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Polymethyl methacrylate (PMMA) is extensively used in automotive, aerospace, and consumer products industries
due to its favorable mechanical characteristics. Laser Transmission Welding (LTW) has recently gained attention as
an advanced joining method for creating strong, narrow, and lightweight welds in thermoplastics like PMMA. This
study examines the effects of three key process parameters—Ilaser power, welding speed, and scan line spacing—on
the LTW performance when bonding two transparent PMMA sheets using a fiber laser along a zigzag path. The main
objective is determining the feasibility of practical welding at low laser power while achieving high joint strength.
Experimental design and optimization were conducted using Analysis of Variance (ANOVA) and Response Surface
Methodology (RSM). ANOVA confirmed that all three parameters significantly influenced lap-shear force. RSM
results showed that higher laser power, lower welding speed, and reduced scan line spacing increased heat input and
improved weld strength, with a maximum lap-shear force of 1256 N. In contrast, lower laser power, faster welding,
and wider spacing reduced heat input and resulted in a minimum strength of 245 N. Desirability-based optimization
identified optimal settings of 30 W laser power, 400 mm/s welding speed, and 0.015 mm scan line spacing, predicting
a lap-shear force of 1249.2 N with 99.3% confidence. The results demonstrate that zigzag LTW of PMMA is feasible
at low power levels, attributed to uniform heat distribution and consistent melting achieved by the zigzag path.
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1- Introduction

Polymethyl Methacrylate (PMMA) is a transparent thermoplastic
known commercially as Perspex and Plexiglass. Due to its properties,
such as high hardness and transparency, corrosion resistance, low
weight, and 92% light transmission capability, it is used in many
industries, including automotive, aerospace, agriculture, construction,
household appliances, optical instruments, and packaging [1,2].
Given the application of PMMA in various industries, joining this
material is essential. Laser welding is one of the processes used for
joining thermoplastics, and it is utilized in both research and industry.
Laser transmission welding (LTW) is a thermal technique used to
weld different types of thermoplastics together, as well as attach
thermoplastics to metals, ceramics, and composites [3,4]. Laser
transmission welding has many advantages over other methods of
combining thermoplastics, including flexibility, quick processing
time, high processing speed, non-contact operation, cheap production
cost, a small heat-affected zone (HAZ), and the ability to achieve high
strength. These benefits have been shown in studies [5,6].

The LTW process comprises four stages: laser transmission, heat
production, melting, and solidification [7,8]. When the laser beam
goes through the see-through polymer, it is absorbed by the absorbing
polymer, resulting in a thermal zone at the boundary between the two
polymers. Within this region, polymer components undergo a melting
process. The molten materials mix due to clamp pressure, connecting
the two parts. This bond solidifies when the materials cool down [9].
According to research done by Wang et al., it was shown that the most
effective force for combining PMMA polymer parts using the LTW
technique to obtain sufficient strength is 20 N [10]. Line energy,
together with clamp pressure, is a significant factor that influences the
strength of a weld. The relationship between laser power and welding
speed, expressed as the power-to-speed per unit length ratio, is known
as line energy [11]. Augmenting the laser's strength directly impacts
the amount of energy in each line, influencing the density ofthe laser's
energy. Intense power consumption during long-term welding (LTW)
generates a higher amount of heat, which in turn causes the polymer
to melt more extensively [12]. High levels of laser power may result
in the combustion of polymers and an increase in the heat-affected
zone (HAZ) region.

On the other hand, using low power for welding might lead to
inadequate polymer melting and poor weld strength [13, 14]. The
welding speed directly influences the duration of the laser beam's
engagement with the base materials during the welding process.
Reducing the pace at which welding is performed results in a longer
duration of contact and a higher amount of heat transferred. In
contrast, a faster welding speed decreases the time for contact and
might result in insufficient bonding because of the decreased heat
input [15,16]. Nevertheless, it is crucial to ascertain each material's
ideal laser power and welding speed, considering its specific qualities
and the kind of laser used, to generate a weld of suitable strength [17].
Response Surface Methodology (RSM) is a statistical technique used
to construct experiments and create empirical models. It has been
used in numerous research to investigate the effects of different
factors on outputs such as laser power, weld-seam width, heat input,
and the heat-affected zone (HAZ) [18, 19]. Kumar et al. used
Response Surface Methodology (RSM) to construct the experiments
for optimizing the parameters of Laser Transmission Welding (LTW)
in the bonding of two transparent polymers, polymethyl methacrylate
and polycarbonate, using a pulsed Nd: YVO4 laser. The use of
Desirability Function analysis enhanced the findings. This research
examined the effects of many factors on lap-shear force, including
laser power, pulse frequency, scanning speed, wobble width, and
wobbling frequency. The analysis of variance findings indicates that
the wobbling width parameter had the most significant influence on
weld strength [20]. Acherjee et al. researched the laser transmission
welding of two polymers, PMMA and ABS, using RSM modeling.
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This study used a diode laser with a wavelength of 809.4 nm. The
influence of four factors, including laser power, welding speed, stand-
oft distance, and clamp pressure, on weld strength was assessed. The
analysis of variance data determined that the stand-off distance had
the most significant impact on the strength [17].

The evaluation of weld quality relies heavily on the essential criteria
of weld strength [9]. The criterion used to assess the strength of welds
in lap joint connections is the shear force exerted by the tensile testing
equipment on the weld joint [21,22]. The mode of weld zone failure
under shear stress is crucial in determining the appropriate range of
factors that impact weld strength. Surface and substrate damage are
prevalent problems in components connected using the LTW
technique. If the weld joint sustains damage, it is classified as surface
damage. Surface damage indicates lower weld strength compared to
the underlying material. However, if the harm arises from the region
next to the weld joint, it is referred to as substrate damage. Substrate
damage suggests that the weld connection is stronger than the base
material [23, 24]. Hence, it is essential to contemplate an optimum
combination of factors to get the highest possible weld strength
[25,26]. Controlling the LTW process optimizes and minimizes faults
in the joint region and ensures that the parameters influencing weld
strength width are within the proper range [27, 28]. Temperature
measurement throughout the LTW process yields data on the amount
of heat applied to the weld zone, the extent of polymer melting, and
the range of the heat-affected zone (HAZ) [29]. Pyrometry is a
contactless technique used to measure the temperature in the LTW
process. Due to the rapid heat transfer rate in LTW and the possibility
of measurement inaccuracies when employing Pyrometry to
determine the temperature in the weld zone, it is necessary for both
the heat input temperature to the weld zone and the emitted
temperature from this region to be relatively high [30, 31].

The current study thoroughly analyzes the effects of a zigzag laser
beam path and three adjustable parameters (laser power, welding
speed, and distance between scan lines) on the strength of the weld
between two transparent PMMA polymer pieces. This analysis was
conducted through experimental investigation, empirical modeling,
and process optimization.

This study explores the potential of achieving high-strength joints
between two transparent PMMA components using Laser
Transmission Welding (LTW) with a low-power laser following a
zigzag scanning path. The research evaluates the effects of three
controllable parameters—laser power, welding speed, and distance
between scan lines—on weld strength. These parameters were
optimized using Response Surface Methodology (RSM) alongside
Desirability Function analysis. A low-power fiber laser with beam-
scanning capabilities performed the LTW process. A black ink
coating was applied to the joint area as an absorptive layer to promote
efficient laser absorption, localized heating, and proper molten pool
formation at the bonding interface.

Additionally, a novel application of Pyrometry was implemented to
estimate weld-zone temperature, enabling the identification of
suitable processing conditions in the early experimental stages
without requiring immediate mechanical testing. RSM and Analysis
of Variance (ANOVA) were employed to systematically design the
experiments, identify key influencing parameters, and develop a
predictive relationship between input factors and Lap-shear strength.
The optimal combination of process parameters was ultimately
determined, resulting in the maximum lap-shear force, as verified by
the desirability-based optimization approach.

2-Experimental methods and details

2.1.Material and process

Transparent PMMA sheets with dimensions of 80 mm x 35 mm x 4
mm were prepared for this experimental study. The physical
properties of this polymer are presented in Table 1. For the LTW
process, a Raycus 50QB fiber marking laser machine with a
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maximum power of 50 W, a wavelength of 1064 nm, an adjustable
speed of up to 7000 mm/s, an adjustable frequency range of 50-100
kHz, and a computer connected to the laser machine was used.
Parameter settings for each welding stage were adjusted using the EZ-
CAD software available on the computer connected to the laser
machine. This laser device transmits the laser beam via an optical
fiber cable from the laser source to the laser head. To remove dust and
other surface impurities, all sample surfaces were cleaned with ethyl
alcohol. To absorb the laser beam, the surface of half of the
workpieces was coated with ink. Before welding, the surfaces were
dried with warm air to eliminate surface moisture. The welding
process of PMMA samples is shown in Figure la, and a welded
PMMA sample is shown in Figure 1b.

Fig. 1 a) View of fiber optic laser welding PMMA b) Welded PMMA
sample

Table 1 Physical and mechanical properties of Poly methyl methacrylate
[32]

Property PMMA
Density (g/cm3) 1.18
Melting Point (°C) 220-240
Surface Hardness (Rockwell) M92, M90, M100
Glass Transition Temp (Tg) 110 to 120
Linear Thermal Expansion (x 105
6.3
mm/mm.k)
Thermal Conductivity at 20 °C (KW /mk) 0.12-0.17
Refractive index 1.49
Luminance transmission 92%
Tensile Strength (MPa) 72
Tensile Modulus (GPa) 31

Wang et al. [10] reported that a minimum clamping force of 20 N is
necessary to achieve proper adhesion and prevent air infiltration at
the joint interface of two PMMA components. Accordingly, two
mechanical clamps (Figure 2) were used to apply the required
compressive force to the samples during welding. A piezoelectric
force sensor integrated with an Arduino board accurately measured
and monitored the applied clamping force.

Fig. 2 Method of measuring the clamping force.
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2.2 Testing process

Preliminary tests indicated that welding temperatures significantly
lower or higher than PMMA’s melting point led to inadequate joint
formation. At lower temperatures, insufficient heat generation
resulted in poor melting and weak bonding between the parts. On the
other hand, excessive temperatures caused thermal degradation or
vaporization of PMMA, which disrupted the fusion of polymer chains
and prevented the formation of a strong weld. Therefore, the selection
of both fixed and variable process parameters was guided by the goal
of maintaining welding temperatures close to the PMMA melting
point. Pyrometry was employed during the welding process to
monitor the thermal behavior of the weld zone and confirm that the
welding occurred within this critical temperature range. This non-
contact temperature measurement technique provided real-time
feedback, enabling proper adjustment of parameters and avoiding the
need for destructive testing in early experimental stages.

Due to the substantial heat transfer, accurately measuring the
temperature of the weld zone in the Laser Transmission Welding
(LTW) process is a challenge. Therefore, it is impractical to measure
the weld area's temperature using pyrometry precisely. Pyrometry,
however, may be an appropriate technique for visually examining and
determining the range of input parameters for research purposes.
Therefore, a pyrometer with a temperature range from -35 to 500
degrees Celsius and a precision of 0.1 degrees Celsius was used to
estimate the temperature of the weld zone and determine the
acceptable range of input parameters.

The strength of the welded PMMA pieces increases proportionally
with the magnitude of the shear force they can endure. Consequently,
a tensile test was used to evaluate the strength of the weld. The testing
machine has a maximum capacity of 2.5 tons. As per the ASTM D
1002 standard, the upper and lower jaws of the tensile testing
equipment held the welded sample, with 2.5 cm measured from each
direction. The welded samples underwent a tensile test at a
temperature of 25°C, with a speed of 0.5 mm/min.

2.3 Experimental design

2.3.1 OFAT Method

In the initial stage of the experiments, real-time temperature
monitoring was conducted using pyrometry, and the One-Factor-at-a-
Time (OFAT) approach was applied to determine both constant and
variable input parameters that facilitate the practical welding of
PMMA samples within the material's melting temperature range.
Based on the results of these preliminary tests, three variable
parameters—laser power, welding speed, and distance between scan
lines —were identified as significantly impacting the Lap-shear force
in the zigzag welding configuration. Each of these variables was
investigated at three different levels, all chosen to maintain the
process within the optimal thermal range near PMMA's melting point,
as detailed in Table 2. Additionally, three parameters—Focal Point
Position (FPP), Laser pulse frequency, and Clamping force—were
held constant throughout the experiments to limit the number of test
conditions and reduce overall experimental costs. The fixed values
for these parameters were set as follows: a focal distance of 120 mm,
a pulse frequency of 50 kHz, and a clamping force of 20 N.

2.3.2 RSM Method

Response Surface Methodology (RSM) is a collection of
mathematical and statistical tools used to model and analyze issues in
which the output of interest is affected by many input factors. The
goal is to maximize the efficiency of the reaction. The outcome of this
procedure yields a regression equation (Equation 1) that precisely
defines the connection between the input parameters (x) and the
response variable (y). The equation may be described as follows: y
represents the response, x represents the independent variables, B
represents the regression coefficients, and € represents the observed
error [33].
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To design the experiments and optimize the process variables, this
study employed Response Surface Methodology (RSM) in
conjunction with a face-centered central composite design (FCCD).
This statistical approach was chosen due to its widespread application
and proven effectiveness in producing accurate, high-quality results
while minimizing the required experimental runs. The input
parameters investigated were laser power, welding speed, and
distance between scan lines, each tested at three defined levels to
evaluate their individual and combined effects on the welding
process. The specific parameter levels used in the study are detailed
in Table 2.

Table 2 Process control parameters and their limits.

Input Parameters Unit Notations Level
(Controllable)
-1 0 +1
Laser power (A) Watt P 20 25 30
mm
Welding speed (B) — \' 400 425 450
K
distance between scan
mm LD 0.015 0.02 0.025

lines (C)
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confidence level above 95%. If any input parameters have a P-value
that exceeds 0.05, they lack significance.

Furthermore, a model is deemed satisfactory if the lack-of-fit value
exceeds 0.05. The ANOVA table indicates that the variables Laser
power (P), welding speed (S), the distance between scan lines (LD),
the quadratic effect of laser power (P?), the quadratic effect of welding
speed (S?), the interaction effect of laser power and welding speed
(PxS), and the interaction effect of welding speed and distance
between scan lines (SxLD) significantly influence the lap shear force.
Out of all the input parameters, the one with the most influence on the
lap shear force is laser power, with an F-value of 1598.31. On the
other hand, the parameter with the least influence is the quadratic
effect of welding speed (S?) with an F-value of 5.36. The parameters
(LD?), representing the quadratic effect of the distance between scan
lines, and (PxLD), representing the interaction effect of laser power
and distance between scan lines, were eliminated from the model
since they have no impact on the shear force and their removal was
done to enhance the model.

Table 3 Design matrix and measured responses.

2.3.3 Optimization using examination of desirability functions.

The Derringer and Suich optimization methodology is viable for
simultaneously optimizing several outputs [34]. This approach relies
on Desirability functions. Under this methodology, every output y; is
first transformed into a desirability function di, which spans from zero
to one (0<di<1). Within this function, when the output y; matches the
desired value, the variable di is assigned a value of 1. Conversely, if
the output falls beyond the allowed range, di is assigned a value of 0.
The input variables are chosen to optimize the total desirability D
[33].

3. Results and Discussion

3.1 Development of mathematical models

The Minitab version 21.4.2 (64-bit) Software was used to assess and
generate an appropriate regression equation for fitting the collected
data. Before the analysis of variance, tests were performed in the
order of the results presented in Table 3 to remove factor noise. The
ANOVA approach was used to assess the significance or
insignificance of the input parameters. In this approach, the F-value
and lack of fit were used to assess and examine the efficacy or
ineffectiveness of the input parameters, as well as the correctness and
sufficiency of the model.

3.1.1 Analysis of Lap-shear Force

The purpose of the regression equation is to construct a coherent link
between the response variable and the independent input factors.
Equation 2 is the regression equation that reflects the output shear
force. Table 4 displays the R?, corrected R?, and anticipated R? values,
as well as other indicators of adequacy for the shear force. The
proximity of the R?, adjusted R?, and predicted R* values to one
suggests that the model is efficient. Based on the data in the table, if
the input parameters have a P-value lower than 0.05 (a=0.05, or 95%
confidence level), they significantly affect the shear force with a
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Experimental information Results
Run Std order Welding Parameters
order Lap-shear
P (watt) s (") LD (mm)  Feree®)

1 2 30 425 0.020 1025
2 37 20 450 0.025 245
3 30 20 400 0.015 875
4 25 30 450 0.015 1044
5} 3 30 400 0.025 936
6 35 25 425 0.020 664
7 32 25 400 0.020 792
8 8 25 425 0.020 655
9 9 20 400 0.025 585
10 38 25 425 0.020 670
11 1 25 425 0.025 542
12 40 20 450 0.015 472
13 5 30 400 0.015 1256
14 12 30 450 0.025 785
15 16 20 425 0.020 580
16 23 25 425 0.020 695
17 33 2] 425 0.015 845
18 14 25 425 0.020 710
19 36 25 425 0.020 660
20 18 25 450 0.020 530

The graphs shown in Figure 3 examine the influence of each input
parameter. Increasing the laser power (P) from 20 W to 30 W resulted
in higher temperatures in the weld region and enhanced polymer
melting. Upon reaching their critical temperatures, the absorbing and
transparent polymers underwent melting, resulting in an expansion in
the volume of the molten fluid. Consequently, there was an increased
degree of intermingling and adhesion among the polymer molecules.
Consequently, a stronger bond between the two polymers was
established after they hardened. Increasing the welding speed (S) led
to a decrease in the temperature of the weld zone, hence lowering the
amount of polymer melt in that area. Consequently, the weld strength
decreased when the welding speed increased from 400 mm/s to 450
mm/s. The distance between scan lines (LD) directly impacts the
quantity of laser beam scans inside a particular area. Consequently,
reducing the distance between the scan lines of the beam resulted in
an increased number of laser beam scans on the surface under

Volume 25, Issue 05, May 2025



275 Experimental Modeling and Process Optimization of Laser Transmission Welding with Fiber Optic Laser for Polymethyl Methacrylate in Zigzag Path

examination. Increasing the number of laser beam scans on a surface
resulted in higher temperatures in the weld zone, increasing the
polymer's melting in that area. Consequently, the weld strength
decreased as the distance between scan lines rose from 0.015 mm to
0.025 mm.

F Zigzag = 3691 — 351.8
P + 14.4S — 80680

LD + 4.723

P x P —0.0375
SxS+0.38

PXxS+124 SXLD

()]

Table 4 ANOVA analysis for the lap-shear Force width model (after
backward elimination).

Source  DF Sum of L2 F-value P-value
squares squares
Model 7 982624 140375 42821 0.000 Significant
Linear 3 906815 302272 922.08 0.000
P 1 523952 523952 1598.31 0.000
S 1 187142 187142 570.88 0.000
LD 1 195720 195720 597.04 0.000
Square 2 55838 27919 85.17 0.000
P*P 1 44604 44604 136.06 0.000
S*S 1 1758 1758 536 0.039
2Way 19972 9986 3046 0.000
Interaction
P*S 1 18050 18050 55.06 0.000
S*LD 1 1922 1922 5.86 0.032
Error 12 3934 328
Lack-of-Fit 7 1540 220 0.46 0.830 . r‘{o,t
Significant
Pure Error 5 2393 479
Total 19 986558
R2= Predict Rz=
i 2= 99,379
99.60% Adjusted R?=99.37% 98.99%

3.2 Effects of process parameters on the responses
3.2.1. Main Effects Plots for Lap-shear Force

The graphs shown in Figure 3 examine the influence of each input
parameter. Increasing the laser power (P) from 20 W to 30 W resulted
in higher temperatures in the weld region and enhanced polymer
melting. Upon reaching their critical temperatures, the absorbing and
transparent polymers underwent melting, resulting in an expansion in
the volume of the molten fluid. Consequently, there was an increased
degree of intermingling and adhesion among the polymer molecules.
Consequently, a stronger bond between the two polymers was
established after they hardened. Increasing the welding speed (S) led
to a decrease in the temperature of the weld zone, hence lowering the
amount of polymer melt in that area. Consequently, the weld strength
decreased when the welding speed increased from 400 mm/s to 450
mm/s. The distance between scan lines (LD) directly impacts the
quantity of laser beam scans inside a particular area. Consequently,
reducing the distance between the scan lines of the beam resulted in
an increased number of laser beam scans on the surface under
examination. Increasing the number of laser beam scans on a surface
resulted in higher temperatures in the weld zone, increasing the
polymer's melting in that area. Consequently, the weld strength
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decreased as the distance between scan lines rose from 0.015 mm to
0.025 mm.

1100

1000

Mean of Lap-shear force (N)
- @ 9
g ] g

e
-]
8

20 25 30 400 420 440 0.015 0.020 0.025

Fig. 3 Main Effects Plots for Lap-shear force.

3.2.2. Interaction Plots for Lap-shear Force

Concurrently augmenting laser intensity and reducing welding
velocity results in a rise in line energy [ 15]. Inadequate fusion or weak
weld strength occurs due to low line energy, while excessive line
energy leads to polymer base materials being burned and degraded.
Thus, it is necessary to determine the most favorable energy level for
the line energy. To achieve uniform line energy across all levels of
laser power and welding speed, one may raise both power and speed
or reduce both simultaneously. This method achieves a uniform heat
input in the welding area after attaining the ideal line energy.

As illustrated in Figure 4, the interaction between laser power and
welding speed significantly influences the line energy, affecting weld
quality. Increased laser power at lower welding speeds leads to higher
line energy and more extensive melting within the weld zone. This
condition enhances joint formation and increases the resulting Lap-
shear force. Notably, changes in laser power exhibit a more
substantial impact on line energy—and thus on weld strength—than
variations in welding speed alone. For instance, under maximum laser
power (30 W) and minimum welding speed (400 mm/s), the Lap-
shear force exceeded 1000 N. In contrast, at the lowest laser power
(20 W) and highest welding speed (450 mm/s), the Lap-shear force
decreased to just above 400 N.

Further analysis of the interaction between welding speed and
distance between scan lines (S x LD), as shown in Figure 4, indicates
that decreasing both parameters simultaneously increases the heat
input into the weld area, thereby strengthening the joint. Conversely,
increasing both parameters reduces the heat input and the Lap-shear
force. The nearly symmetrical variation in Lap-shear force observed
across these parameter combinations suggests that welding speed and
distance between scan lines exert comparable influence on joint
strength. When welding speed and distance between scan lines were
at their minimum levels (400 mm/s and 0.015 mm, respectively), the
Lap-shear force approached 1000 N. However, increasing these to
their maximum levels (450 mm/s and 0.025 mm) led to a significant
reduction in Lap-shear force, with values around 400 N. According to
ANOVA results, the interaction between laser power and distance
between scan lines (P x LD) did not statistically affect Lap-shear
force. Consequently, this interaction was excluded from the plots
presented in Figure 4.

3.2.3. Contours plot and Response surface plots for Lap-shear force
Figure 5 displays the contour and planar graphs illustrating the
changes in shear force due to the combined influence of laser power
and welding speed (PxS). The beamline parameter distance in these
photos is set to its center value of 0.02 mm. Figure 5(a) demonstrates
that increasing laser power and reducing welding speed increased
weld strength. This is caused by the higher amount of heat being
applied to the area where the weld is being made, which is influenced
by the changing energy levels along the weld line. The maximum heat
input to the weld zone was at a laser power of around 29-30 W, with
a welding speed ranging from 400-435 mm/s.
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Mean of Force

Fig. 4 Interaction Plots for Lap-shear force.

In contrast, diminishing the laser power and augmenting the welding
speed resulted in a loss in line energy, which led to a reduction in heat
input to the weld zone, a decrease in polymer melting, and, therefore,
a decline in weld strength. The minimum shear force values were
observed when the laser power ranged from around 20-23 W, and the
welding speed varied from around 448-450 mm/s. The planar graph
in Figure 5(b) illustrates the correlation between line energy and heat
input on weld strength. It demonstrates that shear pressures exceeding
1000 N were attained when the line energy reached its highest point.
Figures 6(a) and 6 (b) show the contour and planar graphs illustrating
the changes in shear force resulting from the interaction between
welding speed and the distance between scan lines (SXLD). In this
case, the laser power remains constant at its center value of 25 W.
Figure 6(a) demonstrates that reducing the welding speed and the
distance between scan lines simultaneously increased the lap-shear
force. Thus, it can be inferred that a decrease in the interaction effect
of welding speed and the distance between scan lines (SXLD)
increases the heat input to the weld zone. Enhanced thermal transfer,
generating a suitable amount of molten material substance,
integrating the base material, and eventually creating a robust
connection in the welding area are further consequences of
amplifying the interaction effect of welding speed and the distance
between scan lines (SXLD). The optimal welding speed range for
achieving the most significant shear force in a zigzag route is around
400-410 mm/s, while the recommended distance between scan lines
is around 0.015-0.016 mm.

In contrast, the optimal values for minimizing lap-shear force are 435-
450 mm/s and 0.023-0.025 mm. Based on the data shown in Figure
6(b), it was found that while using a laser power of 25 W, no welds
were seen to have a shear strength of more than 1000 N. The laser
power parameter substantially impacts the heat input to the weld zone
compared to the welding speed, distance between scan lines, and their
interaction effect. Consequently, shear strengths greater than 1000 N
were observed when the laser power reached 30 W.

Hold Values
LD 0.02mm

Hold Values
LD 002mm

Lap-shear force ()
g

g

B pw)

™ r an ) o m
S (mms)
(@ ()

Fig. 5 (a) Contours plot and (b) response surface plot showing the effect of
P and S on the lap-shear force that LD= 0.02 mm.
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Fig. 6 (a) Contours plot and (b) response surface plot showing the effect of
S and LD on the lap-shear force that P=25 W.

4. Optimization of Lap shear force

The process output was optimized by adjusting the parameters to
achieve optimum weld strength. Fig.7 presents the process parameters
arranged in columns, where each row represents different output
variations. Every individual cell demonstrates the changes in the
corresponding output when the input parameters are modified. The
values at the top of each column represent each parameter's high,
optimal, and low settings, respectively. The optimization findings
indicate that the ideal parameter values are a laser power of 30 W, a
welding speed of 400 mm/s, and a beam distance of 0.015 mm. The
first cell of each row displays the forecasted output value and its
corresponding probability of attainment. Based on the projected
model, if welding is repeated using these ideal parameters, the welded
samples will exhibit a maximum tensile strength of 1249.21 N. The
findings suggest that the given optimum values are satisfactory, as
shown by a Desirability Function score of 99.3%.

Optimal 3;0 45%‘0
LD Gy 12001 [400.0]
Low 200 400.0
Foree
Maxirmurm
y= 12482105
4=09920

Fig. 7 Optimization plot for weld lap shear force.

5 .Conclusion

Transparent PMMA samples were joined using a low-power fiber
laser through a transmission welding process along a zigzag scanning
path. The zigzag pattern contributed to a uniform heat distribution
across the weld zone, facilitating consistent molten flow and
enhancing joint strength. Notably, this welding configuration formed
strong joints at low laser power and high scanning speeds,
characterized by low line energy. Reducing laser power and increased
welding speed led to lower line energy, reducing heat input and the
weld zone temperature. When the temperature dropped below the
melting point of PMMA, incomplete melting occurred, weakening
joint strength. Conversely, excessive line energy caused overheating,
polymer over-melting, and material vaporization and degradation,
negatively impacting weld integrity. These findings underscore the
importance of optimizing line energy to ensure high-strength welds.
Another influential factor was the distance between scan lines.
Decreasing this parameter increased the welding time and heat input,
promoting more thorough polymer melting and, thus, stronger joints.
According to the ANOVA results, among the three investigated
parameters—Ilaser power, welding speed, and distance between scan
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lines —laser power emerged as the most significant factor affecting
Lap-shear force and overall weld quality. The highest recorded Lap-
shear force was 1256 N, achieved under the optimal 30 W laser power
combination, 400 mm/s welding speed, and 0.015 mm scan line
distance. Based on desirability function analysis, applying these
optimal parameters yields an estimated Lap-shear force of 1249.21 N
with a 99.3% probability, demonstrating the reliability and
repeatability of the proposed welding strategy.
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