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Abstract
Against the background of manufacturing digital transformation and smart manufacturing curriculum
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development, robotic arms, as core equipment in intelligent manufacturing, face several teaching
challenges, including high equipment costs, difficult maintenance, and limited visualization of ab-
stract mechanisms. This paper describes the development of a virtual-physical interactive experi-
mental teaching system for robotic arms, based on technologies such as digital twins, augmented
reality (AR) and machine learning. The system utilizes a four-degree-of-freedom robotic arm as its
platform. Three-dimensional modelling and model lightweighting were carried out using Solid-
Works, whilst the virtual simulation and interactive interface were built using Unity. By integrat-
ing an STM32 microcontroller, HTS-20L bus servos, HC-05 Bluetooth communication and serial
communication protocols, the system achieves bidirectional synchronisation between the virtual
model, the mobile control interface and the physical robotic arm. In terms of instructional design,
the system centres on four learning objectives: structural cognition, understanding of kinematics,
control debugging and engineering reflection. It establishes a practical teaching workflow of “struc-
tural cognition-virtual simulation-physical verification-data feedback”, transforming concepts such
as D-H kinematic modelling, forward and inverse solution calculations, servo control and fault pro-
tection into observable, operable and reviewable learning tasks. Platform testing results indicate
that the system’s virtual-physical synchronisation latency is 185 ms, the angular synchronisation
error is 1.5°, the servo positioning accuracy is + 0.1°, and the fault protection response time is less
than 50 ms, thereby meeting the requirements for basic robotic arm experimental teaching. An
analysis of its educational application indicates that the system enables students to complete
practical tasks by following the pathway of “observing the model-predicting motion-virtual pa-
rameter tuning-physical verification-error analysis”. It offers practical value in reducing reliance
on physical equipment and mitigating operational risks in the classroom, and can serve as a refer-
ence for virtual-physical integrated practical teaching in courses related to intelligent manufac-
turing.
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Figure 1. Overall system architecture
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Figure 2. Schematic diagram of the hardware architecture
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