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Abstract 

Laser-assisted tape winding/placement (LATW/P) is a process in which fiber-reinforced thermoplastic prepregs are heated by a laser source and 
in-situ consolidated by a compaction roller. Maintaining a constant temperature along the prepreg width prior to the nip point is utmost 
necessary to manufacture fiber-reinforced thermoplastic composites with proper bonding quality. The heat flux distribution on the incoming 
prepreg tape and already placed substrate is affected by the local geometry and variation in process parameters during the process. In order to 
maintain the processing temperature distribution at the desired conditions, a new process optimization approach for the laser power distribution 
is presented. A laser source with variable power distribution is considered in the optimization scheme which can improve the bonding quality of 
the final product by achieving the desired constant nip point temperature distribution. The variable laser power distribution can be realized 
practically with the Vertical-Cavity Surface-Emitting Laser (VCSEL) technology. An inverse optical and thermal process models are developed 
in which an ideal laser power distribution is calculated based on the surface temperature distributions on the tape and substrate described as an 
input to the process model. Two different optimization studies are performed based on two different input temperature profiles namely stepwise 
and linearly ramp profile. First, the inverse thermal model is used to calculate the required heat flux distribution which is forwarded as an input 
to the inverse optical model. The obtained heat flux distribution is transformed into the laser power distribution using the optical model in 
which the ray-tracing method is used. The relation between the surface temperature distribution and laser power distribution is investigated. 
The obtained laser power distribution using the inverse optical model is compared with the calculated laser power distribution as an input for 
the already developed optical-thermal model.  
 
© 2020 The Authors. Published by Elsevier Ltd.  
This is an open access article under the CC BY-NC-ND license https://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 23rd International Conference on Material Forming. 

 Keywords: Inverse modelling; VCSEL; Process modelling; Laser-assisted tape placement and winding. 

 
1. Introduction 

In the field of thermoplastic composites manufacturing, 
laser-assisted tape winding/placement (LATW/P) processes 
are becoming more popular due to their potential for 
automation. Fiber-reinforced prepreg tapes are wound around 
a mandrel or liner during the LATW process. A laser source is 
used to heat the incoming tape and already wound substrate 
prior to the consolidation by the compaction roller. The 
incoming tape and substrate are bonded at the nip point. A 
schematic overview of this process is depicted in Fig. 1. The 

in-situ consolidation of the tape and substrate at the nip point 
makes the LATW process relatively fast. Improper 
temperature distribution on the tape and substrate surfaces 
together with process uncertainties and variation in 
geometrical parameters make the process difficult to control 
[1,2]. 

Several process models have been introduced to predict the 
material behavior during LATW/P processes [3-6]. Recently, 
the optimization of the LATW/P receives more attention to 
develop control strategies. Optimum heat flux distribution on 
the tape and substrate surfaces were obtained by using inverse 
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automation. Fiber-reinforced prepreg tapes are wound around 
a mandrel or liner during the LATW process. A laser source is 
used to heat the incoming tape and already wound substrate 
prior to the consolidation by the compaction roller. The 
incoming tape and substrate are bonded at the nip point. A 
schematic overview of this process is depicted in Fig. 1. The 

in-situ consolidation of the tape and substrate at the nip point 
makes the LATW process relatively fast. Improper 
temperature distribution on the tape and substrate surfaces 
together with process uncertainties and variation in 
geometrical parameters make the process difficult to control 
[1,2]. 

Several process models have been introduced to predict the 
material behavior during LATW/P processes [3-6]. Recently, 
the optimization of the LATW/P receives more attention to 
develop control strategies. Optimum heat flux distribution on 
the tape and substrate surfaces were obtained by using inverse 
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thermal modeling of the manufacturing process [7-10]. The 
optimum heat flux distributions were obtained based on the 
given temperature input. The optimum distribution of the laser 
power was not studied in literature to the best knowledge of 
the authors which would require an optical model-based 
process optimization strategy. 

The recent development of Vertical-Cavity Surface-
Emitting diode Laser (VCSEL) technology allowed new 
optimization approaches for varying laser power distribution 
[10-12]. Modules with multiple VCSEL chips allow for 
individual control over the chips such that custom heating 
patterns can be created, giving more control over the heating 
process in LATW/P processes. 

 

Fig. 1. A schematic overview of the LATW process [3]. 

The difference between the optical power profile generated 
by ordinary laser sources and VSCEL sources is that the latter 
allows for changes in the power profile during the process. 
This is important as it allows for small changes in the power 
profile to compensate for small differences in material and 
geometrical anomalies during the process such that near-
constant nip point temperatures can be held. The effectiveness 
of VSCEL lasers is investigated by Weiler et al. [11]. Laser 
chips are arranged in arrays acting as a single laser which 
limits the adaptability of the module. Ideally, for optimal 
control over the laser, a grid type module is desired, which 
can be adapted to several heating profiles. 

 This paper formulates an inverse optical-thermal modeling 
approach to find the optimal power distribution needed to 
achieve a desired heat flux distribution. An inverse thermal 
model is first developed to generate the heat flux distribution 
based on the given temperature distributions. The obtained 
heat flux distributions are subsequently used to determine the 
optimum power distribution with the inverse optical model in 
which a ray-tracing approach is implemented. A LATP setup 
is used as a basis for the model implementation. Two different 
temperature profiles are used as the desired temperature 
distribution near the nip point.  

2. Optimization approach 

The optimization approach consisted of multiple models as 
depicted in Fig. 2 as a flow chart. The direct optical and 

thermal models developed in [5,13] were implemented in this 
work. In the direct optical model, the laser power distribution 
is known as well as the heat flux distribution of the output. 
Similarly, for the direct thermal model the surface heat flux is 
the input and the temperature distribution is the output. 
Initially, the percentage of power absorbed by the heating 
surfaces of tape and substrate was estimated by using the 
direct optical model (A in Fig. 2) with the uniform power 
distribution of the laser source.  Subsequently, the output of 
the direct optical model is employed as an input for the power 
distribution model. The absorbed power was also used in the 
inverse thermal model for checking that the temperature 
profile was within the laser illuminated area or not. This will 
be necessary for winding along curved trajectories in which 
the heating of the substrate is not uniform. The given 
temperature profile was used in the inverse thermal model to 
calculate the required heat flux distribution (B in Fig. 2) over 
the same thermal nodes. The optimum laser power distribution 
which was defined as the output was obtained by using the 
power distribution model, for which the heat flux distribution 
obtained from the inverse model (B in Fig. 2) was the input. 

  

Fig. 2. Flow chart of the complete model approach. The input is a 
combination of all system settings. The output is an optimal laser power 
distribution to these input settings. 

2.1. Optical model 

The optical model used in this work was based on the 
already developed model in [8-11]. The system setup for 
numerical implementation is illustrated in Fig. 3. A laser grid 
was made, visible on the right side of Fig. 3, in which each 
rectangular cell can be customized to preferred dimensions.  
A ray-tracing procedure was used to calculate the intersecting 
points on the surfaces in three-dimensional (3D) space. This 
data was stored for each ray as well as the laser cell from 
which the ray originated. The total absorbed heat flux was the 
sum of the energy absorbed from all the rays.  

 

Fig. 3. A schematic overview of the LATP in simulation.[11] 
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The absorbed energy of each ray was calculated as a 
percentage of the original cell power. The energy of each ray 
was distributed over the closest surface thermal nodes using 
bilinear interpolation as seen in Fig. 4 and a bin method, in 
which all the energy is collected in the closest node only. The 
bilinear interpolation gives a more accurate representation of 
the energy distribution when a minimal number of rays was 
used compared to the bin method. However, the bin method is 
computationally less expensive as the ray energy is only 
represented by one node on one of the surfaces. 

  

Fig. 4. Schematic of the distribution of the energy from a ray intersection 
point (blue point) over four corner nodes (p0, p1, p2, p3) in the thermal 
model. The energy (E) is distributed by dividing the total area 
(A=A0+A1+A2+A3) over the area opposing the nodes. To illustrate, the 
energy at node p2 is estimated as E×A/A2 as the node is closest to the 
intersection point, it has the largest amount of energy. 

The difference in distribution obtained by implementing 
bilinear interpolation and bin method can be seen in Appendix 
A for a different number of rays. When a relatively large 
number of rays was used, both models generated almost the 
same heat flux distribution of the total absorbed energy on the 
substrate surfaces (see Fig. A1), therefore, the bin method was 
chosen in the present work as it reduced the total calculation 
time significantly. 

2.2. Inverse thermal model 

The required laser heat flux based on the desired 
temperature distribution was calculated by using the inverse 
thermal model. The already developed 1D thermal model in 
the through-thickness direction solved by an implicit finite 
difference (FD) scheme was used for temperature prediction 
[5,14,15]. The 1D model was almost as accurate as a 2D 
model, as the effect of heat conduction in placement and 
width direction was negligible [15]. A temperature profile can 
be generated automatically for the inverse thermal model 
using the heat flux distribution area calculated in the optical 
model. This is useful if the laser position and angle are fixed. 
Also, a custom temperature profile can be constructed on the 
surfaces for prescribed areas. The latter one is useful for 
determining a laser position for a set angle and allows the use 
of the inverse thermal model without the use of the optical 
model. 

The flowchart of the implemented inverse thermal model is 
presented in Fig. 5. The inverse thermal model calculated the 
heat flux distribution for the tape and substrate surfaces 
according to the defined temperature profile. By calculating 
the temperatures in the material thickness direction, the 

boundary equation (eq. 1) was used to calculate the required 
surface heat flux:  

𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑘𝑘𝑧𝑧
𝜕𝜕𝜕𝜕
𝜕𝜕𝑧𝑧 + ℎ(𝑇𝑇 − 𝑇𝑇∞) + 𝜖𝜖𝜖𝜖(𝑇𝑇4 − 𝑇𝑇∞

4)                       (1) 

where 𝑘𝑘𝑧𝑧, ℎ, 𝜖𝜖 , 𝜖𝜖 and 𝑇𝑇∞  were the thermal conductivity in 
the thickness direction, ambient heat convection coefficient, 
surface emissivity, Stefan-Boltzmann constant with the value 
of 5.67×10-8 W/m2-K4 and ambient temperature, respectively. 

The inverse thermal solver was limited to a maximum 
allowable heat flux (qmax) of 1.67×106 W/m2 [16] (Table B1 in 
Appendix B). When exceeded in a timestep during simulation, 
the direct thermal model was used to calculate the temperature 
using the maximum heat flux. The new temperature was used 
for the next timestep in the simulation. 

 

Fig. 5. A flowchart of the inverse thermal model. Tn represents the 
temperature distribution in the thickness direction and Tsurface  is the defined 
input temperature profile. q is the calculated surface heat flux.   

2.3. Power distribution model 

Using the required heat flux obtained from the inverse 
thermal model and the absorbed heat flux from the direct 
optical model as discussed in section 2.1 and 2.2, the optimum 
laser power distribution can be calculated. For each ray, the 
ideal corresponding laser cell power can be calculated directly 
by using Eq. 2. Of each ray 𝑖𝑖 originating from laser cell 𝑗𝑗, the 
percentage of the total heat flux on the intersecting node 
(𝑁𝑁%(𝑖𝑖) calculated from the direct optical model) was used to 
find the contribution of ray 𝑖𝑖  on the energy of the thermal 
node 𝑘𝑘 (𝑃𝑃𝑗𝑗(𝑖𝑖)). This was multiplied with the required heat flux 
(𝑓𝑓(𝑘𝑘) calculated from the inverse thermal model), the laser 
cell area (𝐴𝐴(𝑗𝑗)) and the number of launched rays from the 
laser cell (𝑅𝑅(𝑗𝑗)) to give the power that cell 𝑗𝑗 needs to deliver 
for ray 𝑖𝑖. 
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𝑃𝑃𝑗𝑗(𝑖𝑖) = 𝑓𝑓(𝑘𝑘) ⋅ 𝑁𝑁%(𝑖𝑖) ⋅ 𝐴𝐴(𝑗𝑗) ⋅ 𝑅𝑅(𝑗𝑗)                             (2) 
 
For laser cell 𝑗𝑗 , all the calculated 𝑃𝑃𝑗𝑗(𝑖𝑖)  values of all 

corresponding rays were averaged. The outlier values were 
neglected if 𝑃𝑃𝑗𝑗(𝑖𝑖) is not within the range of standard deviation 
of all 𝑃𝑃𝑗𝑗.  Furthermore, cells irradiating on the border of the 
heating zone were set to zero when more of half of the total 
rays did not hit within the required heating zone, such that 
boundary conditions were clearly defined. The power of cells 
which irradiated outside the defined heating zone was 
automatically solved with this approach. These cases were 
treated as: 

𝑃𝑃𝑥𝑥 = 0 𝑖𝑖𝑓𝑓 𝑓𝑓 = 0 𝑎𝑎𝑎𝑎𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑒𝑒𝑒𝑒𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡

 <  0.5            (3) 

However, the following criteria should be satisfied: 
 
𝐴𝐴 > 0, 𝑁𝑁 > 0, 𝑅𝑅 > 0                                                     (4) 

The calculated heat flux distribution was used as an input 
for the direct thermal model for validation. If the calculated 
nip point temperature and temperature distribution were in 
line with the desired input values, a good optimal solution was 
assumed to be found. 

The solution method was able to approach an inverse 
optical model, as inversing the ray-tracing procedure was very 
difficult. Calculation times were kept short by using the 
optical, inverse and validation model performed once to 
maintain a solution. This approach was only viable if no 
reflections were used. With reflections, multiple cells gave a 
heat flux on a single node on the surface. As the power ratio 
between laser cells was unknown, the percentage of a ray with 
respect to the total flux could not be determined and thus the 
power distribution could not be determined. 

3. Results and discussion 

As a case study, a numerical LATP setup was considered. 
The material used was a carbon-reinforced PEEK. The 
process, geometrical and material parameters used can be 
found in Table B1 in Appendix B. A uniform temperature of 
500°C was set for the nip point along the width. This value 
was chosen as an arbitrary value above the melting 
temperature. Two temperature profiles for the inverse thermal 
model have been set along the placement direction and are 
represented in Fig. 6. The heated length of 30 and 20 mm on 
the substrate and tape surfaces were considered, respectively. 
A constant temperature before the nip point as well as across 
the width was desired for both profiles. In order to study the 
performance and accuracy of the inverse optical model three 
different enmeshments were considered: 

 Three meshes with element sizes of 1, 0.25 and 0.0625 
mm2 were used for the substrate and tape surfaces in the 
thermal model. 

 These cases were simulated with generating 1000, 10000 
and 50000 rays in the optical model. 

 Three cell sizes for the laser were considered as 4, 1 and 
0.25 mm2 in order to evaluate the influence of the laser 
cell size used in the inverse modeling.  

In total 54 simulations were carried out according to the 
prescribed settings, shown in Tables 1 and 2. The simulation 
time of the power optimization model was roughly 15 
seconds. The simulation time was defined as the average of all 
the simulations considering different values of mesh sizes, 
laser cell sizes and ray numbers.  This included the generation 
of multiple plots to show the progress of the model and with 
the calculations of the direct thermal model to get the final 
temperatures. The model's computational time performance 
was roughly equal to the previously developed coupled 
optical-thermal model by the authors [8-11] for similar mesh 
settings. 

 

Fig. 6. Linear ramp and stepwise temperatures profiles used as input for the 
inverse solver. 

The calculated required heat flux by the inverse thermal 
model is depicted in Fig. 7. The trends of the heat fluxes were 
found to agree with the results presented in [3]. Fig. 7 clearly 
shows a problem for the power optimizer. As can be seen for 
both temperature profiles, at the nip point itself, two different 
ranges of heat flux were required, which mostly must be 
generated by a single row of laser cells. A laser cell can only 
be optimized to either one of two heat fluxes at the nip point 
for which the step profile differed a factor of ten, i.e. 
approximately 0.7×106 W/m2 for the substrate and 0.07×106 
W/m2 for the tape. The same holds for the linear ramp profile 
although the values lie closer to each other at the nip point, 
i.e. approximately 0.8×106 W/m2 for the substrate and 0.3×106 
W/m2 for the tape.  

The surface temperatures calculated by the inverse thermal 
model are presented in Fig. 8 (refer to the flowchart of Fig.5). 
The stepwise temperature profile was not accurately following 
the intended temperature on the surface as the model was 
limited by the maximum laser power given in Table B1 
(Appendix B). However, the required temperature was 
reached within a reasonable amount of distance from the start 
of the heating zone, acquiring and maintaining the goal 
temperature. The calculated temperatures exactly followed the 
input profile for the linear temperature case providing a more 
ideal and predictive heating solution as compared with the 
step profile. 
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Fig. 7. Calculated required surface heat flux for tape and substrate along the 
winding direction for a linear ramp and step temperature increase.  

 

Fig. 8. Output temperatures calculated by the inverse thermal model used for 
validation. The stepwise temperature profile cannot follow the desired profile 
precisely due to heat flux limitations. 

To tackle this challenge either a temperature profile must 
be determined which results in an equal heat flux on the nip 
point for both surfaces, or no heat must be applied to this 
region at all. The latter found to be more favorable for 
obtaining the desired nip point temperature.   

The resulting power distribution generated by the stepwise 
temperature profile is represented in Fig. 9. Although each cell 
was solved independently, the distribution of the power per 
cell was found to be similar along the width of the laser (3-9 
mm region). As expected only the central laser cells were 
activated to cover the tape and substrate width (6.35 mm) 
which is smaller than the laser spot width (12 mm). The top of 
the laser cell, between 12 to 16 mm, mostly illuminated the 
tape whilst the bottom, 2 to 9 mm, illuminated the substrate. 
The section with low power in the middle was the intersection 
point between the tape and substrate i.e. nip point. Note that 
according to Fig. 7, both tape and substrate surfaces required 
an equal maximum heat flux, i.e. 1.67×106 W/m2. However, 
this is not directly seen in the power distribution in Fig. 9 due 
to the fact that the tape and substrate had different laser 
incident angles which resulted in different absorption behavior 
of the laser rays according to the Fresnel equation. More 
specifically, the tape had a larger incident angle than the 
substrate therefore maximum power for the tape was found to 
be lower than the substrate after the inverse optical procedure. 

  

Fig. 9. Calculated laser power distribution for the step temperature profile. 
The dotted line represents the nip point, the area above irradiates on the tape 
and the area below irradiates on the substrate. 

The linear ramp profile is represented in Fig 10. The 
illuminated areas were the same as the step profile. The 
heating was spread more effectively and gradually over the 
area with the highest heating power in the middle of the laser. 

  

Fig. 10. Calculated laser power distribution for the linear ramp profile. The 
dotted line represents the nip point, the area above irradiates on the tape and 
the area below irradiates on the substrate. 

The sum of the power distribution for each mesh setting is 
given in Tables 1 and 2. The results show that the total laser 
power converged to approximately 325 W for the linear ramp 
profile and 395 W for the step profile. These results were best 
achieved by the smallest laser cells as they fit the small 
changes in the required heat flux in a better way. 

Using 1000 rays was found to be not adequate for finding 
accurate results, especially when a small surface mesh was 
used. Sufficient amount of rays were needed such that all the 
nodes requiring heat flux were associated with a ray. As more 
rays were used, it was not needed to use the interpolation heat 
flux distribution on the surfaces for the laser optimization 
process. The use of finer surface mesh was only useful when 
more than 50.000 rays were used. However, the same results 
can be obtained with a coarse surface mesh and fewer rays 
resulting in less calculation time. The influence of the laser 
cell size was only noticeable for the 4 mm2 cells. These tend 
to overestimate the power distribution as the cells were too 
large for representing a finer power distribution. Therefore, 
the optimal settings as a benchmark were the 1 mm2 surface 
mesh and laser cell size, combined with the usage of 10.000 
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rays, as they were a good representation of the result with the 
lowest computing time.  

Table 1. Total power [W] using the step temperature profile, for each mesh 
setting of the case study. 

# Rays Surface mesh Laser cell size [mm2] 

[-]  [mm2] 4 1 0.25 

1.000 1 542,54 326,39 236,72 

 0.25 197,32 115,00 117,57 

 0.0625 49,68 31,35 19,42 

10.000 1 609,02 398,49 404,18 

 0.25 593,57 391,32 404,46 

 0.0625 386,11 274,46 276,65 

50.000 1 608,08 396,61 397,49 

 0.25 609,29 397,41 396,39 

 0.0625 610,79 394,68 393,74 

Table 2.  Total power [W] using the linear temperature profile, for each mesh 
setting of the case study. 

# Rays Surface mesh  Laser cell size [mm2] 

[-]  [mm2] 4 1 0.25 

1.000 1 373,27 345,32 183,05 

 0.25 131,67 118,31 90,65 

 0.0625 33,28 30,95 22,74 

10.000 1 446,38 436,24 326,89 

 0.25 435,34 429,44 326,52 

 0.0625 267,68 213,83 212,45 

50.000 1 445,81 326,02 325,90 

 0.25 445,29 324,33 325,52 

 0.0625 436,96 321,25 321,88 

 
The obtained power distributions were used as the input for 

the direct thermal model to compare the input temperature 
profile with the optimized one.  In this model, the temperature 
across the width at the nip point was calculated as shown in 
Fig. 11. It is seen that a uniform temperature on the nip point 
width was achieved. However, some deviation from the 
desired temperature (500°C) was observed. 

 

Fig. 11. Temperature distribution of the (a) substrate and (b) tape surfaces 
considering a linear ramp temperature profile, a laser source with 0.25 mm2 
cell size, a surface mesh of 0,25 mm2 and 10000 Rays. 

The tape achieved a temperature very close to the set 
temperature of 500°C however the substrate temperature was 
slightly higher for all the simulations averaging between 505 
and 560 degrees. In some cases, this trend was the other way 
around, with the substrate achieving temperatures close to the 
set temperature and the tape temperature being too high. This 
corresponds to the behavior described earlier in this section, 
in which a single laser cell can only be optimized for either 
the tape or substrate heat flux near the nip point. 

Fig. 12 illustrates the output temperature distribution on 
the tape and substrate surfaces calculated by the direct thermal 
model by applying the optimum laser power distribution. The 
output temperatures closely followed the desired temperature 
profiles except for the substrate in the step profile. This 
temperature evolution was overestimated for all step 
temperature profile simulations  with the only difference 
being the height of the peak temperature. With the largest 
laser cells, the temperature peak was found to be 560 °C and 
for the lowest cell size, the temperature reached a maximum 
of 510°C. The reason for that was the overlapping of the laser 
cell with the rapid drop in required heat flux around 20 mm 
before the nip point (Fig. 7). Using an even finer laser cell 
size, this behavior can be eliminated at the cost of computing 
time. 

 
Fig. 12. Temperatures profiles after validation of the model. These 
temperatures are generated by the direct thermal model as a result of the 
found optimized laser power distribution. The results almost line up with Fig. 
6. 

 For all simulations, the results were deviating when 
getting close to the nip point, giving further evidence for the 
behavior near the nip point due to the laser cells illuminating 
the nip point being optimized to either the substrate or the 
tape. The step profile needed more total power as the 
temperature must be maintained at a high level for a longer 
period compared to the linear ramp profile. Therefore, the 
linear approach was more favorable as a heating pattern since 
it was more accurate and required less power. 

4. Conclusion 

An inverse optical model was developed for the 
optimization of the nip point temperature in LATP/W 
processes that calculated an optimal laser power distribution. 
The model approach was described using a single step and 
linear ramp temperature profile as the input. Results showed 
that a desired constant nip point temperature along the width 
was reached. 
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The inverse thermal model was performing fast and 
accurate. The inverse optical model yielded in a uniform 
distribution of the laser rays over the surface. The results were 
consistent for all simulations and the convergence of the 
results was established.  

A simple, fast and effective method was described and 
used to find the optimal power distribution for multiple 
temperature input profiles using the inverse optical model. 
Optimal power distributions were found with converging 
results for a stepwise and linear ramp input profile. Optimal 
simulation settings and potential problems were determined. 

Future work will include a more sophisticated solving 
method for the inverse optical solver and optimization of 
heating near the nip point. After this, more complex cases 
during LATW/P will be analyzed. 

Appendix A 

The difference in energy distribution by bilinear interpolation 
and binning using a minimal number of rays is depicted in 
Figure A1. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. A1. Energy distribution on the tape.  (a) 1000 rays using bilinear 
distribution, (b) 10000 rays using bilinear distribution, (c) 1000 rays using bin 
distribution, (d) 10000 rays using bin distribution. The x-axis represents the 
distance from the nip point on the right side. The y-axis represents the 
distance from the middle of the tape. 

Appendix B 

Process setting parameters and material properties for carbon-
reinforced PEEK are depicted in Table B1. 

Table B1. Process settings and material properties for numerical 
implementation [5]. 

Parameter Value Dimensions 

Laser spot width / height 12 / 20 mm 

Laser cell surface area 1 mms 

Laser distance to nip point 
(transverse / height) 

150 / 40 mm 

Laser angle 15 ° 

Tape width / thickness 6 / 0.15 mm 

Substrate width / thickness 12 / 10 mm 

Roller radius 35 mm 

Placement velocity 100 mm· s-1 

Tape thermal conductivity 
(transverse direction) 

0.72 W· m-1·K-1 

Tape thermal conductivity (fiber 
direction) 

5 W· m-1·K-1 

Substrate thermal conductivity 172 W· m-1·K-1 

Tape specific heat 1425 J · kg-1·K-1 

Substrate specific heat 2710 J · kg-1·K-1 

Emissivity 0.9 - 

Heat transfer coefficient air 10 W· m-2·K-1 

Heat transfer coefficient tooling 1300 W· m-2·K-1 

The ambient and initial temperature 25 °C 

Maximum laser heat flux 1.67·106 W·m-2 
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