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Abstract

During the manufacturing process of automobiles, front-end quality risks often lie
hidden in aspects such as design mismatch, process discontinuity, and parameter
fluctuations. Once entering the mass production stage, it becomes difficult to trace
back. From a system engineering perspective, risks can be identified at the coupling
nodes of design and process before they occur. A multi-dimensional path mecha-
nism covering structural coordination, process monitoring, and control feedback
can be constructed. In typical processes such as welding, painting, and assembly,
combined with the QFD matrix and parameter tracking strategies, a control logic
oriented towards the source can be formed, which helps to shorten the quality devi-
ation transmission chain and enhance the consistency and stability of vehicle man-
ufacturing. This paper focuses on core processes and conducts control strategy ver-
ification based on engineering scenarios. A front-end quality control model with
clear paths, controllable structure, and precise data response is proposed, laying a
technical foundation for the stabilization of subsequent processes and the integra-
tion of intelligent manufacturing.
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In highly integrated automotive manufacturing systems, minor instabilities in the front-end can easily be amplified
into process defects and product deviations. Parameter gaps in the design stage, tolerance errors in the process
planning stage, and manual intervention in the initial assembly process may all lay down quality risks in the un-
formed stage. Due to the compressed development rhythm of the entire vehicle, quality control strategies need to
shift to forward identification and structural intervention to cope with the dynamic fluctuations in the early manu-
facturing chain. Organizing the front-end identification, control, and verification paths through the logic of systems
engineering has become a key trend in strengthening process quality consistency in current manufacturing engi-
neering processes.

1. Analysis of the Generation Mechanism of Quality Risks in the Early Stage of Automobile
Manufacturing

1.1 Design Defects Triggering Manufacturing Quality Out-of-Control Risks

Design, as the starting point of the entire vehicle development process, determines key manufacturing elements such
as structural layout, material combination, and assembly path [1]. Once there are unmodeled parameters, interface
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coordination errors, or broken tolerance chains in the design, these issues will manifest as quality drift in subsequent
processes. Typical scenarios include: uneven distribution of structural stiffness leading to concentrated welding
thermal stress, failure to configure compensation structures for lightweight material connections resulting in defor-
mation and rebound, or insufficient precision tolerance limits on assembly surfaces causing interference and misa-
lignment. Such latent design deviations are often difficult to fully expose during virtual verification and accumulate
and amplify in the manufacturing process, ultimately causing process capability fluctuations to exceed process tol-
erances, making it difficult to control vehicle consistency. If the process behavior prediction mechanism for manu-
facturing scenarios is not embedded in the design stage, such quality risks will penetrate multiple process nodes and
erupt in a systematic out-of-control form later.

1.2 Process Defects Leading to Systemic Quality Instability

The process planning stage sets the basic control framework for manufacturing execution by setting process param-
eters, equipment boundaries, and operation paths. If there is a lack of in-depth analysis of product features and
modeling of parameter evolution laws, it is prone to trigger process window drift and process fluctuation coupling
amplification phenomena. For example, in the painting process, not pre-setting an environmental variable adjust-
ment mechanism leads to temperature and humidity disturbances affecting the uniformity of the paint film; in the
welding process, ignoring the cumulative deviation of part opening dimensions causes the fixture positioning error
to be unable to be absorbed, resulting in weld point misalignment. These problems usually do not stem from oper-
ational errors but from the lack of a feedback path based on key characteristic values in the front-end control system,
a lack of system logic for warning and adjustment, and the manufacturing process then enters a low-stability fluc-
tuation range. When the process path lacks absorption capacity for design defects, and itself does not have a dynamic
response mechanism, quality control falls into a passive state of repeated correction and lagging intervention [2].

2. Based on System Engineering, Identification of Front-End Quality Risks and Construction
of Control Pathways

2.1 Identify Key Process Nodes and Enhance Risk Identification Accuracy

In front-end quality control, a high-precision identification mechanism needs to be established based on a complete
process mapping. The positioning of the process segments is determined by the functional relevance and structural
interference degree. By relying on the hierarchical analysis of the structural BOM and the reorganization of process
flow nodes, high-risk process sections such as interference sensitivity, assembly coupling, and rigid mutation are
extracted. Once the task is triggered, the quality engineering team needs to characterize the process structure and,
based on the historical defect distribution, establish a pool of key failure units. Then, by relying on the FMEA matrix
and assembly simulation data, potential out-of-control factors are identified. In practical operation, taking the fixture
constraint system in the welding process as an example, when the clamping path is not closed, the position of
structural inertia release cannot be predicted, which is prone to inducing weld point deviation and connection
strength attenuation. Therefore, a three-way mapping table of “risk factor - failure mode - detection channel” needs
to be established, marking each type of risk with the initial abnormal manifestation and the front-end signals that
can be included in the monitoring system, and forming a structured numbering identification system embedded in
the process documents. During the manufacturing preparation stage, risk archiving and information transmission
can be completed, avoiding rechecking in the process stage [3].

2.2 Extract Process Control Parameters and Set Monitoring Response Mechanisms

The construction of the process parameter system is based on the mapping of risk factors at process nodes [4]. Key
variables are extracted around the three dimensions of measurability, sensitivity, and intervention timeliness, with
a focus on indicators such as welding heat input, current holding waveform, spraying pressure curve, and fixture
repetitive positioning accuracy. At the task initiation stage, a parameter identification matrix needs to be established.
The impact boundary of process parameters on quality output fluctuations is analyzed using a hierarchical regression
model, and the monitoring priority and control upper and lower limits are determined accordingly. During the pro-
cess, each parameter needs to be embedded in the real-time monitoring module, and a dynamic alarm mechanism
is established by combining SPC tools and median trend graphs. Once the system detects that a variable crosses the
control band, the process number, equipment number, and operation team information will be automatically marked,
a response instruction will be triggered, and the feedback will be sent to the quality engineering terminal. As shown
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in Figure 1, after the parameter warning channel is linked to the MES data set, it can automatically pull the historical
correction of previous deviations to complete the adaptive distribution of primary corrective instructions. On this
basis, the response time is included in the closed-loop control evaluation indicators to determine the adaptability of
the warning mechanism in multiple manufacturing cycles, and the alarm sensitivity threshold is regularly optimized
to avoid overloading or delayed response affecting the process rhythm.
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& Parameter Input

Alert Signal e Historical Adjustment Data
e Process ID ¢ Process Update Signal
e Spray Pressure »  Deviation Detection Logic Equipment ID >

Operator Info "
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Figure 1. Liaison logic diagram for monitoring manufacturing process parameters and issuing early warning responses.
2.3 Embedded System Logical Architecture, Forming Path Closed-Loop Control

To build a system logical architecture oriented towards front-end quality control, it is necessary to extract quantifi-
able control points from the design - manufacturing - feedback chain and embed them into the information system
module to achieve process closed-loop. During the task initiation stage, based on the QFD (Quality Function De-
ployment) structure, a three-dimensional matrix system of product features - process parameters - detection indica-
tors is established, enabling key risk points to have pre-identification numbers and control path mapping attributes.
During the operation process, each risk source item must be associated with control parameters and monitoring
logic, and it is embedded into the MES platform through interface integration to generate a data channel with com-
mand response capabilities. At the feedback mechanism level, a dynamic instruction configuration module is intro-
duced, which can automatically issue correction strategies based on offset types and severity levels, achieving self-
response of the link from identification to control. On this basis, the system logical architecture needs to set node-
level review processes to mark the status and lock the version of the feedback results, ensuring that the process
correction behavior has traceability. The entire structure is constructed using the digital mainline logic, achieving
real-time coupling of process knowledge - risk perception - control response, avoiding information transmission
breakpoints and lagging response behaviors [5].

3. Case Analysis of Quality Risk Control Practices for Automotive Front End in Typical Man-
ufacturing Processes

3.1 Case Background and Overview of Manufacturing Process

The typical manufacturing process selected for this study is the side panel assembly area within the main welding
line of the entire vehicle. This section is responsible for the positioning and connection of multiple key structural
components, covering operations such as stamping part assembly, clamping fixture closure, optimization of weld
point distribution, and online size inspection. The internal structure of this process is complex, with tight process
timings, dense interference areas between workpieces, and a large number of customized fixtures and multi-axis
collaborative operations of robots. It has a high dependence on the stability of parameter windows. The risks mainly
manifest in aspects such as weld point misalignment, abnormal stress distribution of the structure, and fluctuations
in repeated positioning deviation. Once the fluctuations exceed the process tolerances, they will have cumulative
impacts on the body precision control and subsequent assembly consistency. To verify the front-end quality control
path based on systems engineering, this process has features such as dense process elements, high nesting degree of
control logic, and a complete information response chain. It is suitable for conducting practical tests and process
tracking of control strategies for risk identification, parameter monitoring, and system closed-loop control [6].
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3.2 Strategy Application and Process Control Path

In the initial stage of deploying quality pre-control logic in the side panel assembly area, the project team structurally
decomposed the entire process flow and identified high-risk workstations based on the evaluation criteria of “inter-
ference sensitivity + positioning rigidity dependence”. They prioritized analyzing and comparing the fixture posi-
tioning point layout and the assembly gap of the stamping parts, identifying the working structure based on BOM
information, combined with the welding process table and the measurement point planning list, establishing a risk
information database covering 37 nodes. Each process node was equipped with an identification number and a risk
level mark. After the modeling of key workstations was completed, potential instability points were identified
through multi-station simulation verification, and finally, 21 high-probability offset positions were included in the
quality pre-control list for the manufacturing preparation stage, and simultaneously pushed to the process card and
fixture design interface [7].

During the configuration of parameter control logic, the process influencing factors of the high-risk workstations
marked in the previous stage were inferred, and four items such as welding heat input, positioning pressure, clamp-
ing rhythm, and equipment repeatability accuracy were locked as the main control variables through process feature
comparison. The monitoring module was intervened by the quality management terminal, and the real-time data of
the parameters was embedded in the SPC channel and bound to the MES instruction execution system to achieve
dynamic parameter collection and trend recording within the operation cycle. To avoid misjudgment caused by
abnormal fluctuations, the upper and lower limits of parameter alarms were generated using the sliding window
algorithm as floating boundaries. The abnormal judgment was triggered by the trend deviation threshold rather than
a single deviation. If the number of consecutive deviations reached the triggering condition, the system would send
a yellow warning signal to the operation console, lock and upload the data to the quality node, and activate the
defect location and equipment fine-tuning program.

During the operation of the entire process, the risk identification results and parameter control mechanism were
integrated and embedded into the workshop MES system, forming a top-down information transmission path. The
quality data interface established a linked mapping relationship based on the QFD logic structure and the process
database, and the offset records were indexed by the structure number and matched with the risk number. The
command response table was used to drive the correction actions. When the system detected a high-level risk item
triggering the warning state, MES would automatically pull the parameter change curves of the past three cycles
and link the equipment management system to issue an adjustment request, and simultaneously write the adjustment
action back to the process record. If no warning was triggered within two cycles, the system would automatically
archive this record as a closed-loop completion state.

3.3 Effectiveness Performance and Key Indicator Analysis

After the comprehensive implementation of the quality pre-control mechanism, the process stability and defect
intervention efficiency of key process segments have shown significant improvements [8]. The recurrence rate of
risk identification items has dropped below the controllable threshold, indicating a high degree of matching between
early warning and process response. The welding misalignment rate of side panel structural components rapidly
converged after the deployment of the automatic identification system. The process capability index has risen above
the quality control line, indicating that an effective bias prevention mechanism has been established for parameter
control. In terms of system response, the feedback frequency at the inspection station and the response instructions
constitute a data-driven logical match. The path return data at the MES end shows a trend of compressed closed-
loop time, indicating that the triggering chain between the warning node and the control instruction has achieved
rapid adaptability. The corresponding data comparison situation is shown in Table 1.

Table 1. Comparison of Key Control Indicators Before and After Implementation

Control Dimension Before Implementation After Implementation Change Description

Reduced by 73.96%, significant de-
fect decline
Exceeds the 1.33 benchmark, stabil-

Weld Misalignment Rate 0.96% 0.23%

Process Capability Index 0.84 138

(CPK) ' ’ ity reinforced
o - i
Inspection Response Time 15 minutes 4 minutes Reduced to 26.7% ofhorlgmal re
sponse duration
Feedback Closure Cycle 3 process beats 1 process beat System response synchronized with

production
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4. Conclusion

The quality risk control at the front end of the automotive manufacturing process should not merely focus on local
corrections within each stage; instead, it should be deeply integrated into the manufacturing logic as a systematic
engineering approach. The synergy of identification accuracy, parameter response, and system closed-loop consti-
tutes the key fulcrum of the pre-control mechanism. The practical verification in typical processes demonstrates that
the trend of active and digital quality control has a feasible foundation. In the future, digital twins, multivariable
prediction, and edge perception technologies can be further utilized to expand the dynamic adjustment capabilities
of the front-end risk model, promoting the quality management logic to shift from static error prevention to dynamic
perception, and establishing an evolving structural support system for the stability of the manufacturing chain.
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