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[Abstract]

Human errors such as position and sequence errors, incorrect torque, and missed fastening can occur
in bolt fastening processes in manufacturing environments. This study designs and implements a bolt
fastening assurance system that integrates a CAD-based 3D digital twin with dual torque and vision
verification. The proposed system performs CAD-based process management, torque verification using a
digital torque wrench, and vision verification based on ROI comparison of pre- and post-fastening
images. An interlock allows transition to the next process only when both verification results are
normal. Repeated tests in a virtual environment using scenarios including torque errors, missed fastening,
and sequence errors confirmed the feasibility of the proposed system for fastening error verification and
management. This study verifies the functional feasibility of a CAD-based fastening assurance

architecture prior to integration with physical hardware.
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I. Introduction
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II. Preliminaries

2.1. CAD and Digital Twin-Based Manufacturing
Process Visualization
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2.2. Manufacturing Error-Proofing and Smart
Torque Management
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2.3. Computer Vision-Based Tightening Verification
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2.4. Research Gap and Contribution
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III. The Proposed System Architecture

3.1. System Overview
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Bolt Position
Process Status

Process Monitoring
Bolt List
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Result / Rework

Process Management / Verification Layer

Bolt Process Manager
Process Sequence Management
- Bolt State Management
- Torque Verification
- Vision Verification
- AND Verification
- Interlock / Rework Control
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CAD / Digital Twin Layer

Hardware Interface Layer

CAD Parser

Bolt Coordinate
Target Torque

3D Model

Process Visualization

Smart Digital Torque Wrench
ESP32-C3

Robot / Camera / Laser
(Future Extension)

Fig. 1. Proposed System Architecture
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3.2. CAD-Based Process Information
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3.3. Digital Twin-Based Process Management

ORY EQe CADZRE 148 A& Ad Hus
3RHY 7Pzt malstn A2 2A0] X18) AlEjE W]
gtk 7HBiols A& 2o A ol BE7t Bl
o, RF Ao wet 2+ BEO] AR A A, A O]
A A 0f LA fEE PR w3 A el
RIS AR oR LAl AUAPL WA Saslob &
A RIS BT 4 e polgirt

3.4. Dual Verification and Process Interlock
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3.5. System Operation Sequence
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IV. Implementation and Verification

4.1. System Implementation Environment
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4.2. 3D Digital Twin and HMI Implementation
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Fig. 2. Main HMI of the Proposed System
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4.3. Digital Torque Wrench Interface and
Verification
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Fig. 3. Digital Torque Wrench Verification Process

44. Tightening Sequence and Process Management
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Fig. 4. Vision Verification Process
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4.6. Dual Verification and Interlock Implementation
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4.7. Rework and Result Management
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V. Experimental Results and Analysis

5.1. Evaluation Environment and Method
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5.2. Vision Verification Simulation
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Table 1. Vision-Based Tightening Verification

Before After Result

Table 194 ‘Before’= A2 Ard
‘After'= A2 AES gR]E EQof gt

o1 Ae] oju]xlo]],
195t 0|59 o]

Klole}. ‘Result = 5 o|ujx|o] ROIS v]igt Zutz,
P A5E 4o LAlsle] APt 25 Zutg Bl
g 4 9LEE soick. 0|2 o) ORI EdolA YE
A1 A% olu|x|e} CAD 7|3t ROI 2.E ol &sto] A]
2 gIxlo] Ale) Wots A5 4 992 skt of
o 2 Aok AR sfet ojojxlS E3t A% At of
Ue gxlE EY olojx|Z 0|3t 715 A5 Autolct

meld £, 89 A%, A4 AF B Wet 5 B

25 oINS 4 Qe ofulx] W et A5
FF AN 4T Bast Ak

5.3. Torque Verification Results
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5.4. Integrated Verification and Interlock Results
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5.5.2. Torque Error
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5.5.4. Vision Verification Error
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Table 3. Verification of Process Error Detection and
Blocking Performance under Virtual Scenarios

Metric Torque Tlgh.terTlng Sequence
Error Omission Error
Error Exceeds Shortage of Bolted Out-of-Sequence
Condition Allowable Torque Connections Execution
Total 100 100 100
Trials
Detected 100 100 100
Cases
Missed 0 0 0
Cases
Functional
Correctness Y Y Y
Check

VI. Conclusions
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