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The laser powder bed fusion (LPBF) process has the advantage of directly building metal parts 
with complex geometries and lattice structures. The lattice structures are usually composed of 
different thin-walled structures. Therefore, precise control over the shape of structures on the LPBF 
fabricated lattice structures is important. In this study, a symbolic regression solution that describes 
the relationship between scan track width and process parameters (laser power and scanning velocity) 
is generated by empirical data. This regression model is then implemented into the control scheme 
that stabilizes the structure width for single-layer and multilayer thin-walled structures. The 
experiment results showed that the average errors for the single-layer track with desired width from 
120 μm to 180 μm are all under 5%, and the average error for the ten-layered structures with desired 
width 180 µm is about 2.2%. 
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1. Introduction
Powder bed fusion (PBF), as described by the

ISO/ASTM standard [1], is one technique used in additive 
manufacturing (AM) for the fabrication of 3D parts. PBF 
uses a scanning laser or an electron beam for selectively 
melting powdered materials, thereby consolidating the 
powder to form a solid mass. By scanning sliced layers, the 
powder bed is lowered to deposit a new powdered material, 
and the process is repeated until the part is 3D printed. When 
using a laser in the PBF process, this method is called laser 
PBF (LPBF) or selective laser melting (SLM) [2-4]. 

The LPBF process allows for the direct building of 
metal parts with lattice structures [5]. The advantage of 
lattice structures is that they are lightweight and can be used 
in energy [6] and medical [7, 8] applications. The lattice 
structures are usually composed of thin-walled structures, 
and a thin wall is built up by a stack of single laser melted 
tracks in the vertical direction.  

The LPBF process selectively heats metallic powders 
on the powder bed to a melting temperature. The laser power, 
scanning velocity, and hatch distance determine the energy 
density transferred to the material; hence, most related 
studies focus on these parameters [9, 10]. Different regions 
in the parameter space, which are scanned by laser power 
and scanning velocity in LPBF corresponding to fully dense, 
over-melting, incomplete melting, and overheating 
parameters are presented in [11, 12]. The optimal process 
parameters and scanning strategies are used to fabricate the 
parts with specific mechanical properties [11, 13-16]. 

In situ monitoring and quality control the LPBF 
process with sensors has attracted the attention of 
researchers seeking to regulate the process [17-21]. 
However, to realize the real-time closed-loop control in the 
LPBF process, sensors with a high sampling rate is required. 
Metal powder absorbs irradiation energy from the laser 

source, heats up over its melting point, and then liquefies. 
The melting pool area is about a few hundred microns, and 
the laser scanning velocity is in the order of magnitude of a 
few hundred mm/s, i.e., the high resolution and sampling 
rate sensors are required for real-time measurement, e.g., for 
a 120 μm melting pool diameter and scanning velocity 1000 
mm/s, the sampling rate of the sensors should be on the order 
of 10 kHz [19]. In order to solve the above problem, data-
driven predictive models have been used to learn the 
relationships between the inputs and outputs of the LPBF 
process, enabling parts to be built with the desired properties 
[22]. However, the data-driven model for on-line control of 
the LPBF process with stable scan track is less discussed. 

In this study, from discretely sampled experiments, the 
symbolic regression method was utilized to parameterize the 
model of scan track width versus process parameters (laser 
power and scanning velocity). This model was then applied 
in a laser power controller to fabricate the single-layer scan 
tracks and multilayer thin-walled structures in the vertical 
direction by sequentially layering melted tracks under the 
regression model. 

2. Experiments and Data Gathering
2.1 Hardware description

The experiments were conducted in a laboratory LPBF 
system, as shown in Fig. 1. The system is composed of a 
laser and optical module, processing chamber and powder 
feeding module, working platform module, and system 
control module. The laser and optical module comprises a 
fiber laser source (YLR-500-WC-Y14, IPG Photonics) with 
a central wavelength of ~1070 nm, a maximum average laser 
power of 500 W, a collimator (focal length 60 mm), half-
wave plates, polarizing beam splitter, scanner mirrors, and a 
focusing F-theta lens. The laser beam divergence is 134 
mrad at laser output and the diameter was determined to be 
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approximately 8.04 mm (134 mrad ×60 mm). The laser 
beam with random polarization is polarized by a half-wave 
plate, essentially resulting in a linear polarized beam. The 
laser power of the laser beam is adjusted by a secondary 
rotatable half-wave plate and a polarizing beam splitter. The 
laser beam transmitted through the F-theta lens (focal length 
310 mm) is incidental in the normal direction on the metal 
powder surface. The focal spot diameter was determined to 
be approximately 76 μm. A galvanometer scanner with a 
maximum scanning velocity of 1 m/s and a scanning field of 
100×100 mm2 is used to position the focused laser beam. 

The LPBF process takes place inside the chamber with 
a protective nitrogen gas atmosphere. The LPBF part is built 
on the base plate, which is mounted onto the platform carrier 
with a pre-heating module. The pre-heating module reduced 
the temperature gradients, thereby ensuring good bonding of 
the first layers. The elevator system moves the platform base 
in a vertical direction based on the slice thickness. The 
powder feeding module is comprised of the powder 
dispenser and recoater module. The recoater uses scrapers to 
deposit the powders on the base plate, and layer thickness 
can be adjusted by the thick gauge. For iron-based materials, 
a higher oxygen content (e.g. 3%) results in more spherical 
droplets [23]. The morphology of melted track is affected by 
the oxygen concentration. In the following experiments, the 
oxygen concentration and pre-heating temperature were 
controlled at 1.97% and 200°C, respectively. 

The system control module for the LPBF building 
process is realized by a Windows-kernel industrial PC with 
CoDeSys software. The controlling program can govern the 
galvanometer scanner and laser power control module (a 
rotatable half-wave plate) by communicating with the 
system through the EtherCAT protocol. Different modules 
for specific track width can be built into the controller 
program. By selecting the desired track width, the controller 
program synchronously controls the half-wave plate 
(different laser power) as well as the galvanometer scanner 
according to the module during the LPBF process, which 
can realize the function of controlling the track width even 
in high-curvature or corner regions. 

 

 

Fig. 1 The laboratory LPBF system. 

 
 
 

2.2 Data gathering 
The single laser melted tracks are the essential 3D 

structure units, and the melted track characteristics of the 
first layer on the substrate were investigated. The maraging 
steel powders (EOS MS1, particle size distribution ~30 μm) 
with a layer thickness between 30 μm and 40 μm were 
deposited on a base plate (S45C) substrate by the recoater. 
Different combinations of process parameters [24], i.e., laser 
power and scanning velocity result in different kinds of 
melted tracks: continuous, balled, and not fully melted. This 
study conducted a factorial experiment and scanned a series 
of single straight-line tracks by laser power (P) varying in a 
range from 10 W to 100 W with 5 W step as the scanning 
velocity (v) was gradually increased from 10 mm/s to 100 
mm/s. 

Fig. 3 presents the surface morphology of the single 
straight-line tracks on the substrate at the value of laser 
power P=55 W. At the scanning velocity of 10-20 mm/s, it 
was observed that both sides of the melted track were non-
uniform (marked by yellow dashes). When the scanning 
velocity was slow, the irradiated time on the powder surface 
was prolonged, the heat affected zone was increased, and the 
subsequent solidification structure had large round 
morphology. The structure became continuous when the 
scanning velocity increased. As the scanning velocity 
increased to a certain level, i.e., 100 mm/s, the single track 
turned from a continuous form into a discontinuous type. 
This can be explained by Rayleigh-Plateau instability: the 
radial and transverse directions of the melt track shrink 
excessively during solidification, and a drop-shaped broken 
line track is formed [25, 26]. 

The 130 experiments for P ≥ 40 W, as the power 
density was high enough to create continuous melted tracks. 
Fig. 2 shows the dependence of the scan track width on the 
process parameters laser power P and scanning velocity v. It 
is clear that the overall tendency is that as the laser power 
decreased or scanning velocity increased, the scan track 
width decreased. 

 

 
Fig. 2 3D plot of scan track width vs. laser power P and 

scanning velocity v. 
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Fig. 3 Microscope images of the single straight-line tracks fabricated by power 55 W and different scanning velocities. 

 
3. Symbolic Regression Models 

In this study, the hierarchical model of laser power 
control was organized: a high-level governing system plans 
suitable value of P was based on current scanning velocity v 
and desired scan track width; a lower-level controller was 
then in charge of rotating the half-wave plate, with suitable 
angle corresponding to that value of P on the powder layer. 
The ultimate goal was to maintain the consistency of the 
scan track width during the LPBF process as stable as 
possible via utilizing laser power. Thus, it was crucial to 
know the relationships among the scan track width, laser 
power and scanning velocity. As these relationships were 
unveiled from the experimental data, the appropriate 
processing parameters needed to achieve the desired high-
level process control LPBF can be obtained. 

In traditional regression methods, one needs to pre-
define the model structure before the regression starts. The 
selection of model form highly affects the fitness and 
therefore is a crucial step in the regression method. The 
selection of model structure is usually based on the physical 
models or prior knowledge of the users that is, the form of 
model might be biased and limited by the professional 
knowledge. For some extremely complicated processes such 
as LPBF, it is hard to choose a simple model structure for 
regression. 

For generating the model of the LPBF process, one can 
use regression methods like symbolic regression, or AI 
(Artificial Intelligence)-based methods like convolution 
neural network. For the symbolic regression method, the 
model structure does not need to be pre-specified. The 
symbolic regression method is based on genetic 
programming, which can make the model iteratively evolve 
from generation to generation. Both the coefficient and 
arithmetic operation can be changed during the regression 
process. By selecting the basis-functions and then training 
the model, one not only can distill some factors with 
physical meanings from experimental data but also find a 
useable model for further control application by the 
symbolic regression method [27]. Therefore, the symbolic 
regression method is adopted for generating the process 
model for the present study. 

This study used Eureqa [27], an AI powered modeling 
engine for symbolic regression. For the purpose of our study, 
the model between scan track width and input process 
parameters (laser power and scanning velocity) needs to be 
found. The theoretical models that predict a linear rise of the 
melt pool area with laser power and an exponentially 
decaying influence of the scanning velocity are given in [17]. 
In this study, considering that the exponential term might be 
an important basis-function for the LPBF model, the basis-
functions of constant, addition, subtraction, multiplication, 
division, power, exponential, and input variables are 
selected for symbolic regression in Eureqa. 

Eureqa can automatically select the appropriate size of 
training and validation data sets depending on the total size 
of the data base. This study used a default splitting setting, 
which lets Eureqa decide the splitting percentage of the 
research data set. Using 130 collected experimental data (see 
Table 1), it turned out that 116 of them were used for 
training and 14 for validation; a model for scan track width 
based on laser power and scanning velocity can thus be 
identified. The regression result of the model with a best fit 
standard in the series of complex solutions given by Eureqa 
is shown in Fig. 4. Each incline from the left to right curve 
segment of the red line plot corresponds with one particular 
value of laser power P and scanning velocity v, which is 
increased from left to right for each segment. 

 

 
Fig. 4 Plot of the selected solution model. 
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Table 1 Detailed track width of the built sample tracks.  

 

 
Fig. 5 Model of laser power versus scanning velocity for 

different widths. 
 

Based on the experimental data shown in Table 1 and 
after evaluating 151,161 times of generations and billions of 
equations, the Eureqa software will place all the models on 
a Pareto chart based on their rank of complexity and 
accuracy. The users can choose a suitable model that 
satisfies their needs. To prevent the overfitting problem of 
the regression model, this research selected Equation (1), 
which presents the scan track width. The obtained model has 
R2 = 0.949, RMSE (root-mean-square error) = 8.187, and 
correlation coefficient = 0.975. 

2
2 3 (μm) =         

74.0324583264964 0.0397045894925754 0.0756018352030015
0.1680420888199 0.00027087774770
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; 1 03 6
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where P is laser power, v is scanning velocity, and a to e are 
the coefficients. R-squared (R2), a statistical measure that 
represents the proportion of the variance for a dependent 
variable that is explained by an independent variable or 
variables in a regression model, is often used to determine 
the fitness of a regression model. Because the R2 value is 

very high in this case, it is believed that this model is 
accurate enough to describe the LPBF process. Furthermore, 
the independent variable and interaction terms between 
them in this model also passed the F-test and p-test in 
ANOVA at an alpha level of 0.05. Note that the Eureqa 
software was able to find various possible models 
(equations), and the fitness in the solution results sheet is an 
error measure of how well it fits the data [27]. 

A previous study used a first-order transfer function to 
describe the relationship between the melt pool area and the 
laser power [17]. However, the solidification process was 
not considered. The nonlinear polynomial function model of 
Eq. (1) is suitable for representing the relationships of 
solidified scan track width and process parameters. By 
observing the relationship among all five terms of the right 
hand side, one can see that the first term a is an offset, and 
the second term with coefficient b is the main affection to 
the process. When the laser power is higher, the width will 
be enlarged by the square value of the laser power. For the 
third and fourth terms, the coefficients and equation forms 
then show that when the scanning velocity increase, the 
track width will decrease. The last term of the right hand 
side with a negative coefficient e shows that even the second 
terms make the track width a positive correlation with the 
square value of the laser power, and the positive correlation 
will decrease when the laser power is very large. 

To control the laser power for the LPBF process with a 
given specific track width, the model for different track 
widths needs further simplified. The value of scan track 
width was kept constant for four cases: Width = 180 µm, 160 
µm, 140 µm, and 120 µm, respectively. Laser power P in Eq. 
(1) was then solved with v varying from 0.01 mm/s to 100 
mm/s. Next, that data were feed into Eureqa again, and the 
contour-line Width = 120 µm, 140 µm, 160 µm, and 180 µm 
of Eq. (1) was re-modeled to obtain Eqs. (2), (3) (4) and (5), 
respectively. Fig. 5 shows the model of laser power versus 
scanning velocity for width = 120 µm, 140 µm, 160 µm, and 
180 µm. The reconstructed symbolic regression model is 
nearly perfect, because the model (lines) is close to the 
training data (dots). These equations were then directly 
inserted into the program that controls the laser power (i.e., 
different angle of half-wave plate) which governs the 
irradiation power density on the powder bed. 
The formula of laser power P depending on velocity when 
Width = 120 µm is: 

2
120 .
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The model at Width = 140 µm is given as: 
2
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The laser power P equation at Width = 160 µm is given as: 
2 3

160 .
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The forth model at Width = 180 µm is given as: 
2 3
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Equations (2)-(5) describe the nonlinear relationship 
between laser power P and scanning velocity v toward 
achieving the goal of maintaining the scan track width as 
uniform as possible. Interesting, the coefficient 𝑐𝑐 of 𝑣𝑣2 in 
all four equations is very small. Moreover, the linear 
parameter 𝑏𝑏 ∙ 𝑣𝑣  aligns with 𝑑𝑑 (𝑒𝑒 + 𝑓𝑓 ∙ 𝑣𝑣)⁄  that is 
destructive to each other in reducing the incline angle of the 
plots (Fig. 5). As shown, the laser power is sharply 
decreased to zero as the scanning process stops. Ideally, the 
laser power should be zero as scanning velocity v=0. The 
incline angle of the curve becomes smaller as the scanning 
velocity increases. Equations (4) and (5) present 𝑣𝑣3 with 
the negligible coefficient 𝑔𝑔 . In general, this term 𝑔𝑔 ∙ 𝑣𝑣3 
only makes a micro improvement in reducing the fit 
standard of the model in Eureqa. However, it increases the 
order of complexity in the observed Eqs. (4) and (5). 
 
4. Experimental Verification of the Hypothesis Models 
4.1 Scan tracks of the first layer 

Since the single scan tracks were the essential structure 
unit of the multilayer structures, the melted track of the first 
layer on the substrate was first investigated. The pattern of 
eight segmental tracks with different scanning velocity as 
shown in Fig. 6(a) was scanned with each model described 
in the preceding section. For each desired track width, three 
times of experiments were performed. Fig. 6(b)-(e) illustrate 
the representative images of scan tracks of the first layer for 
desired widths 120 µm, 140 µm, 160 µm, and 180 µm, 
respectively. In Fig. 6(a), the reference scanning path and 
scanning velocity were assigned in G-code that increases 
from 10 mm/s (track 1) to 80 mm/s (track 8) during eight 
tracks of the whole scan path. Laser power was 
appropriately utilized to keep the scan track width as 
constant as possible, e.g. Eqs. (2)-(5) for the different scan 
track widths. These equations were directly inserted into the 
program that controls the laser power. 

Fig. 7(a) shows a schematic measurement position of 
the scanning pattern, and Fig. 7(b) and Fig. 7(c) show an 
example of the microscopic images at the middle point and 
transition point of scanned paths when Width =180 µm, 
respectively. As the velocity was gradually increased during 
each path, the laser power value was assigned appropriately 
so that the actual track width was as close as possible to the 
desired one, e.g., Eq. (5) for the Width =180 µm case.  

From the results shown in Fig. 7(c), it was found at the 
transition point between lines that there is a slight difference 
in track width. The dark area at the tipping point between 
two tracks indicates the occurrence of the discontinuous 
melted track, which is due to the low scanning velocity. 
When the scanning velocity is too slow, the irradiated time 
on the powder surface is prolonged, more powder materials 
were evaporated from the melt pool, and the solidification 
structure has discontinuous morphology. 

 

 
Fig. 6 (a) schematic scanning pattern and images of scan 

tracks of the first layer for desired widths: (b) 120 µm, (c) 
140 µm, (d) 160 µm, and (e) 180 µm. 

 
 

 
Fig. 7 (a) schematic measurement position of the scanning 
pattern and microscope images of scan track width when 
width =180 µm, (b) and for the middle, and (c) transition 

points of the paths. 
 
During the transition period between two consecutive 

lines, the system was adapted to overcome the high 
accumulated energy as the scanning velocity decreased. In 
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CNC control, at every single track, the scan includes three 
steps: accelerating, constant speed and decelerating. Thus, 
the noteworthy period is at the transition between two tracks. 
The fact that scanning velocity decreased to zero then 
increased around the corner could lead to the heat 
accumulation effect that causes overheating if the laser 
power is not well adjusted. 

In fact, owing to the hardware characteristics, in 
controlling laser power by the half-wave plate, there is a 
limited acceleration of the motor to control the angle of this 
plate. As shown in Fig. 5, at the low value of scanning 
velocity, the laser power changed dramatically. Although 
the trial experiments did not cover those extreme low speeds, 
the above situation could occur, especially at the tipping 
point between two tracks. However, this quick change in 
velocity led to the exceeding of the acceleration capacity of 
the half-wave plate controlling motor. Thus, in 
implementing the validating hypothesis models, the power 
in the power calculating function was clamped to v = 10 
mm/s when v ≤  10 mm/s. It is likely to accumulate energy 
at the tipping points. Fortunately, the transition time is very 
short due to the high acceleration of the scanning movement 
by the galvanometer scanner. Therefore, it caused a 
negligible consequence to the scanning process. As shown 
in Fig. 7(c) at the transition point between lines, there is a 
slight difference in track width. 
 
4.2 Multilayer thin-walled structures  

 Fig. 8(a) presents the images of the ten-layered 
structures fabricated with the pattern (Fig. 6(a)) and the 
desired width 180 µm. The first layer was melted with the 
same parameters described in section 4.1, and the second 
layer to the tenth layer were melted by the model of Eq. (5) 
with a power correction coefficient of 0.9. 

The power correction coefficient is added from both 
theoretical and experimental reasoning. As for the scanning 
tracks at the second layer and above, because both the base 
solid area and thermal conductivity are much smaller than 
the first layer [28], a power correction coefficient should be 
added to reduce the laser power at the second and 
subsequent layers; otherwise, the scanning width might be 
larger than the one at the first layer. By doing several small 
experiments, the power correction coefficient 0.9 was an 
appropriate value to form a multi-layer structure with high 
consistence of scan width. 

Fig. 8(b) presents an example of the top-view 
microscopic images at the middle point of the scanned paths. 
The average top structure width of the third to eighth 
segmental tracks is about 183.9 μm, and the error is about 
2.2%. In Fig. 8(b), it can be seen that the structure’s width 
for v=10 mm/s is 230.04 μm, with a non-uniform pattern. 
When the scanning velocity was slow, e.g., 10 mm/s in this 
study, the irradiated time and the heat affected zone were 
increased, and the subsequent solidification structure had 
large round morphology. 

Fig. 8(c) presents the side view microscopic images of 
the path with 30 mm/s scanning velocity. The height of the 
vertical structure above the substrate surface is about 626 
μm, which is higher than the total amount of the ten powder 
layer thickness 490 μm. During the fabrication of the 

multilayer thin-walled structures, the melted track on both 
sides was surrounded by powder materials, the main heat 
conduction went to the previous solidified layers, and the 
track height is usually slightly higher than the powder layer 
thickness [29]. 

 

 
Fig. 8 (a) measurement position of the ten-layered 

structures with desired width 180 µm (b) the middle point 
of the paths, and (c) the side view of the path with 30 mm/s 

scanning velocity. 
 
5. Conclusion 

This study used a laser power controller to control the 
scanning track width of the SLM process based on empirical 
data. The relationship between process signatures (scan 
track width) and process parameters (laser power P, 
scanning velocity v) was utilized to improve the geometric 
properties. Symbolic regression models were applied to 
control laser power that retains the scan track width at a 
stable value. Different values of scan track widths validated 
the versatility of the hypothesis. The results proved the 
accuracy of the proposed model, with average relative errors 
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for different track width under 5%. In this study, the 
experiments were only conducted on thin-walled structures. 
To truly perform the data-driven model in building complex 
parts, adding more features, such as remelted depth and 
track height into the model may improve the model’s 
performance. 
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