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Abstract. This study aims at the deformation compensation and multi-parameter process optimization of
aluminum alloy profile stamping to solve the influence of die deformation on product quality. By optimizing
the die design to compensate for die deformation and minimize the shape error, a multi-parameter process
optimization scheme is proposed to improve stamping efficiency, reduce material waste, and improve
dimensional accuracy. A theoretical model of die deformation during stamping is established, and finite
element analysis (FEA) is used to simulate the influence of various process parameters. Optimization
algorithms such as genetic algorithm and particle swarm algorithm are used to perform multi-objective
optimization and adjustment on key parameters such as stamping speed, temperature, and material properties.
The experiment verifies the effectiveness of the proposed compensation optimization method, and the product
quality and production efficiency are significantly improved. This study provides a practical solution for the
optimization of aluminum alloy stamping process in industrial applications.

Keywords: aluminum alloy profiles, stamping deformation compensation, process optimization, die design,
finite element analysis

1 Introduction

Aluminum alloys are widely used in the production of lightweight, high-strength parts in industries [1] such as
automobiles, acrospace, and construction due to their excellent mechanical properties, corrosion resistance, and
case of processing. Therefore, aluminum alloy profiles are often used to manufacture structural and functional
parts. The stamping process is a process in which a metal sheet is formed into a specific contour using a die, and
it is a key process for mass production of high-precision parts with complex shapes [2]. As the requirements for
product quality and efficiency in industries such as automobiles and aerospace continue to increase, optimizing
the stamping process of aluminum alloy profiles has become increasingly important. However, the continuous
use of stamping dies can cause die deformation, which is a major challenge in the die processing process [3].
This deformation can lead to dimensional inaccuracies in the final product, such as shape distortion, thickness
variation, and surface irregularities, which adversely affects the precision and quality of the stamped parts, in-
creases production costs, and leads to rework. Although methods such as using high-quality die materials and
adjusting process parameters have been adopted to alleviate these problems, these methods still cannot fully
compensate for the deformation of the die during the stamping process. Therefore, this study aims to devel-
op a new deformation compensation method and a multi-parameter process optimization scheme to overcome
these limitations and improve the precision, efficiency, and overall quality of aluminum alloy profile stamping.
Specifically, this study will focus on two key areas: (1) compensating for die deformation by optimizing die de-
sign and material selection; and (2) optimizing process parameters to maximize stamping efficiency, reduce ma-
terial waste, and improve product quality. This study aims to provide a comprehensive solution to the stamping
problems encountered in the production of aluminum alloy profiles. This paper is organized as follows: Section 2
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reviews the research progress in the field of aluminum alloy profile stamping, covering the existing die deforma-
tion compensation methods and process optimization technologies. Section 3 introduces the theoretical analysis
and modeling of the aluminum alloy stamping process, including the mechanical model of die deformation and
process parameter optimization. Section 4 introduces the simulation methods used, especially finite element anal-
ysis (FEA), and performs sensitivity analysis on key stamping parameters. Section 5 introduces the proposed die
deformation compensation strategy and multi-parameter optimization scheme, as well as the algorithmic method
for optimizing process parameters. Section 6 gives the experimental verification and results. Section 7 verifies
the effectiveness of the proposed method through actual stamping tests. Section 8 summarizes the entire paper
and emphasizes the contribution of this study to the field of aluminum alloy profile stamping.

2 Related Work

The literature on stamping deformation compensation and multi-parameter process optimization for aluminum
alloy profile stamping dies highlights several key areas of focus, including process parameter optimization, de-
formation behavior analysis, and springback minimization. Several studies emphasize the importance of optimiz-
ing stamping process parameters to improve forming quality and reduce deviations. For instance, Mohamed et
al. [4] conducted multiple comparative experiments to analyze and optimize the stamping and forming process
of aluminum alloy sheets, aiming to enhance process accuracy and control deformation deviations. Similarly,
Ma et al. [5] investigated the influence of die structure parameters and variable friction coefficients on the de-
formation behavior of 6111 aluminum alloy, demonstrating that process parameter adjustments can significantly
impact stamping outcomes. High-temperature stamping forming performance has also been a subject of interest,
with Shojaei et al. [6] exploring the effects of deformation temperature on the forming behavior of 7075 alumi-
num alloy. This research underscores the role of temperature control in optimizing process parameters to achieve
desirable forming characteristics and mitigate defects. In the context of hot stamping technology, Holker et al.
[7] developed rapid die cooling techniques using Groove Pressing methods, which facilitate better control over
transverse stress distribution during hot stamping. This approach contributes to improved deformation control
and die life, indicating that process modifications at the thermal management level are crucial for process optimi-
zation. Springback remains a critical challenge in aluminum alloy stamping. Meinders et al. [8] discusses tooling
design and process contributions to springback, highlighting the importance of process parameter control, while
Yonggang Wang [9] reviews part design and forming process strategies aimed at reducing springback through
compensation and process optimization. The application of advanced simulation and modeling techniques is
evident in Wang et al. [10], which developed finite element models for complex chain-die forming processes, fa-
cilitating the prediction and optimization of deformation behavior. Additionally, Tao Zhang analyzed the gravity
casting process of aluminum alloy brake calipers using numerical simulation and optimized the process param-
eters with multiple objectives [11]. Overall, the reviewed literature underscores a multifaceted approach to op-
timizing aluminum alloy profile stamping dies, combining process parameter adjustment, thermal management,
advanced simulation, and emerging machine learning techniques to effectively compensate for deformation and
enhance process robustness.

3 Theoretical Analysis and Modeling

3.1 Physical Model of Aluminum Alloy Stamping Process

The aluminum alloy stamping process can be modeled by considering the material’s behavior during deforma-
tion, which is governed by the principles of material mechanics, especially the stress-strain relationship [12]. The
key factors affecting the stamping process include the aluminum alloy’s yield strength, flow stress, and strain
hardening behavior. For the material deformation, the flow stress o, as a function of strain e, strain rate € ,and
temperature 7 can be expressed by the following constitutive equation:

=4
o,(€,6,T) = o1+ Ce" ek (1)
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Where g, is the reference stress, C is a material constant, # is the strain hardening exponent, Q is the activation
energy for deformation, R is the universal gas constant, and 7 is the temperature in Kelvin. This model accounts
for the material’s strain hardening and the effect of temperature, which is important for understanding the ma-
terial flow during stamping. The stress distribution and material flow are then computed using the equilibrium
equations of the stamping process. A simplified 2D model of the die and workpiece interaction can be used to
predict the material flow, considering the friction between the die surface and the material. The contact pressure
p between the die and the aluminum alloy can be estimated using the following relationship:

pP= Q)

x|

Where F' is the stamping force, and 4 is the contact area between the die and the material. FEA is used to
simulate the entire stamping process [13], where the material behavior, frictional forces, and die geometry are
modeled to estimate the resulting stress and strain fields, material flow, and potential defects such as thickness
variations and surface roughness.

3.2 Die Deformation Analysis

Die deformation during stamping is a key factor affecting product quality [14]. Due to repeated stamping opera-
tions, the die is subjected to cyclic loads, and this deformation accumulates over time, resulting in inaccurate di-
mensions of stamped parts. To analyze die deformation, elastic-plastic theory to simulate the die material, whose
deformation behavior is determined by the stress-strain relationship. In the elastic state, the deformation of the
die can be simulated by Hooke’s law:

o=F-¢ 3)

Where o is the stress, o is the Young’s modulus, and € is the strain. In the plastic regime, the die undergoes
permanent deformation, and the relationship is governed by the yield criterion and flow rule, which can be mod-
eled by the von Mises criterion for plastic flow:

ovm= %\/[(O'l— 02)’ +(02-03)* +(03-01)’] “)

Where o is the von Mises stress. Using FEA, the die deformation is simulated under the cyclic loading condi-
tions of the stamping process. The analysis provides the deformation distribution across the die, identifying re-
gions that experience excessive deformation or wear. To compensate for die deformation, an adaptive die design
model is proposed. The die geometry is adjusted based on predicted deformation to maintain product accuracy.
For instance, the die clearance can be modified by introducing a compensation factor K, based on the deforma-
tion prediction:

Adjusted clearance = Original clearance + K - Deformation (5)

This compensation approach ensures that the final stamped part meets the desired tolerances despite the die
deformation.

3.3 Process Parameter Optimization Model

The stamping quality is highly sensitive to process parameters such as stamping speed, die temperature, material
properties, and lubrication conditions. To optimize these parameters, a multi-objective optimization model is de-
veloped that balances multiple conflicting goals, such as minimizing material waste, maximizing stamping effi-
ciency, and improving dimensional accuracy. The optimization model is formulated as a constrained optimization
problem:
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Minimizef (x) = o f{(x)+a, fL(x)+-+a, f,(x) (6)

Where f(x) is the objective function, which is a weighted sum of individual objectives, x is the vector of
process parameters. Each process parameter x influences the objectives. The relationship between process pa-
rameters and the output quality can be approximated using regression models or machine learning algorithms.
Constraints are also incorporated into the optimization model, such as:

xmins x< 'xmax (7)

Where x,,, and x,,,. are the lower and upper bounds of the process parameters, ensuring that the parameter
values remain within practical and material limits. Optimization algorithms such as genetic algorithms (GA) or
particle swarm optimization (PSO) are used to explore the parameter space and identify the optimal set of pa-
rameters. The optimization process evaluates different combinations of process parameters, aiming to achieve the
best trade-off between speed, quality, and cost-effectiveness. The results of the optimization are validated through
simulations and experiments, confirming the effectiveness of the optimized parameters in improving stamping
quality, reducing material waste, and increasing overall production efficiency.

4 Simulation and Analysis Methods

4.1 Finite Element Analysis Method

FEA is a powerful tool for simulating the physical behavior of materials and structures under various conditions
[15]. This study uses ABAQUS software to simulate the interaction between aluminum alloy profiles and stamp-
ing dies during stamping. The main governing equation for dynamic deformation in FEA is the equilibrium equa-
tion, which is as follows:

u
PFV'GZf (8)

Where p is the material density, u is the displacement vector of the material, o is the stress tensor, and f rep-
resents the external forces. The contact interaction between the die and the piecework is modeled using a penal-
ty-based contact algorithm, where the contact force is calculated as:

k-& )]

curttact:
Where £k is the contact stiffness, o is the gap between the die and material, determined by the relative displace-
ment of the two bodies.
4.2 Simulation of Stamping Process
The simulation of the stamping process includes setting the geometry of the die and aluminum alloy profile, ap-

plying boundary conditions, and solving the system using the time stepping method. The solution of the displace-
ment, velocity, and acceleration of each node in the model can be obtained by the following equations:

M-i+C-i+K-u=F, (10)

Where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, i is the acceleration vector,

u is the velocity vector, u is the displacement vector, and F,, is the external force vector. This equation is solved
for each time step to simulate the dynamic behavior of the material and die during the stamping process.
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4.3 Parameter Sensitivity Analysis

Sensitivity analysis is performed to quantify how changes in process parameters affect the quality of the stamped
aluminum alloy profiles [16]. The sensitivity of a given output function f{x) with respect to a process parameter x;
is expressed as:

_I
S,= 5 (11)

X;

To evaluate the relative importance of each parameter, the normalized sensitivity index is calculated as:

1S, |

max | S, | (12)

normalized

This index helps rank the parameters based on their influence on the product quality. By varying one param-
eter at a time and observing the impact on output quality, identify which parameters are most critical to control
during the stamping process to optimize the final product quality.

5 Methods for Compensating Stamping Deformation

5.1 Die Design Optimization

Die deformation is a significant issue in the stamping process because it can cause dimensional errors and sur-
face defects in stamped products [17]. To alleviate this problem, die design optimization is a key strategy. Die
deformation can be minimized by modifying the die geometry and incorporating compensating features. The key
to effective die design optimization is to adjust the die shape to offset the expected deformation under the applied
stamping force. For example, in areas most susceptible to deformation, such as near the corners or edges of the
die, compensation can be made by adding additional material or modifying the die gap. In some cases, specific
geometric features can be introduced, such as “pre-deformation” of the die, that is, intentionally changing the
shape of the die before stamping to ensure that once deformation occurs, the final shape matches the desired ge-
ometry. A common approach is to use FEA to predict where and how the die will deform under load and adjust
the design accordingly. The simplified elastic deformation of the die can be expressed using the beam deflection
formula:

F-I
3-E-1

o=

(13)

Where ¢ is the deformation, F is the stamping force, L is the length span, £ is Young’s modulus of the die ma-
terial, / is the moment of inertia of the die cross-section. For complex loading conditions, the deformation behav-
ior follows an elastoplastic constitutive relationship:

oc=0,+K-(¢-¢))" (62¢)) (14)

Where o is the stress, ¢ is the strain, ¢, is the yield strain, o, is the yield stress, K is the strength coefficient. The
improved die design aims to offset these deformations and ensure that the final aluminum alloy profile has the
correct size. The overall goal is to reduce shape errors, extend die life, and maintain the accuracy of the stamping
process over multiple cycles.
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5.2 Compensation Strategy

To compensate for die deformation, a combination of numerical simulation and experimental validation is es-
sential to develop an effective strategy [18]. Numerical simulation using tools such as ABAQUS can accurately
predict the deformation of the die under the punching force and provide data on how the die deforms during
operation. The key parameters to be considered in the simulation include the material properties of the die, the
punching force applied, and the interaction between the die and the aluminum alloy. With this data, we can pre-
dict how the die will deform and how this deformation will affect the dimensional accuracy of the final product.
Once the deformation behavior is understood, a compensation strategy can be implemented. A common strategy
is die pre-deformation, which is to intentionally design the die with a slight curvature or offset to offset the defor-
mation that occurs under load. The mathematical representation of the pre-deformation strategy is:

S

comp ™

S target ASde_/brmation (1 5)

Where S,,,,, is the compensated die surface geometry, S, is the desired target product geometry, AS,,,,aion 15
the predicted deformation field from simulation. This pre-deformation can be simulated by FEA, which applies
a deformation pattern to the geometry of the die to ensure that the die can achieve the desired shape after the
punching force is applied. In addition, the die material properties can be optimized to reduce deformation. For
example, choosing high-strength steel as the die material can improve its resistance to deformation and wear.
Experimental validation verifies the accuracy of the simulation results by performing stamping tests on the mod-
ified die design. If the physical results match the expected deformation, the compensation strategy is considered
effective. This step is crucial because it ensures that the compensation method works under real conditions and

not just in a theoretical model.

5.3 Compensation Effectiveness

The effectiveness of the compensation method was evaluated through simulation and experimental results. The
main goal was to evaluate whether the compensation strategy was able to improve the dimensional accuracy
and surface quality of stamped aluminum alloy profiles. After implementing the die design modifications and
compensation strategy, several key factors need to be considered. Dimensional accuracy is critical because the
stamped parts must meet the required tolerances; if the compensation method is able to reduce die deformation,
the part should exhibit minimal shape deformation. The compensation strategy can also improve surface qual-
ity because the die wear is reduced and the die shape remains consistent, thereby minimizing defects such as
scratches and irregularities. In addition, die wear and life are also critical. A successful strategy can minimize
deformation and extend die life, thereby reducing the need for die replacement and production downtime. The
relationship between die deformation and process parameters can be generalized as:

F F
A = f(——,Geomet
f(E - ry) (16)

y

This function captures how deformation is influenced by the ratio of stamping force F to both the elastic mod-
ulus £ and yield strength o,, along with the die geometry. The simulation results are compared with experimental
results to verify the accuracy of the predictions and improve the model for future stamping processes. Finally,
process stability and repeatability are evaluated because effective compensation should produce consistent results
with minimal changes over multiple cycles, ensuring that the stamping process remains reliable in large-scale
production. By evaluating these factors, the overall effectiveness of the compensation method can be determined
to ensure that the strategy is both practical and robust in real-world applications, thereby improving product qual-
ity, extending die life, and maintaining consistent stamping performance.
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6 Multi-Parameter Stamping Process Optimization Scheme

6.1 Optimization Objectives and Constraints

The multi-parameter stamping process optimization program aims to balance multiple conflicting objectives to
maximize the overall performance of the stamping process [19]. The main optimization objectives are to im-
prove stamping efficiency, reduce waste, and improve product accuracy. Formally, the problem is expressed as a
multi-objective optimization model:

maxF (x) =[£,(x), = f,(x), = f;(x)] (17)
1
fl(x) _Fc
S (x)=W(x) (18)

[i(x) = e, (x)

Stamping efficiency is critical because reducing cycle time 7, can increase output, reduce unit costs, and im-
prove overall productivity. However, faster stamping speeds may cause material deformation or surface defects,
so it is crucial to find a suitable balance point that can minimize stamping time while ensuring quality. Reducing
material waste is another important goal because material costs are a significant part of total production costs.
The optimization program optimizes parameters such as material thickness and die clearance to minimize excess
material:

W(x) = Minput— Mproduct 19
Minput (19)

Finally, improving product accuracy focuses on improving the dimensional accuracy and surface quality of
stamped aluminum alloy profiles:

1 - measure: nomina
eaa‘(x) = \/N z (dl ‘- di l) (20)
i=1

These constraints ensure that the solutions found by the optimization process are practical and can be im-
plemented in a real manufacturing environment. The model must also account for physical limitations, such as
machine capacity, tool wear, and thermal properties of the aluminum alloy, which affect the interactions between
process parameters.

6.2 Selection and Application of Optimization Algorithms

To solve complex multi-objective optimization problems, two advanced optimization algorithms are used: GA
and PSO in Table 1. These algorithms are well suited for optimizing parameters in complex systems where mul-
tiple objectives need to be considered simultaneously. GAs simulate the process of natural evolution by creating
a population of potential solutions and letting them evolve over several generations. In each generation, solutions
undergo selection, crossover, while PSO mimics the social behavior of a flock of birds, where a group of particles
move through the solution space by adjusting their positions based on their own experience and the experience of
their neighbors. Each particle evaluates the quality of its current solution and moves towards the best known po-
sition. This technique is effective in finding the global optimum in a large solution space, especially for problems
where the objective function is nonlinear or not easily differentiable. Both GAs and PSOs are used to optimize

311



Stamping Deformation Compensation and Multi-Parameter Process Optimization for Aluminum Alloy Profile Stamping Dies

key process parameters such as punch speed, die temperature, and material pretreatment, evaluating different
combinations of these parameters to determine the best configuration that balances all objectives.

Table 1. Comparison of GA and PSO for stamping process optimization

Aspect Genetic algorithm Particle swarm optimization
Inspiration Natural evolution Social behavior

Main Operators Selection, Crossover, Mutation Velocity update, Position update
Population Entity Chromosome Particle

. . .. . Movement influenced by personal
Search Mechanism Genetic recombination and mutation yP

best and global best
Streneths Good for discrete and highly nonlinear Fast convergence in continuous
& problems; strong global search ability spaces; easy to implement
o Can get trapped in local minima; less
Weaknesses Slower convergence; parameter-sensitive & Ppe . ?
effective for highly discrete spaces
Best For Problems with multiple constraints and Continuous parameter tuning with
discontinuous variables faster convergence
Optimizing punch speed, die temperature, Same parameters; often combined

Applications in Stamping material pretreatment with GA

6.3 Optimization of Process Parameters

Optimizing key stamping parameters is essential to achieve the desired quality and efficiency [20]. Stamping
speed is one of the most important parameters because it directly affects cycle time. While increasing stamping
speed can reduce production time and costs, it can also lead to problems such as excessive deformation, surface
defects or material strain. The optimization process evaluates various speeds to find the best range that improves
efficiency without affecting the quality of stamped parts. Die temperature also plays an important role. A simpli-
fied model for dimensional error as a function of die temperature is:

(1) :ae_krd"'ﬂTd (21)

Where the first term represents the improvement due to better flow, and the second accounts for excessive
wear or thermal effects. The optimal temperature 7, minimizes e,,,. Material pretreatment, such as annealing or
surface coating, significantly affect the stamping process. Pretreatment methods can improve the form ability
of materials by reducing internal stress or increasing ductility, which helps reduce defects such as cracking or
uneven deformation during stamping. The optimization model analyzes the effects of different pretreatment strat-
egies on material flow and defect reduction and determines the best pretreatment process to improve the overall
quality of the product. In addition, other parameters such as lubrication conditions and die clearance were opti-
mized to further optimize the stamping process. Lubrication conditions affect friction, which in turn affects mate-
rial flow and surface quality, while die clearance is a key factor in controlling material thickness and dimensional
accuracy.

6.4 Evaluation of Optimization Results

Once the optimization algorithm determines the best process parameters, the results are evaluated through a
combination of simulation and experimentation [21]. Simulation using software such as ABAQUS allows for
rapid testing of optimized parameters under controlled conditions. In addition to simulation-based evaluation,
experimental validation is critical to confirm whether the optimized parameters can lead to actual improvements.
Physical testing is performed by implementing the optimized parameters in the actual stamping process. Key per-
formance indicators (KPIs) such as Cycle time reduction:
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AT = Tivaseline_ ]:)pt (2’2)
Material saving rate:
w,..—-W
S — baseline opt (23)

baseline

Dimensional accuracy improvement:

Ae = ebaseline_ eopt

24

The surface quality are measured and compared to the pre-optimization baseline to evaluate whether the opti-
mized process has improved these factors. Production efficiency is evaluated by measuring cycle time reduction
and yield improvement, while quality improvement is evaluated by examining defects, shape deformation, and
appearance consistency of the final product. The experimental results are then compared with the simulation
predictions to verify the effectiveness of the optimization scheme. The feedback loop of simulation and experi-
mentation can continuously improve the process and ensure that the optimized parameters achieve consistent and
high-quality results in a high-volume production environment. The comprehensive evaluation of the optimization
results provides the necessary verification that the multi-parameter optimization scheme can significantly im-
prove stamping efficiency and product quality.

7 Results and Discussion

7.1 Forming Quality Variation Analysis
The data on the variation of mold deformation over time before and after optimization is shown in Table 2.

Table 2. Deformation statistics table

Batch/Time Before optimization After optimization
1 0.6 0.65
2 0.68 0.7
3 0.29 0.31
4 0.63 0.66
5 0.57 0.6
6 0.37 0.43
7 0.46 0.52
8 0.55 0.57
9 0.85 0.87
10 0.79 0.8

Fig. 1 shows the deformation changes of 10 different batches of aluminum alloy profiles before and after the
optimization of the stamping process. From the overall trend, the deformation patterns under the two conditions
are highly consistent, which indicates that external influencing factors such as material properties, equipment
conditions and operating stability remain unchanged throughout the production cycle. However, it is worth not-
ing that the deformation of some batches increased slightly after optimization, especially in batches 4, 9 and
10. This indicates that the optimization strategy may focus more on improving production efficiency, such as
increasing the stamping speed, modifying the die gap or adjusting the lubrication conditions, rather than simply
minimizing deformation. Although the deformation of these batches increased slightly, their values were still
within the acceptable manufacturing tolerance range, which means that the dimensional accuracy and functional
integrity of the stamped products were not affected. On the other hand, for batches running under relatively stable
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or lower load conditions, such as batches 3, 6 and 7, the difference in deformation before and after optimization
was negligible. This consistency shows that process stability can be effectively maintained even after parameter
adjustment. The results show that the optimization successfully achieved the main goal of increasing production
throughput without a significant decrease in product quality. However, the increase in deformation observed in
high-load batches indicates that there is still room for further improvement. Other strategies, such as local die
compensation, fine-tuning process parameters at critical deformation points, or implementing adaptive process
control, can further enhance the balance between efficiency and accuracy. Overall, the figure clearly shows that
the optimization process effectively improves production efficiency while controlling deformation, while also
highlighting opportunities for further improvements to ensure higher dimensional accuracy in future production
runs.

Deformation Behavior Comparison
’ "[—&— Before Optimization !
——&—— After Optimization

0.9

0.8

V=

0.7

Deformation

Batch/Time

Fig. 1. Comparison of deformation behavior before and after process optimization

The comparison Fig. 2 shows the changes in the dimensional accuracy of different batches of aluminum alloy
profiles before and after the stamping process optimization. Although the overall fluctuation trend is basically
the same in both cases, it can be clearly seen that the accuracy values after optimization are generally higher
than those before optimization, especially in batches 2 to 5 and batch 10. It is worth noting that in this figure, the
higher the accuracy value, the greater the dimensional deviation from the design target, which indicates that the
manufacturing accuracy has not improved but has decreased. This pattern shows that although the optimization
process has successfully improved production efficiency, it has been at the expense of dimensional accuracy. The
possible reasons for this decline can be attributed to several factors that are usually associated with high-speed
or high-efficiency stamping operations. First, although increasing the stamping speed is beneficial to shorten the
cycle time, it tends to reduce the stability of the material flow and may amplify the rebound effect, especially in
thin-walled or complex aluminum profiles. Second, the lack of sufficient elastic deformation compensation of the
die under high working loads may lead to the accumulation of dimensional errors, which is particularly evident
in batches with large deviations. In addition, if the appropriate thermal compensation strategy is not managed,
the thermal expansion of the die in the continuous production cycle will further aggravate the loss of accuracy. It
is noteworthy that under conditions of lower stress or more stable operating conditions, dimensional deviations
remained relatively close to pre-optimization levels, indicating that the impact of optimization is most evident
under high-load or more demanding production conditions. This result highlights a key trade-off inherent in cur-
rent optimization strategies, while productivity and output are significantly improved, in some cases, the preci-
sion control of the process can be significantly reduced. Therefore, in order to strike a balance between efficiency
and dimensional accuracy, advanced process control measures must be incorporated into future iterations of the
optimization scheme. Potential solutions include implementing real-time monitoring systems to track deforma-
tion and thermal loads, applying adaptive control algorithms to dynamically adjust punch speed and punch force
based on feedback, and introducing advanced die design modifications to pre-compensate for elastic and thermal
deformation. In summary, the chart highlights the need for a more integrated optimization approach that not only
focuses on production speed but also includes precision control as a parallel goal to ensure robust and reliable
manufacturing results.
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Product Precision Improvement
T T T T

—&—— Before Optimization
—+=—— After Optimization /]

Precision (mm)

1 2 3 4 5 6 7 8 9 10
Batch/Time

Fig. 2. Product precision variation across batches before and after optimization

The deformation comparison scatter Fig. 3 shows the changes in deformation levels of different batches of
products before and after the stamping process optimization. Unlike the line chart that emphasizes the trend, the
scatter plot clearly shows the distribution and amplitude of the deformation values, so as to intuitively under-
stand the impact of optimization on deformation behavior. As can be seen from the figure, the deformation values
after optimization are always lower than those before optimization or more concentrated in the middle range,
which shows that the optimization strategy effectively reduces the extreme deformation outliers and improves the
overall process stability. Specifically, batches with high deformation levels before optimization are significantly
reduced after optimization, and the deformation values drop from a peak above 0.8-0.85 to a more controllable
range of about 0.6-0.7. This shows that process adjustments have successfully alleviated local stress concentra-
tion and excessive elastic recovery, which are common factors leading to larger deformation. In addition, the
scatter distribution after optimization is more concentrated, especially in medium-sized batch production, which
indicates that the process variability is reduced and the dimensional consistency of the entire production line is
more reliable. This consistency is critical for high-volume production because it means less rework, less scrap,
and more predictable quality. However, it is worth noting that while overall deformation was reduced, slight re-
sidual variation still existed, indicating that while the optimization was effective, the process was not completely
immune to batch-to-batch fluctuations that could be caused by material inconsistencies, slight die wear, or en-
vironmental factors such as temperature changes. These findings reinforce the conclusion that the optimization
strategy significantly improved deformation control, but also highlight the need for continuous process monitor-
ing and perhaps the integration of predictive control mechanisms to dynamically adjust process parameters based
on real-time deformation feedback. Overall, the scatter plot confirms the success of the optimization in enhanc-
ing dimensional stability, while also providing valuable insights into further improvement directions to help more
tightly control product quality.

The Fig. 4 of precision and accuracy provide a comprehensive picture of the distribution of dimensional accu-
racy before and after optimization, highlighting the central tendency and variability. It is clear from the plot that
while the median accuracy after optimization is slightly higher than before optimization, the overall distribution
and variability have also increased significantly. Specifically, the inter-quartile range (IQR) of the optimized data
set is wider, indicating that the dispersion of accuracy values around the median is greater. This suggests that
while the optimization strategy may have improved some aspects of the production process, it has also intro-
duced greater variability in dimensional accuracy, which may be caused by factors such as increased punching
time, reduced holding time, or less conservative material handling tolerances. In addition, the accuracy deviation
of the upper whisker after optimization is higher than before optimization, indicating that the accuracy deviation
of some batches deviates greatly from the nominal specification. In contrast, the lower whisker remains similar
between the two speed groups, which means that the minimum achievable accuracy has not been significantly
affected. The increase in median and dispersion after optimization indicates that while the process speed is faster
or more efficient, in some cases this is at the expense of tighter dimensional control. This trade-off highlights the
classic balance between production speed and quality control in manufacturing optimization. The boxplots high-
light the need to implement supplementary accuracy control mechanisms after optimization, such as dynamic
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tool compensation, real-time dimensional monitoring, or adaptive feedback systems to offset the differences in-
troduced by process parameter changes. In summary, the box plots show that while the optimization achieved the
desired goals in some aspects of the operation, maintaining consistent dimensional accuracy remains a challenge
and requires further improvements in production control strategies.
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Fig. 3. Scatter plot of deformation distribution before and after process optimization
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Fig. 4. Box plot comparison of precision distribution before and after optimization

7.2 Die Life Improvement Assessment
The statistics of mold life data before and after optimization are shown in Table 3.

Table 3. Mold life data statistics

Batch/Time Before optimization (h) After optimization (h)
1 122 130
2 119 132
3 129 137
4 129 137
5 104 119
6 121 145
7 118 132
8 134 150
9 144 157
10 145 163
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The die life comparison Fig. 5 shows the changes in die life of different production batches before and after
process optimization. It is obvious that the optimization strategy significantly improves die life, and the opti-
mization curves of almost all batches are improved compared with those before optimization. Specifically, the
average die life increased from about 115-130 hours before optimization to 130-165 hours after optimization.
This significant improvement reflects the effectiveness of the implemented optimization measures, especially in
reducing wear, minimizing stress concentration, and improving the distribution of load on the die surface during
stamping. It is worth noting that this improvement is more obvious in subsequent production batches, indicating
that the benefits brought by optimization are not only immediate but also sustainable in longer production runs.
The improvement in die life can be attributed to several key factors introduced by optimization. First, adjusting
process parameters such as stamping speed, lubrication conditions, and die clearance can help reduce friction and
impact stress, which are the main factors causing die wear and fatigue. Second, improving die material selection
or applying advanced surface coatings can enhance the wear resistance and thermal stability of the die, thereby
extending the service life of the die. In addition, smoother load distribution achieved through fine process control
can reduce local stress concentrations that usually lead to die cracking or fatigue failure. It is noteworthy that
the batch-to-batch variability of die life was reduced after optimization, indicating that the process became more
stable and predictable. For example, the sharp decline in die life in batch 5 before optimization was complete-
ly alleviated after optimization, and the die life of the same batch remained above 118 hours. This reduction in
variability not only improves production reliability, but also helps better production planning and cost control.
Although the improvement of die life has obvious advantages, it does not necessarily mean that all aspects of the
process have been optimized without any sacrifice. As shown in the accuracy analysis above, under certain con-
ditions, the improvement of die life may be accompanied by a decrease in dimensional accuracy. This highlights
the necessity of multi-objective optimization in manufacturing processes, one performance indicator can be im-
proved without significantly reducing other performance indicators. In summary, the comparison of die life clear-
ly confirms the effectiveness of the optimization strategy in extending die life, improving process stability, and
reducing maintenance frequency. To further exploit these advantages, future work should explore the integration
of adaptive process control strategies to dynamically balance the reduction of die wear and dimensional accuracy
requirements, especially in high-volume or high-speed stamping operations.
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Fig. 5. Die life improvement across production batches as a result of process optimization

7.3 Production Efficiency Enhancement Evaluation

The statistical table of production efficiency for each batch is shown in Table 4.

The production efficiency comparison Fig. 6 clearly shows that after the implementation of the optimization
strategy, the operating efficiency of all production batches has been significantly and continuously improved.
Specifically, the efficiency after optimization is about 75% to 85%, while the efficiency before optimization
fluctuates between 66% and 72%, indicating that the optimization has increased the average efficiency of most
batches by about 10% or more. This significant improvement reflects the success of targeted process improve-
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ment measures, such as reducing downtime, improving equipment utilization, and minimizing downtime caused
by die changes, material feed interruptions, or poor lubrication conditions. The most significant improvements
occurred in batches 3, 5, 7, and 9, where the efficiency jumps were particularly significant, indicating that the
optimization measures are particularly effective in production scenarios with large fluctuations or operational
bottlenecks before. These improvements may be attributed to a variety of factors, including optimized stamp-
ing speeds, improved process sequences, improved material handling, and the application of better lubrication
strategies, which work together to shorten cycle times and improve the continuity of workflows. In addition, the
differences between optimized batches are significantly reduced, indicating that the process is not only faster, but
also more stable and reliable, which is essential for maintaining stable output in a large-scale production environ-
ment. However, despite these clear advantages, it is also evident from previous analyses of deformation behavior,
accuracy, and die life that a focus on maximizing efficiency can result in potential trade-offs, particularly with
respect to dimensional accuracy and localized deformation under certain production conditions. This observation
highlights the inherent challenges of optimizing manufacturing systems, where improvements in metrics such as
efficiency must be balanced against maintaining or even improving product quality. The significant improvement
in production efficiency has undoubtedly validated the effectiveness of the optimization approach in achieving
its primary goal, but it also highlights that future optimization strategies must incorporate intelligent adaptive
control systems to dynamically balance efficiency, quality, and equipment life. Such systems can be driven by
real-time data analytic, predictive maintenance models, and closed-loop feedback mechanisms to ensure that pro-
duction lines operate at peak efficiency without compromising product integrity or process stability in long-term
production.

Table 4. Mold life data statistics

Batch/Time Before optimization (%) After optimization (%)

1 70 78
2 68 80
3 69 87
4 67 80
5 70 86
6 68 83
7 71 87
8 73 82
9 74 80
10 71 77
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Fig. 6. Comparison of production efficiency before and after optimization across batches

318



Journal of Computers Vol. 36 No. 4, August 2025

Efficiency Gains Comparison

[ Before Optimization
[ After Optimization

25

Frequency

65 70 75 80 85 90 95
Efficiency (%)

Fig. 7. Histogram of efficiency distribution before and after optimization

The efficiency comparison bar Fig. 7 shows the distribution and frequency of production efficiency before and
after optimization, and intuitively shows how process improvements affect operational performance. It is obvious
that the efficiency distribution after optimization is significantly shifted to high values. Before optimization, the
efficiency values were widely distributed in the lower range, mainly between 63% and 80%, and the volatility
was relatively high, which was reflected in several low-frequency intervals, including downtime, sub-optimal
machine utilization, and changes in operating settings. In contrast, the efficiency distribution after optimization
tilted sharply to the high end, mainly concentrated between 85% and 95%, and appeared many times in the high-
est efficiency interval, indicating that the average efficiency and its consistency between production batches have
been significantly improved. This significant shift shows that the optimization strategy is very effective in elimi-
nating process bottlenecks, reducing non-productive time, and stabilizing operating parameters such as stamping
speed, die conversion efficiency, and feeding accuracy. After optimization, the high efficiency of nearly 95%
highlights that the process is not only more efficient, but also more predictable and reliable, which is critical for
a high-throughput manufacturing environment. In addition, inefficient batches were almost eliminated after opti-
mization, indicating that the process interruptions and inefficiencies that previously plagued some batches have
been successfully alleviated. However, while this efficiency gain is clearly positive from a throughput perspec-
tive, previous analysis of deformation behavior and accuracy suggests that the pursuit of maximum efficiency
may come with some trade-offs, including a slight increase in dimensional variability. This highlights the need
for future improvements that should go beyond efficiency-focused optimization and also emphasizes the impor-
tance of integrated quality control strategies that can improve dimensional accuracy and deformation control
while maintaining higher efficiency levels. Overall, the histograms strongly validate the success of the optimiza-
tion measures in increasing production efficiency, reducing variability, and enhancing process stability, thereby
supporting more robust and cost-effective manufacturing operations.

8 Conclusion

This study comprehensively explored the effects of deformation compensation and multi-parameter process op-
timization on the stamping performance of aluminum alloy profiles, providing theoretical insights and practical
solutions for improving manufacturing quality and efficiency. The main findings show that the implementation of
deformation compensation strategies, especially through die design optimization, can effectively alleviate the di-
mensional deviation caused by elastic deformation and stress accumulation during the stamping process. In addi-
tion, the application of multi-objective optimization algorithms such as GA and PSO can simultaneously balance
stamping, die temperature, material handling conditions and accuracy requirements, significantly improving the
overall process performance. This integrated approach significantly improves die life, production efficiency and
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deformation control, while highlighting the inherent balance between maximizing output and maintaining dimen-
sional accuracy. From a practical perspective, the results provide manufacturers with a proven speed framework
to enhance the operational stability of aluminum alloy profile stamping, extend die life, reduce downtime, and
achieve more stable product quality. The methods established in this study not only provide practical guidance
for process engineers, but also highlight the importance of intelligent compensation mechanisms and adaptive
control in modern manufacturing environments. Looking ahead, future research should focus on the integration
of real-time monitoring systems with machine learning-driven adaptive control algorithms to enable dynamic
process adjustments based on real-time feedback of deformation, thermal load, and wear conditions. In addition,
advances in digital twin technology and high-fidelity simulation will further improve the predictive accuracy of
deformation compensation and enable fully autonomous optimization of complex stamping systems. In addition,
exploring environmentally sustainable lubrication technologies, advanced die materials with self-healing proper-
ties, and energy-saving process design are critical to driving the next generation of smart sustainable manufactur-
ing solutions in the lightweight metal forming industry.
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