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SUMMARY

The CDIOTM Initiative is an innovative educational framework providing students with an education stressing engineering fundamentals set in the context of Conceive-Design-Implement-Operate (CDIO) real-world systems and products. The focus of the CDIO Initiative is to produce industry-ready graduates through practice and it has become increasingly popular, especially in engineering education. The CDIO Initiative has used various platforms such as wind turbines and eco-cars for developing the corresponding curriculum of engineering education. Due to the multidisciplinary nature of robotics education, existing platforms that mostly focus on mechanical design are not sufficient to cover all the aspects of robotic technologies such as sensors, navigation, control and artificial intelligence (AI) applications. Acting as a versatile robotic platform, robotic sailboats are introduced into the CDIO Initiative for the first time through the corresponding curriculum development and classroom practice for robotics education. Initial results of such an approach have demonstrated the suitability as well as the benefits of using robotic sailboats for the CDIO Initiative of robotics education.
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1.  INTRODUCTION

The Conceive-Design-Implement-Operate (CDIO)-based education was proposed to close the gap between engineering education and real-world demands on engineers, which is similar to the motivation of Project-Based Learning (PBL) (Edstrom and Kolmos, 2014). It is based on a commonly shared premise that engineering graduates should be able to conceive, design, implement and operate complex value-added engineering systems in a modern team-based environment for creating systems and products (CDIO, 2024). The CDIO Syllabus, which is the cornerstone of CDIO that offers rational, complete, universal, and generalizable goals for engineering education, has its first version presented in 2001. It was updated to the current version of CDIO Syllabus 3.0 in 2022 (CDIO Syllabus, 2024). The CDIO Initiative has already been introduced to various engineering programs such as mechanical engineering, automatic control, maritime and yacht engineering education (Lundblad et al., 2007; Gunnarsson, 2017; Souppez, 2017).

The fulfilment of the CDIO Syllabus relies on various design-build-test projects that bring its five pillars together, which are fundamental knowledge and reasoning, personal and professional skills and attributes, interpersonal skills, the innovation process, and leadership, entrepreneurship and research (Crawley, et al., 2014). Typical design-build-test projects include various cars such as eco-cars and wind turbine cars (Schramm and Mikkelsen, 2011), wind turbines (Souppez and Awotwe, 2022), self-balancing tracing bicycles (Sui et al., 2021), and other engineering projects. However, these design-build-test projects mainly focus on mechanical design without involving complex sensors, navigation, control and artificial intelligence (AI) applications, which are the key elements for robotics education. Therefore, there is a need to develop other more suitable platforms in the context of the CDIO-based robotics education.

Meanwhile, robotic sailboats have attracted many interests from both industry and academy due to their great potential for a wide range of applications offering the advantages in terms of energy consumption and continuous operation (Tipsuwan, et al., 2023). For example, an open-source sailing drone was used as a platform for education in ocean exploration and conservation in (Gernez, et al., 2012). Sustainable solutions were proposed in (Negreiros, et al., 2022) for sea monitoring using N-Boat and F-Boat twins. Using a 1-m class RC sailboat, a generic and flexible unmanned sailboat was also proposed in (Yang et al., 2021) for innovative education and World Robotic Sailing Championship. Autonomous sailing algorithms such as line following and station keeping were also tested on a RC sailboat in (Vautier, et al., 2018; Morge et al., 2022) for the purpose of research and education. Robotic sailboat platforms and the associated activities were developed in (Lin et al., 2022) for PBL in artificial intelligence and marine discipline. The model yacht race was also part of the 1st year of the BEng Yacht and Powercraft Design at Solent University, UK (Souppez, 2018; Archer et al., 2021). However, there still lack of comprehensive study and systematic integration of robotic sailboats into the CDIO Initiative for engineering education in the field of robotics and autonomous systems, whose focus and curriculum are different to those for mechanical engineering and naval architecture. The need for a comprehensive robotics curriculum and platform was also stressed in (Nelson, et al., 2015; Berry, et al., 2016).

The aim of this paper is to introduce and integrate robotic sailboats systematically into the CDIO Initiative for students studying robotics and autonomous systems, specifically for postgraduate students enrolled in MSc Robotics and Autonomous Systems at Aston University, UK. A dedicated module of 30 credits has been developed by following the CDIO syllabus and the module is named as Autonomous System Design. The students were organised into groups for the module and each group has 4–6 students with the target to turning a radio-controlled (RC) model sailboat into a fully autonomous sailboat. Each group is provided a RC model sailboat, all necessary sensors and microcontrollers and 3D printing facilities to finish the project in two semesters. Each group is asked to conduct field tests at a nearby lake and to submit a group report with experimental data. The group report accounts for 70% of the overall mark and the rest 30% comes from individual presentations to be marked by other group members and the tutor together. The emphasis of individual presentations lies on individual work and contributions to the group project while group reports emphasize the overall progress and the teamwork of each group.

The rest of the paper is organised as follows. The detailed CDIO Syllabus 3.0 is to be introduced in Section 2. Some background on robotic sailboats is briefly introduced in Section 3 with the emphasis on the implementation of autonomous sailing. The systematic integration of robotic sailboats into the CDIO Initiative is described in Section 4 with the corresponding syllabus mapping, the detailed conceive-design-implement-operate procedures and the timetable. Finally, some conclusions and future work are summarized in Section 5.

2.  THE CDIO INITIATIVE

The CDIO Syllabus focuses on personal, interpersonal, system building skills, leadership, entrepreneurship and research, and leaves a placeholder for the disciplinary fundamentals appropriate for any specific field of engineering. The current version of CDIO Syllabus 3.0 was published in 2022 and it is shown in the following Table 1 (CDIO Syllabus, 2024).
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As listed in Table 1, the first four pillars of CDIO Syllabus 3.0 correspond to learn to know, learn to be, learn to work together, and learn to do, respectively. The fifth pillar of CDIO Syllabus 3.0 corresponds to the extension or the expansion of the syllabus responding to the needs in the areas of Engineering Leadership and Entrepreneurship. Any curriculum development of certain subject needs to be centred around the syllabus for covering its contents and meeting the corresponding standards. The CDIO Initiative adopted 12 standards to describe the CDIO programs and these 12 CDIO Standards address program philosophy (Standard 1), curriculum development (Standard 2, 3 and 4), design-build experiences and workspaces (Standard 5 and 6), new methods of teaching and learning (Standard 7 and 8), faculty development (Standard 9 and 10), and assessment and evaluation (Standard 11 and 12) (Malmqvist, et al., 2020). By following the CDIO Syllabus and meeting the corresponding standards, a module can then be regarded as a CDIO-based learning module. A module named Autonomous System Design from MSc Robotics and Autonomous System Design at Aston University follows the CDIO Syllabus 3.0 to design its contents, practice and assessment activities with the use of robotic sailboats, which are to be introduced in the following Section 3.

3.  ROBOTIC SAILBOATS

There are many competitive and recreational sailing events nowadays, which are instrumental to advance sailboat design and sailing efficiency. In the age of robotics and autonomous systems, a sailboat fitted relevant sensors and microcontrollers can comfortably imitate all these human-instructed sailing operations by implementing the corresponding path planning and control algorithms. Research in robotic sailboats was also stimulated by the Microtransat Challenge, which is a transatlantic race for autonomous boats to cross the Atlantic Ocean without human intervention. The World Robotic Sailing Championships (WRSC) was subsequently created in 2008 for a series of short races and other challenges for robotic sailboats (WRSC, 2024).

The basic principle of robotic sailing can be illustrated in Figure 1. A control task is provided for the controller inside the sailboat. Then the controller derives the desired rudder angle and the desired sail angle on the basis of the GPS position of the sailboat m, the orientation of the sailboat, the direction of the true wind , and the speed of the true wind . The corresponding rudder and sail servos act on the desired rudder angle and sail angle to drive the sailboat to its waypoints or destination.
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The position of the sailboat m can be measured by a GPS receiver and the GPS receiver can also provide the velocity and the course angle of the sailboat. The orientation of the sailboat can be measured by a compass. An anemometer fixed on the sailboat can measure the apparent wind direction and wind speed. The corresponding true wind direction and speed can be derived from them along with the speed of the sailboat and its course angle (Wan et al, 2022).

Overall, the development of a minimal robotic sailboat involves the configuration of these three sensors (a GPS receiver, a compass, an anemometer), two actuators (rudder and sail servos), one microcontroller, one boat and the associated mechanical support for sensors, microcontrollers and actuators. Furthermore, it also involves sensor data filtering and fusion, control algorithms, programming, path planning and machine learning, which cover all key technical skills for students studying robotics and autonomous systems. The students are to be organised into groups for conducting these tasks as a team, which can cover the practice of interpersonal skills as well as leadership, entrepreneurship and research from the CDIO Syllabus 3.0. So robotic sailboats can be regarded as a suitable platform for the CDIO-based robotics education.

4.  THE INTEGRATION OF ROBOTIC SAILBOATS INTO THE CDIO INITIATIVE

Building on the CDIO Syllabus 3.0 in Section 2 and robotic sailboats in Section 3, the curriculum mapping of integrating robotic sailboats into the CDIO Initiative is shown in Figure 2. As the development of a robotic sailboat is an interdisciplinary project, the students are to be organised into groups for practicing fundamental knowledge, methods and tools as well as their interpersonal skills. The specific tasks for Conceive, Design, Implement, and Operate are to be detailed in the following subsections.
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The corresponding timetable for the module of Autonomous System Design is shown in Table 2, where each week has a two-hour lecture and a two-hour practice except for the last four weeks, which is exclusively reserved for field test.
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4.1 CONCEIVE

As listed in Figure 2, the main task for the Conceive stage is to enable the students familiarize with fundamental knowledge, methods and tools for robotic sailing and sketch the overall scheme of a robotic sailboat and its system configuration. Such fundamental knowledge, methods and tools include sailing physics, embedded systems with sensors, microcontrollers and actuators, and C/C++ and Python programming. Four to six students work as a team and learn from each other. At the end of the Conceive stage, each team should be able to sketch the overall scheme of the robotic sailboat with the associated sensors, microcontrollers, and actuators.

4.2 DESIGN

During the Design stage, each team needs to dive into the technical details and design the control system as well as the associated mechanical system, which is to be detailed in the following subsections.

4.2.1 Control System Design

Depending on the microcontroller to be used for robotic sailing, two options are provided for the students to design the corresponding control system: an Arduino-based control system in Figure 3 (a) and a Raspberry Pi-base control system in Figure 3 (b).
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For the Arduino-based control system, the main components are as follows:


•Arduino Mega 2560

•Grove Mega Shield

•Adafruit 16-Channel 12-bit PWM/Servo Shield

•CMPS12 (IMU)

•Grove GPS v1.2

•Anemometer from Davis Instrument (SKU 7911)

•FlySky FS-R6B (Remote controller)

•SD card Adapter



The wiring diagram for the Arduino-based control system is shown in Figure 3(a) and it can be seen that this option uses standard components that are all available from the market. The anemometer from Davis Instruments can provide the apparent wind speed (Accuracy: 1 m/s) and apparent wind direction (Accuracy: 7o).

For the Raspberry Pi-based control system, the main components are as follows:


•Raspberry Pi 4

•Navio2

•Ultrasonic Solar Power Anemometer from Calypso

•FlySky FS-R6B (Remote controller)



The corresponding wiring diagram for Raspberry Pi-based control system is shown in Figure 3(b) and it can be seen that this option is more compact as the Navio2 board contains a GPS receiver and dual IMUs. The anemometer from Calypso communicates with the Raspberry Pi 4 using Bluetooth and it can also provide the apparent wind speed (Accuracy: 0.1 m/s at 10m/s) and wind direction (Accuracy: 1o). The students can also add a camera into the configuration to implement machine vision-based algorithms.

4.2.2 Mechanical System Design

As the main focus is on the implementation of robotic sailing rather than the design of the sailboat itself, so a 1-meter RC model sailboat is adopted for the practice and each group can access to a RC model sailboat. The main task for the mechanical system design is to fit all sensors and microcontrollers within the RC model sailboat. Making full use of the agility of the RC model sailboat, the corresponding mechanical design should minimise mechanical adjustments of the original sailboat. It is worth noting that no CAD files are provided to the students and each group is requested to design their own mechanical parts based on the sailboats they use. The students are encouraged to use their individual creativity, originality and innovation to design their own mechanical parts with distinctive advantages such as minimal material usage or 3D printing time.

For the Arduino-based control system, a 1-meter Laser® RC sailboat is selected with the corresponding mechanical design to fit the anemometer from Davis Instruments onto the sailboat. An example of such design is shown in Figure 4(a), where the anemometer is fixed on the bow of the sailboat and the Arduino board is put inside the cabin of the sailboat.
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For the Raspberry Pi-based control system, a 1-meter Horizon® RC sailboat is selected with the corresponding mechanical design to fit the anemometer and the Raspberry Pi board. An example of such design is shown in Figure 4(b), where the Calypso anemometer is fixed on the stern of the sailboats and the Raspberry Pi 4 board is also put inside the cabin of the sailboat along with Navio2.

Each group has the option to choose the sailboat types as well as the microcontrollers depending on their skills or those skills they are intended to learn. Other robotic platforms such as an Arduino-based robotic arm or a Raspberry Pi-based self-driving car platform (Donkey car) are also be accessible for each group to familiarize themselves with various sensors and microcontrollers during Conceive and Design stages. The knowledge and skills they develop in this module can be widely used for their MSc dissertation module.

4.3 IMPLEMENT

The Implement stage is to assembly the corresponding mechanical design, to wire all sensors and actuators, and then to program the system to conduct sailing algorithms.

An example diagram for the Arduino-based programming is shown in Figure 5(a) while the example diagram for the Raspberry Pi-based programming is shown in Figure 5(b). These two program diagrams aim to be flexible, modular, and extendable as more sailing algorithms can be added for enriching the sailboat’s operations. The codes can be extensively debugged in laboratories before loading them into the sailboat for field test in a lake.
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4.4 OPERATE

0nce the sailboat has been assembled and the corresponding program has been implemented, each team can operate their implemented robotic sailboat in a lake. Typical sailing algorithms such as line following, station keeping, and triangle racing can be tested and the data can also be collected to verify the effectiveness of the sailboat and the associated control algorithms. An example of such operation for triangle racing is shown in Figure 6 using the Raspberry Pi-based sailboat configuration and the autonomous sailing operation was conducted at a local lake in Birmingham, UK. All operation data can also be collected and analysed for assessing the performance of each team, which meets the requirements of the CDIO Initiative in terms of assessment.
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20 students from MSc Robotics and Autonomous Systems at Aston University were divided into four groups and each group ended with a fully or a partially autonomous sailboat for the module of Autonomous Systems Design in 2024–2025. The average mark for these 20 students was 62 out of 100 and the module has a feedback score of 4.5 out of 5 with very positive testimonials from the students such as “I would like to highlight two very positive aspects of this module. Firstly, it was an outstanding starting point that made my learning process highly effective. It successfully taught the core fundamentals of autonomous systems and provided a practical framework for project development. Secondly, and most significantly, this class was a turning point for me. The content and delivery were so impactful that it has solidified my goals and given me the confidence to pursue them more rapidly and effectively.”. Both the assessment results and the student feedback have demonstrated the effectiveness of the CDIO-based learning through robotic sailboats.

5.  CONCLUSIONS AND FUTURE WORK

Combining the strength of the CDIO Initiative and robotic sailboats, this paper has proposed an integrated approach of using robotic sailboats for the CDIO-based learning for robotics education. The curriculum mapping to the latest CDIO Syllabus 3.0 is provided with the detailed Conceive-Design-Implement-Operate tasks of using such robotic sailboats for the teaching of a 30-credit module named Autonomous System Design. The students involved in the practice have learned the relevant skills in robotics with improved confidence and employability, which has demonstrated the suitability and the effectiveness of such an approach for the CDIO Initiative. So the proposed approach would provide another useful design-build-test project or platform, especially for the students studying robotics and autonomous systems.

Despite the initial success of using robotic sailboats for the CDIO Initiative, constant adjustments and continuous improvement are needed to optimise the corresponding curriculum delivery such as extra options of sailboat types as well as cutting-edge sensors and microcontrollers to create more room for creativity and innovation among students. Furthermore, machine learning-related topics and practice such as reinforcement learning control for autonomous sailing can also be added into the curriculum for enriching the curriculum (Mankina, et al., 2025). Along with these further developments, it is anticipated that robotic sailboats could play a bigger role for the CDIO Initiative of robotics education in the future.
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