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ABSTRACT: The packaging quality of coaxial laser diodes (CLDs) plays a pivotal role in determining their optical
performance and long-term reliability. As the core packaging process, high-precision laser welding requires precise
control of process parameters to suppress optical power loss. However, the complex nonlinear relationship between
welding parameters and optical power loss renders traditional trial-and-error methods inefficient and imprecise.
To address this challenge, a physics-informed (PI) and data-driven collaboration approach for welding parameter
optimization is proposed. First, thermal-fluid-solid coupling finite element method (FEM) was employed to quantify
the sensitivity of welding parameters to physical characteristics, including residual stress. This analysis facilitated the
identification of critical factors contributing to optical power loss. Subsequently, a Gaussian process regression (GPR)
model incorporating finite element simulation prior knowledge was constructed based on the selected features. By
introducing physics-informed kernel (PIK) functions, stress distribution patterns were embedded into the prediction
model, achieving high-precision optical power loss prediction. Finally, a Bayesian optimization (BO) algorithm
with an adaptive sampling strategy was implemented for efficient parameter space exploration. Experimental results
demonstrate that the proposed method effectively establishes explicit physical correlations between welding parameters
and optical power loss. The optimized welding parameters reduced optical power loss by 34.1%, providing theoretical
guidance and technical support for reliable CLD packaging.

KEYWORDS: Coaxial laser diodes; laser welding; physics-informed; Gaussian process regression; Bayesian
optimization

1 Introduction

Coaxial Laser Diodes (CLDs), known for their compact structure and high stability, have become
indispensable components in high-speed optical communication and precision optical measurement sys-
tems [1]. The quality of CLD packaging profoundly governs their optical output consistency and long-term
reliability. Effective CLD packaging demands meticulous optical alignment and mechanical stabilization at
the micrometer scale, rendering high-precision laser welding a widely embraced technique in this field [2,3].
Compared to conventional adhesive bonding or mechanical clamping, laser welding affords distinct advan-
tages, including a diminished heat-affected zone, superior forming precision, and non-contact processing,
which collectively mitigate structural deformation induced by thermal stress during encapsulation [4].
Nevertheless, fiber misalignment and residual stress accumulation, stemming from parameter mismatches
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during welding, frequently precipitate excessive optical power loss, leading to device failure and reduced
yield rates. This challenge is particularly pronounced in miniaturized, high-density CLD packaging [5].

To laser welding parameter optimization, existing research primarily focuses on constructing thermal-
mechanical or thermal-fluid [6,7] coupling models through finite element method (FEM) [8-10], combined
with intelligent algorithms for adaptive parameter search [11,12]. For instance, Chuang et al. [13] proposed
a laser welding parameter optimization framework based on finite element simulation and dual neural
networks. By jointly predicting molten pool size, cooling rate, heat-affected zone width, and angular
deformation, they achieved angular deformation below 564 pum for SS316L butt joints, using a quadruple
quality criterion for parameter screening. Escribano-Garcia et al. [14] developed a rapid heat source model
parameter optimization method combining response surface methodology (RSM) and FEM. They generated
simulation data using three-dimensional transient thermal analysis and elastoplastic mechanical models,
and determined the optimal heat source parameters through RSM, significantly reducing engineering time
compared to traditional trial-and-error methods. Lu et al. [15] established a temperature field simulation
model for friction stir ring welding of 2219 aluminum alloy large cylindrical tanks using ABAQUS,
employing RSM, multi-objective particle swarm optimization (PSO) to minimize heat-affected zone length
and thickness direction temperature difference, obtaining optimal process parameters. Tan et al. [16] used
FEM to simulate residual stress and deformation in Q345 steel T-type double-sided welded joints. Applying
NSGA-II and multi-objective PSO for optimization effectively reduced residual stress and deformation,
offering valuable guidance for welding parameter selection. However, these methods face fundamental
challenges in CLD packaging scenarios: the millimeter-scale packaging structure makes it difficult to directly
measure temperature gradients, molten pool flow, and residual stress distribution in the welding zone. As
a result, finite element models often lack reliable experimental validation. Consequently, the industry still
largely relies on the “weld-test-adjust” trial-and-error approach, resulting in prolonged process development
cycles and insufficient stability.

Recent years have seen attempts to apply machine learning techniques to welding quality predic-
tion [17,18]. For example, Wang et al. [19] proposed a computer-aided computational framework based on
Gaussian Process Regression (GPR) and Genetic Algorithm (GA), optimizing welding heat source model
shape parameters. Costa et al. [20] developed a novel approach using Support Vector Regression (SVR)
models and Sequential Quadratic Programming (SQP) algorithms, successfully minimizing surface porosity
in ASTM A36 steel plates through prediction and optimization of underwater flux-cored arc welding
(FCAW) process parameters. Zhang et al. [21] introduced a multi-objective jellyfish search algorithm based
on Random Forest (RF) models and Bayesian optimization (BO), significantly improving welded joint
performance by optimizing steel/aluminum welding process parameters. Wang et al. [22] optimized double-
pulse MIG welding process parameters by constructing process-performance meta-models. They applied
reliability-based multi-objective optimization methods to search for optimal solutions under performance
requirements, guiding welding process design in automotive manufacturing. However, the performance of
these methods is limited by feature selection challenges in high-dimensional parameter spaces, resulting in
poor model interpretability and susceptibility to overfitting in small-sample scenarios.

To address these limitations, this study proposes a synergistic optimization framework integrating
physics-informed (PI) and data-driven methodologies. A thermal-fluid-solid coupling finite element model
is initially employed to quantify the influence of welding parameters on critical physical characteristics, such
as residual stress. Parameters exhibiting significant correlation with optical power loss are thereby identified.
Based on these parameters, a GPR model is constructed, incorporating stress distribution patterns revealed
by finite element simulations through physics-informed kernel (PIK) functions. Finally, an adaptive BO
algorithm is implemented to facilitate efficient global optimization of process parameters.
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2 Experiment System
2.1 CLD Packaging Process

The core components of a CLD include the fiber module and the laser module, as illustrated in Fig. la.
The fiber module primarily consists of a single-mode fiber, a fiber sleeve, and a collimating lens, while
the laser module comprises a laser chip, a heat sink, and a packaging substrate. During optical power
transmission, the beam emitted by the laser chip is collimated and focused through a micro-optical system
(e.g., a collimating lens) and subsequently coupled into the single-mode fiber. This process requires perfect
alignment between the fiber end face and the laser chip to ensure efficient optical power transmission and
minimize signal loss. As shown in Fig. 1b,c, the CLD packaging process involves two critical steps: optical
coupling optimization and laser welding fixation. The detailed procedure is as follows:

Motion platform

- 1

<— Fiber module

<— Laser module I I I Welding I U

Optical power meter

(@) (b) ©

Figure 1: Schematic diagram of CLD structure and packaging process

Step 1: Optical Coupling Optimization. Before welding, the fiber position is adjusted in real time using
a high-precision optical power meter combined with a six-degree-of-freedom motion platform. The motion
platform adjusts the fiber position with micron-level precision, while the optical power meter continuously
monitors the output power. This process continues until the maximum power point is found, ensuring
optimal coupling between the fiber and the laser chip.

Step 2: Laser Welding Fixation. Three welding guns, symmetrically distributed at 120° around the fiber
sleeve, are employed for spot welding to form a uniformly stressed welding structure. Predefined welding
parameters ensure uniform temperature distribution in the welding zone and minimize thermal stress.
After welding, the laser’s output power is measured again using the optical power meter, and the power
variation before and after welding is calculated. If the power loss exceeds a predefined threshold, the device
is deemed defective.

The above process demonstrates that the evaluation of packaging quality heavily relies on the macro-
scopic indicator of optical power loss, which fails to directly reflect the intrinsic physical mechanisms during
welding, such as residual stress distribution and molten pool dynamics. This limitation has led to long-term
reliance on empirical trial-and-error methods for process optimization, making it challenging to establish
precise correlations between welding parameters and packaging quality. As a result, further improvements
in CLD packaging efficiency and reliability are hindered.

2.2 Experimental Equipment and Configuration

The coaxial laser welding system employed in this study is illustrated in Fig. 2. It primarily consists of an
Nd:YAG fiber-pulsed laser, a high-precision three-axis displacement platform, and a real-time optical power
measurement module. The Nd:YAG fiber-pulsed laser operates at a wavelength of 1064 nm, with a maximum
output power of 5 kW. It features high pulse peak power and adjustable pulse width, making it suitable for
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high-precision micro-welding applications. The laser beam is transmitted to the welding workstation via
optical fiber, where it is split into three beams before being delivered through the welding torch. As shown
in Fig. 2b, the welding torch is positioned at a specific incident angle relative to the workpiece surface to
optimize energy distribution and minimize the heat-affected zone.

[— A 4
ND:YAG
B
Power meter

Figure 2: Experimental equipment. (a) physical equipment, (b) schematic diagram of the motion platform and welding
torch arrangement

To ensure precise alignment between the fiber module and the laser module, a high-precision three-
axis displacement platform (XYZ-axis accuracy of +0.1 um) was utilized. By adjusting the position of the
fiber module along the X, Y, and Z axes, combined with the real-time optical power measurement module
(including a high-sensitivity optical power meter and an automated scanning strategy), the output power
was monitored in real-time to identify the maximum power point, ensuring optimal coupling between the
two modules. Notably, a small gap was maintained between the fiber module and the laser module before
welding to prevent mechanical stress accumulation caused by thermal expansion during the process. The key
process parameters summarized in Table 1 represent the industrial-standard baseline settings for coaxial laser
welding systems. These parameters have been experimentally validated and widely adopted in commercial
CLD packaging processes.

Table 1: Industrial-standard baseline process parameters for coaxial laser welding systems

Parameter Laser power Defocus distance Laserloadingtime Incidentangle Module gap
Setup 3 (kW) 0 (um) 4 (ms) 10 (°) 10 (um)

3 Method

3.1 System Overview

The proposed method for predicting and optimizing the quality of CLD welding is illustrated in Fig. 3.
Its core framework integrates three key modules: feature extraction driven by multi-physics FEM, physics-
informed Gaussian process regression (PI-GPR) modeling, and adaptive BO for parameter tuning. First,
the influence of welding process parameters on physical characteristics, such as residual stress, is quantified
through coupled thermal-fluid-solid FEM. This step identifies sensitivity parameters significantly correlated
with optical power loss, providing a physical basis for subsequent modeling. Second, a GPR model is
constructed based on the selected physical features. By incorporating PIK, the stress distribution patterns
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are embedded into the prediction process, enabling accurate mapping of optical power loss. Finally, an
objective function is derived from the GPR model, and an adaptive BO algorithm is utilized to conduct
global optimization within the parameter space. By dynamically balancing exploration and exploitation, this
strategy enhances the convergence rate of optimal process parameters.

I | Feature Optimal
Extraction parameters
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Figure 3: Overview of the proposed system

3.2 FEM-Assisted Feature Selection

In the optimization of laser welding packaging processes, experimental measurements can only provide
macroscopic performance indicators, such as optical power loss. However, they fail to reveal the under-
lying physical mechanisms, including residual stress distribution, microscopic weld morphology, and the
evolution of material microstructures. Therefore, this study introduces a thermal-fluid-solid multi-physics
coupled FEM to systematically investigate the welding process. A multi-physics evolution model of the
welding process is constructed to identify key process parameters that significantly affect optical power loss.
These parameters serve as critical input features for building the subsequent GPR model.

In the thermal-fluid-solid simulation, the multi-physics computational model of the welding process
is established using the continuity equation, energy conservation equation, and momentum conservation

equation:
P iy (pi)=0 )
@w-[ﬁﬁ] =v-[£vT]+sT, (2)
’ (gf) o [pud] = v [uvd] - ¥R+ 5, ®)

where p represents the material density. T, k, Cps and u denote temperature, thermal conductivity, specific
heat, and velocity vector, respectively. P and y represent pressure and dynamic viscosity, while St and S, are
the source terms for energy and momentum.

In mechanical analysis, the material’s yield condition follows the von Mises yield criterion. The total
strain increment can be expressed as the sum of three components:

At = Ae® + AeP + Agl, (4)

where Ae®, Ae? and Ae¢' are respectively elastic strain increment, plastic strain increment, and thermal
strain increment.

In the laser welding process, the distribution of the heat source is critical for calculating the temperature
and stress fields. This study employs a Gaussian volumetric heat source model [23,24] to describe the
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distribution of laser energy in the welding zone. The Gaussian volumetric heat source model assumes that
the laser energy follows a Gaussian distribution in space, and its heat source model can be expressed as:

9772Qlaser -9 2 2
Rl oy ——— : 5
nR?H (1- ¢3) P log (H/y) (x T ) ®)

where q (x, y,z) is the heat flux density at the coordinate (x, y, z) within the Gaussian heat source body,
Qjaser 1s the total heat input power, R is the characteristic radius of the heat source, H is the penetration
depth of the heat source, and 7, is the efficiency coefficient of the rotational Gaussian heat source.

q(x.y.2) =

Accurately defining boundary conditions is crucial for simulating welding behavior correctly. The force
boundary conditions for fluid flow within the molten pool include surface tension 7, recoil pressure P,, and
buoyancy F;, expressed as follows:

dy

= ——L.AT 6
LT 6)

where % represents the variation of surface tension with temperature, and AT is the temperature gradient.

P, = 0.54P, (AH r- T”) (7)
= 0. ex v
0 Xp RTT,

where P is the atmospheric pressure, T, is the evaporation temperature of the liquid metal, H, is the latent
heat of vaporization, R is the ideal gas constant, and T is the surface temperature of the liquid metal.

Fy=p-g-B-(T-Th) (8)
where p is the fluid density, g is the gravitational acceleration, f is the thermal expansion coefficient of the

material, T is the local temperature, and Tj is the reference temperature.

For the surface of the welded components, heat transfer through radiation ¢,,4 and convection q.op, is
considered, as described below:

qmdze‘a-(T‘l—Tg) 9)

where ¢ is the emissivity of the material, o is the Stefan-Boltzmann constant, T is the surface temperature of
the weld, and Tj is the ambient temperature.

Gconv = h- (T4 - T(;l) (10)

where h is the convective heat transfer coeflicient.

Based on the FEM calculation results, the relationship between welding parameters x and residual stress
o, is established:

o, =g(x), (11)

where x includes process parameters such as laser power, defocus distance, and incident angle.

It is noteworthy that multiple physical mechanisms, such as molten pool morphology, temperature
gradient, and residual stress, may influence optical power loss during the welding process. The selection
of residual stress as the key physical feature is rooted in its decisive influence on optical coupling stability.
Usually, the maximum principal stress concentration occurs precisely at the fiber-laser module interface.
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This stress distribution characteristic induces two critical effects: (1) Fiber displacement caused by stress-
induced deformation, which directly affects the mode field matching degree. (2) Stress-optic effect altering
the refractive index distribution of optical components. These coupled physical mechanisms establish an
intrinsic connection between residual stress and optical power loss [5].

Subsequently, local sensitivity analysis is employed to evaluate the influence of each parameter on
residual stress:
_ do,

Si - >
ax,-

(12)

where S; represents the degree of influence of the parameter x; on stress. By identifying the process
parameters that most significantly affect welding residual stress, they are selected as input variables for the
GPR surrogate model.

3.3 PI-GPR

In the modeling of laser welding packaging processes, the relationship between optical power loss
and residual stress exhibits high nonlinearity and complexity. Traditional data-driven modeling methods,
such as neural networks and support vector machines, can fit nonlinear relationships but are prone to
overfitting under small sample conditions. In contrast, the non-parametric Bayesian framework of GPR
provides substantial benefits [25,26].

However, traditional GPR relies solely on experimental data and struggles to fully capture the intrinsic
influence of physical mechanisms on system responses. To address this, this study proposes a PI-GRP. By inte-
grating PI extracted from FEM with experimental data, the model’s prediction accuracy and generalization
capability are significantly improved.

The target function f (x) is assumed to follow a Gaussian process:
f(x)~ GP(m(x),k(x,x)), (13)

where m (x) represents the mean function, typically set to zero, and k (x, x") denotes the kernel function,
which determines the correlation of the data.

To incorporate physical information into the GPR model, this study constructs a PIK function based
on key process parameters extracted from FEM. Let X denote the vector of welding process parameters
determined through FEM-assisted feature selection. The PIK function is defined as:

kPIK = kdutu (X’ X,) + kphys (X)X,) > (14)

where kgq¢q (X, X') represents the data-driven kernel function, and ks (X, X”) denotes the PIK function.

The base kernel function for the data-driven part is chosen as the anisotropic Radial Basis Function
(RBF) kernel:

X; - X|I°
‘ 1 1|| )’ (15)

d
kgara (X, X') = 0% exp (— Z | 5
i=1 21;

where 07 is the variance, and I; represents the hyperparameter controlling the influence range of the welding
parameters. This kernel function can flexibly describe the nonlinear relationships between input data.

The PIK function is defined by introducing internal physical features closely related to optical power
loss, such as residual stress. The PIK construction involves processing steps are as follows:
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Spatial Dimensionality Reduction: For each sample’s stress field o, (x, y,z), extract the maximum
principal stress value as the key physical feature:

Ormax = Max oy (X, 9,2), (16)

where 0,1 represents the first principal stress component.

Standardization: Perform z-score normalization on o, yay across all samples:

&= M) 17)

0-1’0'

where p4, and 0,, are the mean and standard deviation of g, n,x, respectively.

The PIK function is then formulated as:

12
ke (6.8 =wexp (L0, (s

where  represents the PI variable (residual stress), « denotes the weight of the PI, controlling its contribution
to the model, and A governs the influence range of variable &. By introducing the PIK function, the model
can better capture the nonlinear relationship between optical power loss and residual stress in the welding
process, especially in regions with sparse experimental data.

For n observed samples D = {(x;, y;)}|_,, the data covariance matrix is computed:
K = Kgata + Kpnys, (19)
where K14 is derived from k414, and Kppys is derived from kpj, ;.

For a new point x*, its predictive distribution is given by:
y'|D,x* ~N (‘M*, Uf) ) (20)

The mean p, and variance o7 can be calculated as:

ue =k (K+0°1) "y, 1)
02 = k(x*,x*) - k" (K+0’I) "k, (22)

where k = [k (X*,X1),k (X%, X3), ...,k (X*,X,)]’, 0 represent the noise variance.

3.4 Bayesian Process Parameter Optimization Based on Adaptive Acquisition Strategy

Building on the PI-GPR model, this study employs BO to efficiently search for optimal welding process
parameters, aiming to minimize optical power loss. BO accelerates the optimization process by constructing
a surrogate model and designing an acquisition function, intelligently selecting the next experimental point
under limited experimental trials [27,28]. The optimization objective is defined as:

x* =argminf (x), (23)

where f (x) is estimated by the PI-GPR model.

The core of BO lies in the acquisition function, which determines the selection of the next experimental
point. To efficiently search for the optimal solution under limited experimental trials, this study introduces
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Expected Improvement (EI) and Upper Confidence Bound (UCB) and designs an adaptive acquisition
strategy to dynamically balance exploration and exploitation.

The EI acquisition function aims to maximize the expected improvement value, i.e., identifying
experimental points that significantly reduce optical power loss. Its expression is:

EI(x) = E[max (f* - f (x),0)], (24)

where f* = min f (x) represents the current best experimental result.

The EI can be derived through Gaussian integral:
El(x) = E[1(x)]
r * 2
- [ -9 (fim )0t () df (25)

(" — oy (x f* e (x) o (x e (x)
O e e T =

where y; (x) is the mean predicted by PI-GPR, ¢ (-) and ¢ (-) are the Cumulative Distribution Function
(CDF) and Probability Density Function (PDF) of standard normal distribution, respectively. This closed-
form solution enables efficient computation of EI values.

The UCB acquisition function selects experimental points with the highest potential improvement by
calculating the upper confidence bound of the objective function:

P[f(x)<us(x)+x0,(x)]>1—a = UCB(x) = y; (x) —x0y (x), (26)

where o, (x) is the prediction uncertainty, and « is the exploration factor.

To dynamically balance exploration and exploitation during the optimization process, an adaptive
acquisition strategy is designed:

a(x)=AEI(x)+(1-1)UCB(x), (27)

where A is the adaptive weighting coefficient, dynamically adjusted as the optimization progresses. It is
dynamically determined by both the iteration stage and prediction uncertainty:

t o
A (t) eXp ( /3 Tmax ) Omax ’ (28)
where ¢ is the current iteration number, Ty, is the maximum allowed iterations (set as 100), 3 controls
the decay rate (f8 = 4 empirically), o; denotes the current prediction uncertainty quantified by PI-GPR, and
Omax i$ the maximum uncertainty threshold. The dual-criteria adjustment enables a smooth exploration-to-
exploitation transition through exponential decay while adaptively scaling uncertainty to intensify search
efforts in high-variance regions.

4 Results and Discussion
4.1 Feature Selection

To improve simulation efficiency, this study focuses on simulating the welding process of a single weld
point. This approach is based on the following considerations: First, the research aims to reveal the influence
of welding process parameters on residual stress, and the simulation of a single weld point can effectively
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characterize the distribution trend of residual stress. Second, single-point simulation significantly reduces
computational resource consumption, providing an efficient foundation for subsequent multi-parameter
combination analysis.

As shown in Fig. 4, the molten pool morphology obtained from the thermal-fluid-solid coupled model
is compared with experimental results. The results demonstrate a high degree of consistency in molten pool
size, shape, and distribution characteristics, indicating that the constructed finite element model accurately
simulates the thermal effects and structural behavior in the device packaging process.

Figure 4: Comparison between simulation and experiment

To further validate the accuracy of the finite element model, we conduct an in-depth analysis of the
molten pool morphology evolution. As shown in Fig. 5, the dynamic changes in the molten pool’s surface
and depth profiles clearly illustrate the physical mechanisms of the welding process. In the initial stage of
heat source loading, thermal energy primarily concentrates on the material surface, and the molten pool,
dominated by heat conduction, forms a narrow and shallow fusion zone. As the heat source continues to act,
thermal energy gradually diffuses deeper, leading to a significant increase in both the width and depth of
the molten pool. The weld gap is eventually fully filled with liquid metal, forming a continuous and uniform
welded joint. The simulation results exhibit excellent agreement with the experimentally observed molten
pool evolution, further confirming the reliability of the numerical model.

Figure 5: Evolution of molten pool morphology. (a) 1 ms, (b) 5 ms, (c) 10 ms
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To analyze the influence of welding process parameters on post-weld residual stress, this study selects
laser power, defocus distance, laser loading time, laser incident angle, and pre-weld module gap as key
variables. The residual stress and its local sensitivity are calculated using the thermal-fluid-solid coupled
model, as shown in Fig. 6.
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Figure 6: Influence of process parameters on residual stress and local sensitivity analysis. (a) laser power, (b) loading
time, (c) incident angle, (d) defocus distance, (e) module gap, and (f) local sensitivity

From the figure, it is evident that laser power, incident angle, and defocus distance have a significant
impact on welding residual stress. Among them, laser power has the most pronounced effect, causing
substantial fluctuations in the stress distribution. Specifically, when laser power varies within the range
of 0.25-1.75 kW (single welding gun), the residual stress can change by up to 1000 MPa. The normalized
local sensitivity analysis provides further validation, revealing that laser power, incident angle, and defocus
distance exhibit significantly higher sensitivity indices compared to other parameters. In contrast, laser
loading time and pre-weld module gap have a minor influence on residual stress, with local sensitivities below
0.1 and corresponding stress changes being negligible. This indicates that laser loading time and module
gap have a limited impact on welding residual stress. Therefore, in the subsequent GPR model, laser power,
incident angle, and defocus distance are selected as input features.

4.2 PI-GPR Model Validation

Based on the features selected through finite element analysis, 100 sets of welding experiments were
conducted by adjusting different combinations of welding parameters, and the corresponding optical power
loss was recorded to train the PI-GPR model. To evaluate the model’s accuracy in predicting welding quality,
a 5-fold cross-validation method was employed. Specifically, the experimental dataset was evenly divided
into 5 subsets. In each iteration, 4 subsets were used as the training set, and the remaining subset was used
as the test set. This process was repeated 5 times, and the prediction error for each iteration was calculated.
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The evaluation metrics used were Mean Squared Error (MSE) and Coefficient of Determination (R*). MSE
reflects the average squared deviation between predicted and actual values, with lower values indicating
smaller model errors. R measures the model’s ability to explain data variance, ranging from 0 to 1, with
values closer to 1 indicating better model fit.

Table 2 presents the error results of the 5-fold cross-validation. It can be observed that the PI-GPR
model maintains an MSE between 0.0258 and 0.1596 across different folds, with an average MSE of 0.1274,
demonstrating high stability across different datasets. Additionally, the model’s average R is as high as

0.9336, indicating its strong ability to explain the variation trend of optical power loss and its robust
regression capability.

Table 2: Error results of 5-fold cross-validation

Fold 1 2 3 4 5 Avg.

MSE 01511 0.1596 0.1452 0.0258 0.1554 0.1274
R* 09301 09232 0.9347 0.9525 0.9278 0.9336

To validate the model’s generalization ability on unseen data, 10 additional experiments were randomly
conducted, and both absolute and relative errors were calculated, as shown in Fig. 7. The results indicate that
the absolute errors of the predictions are all controlled within 0.06 dB, with 70% of the prediction points
having absolute errors below 0.03 dB, demonstrating the model’s high accuracy in predicting optical power
loss values. Furthermore, the relative errors remain below 10.5%, further proving the model’s stability.
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Figure 7: Prediction error of PI-GPR. (a) absolute error, (b) relative error

To quantify the contribution of the PIK, a comparison was made with a GPR model using only the
RBF kernel. MSE and R* were evaluated using 5-fold cross-validation, as shown in Fig. 8. The results reveal
that the GPR model using only the RBF kernel exhibits poorer performance across different folds, with a
higher average MSE of 0.1732. Additionally, its R* results are also suboptimal, with an average R? of only
0.9104, indicating weaker fitting capability. Compared to the proposed method, the traditional RBF kernel’s
average MSE more than doubled, and the R? value decreased by 2.48%, demonstrating that the prediction
capability of the traditional RBF kernel is far inferior to the proposed PIK. This is further supported by
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the prediction error results on the new experimental data, as shown in Fig. 9. Among the 10 datasets, the
maximum absolute error of the traditional RBF kernel GPR reaches 0.0704 dB, and the relative error is as
high as 13%, significantly higher than the prediction results of the PIK-GPR. This highlights that our model
not only achieves high prediction accuracy but also exhibits strong generalization capability.
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Figure 9: Prediction error of RBF-GPR. (a) absolute error, (b) relative error

To systematically evaluate the robustness of the PI-GPR method under data-constrained conditions,
we conducted a controlled variable experiment to analyze model performance across the 50-100 sample
size range. As shown in Table 3, PI-GPR demonstrates remarkable performance advantages with increasing
sample size: its mean absolute error decreases significantly from 0.068 dB at 50 samples to 0.025 dB at 100
samples, representing a 63.2% reduction and demonstrating excellent convergence characteristics. Notably,
PI-GPR always maintains a narrower confidence interval, and PI-GPR achieves an 80% confidence interval
coverage rate with only 70 samples, matching the performance level of conventional RBF-GPR at 100
samples. These findings conclusively demonstrate that the effective integration of PI not only enhances
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prediction accuracy but also significantly improves model reliability under limited data conditions, providing

an effective solution for engineering optimization problems in small-sample scenarios.

Table 3: Performance comparison between PI-GPR and RBF-GPR under different sample sizes

Sample Method Mean error (dB) 95% confidence interval width (dB) Interval coverage
50 PI-GPR 0.068 0.088 60%
RBEF-GPR 0.135 0.105 40%
60 PI-GPR 0.056 0.073 70%
RBEF-GPR 0.107 0.095 50%
70 PI-GPR 0.048 0.069 80%
RBF-GPR 0.086 0.088 60%
30 PI-GPR 0.039 0.055 80%
RBF-GPR 0.069 0.081 60%
90 PI-GPR 0.031 0.042 90%
RBF-GPR 0.054 0.077 70%
100 PI-GPR 0.025 0.039 90%
RBF-GPR 0.047 0.073 80%

4.3 Parameter Optimization

To validate the effectiveness of the parameter optimization strategy, the BO method with an adaptive
acquisition strategy was employed to optimize welding process parameters. Specifically, optical power
loss was used as the optimization objective, and the search was conducted within the three-dimensional
parameter space of laser power, defocus distance, and laser incident angle. The performance of different
acquisition functions was compared, and the convergence curves of the optimization process are shown

in Fig. 10a.
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Figure 10: Convergence performance comparison of different optimization methods. (a) different acquisition func-
tions, (b) comparison with PSO and RSM
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From the figure, it can be observed that the EI method converges quickly within the first 40 iterations,
indicating high search efficiency. However, its final convergence accuracy is lower than that of the UCB
and the proposed method, suggesting that EI may overly focus on local optima in the early stages and
fail to fully explore the parameter space. The UCB method maintains a relatively good balance between
exploration and exploitation during the search, achieving better final optimization accuracy than EI but with
slower convergence speed. In contrast, the proposed optimization strategy achieves the best balance between
convergence speed and final accuracy, stabilizing and converging to the global optimal process parameters
after the 60th iteration. Its accuracy is significantly better than that of EI and UCB, demonstrating that this
method can find better parameter combinations at a reasonable computational cost.

Fig. 10b compares the convergence performance of the proposed method with two widely used
optimization approaches in process parameter optimization: PSO and RSM. The experimental results
demonstrate that RSM exhibits slow convergence, stabilizing only after around 80 iterations, and its final opti-
mized power loss is significantly higher than that of the BO framework. This limitation primarily stems from
RSM’s difficulty in accurately modeling complex nonlinear relationships in the three-dimensional parameter
space. Additionally, it is susceptible to experimental noise, which further reduces convergence accuracy. PSO
demonstrates strong global search capability in the early optimization stages, rapidly approaching the optimal
solution region. However, due to the gradual decline in population diversity with increasing iterations, the
algorithm tends to stagnate in local optima after 40 iterations, resulting in limited final convergence precision.

To further quantify the optimization effect, we conducted 10 repeated experiments for both initial
and optimized welding process parameters, recording the optical power loss (results distribution shown
in Fig. 11). As presented in Table 4, the optimized parameters reduced the average optical power loss from
0.615 dB to 0.405 dB, representing a 34.1% relative improvement that significantly enhances CLD packaging
quality. Statistical calculation of the improvement rate revealed a 95% confidence interval of [31.2%, 37.0%],
confirming the statistical significance of the optimization effect. Furthermore, the standard deviation of the
optimized decreased by 27.3% (from 0.022 dB to 0.016 dB), demonstrating that the proposed optimization
strategy not only effectively improves welding parameters but also enhances process stability.
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Figure 11: Experimental result. (a) initial parameter, (b) optimized parameter
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Table 4: Comparison of optical power loss under initial and optimized process parameters

Parameter Laser power Defocus Incident angle  Optical power Standard
(kW) distance (um) @) loss (dB) deviation (dB)
Initial 3 0 10 0.615 0.022
Optimized 2.84 5.72 9.13 0.405 0.016

4.4 Computational Efficiency Analysis

The proposed method’s computational cost involves two key phases: initial physics-based FEM analysis
for interpretable feature selection, and data-driven Bayesian optimization. Crucially, the FEM simulations are
one-time upfront studies to establish fundamental physical correlations, while subsequent parameter tuning
for individual production systems uses purely experimental Bayesian optimization (100 trials/machine). This
offline calibration strategy decouples computational analysis from manufacturing workflows, enabling direct
application of optimized parameters in mass production without real-time computations. Device-specific
variations are addressed through systematic experimental calibration rather than repeated simulations,
ensuring practical feasibility.

5 Conclusion

This study proposes a laser welding parameter optimization framework based on GPR and BO. By
integrating feature extraction driven by thermal-fluid-solid coupled FEM, PI constrained GPR modeling,
and an adaptive parameter search strategy, the framework successfully achieves accurate prediction and
efficient optimization of optical power loss in CLD packaging. Experimental results demonstrate that the
optimized welding parameters reduce the average optical power loss by 34.1%, significantly improving the
packaging yield and long-term reliability of the devices. However, the current work primarily focuses on
optimizing welding process parameters under the assumption of uniform stress distribution in single-spot
welds, while the dynamic thermo-mechanical coupling effects between multiple weld spots and the impact
of material batch variations on model generalizability remain unaddressed. Future research will explore
synergistic optimization methodologies integrating material properties with process parameters and develop
multi-spot coupling models to enhance applicability in complex packaging scenarios.
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