 
from several plies of prepreg material [20].

Due to the high safety requirements in aviation, a suitable inspection of each laid down 
ply is necessary. Hence, the inline inspection in the AFP manufacturing stage is highly 
discussed in industrial research. Therefore various sensor principles have been studied. 
The Fraunhofer Institute for Integrated Circuits (IIS) investigated polarisation camera 
sensors for this purpose [23, 24]. The Institute of Production Engineering and Machine 
Tools - University Hanover (IFW) and the National Aeronautics and Space Administration 
(NASA) examined thermographic camera monitoring devices [25–27]. Such monitoring 
principles acquire two dimensional inspection data.

Accordingly, InFactory Solutions [4], Profactor [28], Electroimpact [3, 5] and Danobat 
Composites [29] developed laser camera triangulation based inspection systems. Moreover, 
they applied such LLSS systems for inline inspection in AFP production. A key advantage 

Fig. 1  AFP procedure for the 
application of UD prepreg tows. 
Therefore a device heats up the 
material and a compaction roller 
presses it onto the mould. In this 
Figure v⃗ denotes the layup veloc‑
ity. F⃗ gives the compaction force
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of such systems is the inherent determination of three dimensional surface information. For 
the AFP inspection this probably is the reason for success [4]. Additionally, Sun et al. [30] 
reviewed different monitoring devices for the fibre placement inspection.

For the LLSS inspection principle a laser line illuminates a surface and is reflected back 
to an imaging sensor. Sensor and Laser are aligned at an angle towards each other. To cap‑
ture the three dimensional surface data the joined camera‑laser device is moved in parallel 
to the surface, perpendicular to the laser line [9, 31].

In the following section, ways for determining optical material properties are presented.

2.2  Principles for Measuring Optical Material Properties

This section discusses the need for procedures to determine optical material properties. On 
this basis, techniques for the measurement of optical reflection and transmission proper‑
ties are introduced. In this context, the measuring principle and different applications of a 
Gonioreflectometer are discussed.

Li et al. [32], Rabal et al. [33] as well as Martinez and Hartmann [34] all mentioned 
the need for tools to measure optical material properties especially for materials and coat‑
ings research. They also explain the relevance of spectrally resolved measured values for 
these optical material properties. Rabal et al. [33] measured the Bidirectional Reflectance 
Distribution Function (BRDF) in the spectral range from 380 nm to 780 nm with a spectral 
accuracy of 0.3 nm. Martinez and Hartmann [34] also carried out BRDF measurements. 
Their utilised Gonioreflectometer system can perform spectrally resolved BRDF measure‑
ments in the wavelength range from 240 nm to 2000 nm, with a resolution of 15 bit and a 
measurement uncertainty of 3 nm. Li et al. [32] measure with their spectroradiometer in 
the spectral range from 380 nm to 760 nm with 1024 spectral bands. They digitise with 
16 bit A/D resolution and have a spectral resolution between 0.82 nm and 3.3 nm.

The subsequent section presents methods for modelling the material characteristics 
appropriately from the acquired optical measurement data.

2.3  Modelling of Optical Material Characteristics

In this section, characteristics of different surfaces and an appropriate modelling methodol‑
ogy for the corresponding optical properties are presented. In particular, bidirectional scat‑
tering and reflection functions are introduced. Furthermore, the propagation and interac‑
tion of a laser beam in CFRP material is discussed.

2.3.1  Reflection, Scattering and Beam Propagation on Composite Material

Initially, Forest et al. [35] briefly explained the reflection behaviour and modelling of specu‑
lar, Lambertian and tranlucid surfaces. In contrast to this broad surface clustering, Schmitt 
et  al. [31] provided basic concepts on scattering and beam propagation of laser light for 
CFRP material. They defined three different types for laser beam scattering at the filaments 
of a CFRP material. Additionally, Miesen et  al. [36] examined the influence of measure‑
ment deviations from the scattering and beam propagation of a laser beam. They introduced 
appropriate error matrices in order to consider these influences in their model. There‑
fore they assumed that a laser beam propagates at a maximum twice the filament diame‑
ter inside the material before it is re‑emitted from the surface. Otherwise the laser beam 
is absorbed from the material. As an extension to the studies from Schmitt et al. [31], Xu 
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et al. [37] investigated the reflection behaviour of a single filament. Thus, they introduce a 
more detailed approach for modelling this reflection of a single fibre. Based on the work of 
Grouve [38], Stokes‑Griffin and Compston [16] described qualitatively the reflective behav‑
iour of UD CFRP materials. For this purpose, they first explained that the reflection charac‑
teristics of many individual fibres with the same fibre orientation accumulate in such a way 
that a single large cylindrical fibre can be investigated. This model is exemplary illustrated 
in Fig. 2 for the two extreme cases for a fibre orientation with � = 0◦ and for a fibre ori‑
entation � = 90◦. For the fibre orientation � = 0◦ , the cylinder is illuminated obliquely in 
the fibre direction. Assuming we place a diffuse target behind the cylinder for which the 
normal of the diffuse target is parallel to the cylinder, then a semi‑circular reflection of the 
incident light is imaged due to this illumination. However, assuming that the diffuse target 
and the incident beam direction remain constant, but the fibre cylinder is rotated to � = 90◦ , 
the reflection of the incident light results in a straight vertical line on the diffuse target. Fur‑
thermore Riviere et al. [39] introduced the in‑plane multispectral polarised BRDF modelling 
and measurement. They inverted experimental BRDF data with the aim to calculate the full 
BRDF and perform validation experiments on paint coatings. The principle of BRDF [40] is 
given by:

This equation consists of the reflected radiance Lref  and the incident irradiance Eirr 
for incident vector �irr and reflection vector �ref  . More detailed information on the anal‑
ysis of reflected and scattered light measurements can be found in the book by Stover 
[41].

In order to model the scattering characteristics of a substrate they introduced a com‑
plex optical index which is composed of a real and an imaginary part. On this basis they 
specified the directional and diffuse components of a BRDF. Furthermore, Dingemans 
et  al. [42] introduced a novel coefficient‑independent scattering model to determine the 
thickness of a coating. They investigated the absorption and scattering behaviour of a 

(1)f (�irr,�ref ) =
dLref (�ref )

Eirr(�irr)

Fig. 2  The figure illustrates the 
imaging of the reflected irradia‑
tion from a cylinder on a diffuse 
target for both fibre orientations 
� = 0◦ and � = 90◦ with frontal 
lighting. This illustration is 
inspired by [16, 38]
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surface using their model. They utilised the Beer‑Lambert law [43] to estimate the beam 
propagation along an optical path. Furthermore they applied the Kubelka‑Munk model 
[44] to characterise light scattering within coatings and paint. With the aim to improve 
laser processing of CFRP, Hohmann et al. [45] applied and validated different methods 
for the simulation of the absorption, reflection and beam propagation characteristics of 
CFRP material. In their studies they investigated the beam propagation of a Gaussian 
laser beam inside a non‑homogeneous material based on the Beer‑Lambert law [43] with 
a one filament cylinder model. However, they discovered that this model for the beam 
propagation of a laser in CFRP has large errors and is therefore inappropriate for this 
application. Furthermore, they analysed several simulation techniques for calculating the 
diffraction parameters based on the scattering angle. Additionally, Zhang et al. [46] pre‑
sented a method to simulate an image processing system for the inspection of a reflect‑
ing surface by means of ray tracing. The overall simulation consists of a defined camera 
model in combination with the reflection properties of the surface as well as the intensity 
and distribution of the reflected radiation as input parameters. A virtual reflecting surface 
with scratches was used for validation. In particular, they considered the Monte‑Carlo ray 
tracing and used a pin‑hole camera model. The BRDF was calculated with the aim to 
characterise the reflection properties of the surface considered.

Additionally, Stokes‑Griffin and Compston [16] present in detail the interaction of a 
near infrared laser while heating CFRP material. In their study they researched the optical 
characteristics of a thermoplastic CFRP during laser illumination. In this respect they have 
also investigated certain absorption characteristics of the utilised composite.

In the following, a model for specifying the transmission of light in fibre composite 
materials is presented.

2.3.2  Beam Transmission Model

Iba and Kagawa [47] as well as Iba et  al. [48] introduced the following formulation for 
modelling the light transmission T in UD CFRP materials:

In this equation, Qext is the efficiency factor of the material. �c represents the volume frac‑
tion of the composite. The parameter dm characterises the thickness of the sample. Moreo‑
ver, Rf  gives the radius of a single fibre. Regarding Eq.  2 the challenge is to determine  
the efficiency factor Qext . The calculation of Qext involves knowledge about the phase shift 
�r of the ray passing perpendicular to the aligned fibre through the filament. The parameter 
�r is calculated by:

Where the refractive index difference is Δn = |nf − nm| and the individual refractive indi‑
ces of the fibre is nf  and the matrix material nm . k represents the wavenumber of the inci‑
dent light.

For those reasons and due to the investigations of Pascual et  al. [49] a very precise 
knowledge of Δn is required. These values Δn should be available with an accuracy of at 
least ±0.0001.

(2)T =

[
1 − 2Qext(�r)

(�c

�

)0.5
](dm∕Rf )(�c∕�)

0.5

(3)�r = 2kRf |nf − nm|
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2.3.3  Refraction, Diffraction and Interference

In case a material is illuminated, the light is partly reflected and the other part is propa‑
gated inside the material. The ratio of reflected and transmitted radiation depends on the 
illumination angle. Thus, Snell’s law is given by:

Here the relationship between incidence � and refraction angles �c as well as the refraction 
indexes ni during the transition of a beam between two isotropic media is specified [16, 
50]. Referring to Eq. 4, Eq. 5 gives the critical incident radiation for �c = 90◦ . For irradia‑
tion at a larger angle of incidence, the radiation is fully reflected [16, 50].

It should be noted that Snell’s law is valid for isotropic media and thus can only be applied 
to CFRP in a limited manner.

Furthermore, the Fresnel equation specifies the reflection and transmission characteris‑
tics of electromagnetic radiation at the transition between two optical materials or fluids. 
For this purpose, Eq. 6 gives the relative reflectance Rs , Rp for s‑ and p‑polarised radiation.

The effective reflectance Re is calculated from the average of both values [50].
In the following section the experimental setup and the used methodology are outlined.

3  Methodology

This section explains the methodology for measuring the reflection and transmission prop‑
erties of the considered composite material. Therefore, the material Hexply 8552 IM7 
[51, 52] was measured at room temperature 20 ◦C . The Cured Ply Thickness (CPT) of this 
material is about 131 μm . The respective filament diameter is around 5.2 μm . This can also 
be assumed as the slit width between two filaments. Moreover, the material’s volume frac‑
tion is 57.70 % [51, 52]. However, the reflection behaviour is expected to vary for different 
material types and process temperatures. Nevertheless, the procedure for their measure‑
ment and modelling remains identical.

In order to ensure the transferability of the presented methodology for parameter esti‑
mation to other materials and processes, we utilised a Gonioreflectometer for our measure‑
ments. This device was introduced in Sect. 2.2. In particular we used an Opsira gonio’2pi‑
bsdf custom measuring instrument [53]. The corresponding assembly is shown in Fig. 3. 
This device consists of two individual spectroradiometers for the Visible Imaging System 

(4)na sin(�) = nc sin(�c)

(5)�R = arcsin

(
nc

na

)

(6)

Rs =

(
na cos(�) − nca

na cos(�) + nca

)2

,

Rp =

(
naa − nc cos(�)

naa + nc cos(�)

)2

, with

a =

√

1 −

(
na

nc
sin(�)

)2
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(VIS) and Near-Infrared (NIR) spectrum. Combined, both spectrometers cover the spec‑
tral range from 300 nm to 2400 nm with 1 nm spectral resolution. Each spectrometer per‑
formed a separate 16‑bit A/D conversion. The angular resolution for the rotating axes is 
approximately cd∕cm2 . Thus, the combined rotation of all axes results in a spatial resolution 
of ≤ 0.03 mm. The working distance of the spectrometer to the sample was about 650 mm. 
The sample was illuminated with a 125 W Osram XBO 150 W/CR OFR Xenon lamp with 
a luminance of 20000 cd∕cm2 and an illumination spot diameter of around 25 mm.

Under consideration of the output measurement data, an adjusted version of the 
BRDF from Eq.  1  in Sect.  2.3 was applied to characterise the material reflection 
properties. Keep in mind that for the investigations in this paper the use case of the 
laser illumination for an inspection system in the fibre placement process was con‑
sidered. In this application, the viewing angle of the laser and the camera to the 
plumb line can only rotate in the x‑z plane. This plane is defined by the sample nor‑
mal and the fibre orientation. Considering a line laser for measuring a surface topog‑
raphy, this laser line is rotated perpendicular to the fibre orientation. For this reason, 
at first, the reflection characteristics of the fibre material in the x‑z plane � = 0◦ were 
measured at various illumination angles � and detection angles � . Keep in mind, that 
for the considered use case, the applied lens of the LLSS has a certain field of view. 
Thus the pixels at the border of the measurement image result from a different laser 
beam angle to the optical axis than the measurement points located directly at the 
image centre. In order to investigate variations in the optical properties transverse 
to the fibre direction, the previous measurements are additionally carried out for the 
fibre orientation � = 90◦ . In addition, transmission measurements were performed in 
order to investigate the refraction and the beam propagation inside the CFRP sample. 
For this purpose � = const. = 180◦ was set and � was rotated accordingly. For the 
reasons mentioned above, these measurements were carried out again for � = 0◦ and 
� = 90◦ . The corresponding geometrical relations are illustrated in the Fig.  4.  The 
aim was to determine the degree of reflectance of the material �m from Eq. 7 for dif‑
ferent illumination, detection and fibre orientation angles for the wavelength of the 
considered red semiconductor diode laser. In order to reach a higher precision of the 
measurements and to reduce disturbing influences, the measurement was performed 
integrally in the spectral range � = [640, 660] nm . With the aim to determine the rela‑
tive reflectance �m , the irradiance reflected by the material Erm,OTB was normalised 

Fig. 3  The Goniometer 
gonio’2pi‑bsdf setup is pre‑
sented. It is shown the light 
source reflection mirror, the 
rotatable sample holder, and the 
two coupled spectrometers. r

i
 are 

the individually rotatable axes
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with the irradiance emitted from the light source Eli,OTB over the given spectral range. 
Equation 7 presents this relationship as a kind of modified BRDF. The transmission 
was examined separately in order to investigate the beam propagation characteristics 
of the material.

For the reflection measurements in this paper, a � value range of [0◦,80◦ ] and for � 
an interval of [0◦,70◦ ] was chosen. The detection angle � was rotated with a fine resolu‑
tion of 1 ◦ . To increase the measuring speed and making use of the material symmetry, � 
was rotated in steps of 5 ◦ . For measuring the transmission properties the incident angle 
remained constant at � = 180◦ . The angles � and � were rotated as previously explained. In 
the following section, the respective measurement results are presented.

4  Results

This section presents the reflection and transmission properties from the Goniometer 
measures previously outlined in Sect. 3. Figure 5 summarises the results for the reflection 
parameter �m by considering different angles for � and � . The measurements are carried out 
for the sample rotations � = 0◦ presented in Fig. 5b and � = 90◦ displayed in Fig. 5d. For a 
clearer overview, only the detection results in steps of 5 ◦ are displayed. The measurement 
results for a fine detection resolution of 1 ◦ are given in Fig. 5a for � = 0◦ and in Fig. 5c 
for � = 90◦ . For these Figures, the detection angle � is displayed on the abscissa and the 
illumination angle � on the ordinate. The light emitted on the material is partially reflected, 
transmitted, absorbed or propagated from the composite. Logically, the largest reflection 
values are achieved for the measurement of the specular reflection at equal detection and 
illumination angles � = � . Due to the configured Goniometer measurement resolution of 
1 ◦ , optical effects such as scattering can possibly lead to clipping of the actual peak value. 

(7)

�m(� = const., �, �, � = {0◦, 90◦})

=
Erm,OTB(�, �, �, �)

Eli,OTB(�, �, �, �)

Fig. 4  The schematic measure‑
ment setup is shown. � represents 
the angle between detector and 
plumb line. � is the incident 
angle between illumination axes 
and plumb line. The angle � 
illustrates the rotation around the 
sample normal. This represents 
the fibre orientation. The angular 
rotation of � and � is performed 
only in the x‑z plane
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However, the integral measurement over the relatively large light spot significantly reduces 
these local effects. Accordingly, we assume here that the maximum values measured at 
� = � are very close to the real maxima. Thus, clipping effects can be neglected. Shown in 
Fig. 5a these results vary from 1.73 % to 10.73 % relative reflection for � = 0◦ . For � = 90◦ 
we see that the diagonal values range from 1.24  % up to 6.14  %, which is presented in 
Fig. 5c. As previously mentioned, these reflection values are determined for the wavelength 
range � = [640, 660] nm. However, it is noteworthy that for both fibre orientations on the 
diagonal � = � up to 40◦ the �m are quite constant. For a fibre orientation of 0 ◦ these values 
range from 1.73 % to 2.22 %. For � = 90◦ these values vary between 1.24 % and 1.45 %. 
For 𝛼 = 𝛽 > 40◦ the diagonal values increase significantly faster up to the previously given 
maxima. Furthermore conspicuous for � = 0◦ in Fig. 5a is, that at an angle difference of 
more than 5 ◦ which means |� − �| ≥ 5◦ almost no back reflection is detectable. For � = 90◦ 
this variance of the values is much greater. Depending on the angle, up to |� − �| ≈ 15◦ 
sensible measurement values can still be determined. With the aim of investigating this 
reduction of the reflection value, �m is plotted along the illumination angles in the inter‑
val � = [10, 70]◦ with step size 10◦ . The corresponding plots for � = 0◦ are shown in 
Fig. 6a. The graphs for � = 90◦ are displayed in the Fig. 6b. The full width at half maximum 
(FWHM) was taken as a reference value. This is the position at which the reflection value 
�m has dropped by half. For the fibre orientation � = 0◦ we notice the FWHM = 2 ◦ for all 

(a) (b)

(c) (d)

Fig. 5  The figure displays the reflection properties of the fibre composite material Hexcel HexPly 8552  
IM7 for the fibre orientations � = 0◦ and � = 90◦ . On the left side the degree of reflection with a detection 
angle resolution of 1 ◦ and an illumination angle resolution of 5 ◦ are shown. On the right side the corre‑
sponding confusion matrices are presented. The remaining incident light is either absorbed by or propagates 
inside the material. As explained in Sect. 2.3, the accumulated reflection of equally aligned fibres can be 
considered as the reflection from a large single cylinder. This yields a highly different variance in the degree 
of reflection over the detection angle � , depending on the fibre orientation
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selected irradiation angles � . Assuming a Gaussian like intensity drop the standard devia‑
tion is � ≈ 0.85◦ . This is clearly different for � = 90◦ . Therefore the FWHM varies between 
12◦ and 16◦ . Therefore such a Gaussian like decrease of intensity results in a standard devi‑
ation interval of � ≈ [5.10, 6.79]◦ . However, it should be noted that the detection resolu‑
tion of the angle � is only 1 ◦ in this experiments. This can lead to smaller deviations of 
the FWHM. The individual plots clearly illustrate the reflectance behaviour of a cylinder 
described in Sect.  2.3 and displayed in Fig.  2. Keep in mind that for the measurements 
presented in Fig. 6, the detection and illumination angles for � = 0◦ are rotated in the direc‑
tion of the fibre. For � = 90◦ , both angles are rotated perpendicular to the fibre orientation. 
Thus, the shape of the curves presented here for a given � differs from the representation in 
Fig. 2 by 90◦ . Accordingly, for � = 0◦ a very narrow curve results and for � = 90◦ a signifi‑
cantly wider one. The FWHM values indicate this behaviour clearly.

In the two diagrams in Fig. 6, curve fittings of the individual maxima are carried out 
in accordance with the Fesnel Eq. 6 introduced in Sect. 2.3. For this purpose, we assumed 
that the surrounding air in the measurement setup has a refractive index of na = 1. Thus, 
the refractive index of the composite nc is determined via the curve fitting, which aligns 
the Fresnel plot most precisely to the maxima. These values are presented in the legends of 
Fig. 6. We see that the refraction index varies for different fibre orientations, as in this case a 
non‑isotropic material is measured. Accordingly, for the fibre orientation � = 0◦ the refrac‑
tion index is nc,0 = 1.3 . For a fibre orientation of � = 90◦ a refraction index of nc,90 = 1.52 
is yielded. Moreover, on the basis of the modified Snell’s law from Eq. 5 we can estimate 
the critical incident angle for total internal reflection �R . Since Snell’s law is only valid 

(a) (b)

Fig. 6  Plots of the reflectivity for equal incident and detection angles in the interval � = [10, 70]
◦ with a 

step size of 10◦ . The corresponding Fresnel fittings of the maximum values are visualised
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for isotropic materials, this is only a rough approximation for gaining understanding of 
the strong curve rise in the Fresnel curve fitting. For the fibre orientation � = 0◦ this gives 
�R = 50.13◦ and for � = 90◦ a �R = 40.98◦ is yielded. Additionally, the transmission of the 
material sample with a CPT of 131 μm = 1.31 ⋅ 10−4 m are measured for both fibre ori‑
entations � = 0◦ and � = 90◦ . The corresponding results are presented in the Fig. 7. The 
detection angles � are displayed on the abscissa. The relative transmission T is given on the 
ordinate. For a sample rotation of � = 0◦ transmission values T(𝛼, 𝛽 = 180◦, 𝛾 = 0◦) > 0 
are measurable for a limited range of � ≈ [−1.5, 1.75]◦ . Moreover, considering a fibre ori‑
entation of � = 90◦ transmission values T(𝛼, 𝛽 = 180◦, 𝛾 = 90◦) > 0 are available in the 
much larger interval � ≈ [−14.25, 19.5]◦ . The maximum of the measured values for � = 0◦ 
is located at � = 0.75◦ with Tmax(� = 0.75◦, � = 180◦, � = 0◦) = 8.36 ⋅ 10−5 %. For � = 90◦ 
this maximum is at � = 0◦ with Tmax(� = 0◦, � = 180◦, � = 90◦) = 8.49 ⋅ 10−5 %. With the 
fibre composite transmission model from Eq. 2 in Sect. 2.3 we can determine the efficiency 
parameter Qext for both given fibre orientations. For this calculation we applied the material 
parameters given in Sect. 3. Thus, for � = 0◦ this leads to Qext,0 ≈ 0.5565 and for � = 90◦ to 
Qext,90 ≈ 0.5560 . Below, we examine the effect of intra material beam propagation on the 
size of the reflected and imaged laser spot.

5  Discussion

This section discusses the major findings of this study and links them to the related 
research. Goniometer measurements provide necessary data for the evaluation of the direc‑
tion dependent reflection properties of CFRP. These information are used for the investiga‑
tions in this paper. Thus this is in accordance with the conclusions from both publications 
from Li et al. [32, 54], Rabal et al. [33] as well as Martinez and Hartmann [34]. In particu‑
lar, the angle‑restricted BRDF modelling applied in this paper is very well suited to deter‑
mine the required reflection characteristics for this application. Furthermore, the Fresnel 
equations provide a convenient way to approximate the refraction index of a composite 

Fig. 7  Degree of transmission 
of the given composite material 
Hexcel HexPly 8552 IM7 for 
the fibre orientation � = 0◦ and 
� = 90◦ for a constant illumina‑
tion angle of � = 180◦ . The 
maximum transmission values 
T
max

 and the corresponding 
detection angles � are given 
in the upper left corner of the 
figure. The measuring angle �
‑resolution is 0.25◦ . The values 
are given in %



Applied Composite Materials 

1 3

through fitting the peaks of its specular reflectance, as already stated from Stokes‑Griffin 
and Compston [16]. Snell’s law also gives reasonably accurate approximations for the criti‑
cal angle for total internal reflection despite looking at a strongly non‑isotropic material.

In order to answer the introduced research question we found, that a very astonish‑
ing result from the measurement of the Hexcel HexPly 8552 IM7 optical properties is 
the strongly deviating reflection behaviour between a � = 0◦ and � = 90◦ rotated mate‑
rial sample. The FWHM is up to eight times larger for � = 90◦ than for � = 0◦ . In con‑
trast, the maximum degree of reflection at � = 90◦ is up to 40 % lower than for � = 0◦ . 
These results align rather well with the findings from Grouve [38] as well as Stokes‑
Griffin and Compston [16], which model the reflectance behaviour of several individual 
fibres with a single large cylinder. With respect to the LLSS inspection application in 
composite manufacturing, these findings are especially relevant for lenses with a wide 
viewing angle. They capture a significant gradient in the degree of reflection along the 
width of the material. Furthermore, these findings are essential for scanning transverse 
to the fibre orientation. In addition, it should be noted that the largest degree of reflec‑
tion arises for equal irradiation and detection angles.

In future research, we need to investigate the change of the optical properties of the 
prepreg material under different process temperatures. Furthermore, the behaviour of 
the subsequent evaluation algorithms in the acutal inspection system is of interest for 
different optical material characteristics.

Below the results of this study are summarised and the added value for the commu‑
nity is highlighted.

6  Conclusion

In this section we summarise the key findings of this paper and highlight the contribu‑
tion to industry and research. Accordingly, the reflection and scattering properties of 
the Hexcel HexPly 8552 IM7 test material are investigated using a Goniometer. In these 
investigations, the strongly varying reflection qualities of the fibre material for � = 90◦ 
fibre orientation are noticeable. Compared to � = 0◦ , the full width at half maximum can 
be eight times larger for � = 90◦ . Whereas, the maximum degree of reflection at � = 90◦ 
is only 60 % of the � = 0◦ maximum.

The outcome of this study is rather beneficial for developers and users of optical 
inspection systems for the visual part testing. Our results assist the material specific 
choice of lenses and the optical design of the device.

In future research the optical material properties for various process temperatures as well as 
the resulting behaviour of the subsequent image processing algorithms need to be evaluated.
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