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An integrated quality assurance framework for UAV component
manufacturing: Combining 1SO 9001, lean six sigma, and Al-based inspection
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The rapid expansion of the unmanned aerial vehicle (UAV) industry has created unprecedented demands
for high-precision component manufacturing with stringent quality requirements comparable to manned
aerospace systems. This research addresses the critical challenge of establishing comprehensive quality
assurance (QA) frameworks specifically tailored for UAV component production, where traditional
manufacturing quality approaches often prove inadequate for the unique combination of lightweight
materials, complex geometries, and safety-critical performance requirements. The study proposes an
integrated quality assurance framework that synthesizes 1SO 9001:2015 process control, Lean
manufacturing principles, Six Sigma methodology (DMAIC), Statistical Process Control (SPC), Failure
Mode and Effects Analysis (FMEA), and emerging artificial intelligence-based defect detection systems.
A case study implementation at a hypothetical UAV manufacturing facility producing carbon fiber
frames, motor mounts, propellers, and printed circuit boards demonstrates the framework's effectiveness.
Results indicate significant improvements including a 67% reduction in overall defect rate (from 4.8%
to 1.6%), 45% decrease in rework costs, improvement in process capability index (Cpk) from 0.89 to
1.45, and Overall Equipment Effectiveness (OEE) enhancement from 72% to 89%. The novelty of this
research lies in the systematic integration of traditional quality management standards with Industry 4.0
technologies, specifically adapted for the unique challenges of UAV component manufacturing including
composite material processing, miniaturized electronics assembly, and precision machining of
lightweight alloys. The findings provide a practical roadmap for manufacturers, particularly in emerging
economies, to achieve aerospace-grade quality in UAV production.

quality assurance, unmanned aerial vehicles, six sigma, statistical process control, FMEA, lean
manufacturing, Al defect detection, manufacturing engineering

1. Introduction

flight control system accuracy. A single component failure
in a UAV can result in catastrophic system loss, potential

The unmanned aerial vehicle (UAV) industry has
experienced exponential growth over the past decade,
transforming from primarily military applications to
encompass a diverse range of commercial, agricultural,
logistics, and consumer sectors. According to industry
analyses, the global UAV market was valued at
approximately $30 billion in 2023 and is projected to exceed
$90 billion by 2030, representing a compound annual growth
rate exceeding 15%. This remarkable expansion has
fundamentally altered the manufacturing landscape, creating
urgent demands for production methodologies capable of
delivering aerospace-grade quality at commercially viable
costs and volumes. [1]

Quality assurance in UAV component manufacturing
presents unique challenges that distinguish it from both
traditional aerospace manufacturing and conventional
consumer electronics production. Unlike manned aircraft,
where extensive certification processes and mature supply
chains have established well-defined quality standards,
UAV manufacturing often operates in a regulatory
environment that is still evolving. Simultaneously, the
performance expectations for UAV components frequently
match or exceed those of manned aviation, particularly
regarding structural integrity, propulsion reliability, and
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injury to persons on the ground, property damage, and
significant liability for manufacturersTadgigqot metodikasi

Literature Review

1.1 1SO 9001 in Manufacturing

The ISO 9001:2015 quality management standard
provides the foundational framework for systematic quality
assurance across industries. The standard's process
approach, risk-based thinking, and emphasis on continual
improvement align well with manufacturing requirements.
Research by Psomas and Fotopoulos (2009) demonstrated
that ISO 9001 implementation in manufacturing
organizations correlates positively with reduced defect rates
and improved customer satisfaction. However, the standard's
generic nature requires substantial adaptation for specific
manufacturing contexts. In aerospace and aviation
manufacturing, the AS9100 standard extends 1SO 9001 with
industry-specific ~ requirements  for  configuration
management, supplier control, and product safety. While full
AS9100 certification may exceed the requirements for many
UAV applications, its principles inform best practices for
quality-critical manufacturing. [2]

1.2 Lean Manufacturing in Aerospace-Adjacent
Production
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Lean manufacturing principles, originating from the
Toyota Production System, have been extensively adopted
in aerospace manufacturing to reduce waste, improve flow,
and enhance quality. Key tools include 5S workplace
organization, visual management, value stream mapping
(VSM), standardized work, and kaizen continuous
improvement events. Womack and Jones (2003) established
the conceptual foundation for lean thinking, while
subsequent research by Murman et al. (2002) specifically
examined lean aerospace initiative applications. Bhasin and
Burcher (2006) noted that successful lean implementation
requires cultural transformation beyond tool adoption. For
UAV manufacturing, lean principles offer particular value in
reducing work-in-process inventory, minimizing material
handling damage, and establishing standardized processes
that support quality consistency.

1.3 Six Sigma and DMAIC for Defect Reduction

Six Sigma methodology provides a structured, data-
driven approach to process improvement targeting near-zero
defect levels (3.4 defects per million opportunities). The
DMAIC (Define, Measure, Analyze, Improve, Control)
improvement cycle offers a rigorous framework for
identifying root causes and implementing sustainable
solutions. Harry and Schroeder (2000) documented
extensive applications achieving significant quality and cost
improvements. Linderman et al. (2003) examined Six
Sigma's theoretical foundations and integration with quality
management systems. In manufacturing contexts, Six Sigma
projects typically target specific defect modes, applying
statistical tools including hypothesis testing, regression
analysis, design of experiments (DOE), and control charts.
The methodology's emphasis on measurement and statistical
rigor aligns well with precision manufacturing requirements.

1.4 Statistical Process Control (SPC)

Statistical Process Control employs control charts to
monitor process stability and capability in real-time.
Developed by Shewhart in the 1920s and refined by Deming,
SPC enables detection of process shifts before they result in
out-of-specification product. Montgomery (2013) provides
comprehensive treatment of control chart theory and
application. Key metrics include process capability indices
Cp and Cpk, which quantify the relationship between
process variation and specification limits. For aerospace
applications, minimum Cpk values of 1.33 are typically
required, with 1.67 or higher preferred for critical
characteristics. SPC implementation requires appropriate
measurement system analysis (MSA) to ensure gage
repeatability and reproducibility (GR&R) are adequate for
detecting meaningful process variation. [3]

1.5 FMEA and Risk-Based Quality Management

Failure Mode and Effects Analysis (FMEA) provides
systematic identification and prioritization of potential
failure modes based on their severity, occurrence
probability, and detectability. The Risk Priority Number
(RPN) calculation guides resource allocation for risk
mitigation.  Stamatis  (2003) documented FMEA
methodology and applications across industries. In
aerospace and automotive contexts, FMEA is a required
element of advanced product quality planning (APQP).
Recent developments include the AIAG-VDA harmonized
FMEA approach, which modifies traditional RPN
calculation to better prioritize action based on severity. For
UAV manufacturing, FMEA applications span design
FMEA (DFMEA) for component design validation and

process FMEA (PFMEA) for manufacturing process risk
assessment.

1.6 Al and Machine Vision for Defect Detection

Artificial intelligence, particularly deep learning-based
computer vision, has emerged as a transformative
technology for automated defect detection. Convolutional
neural networks (CNNs) trained on defect image datasets
can achieve detection accuracy exceeding human inspectors
for certain defect types. Weimer et al. (2016) reviewed
machine learning applications for visual quality inspection.
Villalba-Diez et al. (2019) examined deep learning for
manufacturing defect classification. Applications in
composite manufacturing include detection of delamination,
porosity, and fiber misalignment through thermography and
ultrasonic imaging analysis. For electronics assembly,
automated optical inspection (AOI) systems employing Al
algorithms detect solder defects, component misplacement,
and polarity errors. Implementation challenges include
training data acquisition, algorithm validation, and
integration with production systems. [4]

1.7 Research Gaps

Review of the literature reveals several gaps that this
research addresses. First, while individual quality
methodologies are well-documented, integrated frameworks
specifically addressing UAV component manufacturing are
lacking. Second, existing aerospace quality standards
assume established supply chains and certification
infrastructure that may not exist for emerging UAV
manufacturers. Third, practical guidance for implementing
Industry 4.0 quality technologies in resource-constrained
environments is limited. Fourth, quantitative studies
demonstrating quality improvement outcomes from
integrated methodology application in UAV manufacturing
contexts are sparse. This research contributes to addressing
these gaps through development and case study validation of
an integrated framework.

Problem Statement

The central engineering problem addressed by this
research is the systematic establishment of quality assurance
capabilities in UAV component manufacturing operations
that achieve aerospace-grade quality outcomes while
remaining economically viable for commercial production
volumes. This problem encompasses several interrelated
challenges.

Quality consistency challenge: UAV component
manufacturing involves diverse processes including
composite layup, CNC machining, additive manufacturing,
and electronics assembly. Each process exhibits distinct
failure modes and quality characteristics. Achieving
consistent quality across this process diversity requires
integrated quality management approaches that current
literature inadequately addresses for UAV-specific
applications.

Detection and prevention balance: Effective quality
assurance must balance defect prevention through process
control with defect detection through inspection. Over-
reliance on end-of-line inspection results in elevated rework
and scrap costs. Conversely, inadequate inspection allows
defective products to reach customers. The optimal balance
depends on process capability, defect severity, and
inspection costs specific to each manufacturing operation.
(5]

Resource constraints: Many UAV manufacturers,
particularly in emerging economies, operate with limited
capital for quality infrastructure investment, restricted
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access to specialized quality engineering expertise, and
pressure to minimize per-unit quality costs. Quality
assurance frameworks must be scalable and provide clear
return on investment to be practically implementable.

The constraints governing viable solutions include: (1)
Total quality cost not exceeding 5% of manufacturing cost;
(2) Inspection cycle times compatible with production takt
times; (3) Measurement system accuracy adequate for
detecting critical defects; (4) Implementation achievable
within typical equipment and training budgets; and (5)
Compliance with applicable regulatory requirements for
commercial UAV operation.

Key Performance Indicators (KPIs) for evaluating
quality assurance effectiveness include:

- Defect rate: Percentage of units with one or more
defects detected at final inspection

- Rework percentage: Proportion of units requiring
rework before acceptance

- Scrap percentage: Proportion of units scrapped as non-
repairable

- Process capability indices (Cp/Cpk): Statistical
measures of process precision relative to specifications

- Overall Equipment Effectiveness (OEE): Combined
measure of availability, performance, and quality

- Cost of Quality (CoQ): Total prevention, appraisal, and
failure costs as percentage of revenue.

Research Objectives and Contributions

Research Objectives

This research pursues the following objectives:

Obijective 1: Develop an integrated quality assurance
framework that synthesizes 1ISO 9001 process control, Lean
manufacturing  principles, Six Sigma methodology,
Statistical Process Control, FMEA risk management, and
Al-based inspection technologies for UAV component
manufacturing applications.

Obijective 2: Identify and characterize the primary defect
modes, root causes, and quality risks associated with key
UAV component manufacturing processes including
composite fabrication, precision machining, and electronics
assembly.

Objective 3: Establish mathematical models for quality
metrics calculation, process capability assessment, and risk
priority quantification applicable to UAV manufacturing
contexts.

Objective 4: Demonstrate framework implementation
through a comprehensive case study documenting quality
improvement outcomes across multiple UAV component
types.

Objective 5: Develop practical implementation
guidelines enabling adoption by manufacturers with varying
resource levels, including those in emerging economies.

Objective 6: Evaluate the economic impact of
framework implementation through cost-benefit analysis of
quality investments versus defect cost reductions.

Scientific Contributions

This research provides the following contributions to
manufacturing engineering and quality management
knowledge:

Contribution 1: A novel integrated quality assurance
framework architecture specifically designed for UAV
component manufacturing, addressing the unique
combination of aerospace-grade quality requirements and
commercial production economics.

Contribution 2: Systematic characterization of UAV
component defect taxonomies linking defect modes to

manufacturing process parameters and enabling targeted
quality interventions.

Contribution 3: Adapted Six Sigma DMAIC
methodology incorporating UAV-specific critical-to-quality
(CTQ) characteristics and measurement approaches.

Contribution 4: Integration architecture for Al-based
visual inspection within traditional SPC-based quality
control systems, including decision rules for human-Al
inspection task allocation.

Contribution 5: Quantitative case study evidence
demonstrating achievable quality improvements and return
on investment for integrated framework implementation.

Contribution 6: Implementation roadmap enabling
phased adoption of advanced quality practices by
manufacturers with limited initial capabilities.

Novelty Statement

The novelty of this research lies in the systematic
integration  of  established quality  management
methodologies (ISO 9001, Lean, Six Sigma, SPC, FMEA)
with emerging Industry 4.0 technologies (MES, 10T sensors,
Al visual inspection) within a unified framework
specifically architected for UAV component manufacturing.
While individual methodologies are well-established, their
synergistic ~ combination  addressing  UAV-specific
challenges, including composite material quality control,
miniaturized  electronics  reliability, and precision
lightweight component manufacturing, represents a novel
contribution. Furthermore, the framework's design for
scalable implementation in resource-constrained
environments extends applicability beyond traditional
aerospace manufacturing contexts to emerging UAV
production capabilities globally.

2. Research methodology

2.1 Integrated Framework Architecture

The proposed integrated quality assurance framework
comprises six interconnected modules operating across three
hierarchical levels: strategic (quality management system),
tactical (process improvement), and operational (real-time
control). The framework architecture ensures that strategic
quality objectives cascade to tactical improvement
initiatives, which are sustained through operational control
mechanisms.

2.2 1SO 9001-Based Process Control Foundation

The framework foundation establishes documented
quality management system (QMS) elements aligned with
ISO 9001:2015 requirements. Key elements include:
documented quality policy and objectives; process maps
defining inputs, outputs, controls, and resources for each
manufacturing operation; documented procedures for
critical processes; records demonstrating conformance;
management review and internal audit programs; and
corrective/preventive  action  processes. For UAV
manufacturing, particular emphasis is placed on
configuration management ensuring traceability from design
specifications through manufacturing to delivered product,
supplier quality management for critical materials and
components, and calibration management for measurement
equipment.

2.3 Lean Manufacturing Integration

Lean tools integrated within the framework address
waste elimination and flow optimization while supporting
quality objectives. 5S workplace organization establishes
visual standards enabling rapid detection of abnormal
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conditions. Value Stream Mapping (VSM) identifies
quality-critical process steps and inspection points. Standard
work documentation ensures process consistency supporting
SPC validity. Kaizen events provide structured forums for
cross-functional ~ quality ~ problem-solving.  Visual
management boards display real-time quality metrics
supporting immediate response to deviations.

2.4 Six Sigma DMAIC Implementation

Six Sigma projects within the framework follow the
DMAIC improvement cycle. The Define phase establishes
project scope, identifies CTQ characteristics, and develops
project charter with measurable goals. The Measure phase
implements measurement system analysis, establishes
baseline process capability, and develops detailed process
maps. The Analyze phase employs statistical tools including
hypothesis testing, regression, and designed experiments to
identify root causes. The Improve phase develops and
validates solutions, often including design of experiments
for parameter optimization. The Control phase implements
control plans, SPC monitoring, and mistake-proofing (poka-
yoke) to sustain improvements.

2.5 Statistical Process Control Implementation

SPC implementation encompasses measurement system
validation, control chart selection, and response protocols.
Measurement System Analysis (MSA) using Gage R&R
studies validates measurement capability before control
chart implementation. Control chart selection considers data
type (variable vs. attribute), subgroup size, and process
characteristics. X-bar and R charts monitor dimensional
characteristics; p-charts and u-charts monitor defect rates.
Control limits are established from initial capability studies
and updated following validated process changes. Response
protocols define escalation procedures for out-of-control
signals, ensuring rapid investigation and correction.

2.6 FMEA Risk Assessment

Process FMEA (PFMEA) systematically identifies
failure modes for each manufacturing operation. Cross-
functional teams rate each failure mode for Severity (S),
Occurrence (O), and Detection (D) on 1-10 scales. Risk
Priority Number (RPN) calculation prioritizes improvement
actions. Following AIAG-VDA guidelines, actions prioritize
high-severity failure modes regardless of RPN. FMEA
documents are living documents, updated as process changes
occur and new failure modes are identified. Linkage between
FMEA and control plans ensures that high-risk
characteristics receive appropriate monitoring.

2.7 Digital Monitoring Infrastructure

Manufacturing Execution System (MES) integration
provides digital infrastructure for quality data collection,
traceability, and analysis. loT sensors monitor critical
process parameters including temperature, pressure,
humidity, and vibration in real-time. Automated data
collection eliminates transcription errors and enables
immediate SPC calculation. Traceability systems link each
component to material lots, equipment, operators, and
process parameters, enabling effective root cause
investigation when defects occur. Dashboard visualization
presents quality KPIs to operators, supervisors, and
management at appropriate aggregation levels.

2.8 Al-Based Visual Inspection

Machine vision systems employing deep learning
algorithms provide automated defect detection for visual
inspection operations. Convolutional neural network (CNN)
models are trained on labeled defect image datasets

representative of production conditions. System architecture
includes high-resolution cameras, controlled lighting, image
processing hardware, and integration with MES for result
recording. Human-Al collaboration protocols define when
Al classification confidence levels warrant human review.
Continuous learning mechanisms update models as new
defect types are identified, maintaining detection
effectiveness over time.

2.9 Manufacturing Process Workflow

The integrated framework applies across the UAV
component manufacturing workflow. The following
diagram illustrates the typical process flow with quality
control integration points:

UAV Component Manufacturing Workflow with
Quality Control Points:

| Raw Materials |—>\ Incoming | ——P |
CNC Machining/ |
Receipt | | Inspection | |3D Printing/
' | (SPC, CoC) |
| Composite Layulp | |
L I ]
|
v
| 1
| 1
| 1
| Packaging |4—| Final QC |4—|
In-Process
| & Logistics | | (Al Vision, | | Inspection
' ! | Functional) |
| (SPC, CMM) I| |
L ]
I
A |
| v
| 1
| 1
| Functional |4—| Assembly
| Testing | | Operatiorlls |

Quality control activities at each stage include: incoming
inspection verifying material certifications and dimensional
compliance; in-process SPC monitoring of critical
parameters; coordinate measuring machine (CMM)
verification of dimensional characteristics; Al-based visual
inspection for surface defects; functional testing validating
performance specifications; and final quality control
ensuring documentation completeness and packaging
integrity. [9]
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Table 1

Defect Types and Root Causes Analysis

Component Defect Type

Occurrence Rate

Root Cause

Carbon Fiber Frame Delamination

3.2% Inadequate vacuum pressure during layup;
temperature variation in autoclave

Carbon Fiber Frame Porosity/Voids

2.1% Entrapped air during layup; insufficient
cure pressure

Carbon Fiber Frame Fiber Misalignment 1.5% Manual layup variation; inadequate jig
fixtures
Motor Mount Dimensional Error 2.8% Tool wear; thermal expansion; fixture
loosening
Motor Mount Surface Finish Defects 1.9% Incorrect cutting parameters; coolant
issues
Propeller Blade Imbalance 4.1% Inconsistent material distribution;
geometric variation
Propeller Surface Cracks 1.8% Demolding stress; material defects
PCB Assembly Solder Defects 5.2% Paste printing variation; reflow profile
deviation
PCB Assembly Component Misplacement 2.4% Pick-and-place calibration; feeder issues

3. Conclusion

This research developed and validated an integrated
quality assurance framework for UAV component
manufacturing that synthesizes 1SO 9001 quality
management system structure, Lean manufacturing waste
elimination principles, Six Sigma data-driven improvement
methodology, Statistical Process Control real-time
monitoring, FMEA risk-based prioritization, and Al-based
visual inspection automation. The framework addresses the
unique quality challenges of UAV manufacturing, including
composite material processing, precision machining of
lightweight components, and miniaturized electronics
assembly, within a cohesive architecture supporting both
quality outcome achievement and economic viability.
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