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• Temperature variation in laser assisted
tape winding/placement(LATW/LATP)
processes should be avoided.

• Local changes in the tooling curvature
affect the process temperature signifi-
cantly (up to 30%) in LATW and LATP
processes.

• New process optimization framework is
developed based on the optical-thermal
process model.

• The unsteady process temperature is
kept within the desired temperature
limits by optimizing the total laser
power.

• Proposed physics based process model
and the process optimization can be ap-
plied to any kind of pressure vessel
geometries.
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This paper presents an effective process optimization methodology for laser assisted tape winding (LATW) of
complex part geometries by means of a numerical optical-thermal model. A winding path on the cylindrical
and ellipsoidal (dome) part of a pressure vessel is considered with varying tooling curvature. First, the process
model output is verified with the literature data based on the laser intensity distribution. Then, the transient
laser irradiation and temperature distributions on the tape and substrate are described comprehensively. It is
shown that themaximum laser intensity increases approximately by 80% and the process (bonding) temperature
changes by 80 °C at the intersection of the cylindrical and dome section of the pressure vessel. In order to keep the
transient process temperature constant, a robust optimization scheme is utilized bymeans of a genetic algorithm.
The design variable is determined as the total laser power and temperature constraints are defined. The proposed
optimizationmethodology regulates the temperaturewithin 1.5 °C variationwith respect to the desired value. In
order to compensate the transient local curvature effects on the process temperature, the total laser power varies
approximately between 30% and 175% of the reference (non-optimized) case.
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Fig. 1. Schematic view of the winding path (a) and kinematics (b) on the pressure vessel
for different locations. Note that the laser orientation (angle θ) varies along the winding
path from the start (first time step (ts)) to the finish of the winding path (ts = 161).
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).
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1. Introduction

Laser assisted tapewinding (LATW) and placement (LATP) are auto-
matedmanufacturing techniques to produce high performance fiber re-
inforced thermoplastic (FRTP) composite parts. Some examples for
composite products manufactured by the LATW process are pipes in
oil and gas industry [1–3], low cost type-IV pressure vessels as storage
tanks in the transportation sector [4] or over-wrapped pressure vessels
for fuel tank applications in the aerospace industry [5,6]. The incoming
thermoplastic composite prepreg tape and already wound substrate or
tooling are heated using a laser source and bonded under the applica-
tion of a pressure exerted by a compaction roller in LATW processes
[7]. An in-situ consolidation of the FRTP wound layers makes the
LATW process advantageous and faster as compared with the conven-
tional filamentwinding process using thermoset composites. The bond-
ing temperature of the deposited layers plays a critical role for the
process induced residual stresses [8–10] as well as the product quality
and performance of the wound or placed FRTP parts, e.g. the interlami-
nar bond strength of the deposited layers [11,12] and the interlaminar
void content [13]. The control of the bonding temperature is a difficult
task especially during deposition of composite layers on a curved sur-
face with curvilinear fiber paths such as the cylindrical and dome
parts of pressure vessels. Due to the change in the local curvature during
winding or placing FRTP tapes on complex geometries, e.g. dome part of
a pressure vessel, the process temperature changes and an unsteady
thermal history is present [14]. In addition, the process temperature is
also influenced by the winding angle due to the change in the local ge-
ometry as shown in [15]. Therefore, comprehensive temperature con-
trol approaches are needed to minimize the temperature variation and
keep the process temperature within the desired target temperature
boundaries.

Themajority of studies to date in the literature focused on describing
and predicting the temperature evolution during the LATP and LATW
processes of FRTP composites. Thermal models were developed in
[16–25] for LATP on flat tooling by assuming a uniform heat flux distrib-
uted on the substrate and tape. In order to define a more realistic heat
flux distribution, the reflection and absorption of the laser irradiation
were modeled by using an optical process model in [11,18,26–28] for
the LATP process with flat tooling geometries and in [15,29–36] for
the LATW process with cylindrical shaped tooling. It was shown by
using these optical models that there was a shadow region without
any heat flux prior to the nip point at which the incoming FRTP prepreg
tape and already deposited layer were bonded. This resulted in a tem-
perature drop near the non-irradiated nip point.

The numerical thermal process models were coupled with crystalli-
zationmodels in [21,22,37] to predict the final bonding quality andma-
terial properties of the FRTP composites produced by automated tape
placement or winding processes. The optimum process temperature
and its range were obtained based on the fracture toughness [38], the
interlaminar peel resistance [39], the wedge peel strength [40] and
the product quality [41] of the FRTP parts manufactured by automated
tape placement processes. Although the importance of the process tem-
perature has been recognized in literature, there has been limited re-
search that has addressed the process optimization for obtaining the
optimum temperature range and distribution. Recently, an inverse ther-
mal model was developed in [42] to achieve the required heat flux dis-
tributions for a given desired heating profile on a flat tooling geometry.
In [43], the optimum laser power distribution was obtained based on
the desired temperature distribution by means of an inverse optical
model coupled with an inverse thermal model. The obtained laser
power distribution can be realized by using a vertical-cavity surface-
emitting laser (VSCEL) as proposed in [14,44] by modifying the optical
inputs of each emitter in the VSCEL.

Despite the large amounts of researches for modeling and optimiza-
tion of the LATWand LATP processes in the literature, there has been no
generic approach for complex curved surfaces such as the dome parts of
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pressure vessels to simulate and control the transient temperature be-
havior. The aim of the present work is to optimize the LATW process
with complex tooling geometries on which the laser irradiation and
temperature profiles change as a function of time. To this end, a newop-
timization framework is developed by means of a genetic algorithm
(GA). The objective is to keep the process temperature within the de-
sired temperature limits during winding of FRTP tapes onto complex
curved surfaces. In this work the emphasis is on the winding of FRTP
tapes on the cylindrical and dome parts of a pressure vessel. A three-
dimensional (3D) optical-thermal process model is developed for the
prediction of the transient laser power intensity and the temperature
distribution near the nip point on curved surfaces. The ray-tracing opti-
cal technique is employed to supply the heat flux for the advection-
diffusion thermal model. Based on the developed physics-based
model, a transient process optimization on each incrementalmovement
(kinematics) is performed to find the optimum laser power at each time
step to minimize any variation in the desired process temperature.

The following section describes the problem description for the
pressure vessel winding. Section 3 presents the coupled optical-
thermal process model of the LATW process. Subsequently, the novel
optimization framework is described in Section 4, after which the re-
sults are discussed in Section 5. Finally, the conclusions and recommen-
dations for future work are presented in Section 6.
2. Problem description

In order to study the effect of unsteady curvature change during the
LATW or LATP processes, a sufficiently generic example was considered
to clearly describe the emerging optical-thermal phenomena during
LATW processes. The winding path of the current example for winding
a carbon fiber reinforced PA6 (C/PA6) prepreg tape on an already
wound substrate on the pressure vessel is schematically shown in
Fig. 1a. The fiber volume content (FVC) of C/PA6 tape was 48% which
was taken from [45]. The total winding path distance considered in
the present work was d = 313.6 mm and the linear winding velocity
(v) was set to 50 mm/s. A total of 161 time steps (ts) were defined for
the winding kinematics in which a length of Δd = 1.95 mm tape was
deposited on the substrate with a time increment of Δt = 39 ms. The
winding pathwas in parallel to the axial direction of the pressure vessel
on the cylindrical part. The location of the roller, the incoming tape and
the laser irradiation are schematically shown in Fig. 1b. The winding
path began at ts = 1 on the cylindrical part of the pressure vessel and
continued on the dome part following a geodesic path until ts = 161.
The intersection of the cylindrical and dome part of the pressure vessel
took place at ts = 77 as seen in Fig. 1b. The position of the laser source
with respect to the roller/tape orientation remained the same as re-
ported also in [7,14]. However, the relative orientation of laser source
toward the tooling/substrate continuously changed due to the surface
curvature of the dome part. The corresponding laser angle (θ) and
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normalized tooling surface curvature evolution as a function of ts for the
nip point location are given in Fig. 2. As a result of changing curvature
and laser angle, the incident angle of the laser rays on the substrate/
tooling and the angle of reflected rays from the substrate/tooling surface
varied on the domepart, i.e. from ts=77 to ts=161 and they remained
the same from ts=1 to ts=77on the cylindrical part. However, the in-
fluence of the changes in curvature from the cylindrical to the dome sec-
tion of the pressure vessel became evident much earlier than when the
nip point location arrived at the dome section. In fact as soon as the laser
irradiated area on the tooling included a portion of the dome section a
considerable local heating of that part of the dome took place as ex-
plained further in the following.

An illustration of the change in incident angles of the laser rays on
the pressure vessel and the laser reflections from substrate/tooling
and tape/roller for different locations (d) and time steps (ts) of the con-
solidation roller is given in Fig. 3. The pictures in this figure show the ge-
ometry of the incident laser rays (green color) and the reflected rays
from the tape/roller (blue color) and the substrate/tooling (red color).
From d= 0 to approximately d= 93.5 mm (ts= 48), the laser only ir-
radiated the cylindrical part. At the beginning of the dome irradiation,
the laser incident angles increased and reflection directions from the
tooling changed as shown at d=107.1 mm (ts=55). The incident an-
gles on the dome part became more perpendicular where a smaller re-
gion on the cylindrical part was irradiated as seen on d = 136.4 mm
(ts=70). As the geometry of the irradiated domewas not constant, fur-
ther movement on the winding path caused different incident angles
throughout the tooling surface as seen on d = 150 mm (ts = 77). At
d = 150 mm, the roller was at the intersection of cylinder-dome after
which further movement on the winding path caused rotation of the
laser/tape/roller system. Note that the laser source was oriented with
respect to the tape feeding system. Hence, the orientation of the laser
rays and tape/roller reflections toward the tooling/substrate changed
as seen on d = 155.9 mm (ts = 80). Further movement on the dome,
e.g. at d = 165.6 mm (ts = 85) and d = 313.6 mm (ts = 161), did not
significantly change the laser rays or reflections as the curvature of the
winding path only slightly changed in the remainder of the path as
seen in Fig. 2. Thus, the most critical location in Fig. 3 was at the transi-
tion region from the cylindrical to the dome part of the tooling due to
the significant change in the tooling/substrate curvature.

The winding process defined in Fig. 1 for the cylindrical and dome
parts of the pressure vessel was numerically simulated in order to pre-
dict the laser intensity and temperature distributions in the tape and the
substrate and allow subsequent process optimization of the LATW pro-
cess. The details of the optical-thermal process model are explained in
the following section.
3. Numerical process simulation tool

A generic combined optical-thermal simulation tool was developed
based on the work reported in [15] for LATP and LATW processes. This
numerical process model was part of a more comprehensive software
Fig. 2. The evolution of the laser angle (θ) and normalized tooling curvature at the nip
point location as a function of the time step (ts). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article).
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named OTOM (Optimizing Thermal Optical Model) developed at the
University of Twente by using MATLAB.

The flowchart of the developed transient optical-thermal process
model is represented in Fig. 4. First the geometrical and process data
were collected and the kinematics were then updated by moving the
roller over a small distance on the winding path (see Fig. 1). Next, the
optical model based on a ray tracing approachwas employed to provide
the heat flux to the thermal model. The boundary and initial conditions
(BCs & ICs) in the thermal model were then updated and the tempera-
ture distributions in the tape and the substrate were calculated at the
current time step ts corresponding to a specific location on the winding
path. The procedure was carried out until the end of the winding path
described in Section 2. The details of the optical and thermal models
are explained in the following sections.

3.1. Optical model

A parametric 3D optical model with the ray-tracing approach was
developed based on the generic model created in [15]. A schematic
view of the model geometry is given in Fig. 5a. A global coordinate
system denoted as X, Y and Z was used in the optical model. Here,
WR and RR were the roller width and radius, respectively, WL and HL

were the width and height of the laser source defined as a plane to-
ward the nip line N1-N2, respectively. The contact region between
the tape and roller was defined with the angle θR. The tape and sub-
strate width were considered as WT and WS, respectively. A 3D ray
tracing approach was employed as seen schematically in Fig. 5b. The
position of the laser source including the location PL(X,Y,Z) and orien-
tation θL, were defined with respect to the nip line N1-N2. The details
of the optical model and its implementation can be found in [15]. The
geometrical parameters used in the optical analysis are summarized in
Table 1.

A uniform laser power distribution with a magnitude of Plaser =430
W without a divergence angle was modeled. The incoming rays were
assumed to reflect specularly here based on previously validated
model of current authors in [15,31] to capture main trends of physical
phenomena with less computational time comparing to the anistropic
reflection modeling. Only one reflection was considered in the optical
model as in [26] to save computational cost, because the energy carried
by the second and following reflected rays was less than 5% of the en-
ergy of the incoming ray [29]. The refractive indices of the composite
prepreg and deformable roller were taken from [46] with a value of
1.95 and 1.43, respectively. A total of 10,200 laser rays were utilized in
the optical model with 120 rays along the width and 85 rays along the
height of the laser source plane.

As aforementioned in Section 2, the laser irradiation and reflection
on the substrate and tape at every time step (ts) were modeled based
on the local surface curvature and laser orientation. The discretization
of the winding path is illustrated in Fig. 6 for two different times steps
and substrate configurations (region of interest for the optical-thermal
model). It is seen that the substrate domain followed the winding
path and moved incrementally with a distance of Δd which was deter-
mined based on the time increment (Δt) and linear winding speed
(v). Although the tape geometry did not change during the winding
process, the laser reflections from the substrate and tooling surfaces af-
fected the total laser power acting on the tape. The output of the optical
model was the laser intensity distribution on the incoming tape and
substrate surface as a function of time coupled with the local tooling
curvature.

3.2. Thermal model

The tape and substrate geometry defined in Fig. 5 were unfolded
into a flat Cartesian coordinate system to calculate the temperature
distributions in the tape and the substrate domains. The heat transfer
modeling of tape and substrate here was considered just before the



Fig. 3. A schematic view of the incoming laser rays (green), the reflected laser rays from tape or roller (blue) and the reflected rays from tooling or already wound substrate (red) at
different locations on the pressure vessel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The flowchart of the transient coupled optical-thermal process simulation model.
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nip point (before coming into contact). A local coordinate system de-
noted as x, y and z was employed in the thermal models for the tape
and substrate domains. The thickness of the tape is usually very thin
as compared to the one of the substrate which plays a role to acquire
a uniform temperature distribution in the through-thickness direction
for the tape and non-uniform one for the thicker substrate. Therefore,
2D and 3D heat conduction models were considered for the tape and
substrate, respectively, as employed in [15,31]. The thermal computa-
tional domains for tape (2D) and substrate (3D) are depicted in Fig. 7.
The geometrical parameters can be found in Table 1. The governing
equations used for the tape and substrate domains are given as [15]:
Fig. 5. (a) Geometry of the parametric 3D optical model. (b) Schematic view of the ray-tracing
surface normals. (For interpretation of the references to color in this figure legend, the reader
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where t was the time, T was the temperature, v was the linear winding
velocity showing thematerialmovement toward the nip line, Cpwas the
specific heat, ρ was the density, x, y and z represented the local spatial
locations, kx, ky and kz were the coefficients of thermal conductivity of
the composite material in x-, y-, z-direction, respectively.

The heat flux distributions obtained from the optical analysis were
provided to the tape surface and the top surface of the substrate at
z=0, see Fig. 7. Next to the heat flux boundary condition, a convective
heat transfer was defined on these surfaces with the ambient air tem-
perature (Tair) by assigning a convective heat transfer coefficient
(CHTC) hair. Similarly, a CHTC was used for the tape-roller interface
(hR with the roller temperature Troller) for (LT − LT,flat < x < LT) and the
substrate-tooling interface (htoolingwith the tooling temperature Ttooling)
at z= thS. It should be noted that although the heat conductionwas de-
fined in 2D for the tape, the heat convection boundary conditions were
utilized in the direction normal to the tape surface (i.e. at the tape-roller
approach with incoming ray and reflections from substrate and tape with respect to the
is referred to the web version of this article).



Table 1
Geometrical parameters used in the current modeling work according to the schematic
geometrical model domain given in Fig. 5.

Geometrical parameters Symbol Value Unit

Relative laser location (X,Y) w.r.t nip PL 110, 43 [mm]
Laser source width WL 20 [mm]
Laser source height WH 30 [mm]
Laser source angle θL 22.6 [°]
Tape width WT 12.5 [47] [mm]
Tape thickness thT 0.25 [47] [mm]
Roller radius RR 45 [mm]
Roller width WR 50 [mm]
Length of flat part of tape LT,flat 78 [mm]
Tape-roller contact angle θR 60.0 [°]
Substrate length LS 60 [mm]
Substrate width WS 12.5 [mm]
Substrate thickness thS 0.60 [mm]
Tooling radius RM 100 [mm]
Ellipsoidal dome semi axis in Z-direction cD 25 [mm]

A. Zaami, I. Baran, T.C. Bor et al. Materials and Design 196 (2020) 109130
and tape-air interface) as described in [15,31]. An adiabatic boundary
condition was modeled for the remaining boundaries for tape and sub-
strate domains including the nip line. The temperature distribution
from the previous time step (ts − 1) was considered as the initial con-
dition of the tape and substrate thermal domains in the current time
step (ts). At ts = 1, the initial temperature was set to Tair (see [15,31]
for more elaboration on implementing boundary conditions).

A control volume based finite difference techniquewith upwind im-
plicit scheme as used in [48,49] was employed in the present work to
solve the governing equations with the defined boundary conditions.
The advection term (v ∂T

∂x) in the heat transfer equation was imple-
mented using a Eulerian frame work. A structured control volume
based mesh was therefore defined in the respective local coordinate
systems of the tape and substrate domains. The total number of control
volumes was determined as 450 (30 and 15 in the x− and y−direction,
respectively) for the tape and 2250 (30, 15 and 5 in the x−, y− and
z−direction, respectively) for the substrate based on initial convergence
studies. The values used for the thermal properties and boundary condi-
tions are listed in Table 2whichwere determined based on the available
data in literature [45].
4. Numerical process optimization

Local changes in the tooling curvature affect the distribution of
absorbed and reflected laser light and may cause strong local variations
in the temperature distributions of the tape and substrate domains even
at constant laser power and linear winding speed as mentioned in
Section 2. Therefore, the main objective of the process optimization
was to keep the nip point temperature constant at the desired temper-
ature value (Tdesired) for each time step (ts) on thewinding path. The nip
point temperature (Tnip) was defined as the mean of the average sub-
strate temperature (TnipS ) and tape temperature (TnipT ) along the nip
line as N1-N2 seen in Fig. 5, i.e. Tnip = (TnipS + Tnip

T )/2 by assuming the
Fig. 6. Schematic viewof thewinding path and twodifferent substrate domains situated at differ
domains followed the discretizedwinding pathwith a distance ofΔd as indicatedwith black cir
web version of this article).
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heat capacities of the tape and substrate were comparable. The nip
point temperature was defined in a similar way in [38,50] because the
tape and substrate temperatures at the nip point were defined at the
surface and therefore there is no time for heat to be transferred at the
tape-substrate interface. The design variable of the optimization prob-
lem was defined as the total laser power (P). Note that the uniform na-
ture of the laser power distribution remained unchanged. The
optimization constraints were defined as the maximum and minimum
allowable temperature as Tupper and Tlower, respectively, for the nip
point temperatures of both domains TnipS and Tnip

T .
In this single objective problem (SOP), any change in P may not be

reflected directly on Tnip at the same time step (ts). The reason is related
to the shadow region near the nip point at which the heat flux or the
laser irradiation is zero because the laser rays cannot reach the nip
point as described also in [15,46]. An illustration of a typical heat flux
and temperature distribution including the shadow region in the
LATWand LATPprocesses is depicted in Fig. 8 [15,46]. The time required
for a material point to pass the shadow length is expressed as the
shadow length duration, tsshadow. Since the material point moved
along the discretized thermal points on the winding path (see Fig. 6),
the stepwise tsshadow was considered in the optimization problem. It
should be noted that tsshadow for the substrate was affected by the
tooling curvature. It is seen that the maximum temperature occurs
just prior to the shadow region due to the advection of the material
with the linear winding speed. The maximum temperature is therefore
advected toward the nip point which results in an increase in Tnip at
later stages in time. In other words, although the laser power is regu-
lated at time step ts, its effect on Tnip is seen at ts + tsshadow as shown
in Fig. 8 due to thematerial advection. Hence, the optimization problem
was constructed based on the design variable P at ts, i.e. P(ts) and the
output variable Tnip at ts + tsshadow, i.e. Tnip(ts + tsshadow). The corre-
sponding SOP was formulated as:

Minimize : f 1 P tsð Þð Þ ¼ Tnip tsþ tsshadowð Þ−Tdesired

�� ��
subject to : g1 P tsð Þð Þ ¼ Tlower<TS

nip tsþ tsshadowð Þ<Tupper

g2 P tsð Þð Þ ¼ Tlower<TT
nip tsþ tsshadowð Þ<Tupper

ð3Þ

where Tupper and Tlower were the upper and lower temperature con-
straints, respectively for TnipS and Tnip

T . The process optimization problem
defined in Eq. (3) was a single objective problem where a change in ei-
ther tape or substrate temperature influences other components (tape
or substrate) to compensate for the temperature change. This caused
opposite behavior of the tape and substrate temperatures during the
optimization procedure. In the present process optimization case, the
values of Tdesired, Tupper and Tlowerwere set to 270 ∘C, 380 ∘C and 220 ∘C, re-
spectively, based on the experimental work done in [40] for the LATP
process of C/PA6 composites. Here, Tdesired was considered as the opti-
mum process temperature that gave the highest wedge peel strength
of the C/PA6 laminates, Tupper was the degradation temperature and
Tlower was defined as the melting temperature according to [40]. It
should be noted that the current optimization program did not include
the overheating in the region prior to the nip point (prior to the shadow
region) to avoid more complexity.
ent time stepswith different curvature. At each time step (ts), the roller, tape and substrate
cles. (For interpretation of the references to color in this figure, the reader is referred to the



Fig. 7. Schematic view of the thermal domains for tape and substrate which were unfolded from the optical domain defined in Fig. 5.

Table 2
Process and material variables used in the current modeling work.

Process/material parameters Symbol Value Unit

Composite thermal conductivity kx,ky,kz 5.0, 0.45, 0.45 [45] [W/(m-K)]
Composite density ρ 1450 [45] [kg/m3]
Composite specific heat Cp 1600 [45] [J/(kg-K)]
Air heat transfer coefficient hair 10 [11] [W/(m2-K)]
Air temperature Tair 20 [°C]
Roller heat transfer coefficient hR 100 [11] [W/(m2-K)]
Roller temperature Troller 20 [°C]
Tooling heat transfer coefficient htooling 100 [11] [W/(m2-K)]
Tooling temperature Ttooling 20 [°C]
Incoming material temperature Tincoming 20 [°C]
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The optimization procedure explained in this section is summarized
by using a flowchart seen in Fig. 9. The SOP defined in Eq. (3)was solved
by employing a GA developed in MATLAB. A population size of 90, 4.5%
elitism, two-point crossover with crossover fraction of 0.8 and 5% prob-
ability of uniformmutation were applied in the GA. The details of these
common genetic operators can be found in [51]. The tolerance for the
objective function evaluation was set to 0.01 ∘C in MATLAB in order to
have a sufficient accuracy in the optimization algorithm, i.e. when
f1 ≤ 0.01 the iteration loop in GAwas stopped. TheGA procedurewas re-
peated 10 times to obtain the global optimum and the best solutionwas
considered in the present work.
5. Results and discussions

5.1. Reference case

In this section, the process simulation results for the pressure vessel
winding defined in Fig. 1 are presented. The total laser power remained
constant (P= 430 W) at each location of the winding path. The
absorbed laser intensity and temperature distributions on the tape
and substrate were obtained from the optical-thermal model. The pre-
dicted laser intensity distribution on the cylindrical part of the pressure
vessel was verified by comparing it with the optical model developed in
Fig. 8. Typical heat flux and temperature distributions for the substrate in LATP and LATW
processes and the illustration of the shadow region prior to the nip point. Here, tsshadow is
the time required for a material point to pass the shadow length.
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[33]. The laser intensity distributions at the centerline of the tape and
substrate predicted by the current numerical optical model with the
OTOM simulation tool and by the numerical and analytical models de-
veloped in [33] for flat surfaces are shown in Fig. 10. It is seen that sim-
ilar trends of laser intensity distributions were obtained between the
current model and the available models in literature both for the tape
and the substrate. The scatter in the laser intensity distribution visible
in both numerical models was related to the nature of the discretization
of the surface and the limited total number of rays employed which did
not deteriorate the validity of the results for the temperature analysis
[15,31]. The laser intensity for the tape was the highest (4.5–5×105

W/m2) at around 60 mm before the nip point and decreased to 0 at
around 6–10 mm before the nip point which represented the shadow
region as visible in Fig. 10a. The laser reflections coming from the sub-
strate on the tape surface are visible at the location approximately
6–25 mm prior to the nip point. The maximum laser intensity of the
substrate was lower than the tape due to the orientation of the laser
source as shown in Fig. 10b. The contribution of the laser reflections
coming from the tape was visible on the substrate at the location ap-
proximately 40–48 mm from the nip point. The obtained laser intensity
distributions and the locations of the reflections for the tape and sub-
strate matched also quite well the observations reported in [52].

The absorbed laser intensity distributions on the surface of the tape
and substrate predicted at different locations of the pressure vessel are
shown in Fig. 11. From ts = 1 to ts = 48 corresponding to d =
0 − 93.5 mm, the laser intensity distributions remained the same as
the substrate in the optical model was completely on the cylindrical
part. Most of the substrate surface was uniformly irradiated with inten-
sity of around 3.5–4×105 W/m2. A portion of the substrate domain was
situated on the dome part starting from ts=49, i.e. the domewas irra-
diated where its surface had a larger surface gradient, and hence local-
ized laser intensity was obtained on the substrate. At the same time,
the laser intensity for the tape decreased due to a lower amount of re-
flections coming fromthe substrate. The localized intensity distributions
for the substrate on thedomepart are shown inFig. 11 for ts=55and70.
The intensification of the laser radiation on a smaller surface area of the
substrate continued until ts=77or d=150mmwhere the substrate ir-
radiation areawas thesmallest amongall the timestepswith thehighest
intensity value of approximately 8×105 W/m2. The total irradiated area
for the tape decreased from ts= 49 to ts= 77 due to the reduction in
Fig. 9. Flowchart of the developed process optimization procedure.



Fig. 10. The absorbed laser intensity distributions at the centerline of a) tape and b) substrate on the cylindrical part of the pressure vessel, i.e. ts= 1 to 48 and the corresponding results
obtained from the numerical and analytical optical models developed in [33] for flat surfaces. (For interpretation of the references to color in thisfigure legend, the reader is referred to the
web version of this article).

Fig. 12. Evolution of the shadow length at the centerline of the substrate. Note that the
shadow length was derived from the intensity distribution on the discretized substrate
domain.
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the reflections coming from the substrate. After ts= 77, the laser head
was rotated strongly for the roller to follow the winding path on the
dome section. The orientation of the laser head with respect to the sub-
strate returned to nearly the same orientation as for the cylindrical sec-
tion of the pressure vessel as can be seen from Fig. 3. Thus, the
localization/intensificationof the laser intensityon thesubstratedomain
started decreasing after ts=77 as seen in Fig. 11 and diminished almost
completely at ts = 90. The tooling curvature also influenced the sub-
strate shadow lengthprior to thenip point as seen in Fig. 12. The shadow
length decreased to 1.95mm for ts=77− 79where the highest tooling
curvature tookplace as seen in Fig. 2. Theobtained results in Fig. 11were
in accordance with the findings in [53] where the intensity change was
observed during winding on a rounded corner edge.

To analyze the laser power intensity on the substrate and tape sur-
faces in a more detailed way, the evolution of the total power and nor-
malized maximum power intensity and their relations with the
substrate/tooling curvature were investigated as depicted in Fig. 13.
Three exemplary locations on the substrate including the inlet
(A1 − A2 in Fig. 6), the nip point (N1 − N2 in Fig. 6), and middle of
them (between inlet and nip point along the winding path) were se-
lected to illustrate the evolution of local curvature. Themaximum inten-
sities of the tape and substrate were normalized by their corresponding
maximum value on the cylindrical part, ts = 1 − 48. Overall, the mag-
nitude of the absorbed power by the substrate and tape was approxi-
mately 155 W and 105 W, respectively, for ts = 1 − 48. The rest of
total power was absorbed by the tooling and the roller, and some
Fig. 11.Absorbed power intensity distributions for the tape and substrate at different locations o
color in this figure legend, the reader is referred to the web version of this article).
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portion was reflected toward the ambient. The following observations
were obtained from Fig. 13:

• From P1 to P2 (ts = 49 − 58): The incident angles on the substrate
surface gradually increased (the inlet location) and the irradiated
area was decreased. Hence, the absorbed power for substrate in-
creased. On the other hand, the power absorbed by the tape decreased
due to the reduction in laser reflections from the tooling and substrate
surface. Overall, the absorbed laser intensity for the substrate in-
creased significantly from P1 to P2 due to the change in the local sub-
strate curvature and increasing angles of incidence on the substrate.
The variation in normalized maximum intensity for the tape was
less than 0.03 and related to the change in reflections coming from
the substrate.
n thewinding path defined for the pressure vessel. (For interpretation of the references to



Fig. 13. Evolution of a) the total absorbed power and b) normalized maximum intensity
together with c) the substrate normalized curvature at different locations. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article).
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• From P2 to P3 (ts = 58 − 77): The incident angles on the substrate
further increased due to the increase in substrate curvature especially
at locations before the nip point as seen in Fig. 13c). The normalized
substrate intensity had its maximum which was approximately
1.8 at ts = 77, i.e. at the cylinder-dome intersection, which was
found to agree well with the findings in [53].

• From P3 to P4 (ts = 77 − 88): The incident angles on the substrate
gradually decreased and the size of the irradiated substrate area in-
creased due to the decrease in the substrate curvature on locations be-
fore the nip point as seen in Fig. 11. Although the substrate curvature
on the nip point started increasing at P3, this increase did not affect
the substrate normalized intensity as the nip point location was in
the shadow region and the incident angles were relatively low at
the shadow region. The normalized maximum intensity for the sub-
strate decreased to a value of approximately 1.2. The absorbed
power for the substrate first increased until ts= 81 due to a stronger
contribution of reflections from the tape and the roller, then de-
creased after ts = 81 due to the decrease in the substrate curvature.
On the other hand, the absorbed power for the tape increased due to
the increase in the contribution of the reflected rays from the sub-
strate/tooling.

• From P4 to P5 (ts= 88− 144): The substrate normalized curvatures
were relatively small, however larger than the curvature on the cylin-
drical part (ts=1− 48). Therefore, an approximately 20% increase in
the normalizedmaximum intensity for the substrate occurred as com-
pared with the cylindrical section of the pressure vessel.

• From P5 to the end (ts=144− 161): The laser irradiated the curved
lower part of the dome section of the pressure vessel where the sub-
strate normalized curvature of the inlet location increased. As a result,
the localized behavior of the absorbed laser radiation occurred again
leading to higher normalized maximum intensity values of the
substrate.

The 2D tape and 3D substrate temperature distributions for different
locations on the pressure vessel are shown in Fig. 14. The localized
8

intensity near the inlet of the substrate domain caused a relatively
small increase in the substrate temperature at ts=55. This is elaborated
more in the following sections. The changes in the substrate tempera-
ture distribution became more significant once the intensification of
the absorbed laser intensity further increased between ts = 70 and
ts=77 as clearly illustrated in Fig. 14. It is seen that themaximum tem-
perature rose up to approximately 460 °C. Although the maximum in-
tensity took place at ts = 77 as shown in Fig. 13, the maximum
temperature at the nip line occurred at a later stage in time, i.e. at
ts = 80, due to the advection of the material during winding. After
ts = 80, the substrate temperature at the nip line gradually decreased
as illustrated for ts=85 and ts=110. The substrate temperature gradi-
ent at the nip point along the thickness was observed for the defined
winding path in Fig. 14 which was approximately between 80 °C–
100 °C. The variation in tape temperature distribution due to the change
in reflections coming from tooling/substrate wasmuch smaller than the
variation in the substrate temperature in Fig. 13. The behavior of tape
and substrate temperatures can be more elaborated via their tempera-
ture profiles in the following. The spatial variation in the tape tempera-
ture per time step seemed more or less constant from the beginning
until the end of the winding path as visible from Fig. 14 by comparing
the tape temperature distributions from ts=48 to ts=80. Similar evi-
dence is visible from Fig. 13bwhere themaximumnormalized intensity
of the tape remained constant at a value of 1. Hence, the occurringmax-
imum in the absorbed intensity was hardly influenced by the followed
winding path. This seems rather logical from the fixed orientation of
the laser to the tape (see also Fig. 1), but it also suggests that the contri-
bution of the reflected rays from the substrate was either negligibly
small or remained homogeneously distributed over the tape surface in-
dependent of the location on the winding path.

The transient evolutions of Tnip, TnipS and Tnip
T are shown in Fig. 15 to-

gether with the centerline temperature distributions for substrate and
tape at specific time steps. The centerline coincides with the x coordi-
nate axes of the respective domains in Fig. 7. It is seen that
Tnip, TnipS and Tnip

T reached steady state temperatures of approximately
270 ∘C, 250 ∘C and 290 ∘C, respectively, with less than 2C variation at
ts = 40 and these temperatures remained constant until about ts =
65. The temperature trends were found to be very similar to the exper-
imental measurements with constant velocity in [14] where the varia-
tion in temperature took place at the curved locations. The localization
of the laser power intensity resulted in a local temperature increase in
the substrate thermal domain as soon as a portion of the dome section
was irradiated which can be seen from the temperature distribution at
ts = 55 in Fig. 15. The increased amount of heat accumulated due to
tooling curvature as explained above and advected toward the nip
point led to a significant temperature increase as can be seen clearly
in the temperature distribution plots at ts = 70 and ts = 77. It also
caused Tnip and Tnip

S to reach maximum values of approximately 350 ∘C
and 460 ∘C, respectively at ts = 80. The tape temperature started de-
creasing from ts = 61 until ts = 83 due to the less reflections coming
from the tooling/substrate. Theminimum Tnip

T was calculated as approx-
imately 250 ∘C at ts= 83.

The substrate temperature decreased gradually after ts = 80 as the
localized intensity was gradually disappeared due to the decrease in
the local tooling curvature change. It is seen from the temperature dis-
tribution plots in Fig. 15 that there was a less steep increase in the cen-
terline substrate temperature at ts = 110 than at ts = 85. As the
localized heating disappeared for the substrate after ts = 110 since
the irradiated area of the dome section was relatively flat,
Tnip, TnipS and Tnip

T reached again a temperature plateau of approximately
275 ∘C. However, the reached plateau temperatures are somewhat
higher than obtained for the cylindrical part (between ts = 1 and
ts = 48) because of the slight curvature of the dome section between
ts= 110 and ts= 161.



Fig. 14.Contour plots of the temperaturedistribution for the substrate and tape at different locations (time steps) on the pressure vessel. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article).
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5.2. Optimization case

The development of the tape and substrate temperatures along the
winding path from the beginning at the cylindrical section of the pres-
sure vessel to the end at the dome section clearly showed the influence
of the occurring changes in local curvature and orientation of the sub-
strate surface with respect to the laser rays. A strong peak in the
Fig. 15. Evolution of Tnip, TnipS and Tnip
T as a function of ts. The centerline temperature distributi

references to color in this figure legend, the reader is referred to the web version of this article
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temperature occurred mainly at the transition from the cylindrical to
the dome section. Hence, the optimization approach should limit the
total amount of supplied laser power upon approaching the transition
and adjust it precisely over the winding path to maintain the nip point
temperature close enough to the desired value to remain within the
provided bounds. The variation in Tnip presented in Fig. 15 was mini-
mized with respect to Tdesired by solving the SOP defined in Eq. (3). The
ons for substrate and tape at ts=48, 55, 70, 77, 80, 85 and 110. (For interpretation of the
).



Fig. 16. Generations used in the GA as a function of fitness values (f1(ts) = |Tnip
(ts+ tsshadow) − Tdesired|) for best individuals and their average at ts = 55, 77 and 85.
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best and average fitness values as a function of the generation number
for three exemplary time steps (corresponding to locations on pressure
vessel) are shown in Fig. 16. It is seen that the best and mean fitness
values were gradually decreased until the generation around 50
where the best fitness was below the fitness function tolerance
(0.01 °C). Thus, the solution of the SOP was found to be converged. Al-
though the convergence rate of each time stepwas not the same, the so-
lution of the SOP was found to be converged for each location of the
pressure vessel as described in Fig. 9.

The described optimization scheme in this paper searched for the
optimum total laser power in each step to regulate Tnip as shown in
Fig. 17a. The tape and substrate absorbed powers and their correspond-
ing normalizedmaximum intensities together with the substrate curva-
tures are also shown in Fig. 17b and Fig. 17c, respectively. It should be
noted that the defined SOPwas not employed for the cylindrical section,
where the pressure vessel geometry and irradiation conditions
remained constant, but commenced after ts = 50 where illumination
of the dome section of the pressure vessel started. The same segmenta-
tion as in Fig. 13 was employed in Fig. 17 to explain the obtained opti-
mized transient power profiles. Although the maximum substrate
intensity increased significantly from P1 to P2 due to the partial curva-
ture of the substrate thermal domain at the inlet (see Fig. 7), the opti-
mized power remained roughly unchanged at 430 W. The influence of
Fig. 17. Evolution of a) the optimized total power, absorbed power and b) normalized
maximum intensity together with c) the normalized substrate curvature for different
locations. The non-optimized total power and normalized maximum intensities for tape
and substrate are shown as dash-dotted lines (for interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article).
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the local higher laser power input on the nip point became apparent
only after ts = 58. Hence, a similar maximum intensity profile is ob-
tained as for the non-optimized case described in Section 5.1. After P2
the optimized total power slightly increased by approximately 10 W
at around ts = 60 as the tape temperature slightly decreased due to
the reduction in the reflections coming from the substrate to the tape.
When the substrate nip point temperature started increasing due to
the presence of intensity localization at around ts = 70, the optimized
total laser power decreased approximately by 125 W to compensate
for this effect. As a result, the total absorbed power for substrate and
tape and the normalized maximum intensity decreased as well. As
soon as the roller came in contact with the dome, a large portion of
the dome section was irradiated. However, some part of this portion
was still at relatively low temperatures as it had not received much en-
ergy with using optimized low laser power which was approximately
125 W. Thus, the optimized power started increasing strongly at ts =
77 to compensate the lower heat input for that part of the dome
which did not receive enough laser energy. The optimized power
reached to approximately 750 W at ts = 85 where the corresponding
total absorbed power and maximum normalized intensity of substrate
and tape increased. After ts = 85, the optimized power approached to
its nominal reference value of 430 W after the roller had arrived at the
dome section of the pressure vessel and the laser head orientation be-
came similar to that of the cylindrical section of the pressure vessel. It
should be noted that the heat flux distributions on the substrate and
tape domains in the winding direction were not uniform as seen in
Fig. 10. More specifically, the region farthest away from the nip point
of the tape domain was heated the most due to the laser configuration.
Therefore, any change in the total power resulted in a change in the nip
point temperature at later stages which was inherently included in the
optimization procedure. Therefore, the optimum total laser power after
P4 varied slightly around 430W in order to keep Tnip close to 270 °C. The
variation in the optimum total power profiles became smaller until the
end of the winding path.

The evolution of the optimized Tnip, TnipS and Tnip
T together with the

corresponding optimum laser power profiles and non-optimized
Tnip, TnipS and Tnip

T are shown in Fig. 18. The tape and substrate tempera-
ture distributions along the winding direction were carefully investi-
gated for each ts and results from the selected time steps at ts=70, 77,
80, 85 and 110 are exploited in Fig. 18. It is seen that Tnipwasmaintained
at the desired temperature of 270 °C by regulating the total laser power
at each ts. The modified laser power provided a maximum increase of
approximately 1.5 °C for Tnip over the entire winding path according to
the constraints set. At the beginning of the process optimization at
around ts = 50, both Tnip

S and Tnip
T remained nearly steady. Afterward,

Tnip
T gradually decreased approximately to 220 C and Tnip

S increased to
320 °C. It is seen that TnipT was at the lower side of the allowable temper-
ature which was defined as the constraint in the SOP. The adaptation of
the optimized laser power successfully compensated the sharp increase
in Tnip in the non-optimized case (see previous section) due to the
tooling curvature at the beginning of the dome. The optimized substrate
and tape temperature distributions at ts= 70 were found to be almost
the same as those of the non-optimized case. The difference between
the optimized and non-optimized temperature distributions became
more significant at ts = 77 and ts = 80 after regulating the laser
power. Themaximum substrate temperaturewas found to decrease ap-
proximately 200 °C as comparedwith the non-optimized case at ts=77
and ts=80. At ts=85 and ts=110, the optimized temperature distri-
butions reached to the reference case results once the roller followed
thewinding path on the dome section of the pressure vessel and the ori-
entation of the laser rays to the substrate surface is similar to that of the
cylindrical section of the pressure vessel.

The optimized average nip point temperature was found to be al-
most constant whereas the tape and substrate varied in an opposite
way. Since the optimization goal was maintaining the average tape
and substrate temperature at a constant value, the only way to achieve



Fig. 18. Evolution of the optimized Tnip, TnipS and Tnip
T as a function of ts (at the center). In addition the non-optimized, i.e. the reference case, for Tnip, TnipS , TnipT and the optimized total power

evolution are shown. The centerline temperature distributions of substrate and tape for the optimized (solid lines) and non-optimized (dashed lines) at ts= 70, 77, 80, 85 and 110 are
shown on the sides. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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it was the opposite variation of them which was inherently fulfilled in
the optimization algorithm. It is worth mentioning that the observed
temperature difference between tape and substrate might cause differ-
ent levels of the polymer squeeze-out-of-flow under the compaction
roller [40], poor intimate contact and polymer interdiffusion which
might affect the bondingquality. The variation in total laser power influ-
enced not only the target temperature, but also the temperature distri-
bution on the tape and substrate thermal domains. This can be seen in
Fig. 18 for the optimized and non-optimized cases at selected time
steps. As a result, the location of time dependent minimum and maxi-
mum tape and substrate temperature at the nip point was changed as
compared with the non-optimized case as seen in Fig. 18.

The optimized solution seamlessly regulated the opposing tape and
substrate behavior around the region with steep curvature changes to
keep nip temperature constant as desired. It is also worth mentioning
that achieving the regulated temperature profile at the critical regions
(e.g. ts= 80) was not possible if the total laser power modifications at
the previous steps were not carried out. The demonstrated of the non-
optimized and optimized examples clearly showed that the tempera-
ture development of any point on the tape and the substrate is the result
of the accumulation of heat over time at that point, i.e. of the local ther-
mal history. Geometrical changes in the pressure vessel and local varia-
tions in the substrate curvature caused the local thermal history to be
different from place to place. Hence, optimization of the magnitude of
the laser power, as performed in this work, required the optimization
approach to adjust the total laser power for each tape/substrate point
well before that point reached the nip point to secure the desired nip
point temperature is maintained. Any inaccurate power selection
within one of the previous steps can deteriorate the results of the fol-
lowing steps.

The presented optimization approach enabled the nip point temper-
ature to be maintained within set limits. The restrictions of the pre-
sented approach based on the magnitude of the laser power can be
investigated by performing a larger set of cases. Also, further constraints
can be set to the maximum temperature reached by the tape and/or
11
substrate just before the nip point to prevent local overheating and de-
terioration of thematerial properties. Evidently, formore complex cases
the relatively simple approach followed here which optimizes only the
magnitude of the laser power may not be sufficient to maintain a con-
stant nip point temperature and other approaches allowing for the
laser power distribution to be adapted need to be pursued albeit at
the cost of a higher complexity.

6. Conclusions

A new optimization framework specific for the LATP/LATW pro-
cesses on complex curved surfaces such as the dome part of a pressure
vessel was presented. A transient optical-thermal process model was
developed which was used in a single objective problem. The process
model was verified by comparing the predicted laser power intensities
and temperature distributions on the substrate and tape domains with
the available data in literature. The influence of the surface curvature
change on the absorbed intensity and process temperature during
winding of C/PA6 prepreg tapeswas first investigated along the defined
winding path by keeping the total laser power constant at 430 W. The
nip point temperature was found to be approximately 80 °C higher
than the desired process temperature. This was due to the sharp curva-
ture change at the transition region between the cylindrical and dome
part of the pressure vessel. The maximum laser intensity at the sub-
strate surface was found to increase approximately by 80% due to the
local tooling curvature. To prevent temperature variations for reliable
manufacturing, an optimization framework based on a genetic algo-
rithm was proposed by taking the shadow region close to the nip
point into account. The main optimization goal was to keep the nip
point temperature at the desired temperature level which was sub-
jected to allowable lower and upper temperature limits for the tape
and substrate at the nip point. The total laser power was selected as
the only design variable. The optimum laser power evolution with re-
spect to the varying tooling geometry (transition between cylinder
and dome) was obtained which kept the nip point temperature at
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270 °C with a maximum of 1.5 °C variation. The total laser power was
found to vary between 125 W and 750 W to compensate for the tran-
sient local curvature effects on the process temperature.

The proposed physics based process model and the process optimi-
zation can be applied to the LATWprocess of any kind of pressure vessel
geometries. This would pave the road to have a better digitalization of
fiber reinforced compositemanufacturing, improved final product qual-
ity andminimized production time and cost for lightweight composites.
The main limitation of the proposed optimization framework was the
complexity of the design variables. The correlation between the tape
and substrate opposing temperature behavior along the winding path
was the key in the current example in order tomaintain the nip temper-
ature constant as the only input variable was the total laser power. In
order to control not only the average nip point temperature but also
the individual nip point temperatures of substrate and tape, limits to
the laser power distribution and maximum temperature prior to nip
point should be included in the design variables which are considered
as a future work. Incorporating heat capacitance and other physical/
geometrical parameters e.g. thickness or fiber volume fraction variation
into the optimization goal are suggested as future works as well in full-
scale analysis.
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