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Abstract
Laser-assisted automated fiber placement (AFP) is highly suitable for an efficient production of thermoplastic-matrix
composite parts, especially for aeronautic/aerospace applications. Heat input by laser heating provides many advantages
such as better temperature controls and uniform heating projections. However, this laser beam distribution can be affected
by the AFP head system, mainly at the roller level. In this paper, a new optico-thermal model is established to evaluate the
laser energy quantity absorbed by a poly(ether ether ketone) reinforced with carbon fibers (APC-2). During the simulation
process, the illuminated radiative material properties are characterized and evaluated in terms of the roller deformation, the
tilt of the robot head, and the reflection phenomenon between the substrate and the incoming tape. After computing the
radiative source term using a ray-tracing method, these data are used to predict the temperature distribution on both heated
surfaces of the composite during the process. The results show that both the roller deformation and the tilt of head make it
possible to focus the laser beam on a small area, which considerably affects the quality of the finished part. These findings
demonstrate that this optico-thermal model can be used to predict numerically the insufficient heating area and thermoplastic
composites heating law.

Keywords Automated fiber placement · Laser heating · Ray tracing · Thermoplastic composite · Optico-thermal analysis

1 Introduction

Continuous fiber reinforced thermoplastic polymer com-
posites aim to exhibit superior properties like mechani-
cal performance and the potential for lightweight struc-
tures. Its likely recyclability makes it a good choice
for many applications, especially for aeronautic/aerospace
parts. Thermoplastic-based composites allow shorter pro-
cessing cycle and are also characterized by their high glass
transition temperatures compared with thermosets. They
have the possibility to be processed through fusion bond-
ing which involves the application of heat and pressure at
the interface [1], and therefore can be processed quickly in
situ without using autoclaves [2]. Nowadays, these compos-
ites are used in a wide range of high-performance structure
applications [3], and high-quality parts are produced thanks
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to improvements in processing technology, more especially
concerning the radiation heating [4]. For instance, the auto-
mated fiber placement (AFP) allows manufacturing com-
posite materials out of autoclave. The AFP lays the prepreg
material over flat or curved surfaces with a robotic place-
ment head. The surfaces of both the tape and the substrate
are heated, whereas a roller presses the molten surfaces at
the same time in order to consolidate the prepreg, resulting
in a bond.

High-power diode laser systems are used as a heat
source to consolidate materials. The laser radiation is
transferred through an optical fiber to the placement head
on which an optical device heats both incoming tape and
substrate. High temperatures induced during processing
depend heavily on the process parameters, i.e., laser power,
incidence laser angle, layup speed, and compaction force [5,
6]. Furthermore, the intimate contact between the plies
strongly depends on the temperature of the tape and on
the melting temperature of the substrate [7]. Therefore,
improper control of the process parameters can lead to a
strong focus of the laser beam on a small area, which can
cause thermally induced degradation and other damages [8,
9]. It results in that the knowledge of the laser-power
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distribution reaching both surfaces is relevant to evaluate the
total energy absorption.

Several researchers have attempted to understand the
influence of the AFP process parameters on the performance
of the finished part. Beyeler and Güçeri [10] developed
thermal models using dioxide lasers (P = 80 W, λ =
10.6 μm) as a heat source for melting prepregs in
a continuous manufacturing process. Thereafter, some
researchers showed the importance of using a wider beam
with higher laser power to improve the consolidation [11,
12]. Models describing the influence of the AFP process
parameters on thermoplastics have been proposed [5, 7,
13], for which the major emphasis concerns the incident
heat flux distribution on the composite materials. For
instance, Mazumdar and Hoa [13] applied a statistical
method to estimate the contribution of each process
parameter to the quality of the bond. They reported
dominant effect of laser power (79%) followed by tape
speed (17%) and then compaction force (2.72%) on the
bond quality. Grouve [5] investigated the influence of the
laser angle on the light distribution between the incoming
tape and the laminate. Specular reflection behavior was
obtained by using a ray-tracing model. In the same way,
Stokes-Griffin and Compston [2] showed the effect of
consolidation force and laser power on bonding strength,
for which the roller deformation is taken into account. In
addition, some recent works showed clearly the impact
of the compression and the roller deformation on the
consolidation between the incoming tape and substrate
[14, 15].

Most of the existing methods to improve AFP process
do not take into account the influence of the roller
deformation on the heated surfaces during the AFP process.
In order to improve the accuracy in the AFP process,
this research investigates how the deformable roller and
reflection phenomenon under compaction force affect the
laser distribution. For this purpose, a new ray-tracing
algorithm is proposed to determine process parameter
values such as laser power, incident laser angle, layup
speed, and compaction force. Temperature distributions
and thermal histories in the laminated composites are
obtained as a function of these parameters, which are
not adequately addressed in the literature. The paper is
organized as follows. In Section 2, a semi-analytical model
is developed for modeling the roller deformation in terms of
the compaction force. In Section 3, a ray-tracing procedure
based on the optics geometric is presented to determine
the heat flux distribution on the composite by taking into
account the design parameters of the roller. This flux is
then injected into the thermal model presented in Section 4,
which is used to estimate the temperature distribution on
the bottom surface of the incoming tape and on the upper
surface of the substrate. In the last Section 5, the influence

of the process parameters on the laminate and incoming tape
is tested and discussed.

2 Roller deformationmodel

2.1 Problem statement

The roller compaction plays an important role in AFP
machines, as it applies a pressure field onto the tape during
fiber layup. With regard to the pressure required for the
consolidation, the roller (mostly made in silicone rubber)
is able to deform leading to large pressure distributions
and favors the development of intimate contact. However,
increasing the pressure on the roller directly affects
its geometric shape, which in turn influences the laser
distribution in the tape and substrate. That is why it is
important to take into consideration the geometric roller
deformation from the beginning of heating.

Figure 1 shows a schematic illustration of a tape
placement head used in AFP machines. This head uses
a laser optics module to heat the thermoplastic material
at a given optics incidence angle β and laser power PL.
The temperature at the nip-point depends on the contact
width 2w and the angle tilt of the head θ . The other main
parameters are the placement velocity V , the diameter of the
roller R, and the laser beam height (working distance wd )

2.2 Semi-analytical model

To find a relationship between the contact zone width
2w and length deformation of the roller (as shown in
Fig. 2), a commercially available silicone mono-block roller
(2R = 69 mm, 40 Shore hardness and provided by
Coriolis Composites) is used in this work. This roller is
coated with tp = 0.5 mm thickness of non-adhesive PFA
(perfluo-roalkoxy), leading to considering the roller to be
a heterogeneous material. A comparison with experimental
measurements of a contact width 2w and compression force
of the roller is performed with the semi-analytical method
based on contact mechanics [16].

According to Johnson [16], the half-contact width w for
a rectangular contact area of the roller with a flat substrate
is found to be:

wF = 2

√
RFcos(θ)

π EeqL
, (1)

where the equivalent Young modulus is given by Eeq =
−Er Es/(Er νs

2 + Es νr
2 − Er − Es). Er and Es corre-

spond to the Young modulus for the roller and the substrate,
respectively, and νr and νs are their associated Poisson
ratios. L is the length of the roller contact, F is the applied
normal load, and R is the perfect radius of the roller. When
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Fig. 1 Schematic illustration of
the AFP process with tilt of the
head

the substrate curvature is considered (as shown in Fig. 2),
the radiusR is replaced by (Rκs+1)/κs , where the substrate
curvature κs is given by:

κs = g′′(x)

(1 + g′ (x))3/2
. (2)

g(x) represents the profile of the substrate. For rigid
substrate, the radial deformation of the roller depends on
the rectangular contact area and effective rolling radius Rc,
which depends on the normal load. According to Hertz
contact theory [16], the radial deformation δr = R−Rc−Ht

is [17, 18]:

δr = Pcos(θ)

π

1 − ν2r

Er

ln

(
eαr/2 4R

bwF

)
, (3)

where αr = log(2) − (1 − νr − 2ν2r )/(1 − ν2r ) [19]. The
profile of the roller is then determined with the help of
Eq. 4. Equations 4a and b represent the profile form of
the roller in the range z < 0, and Eq. 4c is obtained by
assumingR = constant , which means that there is no roller
deformation for z > 0 and ∀x.

f F
z (x) =

⎧⎪⎪⎨
⎪⎪⎩

(δr−R)

(R−wF )
2

√(
R − wF

)2 −
(
x − |x|

x
wF

)2 ∀z < 0 (a)

δr − R ∀z < 0, ∀|x| < wF (b)√
R2 − x2 ∀z > 0 (c)

(4)

A homogenization technique is used to estimate the effec-
tive mechanical properties of the investigated roller [20].
The relationship between the average stress tensor σ and the

Fig. 2 Schematic representation
of the crushing for the
compaction roller
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Table 1 Homogenized mechanical properties of the roller

E∗
x (MPa) E∗

y (MPa) G∗
xz (MPa) ν∗

xy ν∗
yz

2.821 3.303 1.130 0.408 0.460

average strain tensor ε for homogeneous periodical mate-
rial follows the generalized Hooke law, σ ij=CH

ijklεkl , where

CH
ijkl is the effective stiffness tensor of the roller. Then, the

effective mechanical properties can be obtained by using the
average stress and strain energy of the meso-structure under
specific boundary conditions and loads.

The ABAQUS finite element software is used to
identify the equivalent properties of the roller, denoted by
asterisk symbols. Elasticity modulus for silicone is obtained
from the relationship between Shore hardness and Young
modulus [21]. Table 1 summarizes the results.

2.3 Experimental validation

An instrumental 8-fiber roller (R8F40SH) is used to conduct
the experimental work. It consists of studying the roller
crushing in a tensile/compression machine (Instron 5 kN),
which allows measuring the radial deformation with a great
precision. A camera is added to visualize directly the roller
crushing in contact with a metal support. After applying
the force, the contact width 2w can be measured by adding

Fig. 4 Comparison of the experimental and semi-analytical results for
the roller radial deformation and contact width

two thin films on both sides of the roller as shown in
Fig. 3, while the radial deformation is exported directly
from Instron software as a function of applied force. Various
forces in the range of F = 0 N to 900 N are applied on the
roller resting on a rigid flat surface. The contact width as
well as the radial deformation are measured and depicted in
Fig. 4.

The numerical results are also presented in Fig. 4. The
comparison between both approaches shows clearly a good
agreement for the radial deformation δr and the contact
width 2w.

Fig. 3 Experimental setup (left)
and visualization of the contact
between the roller and the flat
mold (right)
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Fig. 5 Principle of an AFP process with visualization of laser
reflections on the tape and on the substrate

3 Laser heat distribution

3.1 Optical properties

A simplified (2-D) ray-tracing approach is used to
determine the heat flux distribution based on optical
geometric. The idea is to characterize numerically the heat

flux distribution on the incoming tape and substrate by
taking into account the reflection of the laser light at the nip-
point region. Most of the process parameters are considered
such as the incident laser angle β, the laser spot size, the tilt
of head θ , and the compaction force on the roller F . In this
context, the laser beam is represented by nr rays which are
distributed with predefined incident angles. Whenever a ray
encounters the substrate or the incoming tape, it is slightly
deflected or reflected depending on the incident angle of
the laser beam and the orientation angle of carbon fibers
in the substrate, as illustrated in Fig. 5. The proportions of
reflected energy for the s- and p-polarized light are given by
the Fresnel coefficients rs and rp, respectively.

rs =
∣∣∣∣nair cos(φ)−

√
(cos(φ))2nair2+N2−nair2

nair cos(φ)+
√

(cos(φ))2nair2+N2−nair2

∣∣∣∣
2

,

rp =
∣∣∣∣−N2 cos(φ)+nair

√
(cos(φ))2nair2+N2−nair2

N2 cos(φ)+nair

√
(cos(φ))2nair2+N2−nair2

∣∣∣∣
2

,

(5)

Fig. 6 Schematic diagrams of
the ray-tracing methodology
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Fig. 7 Total incident heat flux on the substrate and the incoming tape.
The compaction force and the tilt of the head are F = 250 N and
θ = 0◦, respectively. The input laser power is PL = 3 kW with
a constant laser angle of β = 15.2◦ and the placement velocity is
V = 0.3 m/s. The distance from nip-point process is showed in Fig. 5

where φ is the incident angle of each ray and nair is
the index of refraction of air. N(λ) = α(λ) − ik(λ) is
the complex refractive index of APC-2, where α(λ) is
the refractive index and k(λ) is the extinction coefficient
which is used to determine absorption. N(λ) is evaluated
using an homogenization method [22], which is based on
the Bruggeman model, derived from the Maxwell-Garnett
model [23]. The magnitude τ of the reflected energy

resulting from each ray reaching the APC-2 surface is given
by:

τ = rs + rp

2
. (6)

The deflected rays are not considered, which implies that
the partially reflected beam is neglected [24]. It is found that
a sufficient number of rays nr for any configuration must be
greater than 5.104.

3.2 Ray-tracingmodel

In order to evaluate the incident beam distribution on
the substrate and on the incoming tape, an algorithm is
proposed in Fig. 6 to take into account the variability of
the resulting heat energy profile at the nip-point region.
The placement head is mounted on a six-axis robot, on
which is fixed an optical with a rectangular-shaped beam.
The laser spot size is 56 × 8 mm2 with a focal distance of
wd = 250 mm. Based on the polarization and wavelength
multiplexing techniques, the optical device generates a near-
infrared laser of wavelengths (λ = 980 − 1030 nm) and
up to 12 kW of power. From all these parameters and the
ray-tracing algorithm, a 2-D model of laser-assisted AFP
process is developed in the commercial software MATLAB.
Accordingly, the heat flux distributions in the tape and
substrate are characterized and evaluated in terms of the
angle of incidence β, the wavelength λ, the head tilt θ ,
and the contact width 2w. Figure 7 depicts the heat flux
distribution in the substrate and in the incoming tape for a
load of F = 250 N , a tilt angle of θ = 0◦, an incident
laser angle of β = 15.2◦, and a laser power of PL = 3 kW .

Fig. 8 Boundary conditions for the 2-D thermal analysis of tape consolidation
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Table 2 Physical properties of
APC-2 at 23 ◦C and 400 ◦C Temperature Density Specific heat Thermal conductivity

T (◦C) ρ (kg/m3) Cp (J/kg·◦C] kxx (W/m/◦C] kyy (W/ m/◦C)

23 1540 1100 4.92 0.61

400 1524 1800 7.68 0.66

With this configuration, the incident heat flux distribution
on the tape and the incoming tape are irregular due to
the reflection phenomenon between the substrate and the
tape. Furthermore, there is no light able to reach the nip-
point process owing to shadowing effect of the roller, which
occurs from the visible nip-point (as shown in Fig. 5).

4 Thermal model

This analysis aims to predict the thermal distribution
induced in the substrate for various process configurations.

4.1 Heat transfer

The governing heat transfer equation for 2-D domain can be
written as:

ρCpṪ − div(K · −−→
grad T ) = 0, (7)

in which K is the thermal conductivity tensor, Cp is
the specific heat, and ρ is the material density. Several
techniques have been used to solve (7) in 3-D [25, 26], in 2-
D transient [27, 28], and in 2-D steady-state regimes [7, 29–
33], respectively. For steady-state regimes and a constant
layup velocity V , Eq. 7 can be rewritten in the reference
coordinate system linked to the roller axis as follows:

ρ Cp V
∂T

∂x
− div(K · −−→

grad T )) = 0, (8)

The thermal boundary conditions implemented are
shown in Fig. 8. The upper surface of the substrate and
the bottom surface of the incoming tape are heated by the

laser heat flux distribution ϕsubstrate and ϕtape, respectively,
obtained from the heat flux distribution profile by using
the ray-tracing method. The surfaces in contact with the
ambient air are subjected to the free convection hc =
13 W/m2/K [34] prescribed by Newton’s law ϕconv =
hc(T − Tamb), in which Tamb = 20 ◦C represents the
ambient temperature. The thermal exchanges between the
roller and the incoming tape, and between the substrate
and the tooling are ht = 436 W/m2/K and hr =
709 W/m2/K [22, 35], respectively. The effect of radiation
is also considered by using the following relationship:

−−→ϕrad=hrad (T −Tamb)
−→
n (9)

where hrad is the radiant heat transfer coefficient given by
hrad=σε

(
T 2+T 2

amb

)
(T +Tamb). ε is the surface emissivity

taken to be 0.87 for APC-2 [22], and σ= 5.67 ·10−8W/m2 ·
K4 is the Stefan-Boltzmann constant.

Table 2 lists the material properties used in the present
work (all of them are collected from [34, 36–38]). To
consider a thermal dependence, a linear variation of these
properties is presumed. In addition, to take into account the
orthotropic thermal conductivity, a local coordinate system
is associated with each ply.

4.2 Model implementation

The interaction of the laser beam with a material depending
on the AFP head parameters is implemented in MATLAB.
The data obtained is then injected into the thermal model
while keeping the same mesh of the substrate and the
tape. The thermal model is performed in ABAQUS; a
fully scripted procedure in Python is developed to allow

Fig. 9 Schematic of the experimental setup (left), the finished part made of 8th layers (right)
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for fast and efficient pre- and post-processing. Parametric
studies (design, material properties, number of layers,
etc.) can be implemented easily by modifying the user-
defined input variables. From the list of the parameters
of the study and the desired number of layers in the
laminate, a script generates the corresponding code and is
used as input files in ABAQUS. The nonlinear heat flux
distributions on the tape and substrate obtained from optical
model are introduced in the thermal model as boundary
conditions using user subroutine DFLUX. The thermal
contact between layers is defined in GAPCON subroutine,
while the evolution of boundary conditions during process is
implemented in user subroutines FILM. All user subroutines
are written in FORTRAN.

4.3 Experimental validation of the optico-thermal
model

In order to validate the numerical model, a laminate made
from unidirectional 8 layers is manufactured using AFP
robot developed by Coriolis Composites. The goal is to
measure the temperature at the visible nip-point process and
the thermal history across the substrate during the lay-up of
8th layer. The thermal acquisition through the substrate is
performed using four thin K-types thermocouples (80 μm

in diameter) inserted during the layup as depicted in Fig. 9.
The temperature at the visible nip-point process is recorded
by a IR camera mounted behind the laser optics. With
regard to the numerical simulation, the 8th layup over the
laminate is carried out by injecting directly the data from
Fig. 7 into the thermal model. The carbon fiber orientation
for the incoming tape and the laminate is fixed at 0◦
with respect to the laser beam direction. The half-contact
width obtained is w = 6.63 mm for F = 250 N .
Then, for the placement velocity of V = 0.3 m · s−1,

Fig. 10 Measured and predicted thermal history in the laminate during
the deposition of the 8th layer

the thermal history in the substrate is determined by a
transient analysis and compared with the experimental
data as shown in Fig. 10. It is shown that the numerical
predictions of thermal history in the substrate are in good
agreement with the experimental measurements in terms of
the timing and maximum temperature. On the other hand,
the maximum average temperature value measured by IR
camera during the layup is 372.4 ◦C, which is approximately
close to the maximum temperature obtained numerically
on the top substrate surface (Fig. 10). This temperature is
greater than the melting temperature of PEEK (349 ◦C). In
addition, the cooling step shows a good agreement between
the simulation and the experimental data despite a small
difference induced near the visible nip-point process due to
the presence of the shaded region. The finished part of this
simulation is shown in Fig. 9 (left).

Fig. 11 Effect of the light reflection on the heat flux distribution
between incoming tape and substrate (F = 250 N , θ = 0◦, PL =
3 kW , V = 0.3 m/s, and β = 15.2◦)
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5 Influence of process parameters

In order to understand the influence of the process
parameters, a parametric study is carried out without
considering the interaction between these parameters. The
optico-thermal model is used to highlight the effect of the
process parameters on the heat flux distribution between
the incoming tape and the substrate, then on the associated
temperatures near the nip-point process.

5.1 Effect of the reflected light

Figure 11 demonstrates the impact of the reflection on the
heat flux distribution between the tape and the substrate,
as well as on the thermal history near the nip-point
process. The graph likewise shows that the absorption of
the reflected ray is negligible after three reflections from

Fig. 12 Temperature profiles in the incoming tape and the substrate
according to the number of reflections considered (F = 250 N ,
θ = 0◦, PL = 3 kW , V = 0.3 m/s, and β = 15.2◦)

the substrate or the incoming tape. On the other hand, it is
found that the loss of laser heat flux is 38% if the reflection
phenomenon is neglected, 19% for the approximation of
the first reflection used by Le Louët [39], and 6% for
the second reflection as considered by Grouve [5], while
the third reflection is taken into account the loss of laser
heat is 2%. In addition, a shadow area is clearly visible
in the incoming tape for direct light. This shadow zone
is then covered by the second and third reflected lights.
The thermal model indicates that the maximum temperature
without taking into account the reflected light (direct light)
is 254 ◦C in the substrate and 154 ◦C in the tape (see
Fig. 12). However, these maximum temperatures increase
depending on the number of reflected lights for both the
substrate and the incoming tape. Beyond the third reflected

Fig. 13 Incident heat flux distribution on the tape and on the substrate
with varying the tilt angle θ (F = 250 N, PL = 3 kW, V = 0.3 m/s,
and β = 15.2◦). All the reflected lights are taken into account

2113Int J Adv Manuf Technol (2020) 110:2105–2117



light, the maximum temperatures remain constant. By
considering these reflected lights, the temperature increases
by 45% for the incoming tape and by 75% for the substrate,
respectively. This clearly demonstrates the influence of
reflection phenomena on the thermal history.

5.2 Effect of the tilt angle

Figures 13 and 14 show the influence of the head tilt angle
on the total heat flux distributions in the substrate and the
incoming tape by taking into account the roller deformation.
The variation of the tilt angle from θ = 0◦ to 15◦ reduces the
illuminated surface and increases the heat flux distribution
on the substrate. Moreover, the maximum temperature near
the nip-point process increases with increasing tilt angle as
indicated in the thermal history results in Fig. 14. On the

Fig. 14 Temperature profiles between the incoming tape and the
substrate with varying the tilt angle θ (F = 250 N, PL = 3 kW ,
V = 0.3 m/s, and β = 15.2◦). All the reflected lights are taken into
account

other hand, the increase of the tilt angle has the opposite
effect on the incoming tape and causes a great fluctuation in
the heat flux distribution, accompanied by a decrease of the
tape temperature. In addition, the larger the tilt angle, the
greater the distance from the visible point due to the shadow
area that the direct light does not reach, which increases with
increasing tilt angle.

5.3 Effect of the compaction force

The influence of the load F is depicted in Fig. 15, which
illustrates the contribution to the total heat flux distribution
due to the roller deformation. It is clear that increasing the
compaction force reduces the lighting area in the incoming
tape. Thus, between the compaction forces equal to

Fig. 15 Impact of load variation on the light distribution in the
incoming tape and the substrate (θ = 0◦, PL = 3 kW , V = 0.3 m/s,
and β = 15.2◦)
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Fig. 16 Temperature profiles in the lower surface of the incoming
tape and in the upper surface of the substrate under different loads F

(θ = 0◦, PL = 3 kW , V = 0.3 m/s and β = 15.2◦)

F = 0 N and 800 N , a decrease of 14% is recorded on the
maximum temperature. On the other hand, Fig. 16 shows
that the greater the compaction force on the roller, the lower
the temperature in upper surface of the substrate. Thereafter,
the variation of the compaction force from F = 0 to 800 N
increases the maximum temperature of nearly 12%.

6 Conclusion

It may be noticed that the heat flux distribution on both
substrate and tape is dependent on the roller deformation
and the tilt angle of the robot head. The results achieved
show that an increase in tilt angle and compaction force
reduces the light area and increases the heat distribution.
This can lead to thermal degradation of thermoplastic

polymers. Also, it is found that the reflection of rays has
a significant influence on the predicted thermal history,
which increases with increasing reflected light until the
third reflection for APC-2. Since the compaction force is
predefined to obtain a better consolidation, the elasticity
properties and the design of the roller should be defined
according to a good laser beam distribution. This can be
appropriately predicted by the model.

Finally, the main advantage of the proposed thermo-
optical model is to control the heat flux distribution near
the nip-point in order to prevent the laser beam focus on
a small area. In addition, the interfacial thermal history
in the tape and in the substrate is obtained as a function
of the processing parameters. This may be very useful for
establishing the heating law of the APC-2 or for another
material by modifying the optical and thermal properties.
Another importance of this work is to assist in the study
of the sensitivity of the configuration parameters during the
process.
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36. Lamèthe J-F (2004) Etude de l’adhésion de composites thermo-
plastiques semi-cristallins; application à la mise en oeuvre par
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