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Preface 
 

The International Federation for the Promotion of Mechanism and Machine Science (IFToMM) is one 
of the largest international scientific communities dedicated to the field of mechanism and machine 
science and its applications. Since its foundation in 1965, it has been devoted to the mission of 
bringing people from all nationalities and systems together to exchange science and technology and 
strengthen their international bonds. 

IFToMM’s Young Faculty Group is a cross-disciplinary group founded in 2024 to pursue IFToMM’s 
mission from within the working core of academia. It regularly summons young researchers and 
lecturers from all over the world not only to discuss the technological challenges of the present and 
the future, but also to share experiences in academia and support each other in the harsh endeavor 
of making a career in the academic world.  

The IFToMM Young Faculty Group Symposium on Emerging Fields in Mechanism and Machine 
Science (IFToMM YFG-MMS 2024) was launched this year as a cornerstone of the Young Faculty 
Group activities. The first IFToMM YFG-MMS was held online from the 19th to the 21st of November 
2024 and gathered more than 30 participants from 14 different countries and 6 continents. A total of 
27 contributions from the fields of robotics, mechatronics, multibody dynamics, transportation 
machinery, vibrations, biomechanics, as well as education were selected for presentation after peer 
review by two independent reviewers. This book contains the final versions of all the selected 
abstracts. 

We would like to thank IFToMM and, in particular, Andrés Kecskeméthy, President of IFToMM, 
Burkhard Corves, Chair of the MO Germany, Victor Petuya, Chair of the MO Spain, and Guisseppe 
Carbone, Chair of the TC Mechatronics and Robotics, for their valuable support. We would also like 
to thank the open-access institutional repository of the University of Duisburg-Essen, DuEPublico, 
and, in particular, Elisabeth Wünnerke for their friendly and professional assistance in the publication 
process.  

We hope that the IFToMM YFG-MMS 2024 was just the beginning of a long-lasting series of many 
more young faculty meetings to come. 

Francisco Geu Flores 
Sajjad Ketshkar 
Claudio Villegas 
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Impact of a Novel, MRI Based Approach for Ligament Personalization in Knee Modeling 

Michele Conconi1, Nicola Sancisi1 

1Department of Industrial Engineering, University of Bologna, Italy {michele.conconi@unibo.it, nicola.sancisi@unibo.it} 

ABSTRACT 

1    Introduction 

Several approaches are possible when modeling the knee joint’s response to load [1-3]. A common crucial point is how to personalize 

the model, adapting its parameters so that the model prediction optimally matches the behavior of a specific subject. The model 

sensitivity may vary considerably depending on the approach [1]. In general, the correct identification of ligament origin, insertion, 

and resting length have a strong impact on the model response [1,4]. A standard procedure for optimizing ligament properties 

involves utilizing experimental data, where joint kinematics have been measured under various external loads.[1]. This approach is 

indeed very effective; however, it generally requires complex and invasive experimental measurements, which reduce its application 

in standard clinical scenarios, where typically only medical images are available. In this work, we want to present a novel process 

that uses kinematic prediction of individual joint models based on magnetic resonance images (MRI) to identify the ligament 

parameters. The results of this method will be compared with those achievable using data directly obtained from MRI, i.e., without 

an individual model. 

2   Methods 

We investigated six fresh-frozen lower-limb specimens (one female, five men; age: 67.3±17.2 years; weight: 69.4±13.2 Kg; height: 

168.3±8.5 cm). A surgeon declared the legs free from anatomical defects and removed the forefoot and all soft tissues except those 

at the joint, leaving the knee capsule and ligaments intact. A stereophotogrammetric system (Vicon Motion Systems, Ltd., Oxford, 

UK) was used to measure the tibia and femur relative motion, employing two trackers directly fixed to the bones, thus introducing 

no soft-tissue artifacts. The specimen was mounted on a test rig for in vitro analysis of the knee joint motion [5]: the femur was 

connected to the rig and use to control the knee flexion, while the tibia was free to move according to its passive motion, i.e. without 

external forces acting on it. Computed tomography (CT) scans and MRI of each knee were acquired. Articular surfaces and ligament 

insertions were then manually segmented using the free open-source software Medical Imaging Interaction Toolkit. In particular, 

the origin and insertion areas of the main ligaments of the knee (ACL, PCL, MCL deep and superior bundles, LCL, ALL) were 

identified, together with their centroid. Anatomical reference systems were defined according to a standardized convention [6], and 

relative femoro-tibial orientation was expressed according to a YXZ Euler angle sequence [7], while the relative translations were 

represented as the coordinates of the femur origin in the tibia reference system. For each knee, two deformable multibody models 

were defined. Both include articular contact modeled with a variation of the mattress of springs and built on cartilage morphology; 

seven single-fiber ligaments with bilinear elastic characteristic, where the stiffness of ligament and contact was taken from the 

literature [8], and no viscous effect was introduced. The two models differ only by the location of the ligament insertions and resting 

length. In particular, one model (MRI-M) simply takes the centroid of the insertion area as identified in the MRI, and the resting 

length as the linear distance between ligament origin and insertion as measured in the scanning pose. The second model (KIN-M) 

is instead built on a prediction of knee motion based on the maximization of joint congruence [9] and the reciprocity among joint 

constraints and helical axis of motion [10]. From the predicted motion, the most isometric fiber of each ligament is identified, 

providing optimized insertions and resting length. The two models were then compared by computing the passive motion as the 

envelope of equilibrium position over the flexion range. Mean absolute rotational (MARE) and translational (MATE) errors were 

computed for each model with respect to the experimental measure. 

Table 1: Mean absolute rotational (MARE) and translational (MATE) errors for the two models (MRI-M and KIN-M), computed 

for each subject and average on the population. 

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Average 

MRI-M KIN-M MRI-M KIN-M MRI-M KIN-M MRI-M KIN-M MRI-M KIN-M MRI-M KIN-M MRI-M KIN-M 

MARE [°] 6.2±1.9 1.8±2.2 12.5±3.2 2.3±0.8 6.7±3.6 4.7±2.9 11.9±6.6 1.5±0.9 7.5±1.2 1.4±1.1 3.2±0.7 1.4±0.7 8.0±2.8 2.2±1.4 

MATE [mm] 4.2±1.1 1.9±0.5 4.7±1.8 3.6±1.0 3.6±2.0 2.6±0.8 6.3±2.8 3.8±1.4 4.6±2.0 2.6±1.2 9.0±2.6 4.1±2.2 5.4±2.0 3.1±1.2 
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Figure 1: Femoro-tibia kinematics computed with the two models for two subjects: AA is abduction/adduction, IE 

internal/external rotation, AP anterior/posterior, PD proximal/distal, and ML medial/lateral translations. 

3   Results 

In Table 1, the MARE and the MATE for each subject are reported for both models. KIN-M always provides a better estimation of 

knee pose with respect to MRI-M. Interestingly, the discrepancy between the two models is not constant and varies considerably 

among the subjects. In particular, while MARE never exceeds 4.7° for KIN-M, it may reach up to 12.5° for MRI-M. The resulting 

passive kinematics reconstructed with the two models are compared to experimental data in Figure 1 for two subjects. 

4    Conclusions 

The proposed methods for the personalization of ligament properties provide a tool for the personalization of knee joint models 

based solely on information from MRI, thus making them non-invasive and compatible with clinical practice. The predictions of 

KIN-M show very good agreement with experimental data, supporting the validity of the approach. Interestingly, MRI-M shows 

alternate results, in some cases resulting equivalent to KIN-M, while in others, it provides considerable discrepancy with respect to 

the experimental motion. These results stress the importance of a solid and validated procedure for the definition and personalization 

of joint models. 
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Current Trends in Automated Driving Systems
Fernando Viadero-Monasterio , Miguel Meléndez-Useros , Manuel Jiménez-Salas , Beatriz López-Boada , María Jesús

López-Boada

Department of Mechanical Engineering, University Carlos III de Madrid, Avda. de la Universidad, 30, 28911, Leganés, Madrid, Spain {fvi-
adero@ing.uc3m.es}

ABSTRACT

1 Introduction

Automated driving systems (ADS) represent a transformative advancement in transportation technology, with the potential to sig-
nificantly alter the landscape of mobility [1]. These systems, also known as autonomous vehicles or self-driving cars, utilize sophis-
ticated sensors, artificial intelligence, and vehicle connectivity to operate without human intervention [2]. The primary benefits of
ADS include improved safety, enhanced traffic efficiency, and expanded accessibility [3]. One of the most notable advantages is the
potential to reduce traffic accidents, as human error is a leading cause of road incidents. With faster response times and advanced
environmental sensing capabilities, ADS can more effectively detect and mitigate potential hazards, thereby reducing the risk of
collisions.

Despite the potential advantages, the large-scale implementation of ADS faces significant challenges [4]. Ensuring the safety and
reliability of these systems in complex, unpredictable scenarios (such as adverse weather conditions and interactions with both
pedestrians and human-driven vehicles), remains a key concern. The development of robust algorithms, alongside comprehensive
testing, is critical to ensuring the safe integration of ADS into real-world driving environments [5].

This paper aims to provide an overview of the current objectives within the field of driving automation systems, focusing on key
challenges such as intelligent vehicle suspensions, vehicle platooning, path tracking and fault-tolerant vehicle control.

2 Intelligent vehicle suspension

Vehicle Suspension Systems (VSSs) are a fundamental component of vehicle dynamics, as they are highly related to road holding,
ride comfort and safety. Given the inherent limitations of passive suspensions in achieving an optimal balance between road holding
and ride comfort, significant research efforts have been directed towards the development of active and semi-active suspension
systems over the past few decades [6, 7].

The implementation of these systems continues to encounter significant challenges, including the occurrence of faults in physical
components and issues such as actuator chattering [8]. To address these problems, event-triggering mechanisms can be developed
to enhance system reliability and performance [9]. Furthermore, actuators do not exert force instantaneously, making it essential to
account for delays during the control design process [10].

3 Vehicle platoon

Vehicle platooning presents a promising approach to enhancing traffic flow in autonomous vehicle systems [3]. This method or-
ganizes highway traffic into groups of closely spaced vehicles, which adapt their acceleration according to the state of the vehicle
platoon, measured by in-vehicle sensors such as radar/lidar, and received via vehicle-to-vehicle (V2V) communication. The benefits
of this transportation model include shorter travel times, reduced environmental impact, improved fuel efficiency, and the ability to
mitigate traffic congestion.

Despite these advantages, the technology remains underdeveloped due to several technical problems that complicate its real-world
implementation. These challenges include the heterogeneity of vehicles, external disturbances like wind, road slope and rolling
resistance, which affect the longitudinal dynamics of the vehicle, and communication issues such as delays and interruptions, among
other factors [4].

4 Path tracking

Path tracking refers to the ability of an autonomous vehicle to follow a predetermined or dynamically generated trajectory with high
precision [1]. Path tracking is a critical component of autonomous driving, as it ensures that the vehicle remains on the desired path
while maintaining control over steering, speed, and orientation. Accurate path tracking is essential for safe navigation, particularly
in complex environments such as urban roads or highways with obstacles, tight turns, and varying road conditions. It directly
impacts the vehicle’s ability to avoid collisions, minimize travel time, and maintain overall stability, making it a fundamental aspect
of autonomous vehicle control systems.

Path tracking continues to present considerable challenges, including the inability to measure essential parameters of the vehicle in
real time, such as the sideslip angle [11, 12]. Furthermore, the inherently nonlinear and sometimes unpredictable nature of vehicle
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dynamics requires the utilization of sophisticated control methodologies to guarantee system stability under all circumstances [2].
Many researchers have simplified the problem by assuming parameters such as cornering stiffness to be constant, which does not
accurately reflect the true dynamic behavior of the vehicle.

5 Conclusion

This manuscript has provided an overview of the principal trends in automated driving systems and has offered recommendations
for future research directions. The objective is to facilitate the progress of novice researchers in the field, offering direction as they
explore potential research gaps and contribute to the advancement of the technique.
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ABSTRACT 

1    Introduction 

Recently, with the growth of inactive satellites and debris, the orbit has become increasingly crowded, which creates risk and 
uncertainty for the conduction of space missions. For the sustainable utilization of orbit resources, various schemes and devices are 
proposed to capture non-cooperative targets through force interaction or form enclosure [1, 2]. Among relevant devices, polyhedral 
grippers [3, 4], able to transform between an unfolded diagram and the enclosed polyhedron, can realize target capture by form 
enclosure during the shape transformation. Due to the reduction of contact, polyhedral grippers have priority in concise control 
strategy, low damage to the targets, and avoidance of generating extra fragments. However, to capture larger targets, polyhedral 
grippers are required to form larger enclosed spaces, while the size enlargement brings storage difficulty. Developing polyhedral 
grippers with deployable functions may solve this contradiction between the large size requirement and limited launching space. In 
this paper, polyhedral grippers with deployable faces are proposed for enhanced capturing capacity, which have two degrees of 
freedom for deployment and capturing. The size of the polyhedral grippers can be adjusted through the synchronous fold or 
deployment of each deployable face. Therefore, the proposed grippers can be folded for storage, then conduct face deployment in 
orbit, and finally capture non-cooperative targets through the enclosure motion. This extended abstract provides a brief introduction 
to the proposed polyhedral grippers with deployable faces.  

2    Structure design 

2.1 Description of the design flow 

For the easy conduction of the gripper design, a design flow is proposed to construct different polyhedral grippers with similar basic 
modules. These modules, containing three deployable polygon faces connected with revolute joints and constraint branch chains, 
can realize face deployment and shape transformation. By sharing two deployable faces, two basic modules can be expanded to a 
larger mechanism. Finally, a polyhedral gripper able to conduct size adjustment and enclosure motion can be achieved through 
module expansion.  

2.2 Deployable polygon faces 

To enhance the space utilization of the grippers in the launching vehicles, each face of the polyhedral grippers is expected to have 
the deployment function. Therefore, various deployable polygon faces are proposed for the gripper design. These deployable 
polygon faces are inspired by the Sarrus linkage. As an example, the mechanism design of a deployable square face is presented in 
Fig. 1. With the relative translational motion between the center node and the center frame, the face can transform from the folded 
state to the deployed state.  

Figure 1: The proposed deployable square faces: (a) the folded state, (b) the intermediate state, and (c) the deployed state. 

2.3 Gripper construction through the design flow 

The basic module containing three deployable polygon faces is the key component of the proposed polyhedral grippers with 
deployable faces. To construct the polyhedral gripper, type synthesis of the basic modules is first conducted with the Grassmann 
line geometry and line graphs. A synthesized basic module containing three deployable square faces is presented in Fig. 2 as an 

1st IFToMM Young Faculty Group Symposium on Emerging Fields in Mechanism and Machine Science. 19.11.24 – 21.11.24. Online Symposium.

© 2024 The authors. All rights reserved. DOI: 10.17185/duepublico/82585 

12

https://doi.org/10.17185/duepublico/82585


example. The three deployable faces of the basic modules can realize deployment and synchronous motion.  

 
Figure 2: The function schematic of a synthesized basic module containing three deployable square faces.  

According to the proposed design flow of the polyhedral gripper, two basic modules can be expanded to a larger mechanism by 
sharing two deployable faces, and the expected polyhedral gripper can be achieved through module expansion. Based on the basic 
module containing three deployable square faces in Fig. 2, a cube gripper with deployable faces is designed, which can conduct size 
adjustment and enclosure motion as presented in Fig. 3.  

 
Figure 3: The function schematic of a cube gripper with deployable faces.  

3    Conclusion 

In this paper, polyhedral grippers with deployable faces are proposed to achieve the enhanced capacity of capturing non-cooperative 
targets by adopting deployable polygon faces. Through the in-orbit deployment of each deployable face, the proposed polyhedral 
grippers can be efficiently storage within the launching vehicles, and are competent for capturing larger objects. Based on different 
polyhedrons, various polyhedral grippers with deployable faces can be constructed by following the proposed design flow, and have 
the potential for satisfying different capturing requirements. These polyhedral grippers may serve as candidates for diverse spatial 
capturing missions, and provide references for the structure designs of deployable mechanisms with multiple degrees of freedom.  
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ABSTRACT

1 Introduction

Deployable mechanisms are a critical part of space exploration, which enable large structures such as antennas, solar panels, and
habitats to be stowed and stored in the cylindrical shape of the rocket during launch and then deployed in space. Recent advances
in this field, which include materials, design, and actuation technologies, have shown improvements in reliability, stability, and
precision. In this abstract, we review some of the latest developments in this system, which are used in satellites, highlighting new
designs, materials, and mechanisms, as well as the challenges involved in the extreme conditions of space [1].

As long as the complexity and size of the satellite increase, the need for reliable, optimal, and lightweight deployable mechanisms
is growing with it. The primary use of these mechanisms is to allow large structures, like antennas, panels, and other instruments,
to be packed into the rocket during the launch and then to be deployed in orbit or on other planets or asteroids. The main challenge
in this field involves designing mechanisms that have a balance between high stiffness and low mass while being reliable during the
high-stress part of the launch and the harsh environment of space. In this abstract, we overview some recent advances in deployable
mechanisms, highlighting their innovation and current and future applications in space.

2 Materials and Design

Thanks to advancements in materials, the possibility of developing lightweight and durable materials has also advanced. Examples of
these materials include shape memory alloys (SMAs), carbon fiber composites, and bistable structures. These advanced materials,
especially those designed for outer space conditions, provide high durability, improved mass-to-resistance ratio, and mechanical
efficiency, critical factors for deployable mechanisms.

The possibility is that the SMAs will return to their pre-deformed or designed shape when subjected to certain stimulators for
controlled unfolding or expansion [2]. Carbon fiber composites, with their high strength-to-weight ratio, have been exploited in
structural elements, allowing for larger and more complex deployable structures [3].

Bistable structures for space shift into two or several stable conditions without continuous actuation to obtain a high-efficiency
system for both stowed and deployed configurations. These designs offer high reliability and reduce space energy consumption [4].
In addition to materials, new designs, such as origami-inspired and tensegrity systems, are also being developed. These designs can
achieve large deployable areas with minimal mass [5].

3 Actuation Techniques

Novelle actuation mechanisms, such as piezoelectric actuators, also improved the control of deployment. These actuators can
generate motion in response to small electrical signals, offering fine control over small displacements [6]. SMAs can also be used as
actuators which can offer a high force-to-weight ratio where thermal gradients are prevalent. Sensor fusion and integration for the
deployment process is an important real-time adjustment method that has been used recently to monitor the deployment sequences,
reducing the risk of failure. Apart from classical robust controls, emerging AI and machine learning techniques are also proposed
for image processing during deployment.

4 Applications in Space Missions

Deployable mechanisms have been a common technique since the early stages of the space era. The most significant and expensive
deployable site is the James Webb Space Telescope (JWST). In this satellite, several consecutive stages of deployment are achieved
during various weeks, which include a large deployable sunshield made of five layers of Kapton antennas and the receiver. Similarly,
small satellites, like CubeSats, often utilize deployable solar arrays and antennas to extend their functionality [7].

Emerging applications of deployable mechanisms include the development of structures and materials used to enable humans to
inhabit other planets or new space stations. These could include inflatable modules that provide living quarters for astronauts, which
should be lightweight and capable of withstanding the harsh conditions of space [8]. Another application is large space space-based
solar power stations and antennas, which require large arrays of modules. The solar station, for instance, is meant to have several
kilometers in diameter in orbit, capture solar energy, and convert it into electricity for use on Earth. High-precision deployment and
orientation are key factors to ensure the functionality and efficiency of the system.
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5 Challenges and Future Directions

Despite the significant progress, several fields of deployable mechanism systems remain challenged. One of these challenges is
ensuring the shock absorption and vibration tests during the launch, which can cause major damage to any movable structure.
Another active area of research is the design for the vacuum of space, where mechanical components are in the condition of extreme
temperatures, radiation, and the absence of atmospheric pressure. These conditions can cause materials to behave unpredictably,
potentially leading to failure during the deployment process. To address this, we need to develop more reliable lock mechanisms
during launch and more robust materials that can withstand harsh conditions while maintaining their mechanical properties.

Another challenge is developing highly autonomous control and fault-tolerant systems that can detect possible faults in real time
and respond to potential failures. Some of the failures these mechanisms should be capable of identifying include mechanical
jamming, fatigue, or even actuator failures. There should also be some sort of adjustment policies, providing more flexibility during
deployment to prevent mission failure. Research in this area can also include developing advanced sensor networks and sensor
fusion techniques, as well as vision/AI-based control systems that can monitor the status of deployable mechanisms in real time.

Other potential future directions in this field include the development of self-healing and self-repairing structures, especially with
the increasing risk of space debris. The long-term exploitation of long-duration and highly valuable missions where maintenance is
not possible is one such scenario. Another possible area of research could be the development of deployment structures for capturing
debris in small spaces.

6 Conclusion

Deployable mechanisms are one of the most essential parts of satellites for the current stage and future of space exploration. Ad-
vances in materials and designs, smart actuation techniques, and control strategies are making these systems more efficient and
reliable for the deployment of larger and more complex space structures. As research in the field of space exploration with the need
for larger and more precise satellites progresses, deployable mechanisms will also need to be developed accordingly, facilitating
these new missions and structures. From new space telescopes, solar arrays, and solar stations and antennas to habituating on other
planets, deployable mechanisms will play a critical role in the future of space technology. They will require a further interdisciplinary
approach and research.
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ABSTRACT 

1    Introduction 

In the healthcare field, particularly in rehabilitation, the Daniels Scale is a commonly used technique to assess muscle strength. 
Developed by Daniels and Worthingham, this scale classifies muscle strength on a scale from 0 to 5, where each level represents 
the muscle's ability to move a limb against resistance, as detailed in Table 1. Usa et al. developed a formula to predict maximum 
muscle strength in young adults, middle-aged, and elderly individuals, based on the theoretical grade 3 strength value of the Scale. 
They found a linear correlation between this value and maximum strength in young adults, although accuracy decreased in older 
individuals, particularly in knee flexion [1]. Yepes et al. also combined the Daniels Scale with surface electromyography (sEMG) 
signals and machine learning algorithms to classify muscle strength in hand grip exercises. Their approach achieved a 68% accuracy 
across subjects and 71% within subjects, although factors like temperature affected the accuracy of the results [2]. Other applications 
include the work of Cotri-Melecez et al., where they developed a computer-assisted system to automate the prescription of 
rehabilitation therapies in patients with ankle fractures. They used the Daniels Scale to assess muscle strength and classify patients, 
allowing them to determine the type of exercises needed, such as isometric or isotonic. The system, validated with clinical records, 
achieved an accuracy of 97.4%, proving to be a reliable tool for optimizing clinical decision-making in rehabilitation [3]. Similarly, 
Hinojosa-Rodríguez et al. investigated the long-term effects of Katona therapy in children with moderate to severe perinatal brain 
injury, using the Daniels Scale to measure muscle strength. The results showed that 67% of the children treated with early 
intervention achieved motor performance comparable to a healthy group, highlighting the importance of early intervention in 
mitigating motor disabilities [4]. 

This project is based on the previous work of Avellaneda Arroyo et al. [5], who continued the project by Medina Anzaldo, I.B. et 
al., developing a knee brace equipped with EMG, artificial vision, and a mechatronic system to evaluate the range of motion and 
muscle strength of the knee. Unlike the traditional Daniels Scale, which is based on qualitative evaluations, this system aims to 
provide a quantitative measurement of muscle function [6]. 

The aim of this project is to redesign and optimize the original prototype, introducing improvements in hardware and software, as 
well as refining the method of muscle strength quantification, thus offering a more efficient and precise tool for healthcare 
professionals. In the evaluation of Daniels Scale levels, a specific protocol is implemented through lower limb extension exercises 
to determine each level. The table below shows the Daniels Scale levels for assessing muscle strength, along with the methods used 
to measure each level. 

Table 1: Daniels Scale and its Evaluation Methods 

Daniels Scale 
Level 

Description Proposed Evaluation Method [5] 

Level 0 Total absence of muscle contraction. EMG signals are used to deny or confirm muscle 
contraction. Level 1 Minimal contraction without joint movement. 

Level 2 Active movement without the influence of gravity. The subject’s limb moves in the absence of gravity. 

Level 3 
Complete active movement against gravity, without ad-

ditional resistance. 
The subject performs full movement against gravity 

without applying external resistance. 

Level 4 
Full movement against light or moderate external re-

sistance. 
A resistance test is performed with a light torque 

applied. 

Level 5 Total muscle strength, able to resist maximum force. 
A resistance test is performed with a large torque 

applied. 

The project's hypothesis is that, by using the torque generated by an actuator, in this case, the AK80-6 motor, it is possible to simulate 
the resistance corresponding to levels 4 and 5, allowing the accurate determination of the patient’s level on the Daniels Scale. 
Additionally, the force (F) exerted by the patient can be calculated using the formula. 
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𝑭 =
𝑻

𝒓
 ,       (1) 

where 𝑇 is the torque and 𝑟 is the distance where the resistance is applied (20 cm, equivalent to mid-calf). 

2   Design 

As shown in Figure 1a, the knee brace will be placed on the lower limb. The aluminum design, adapted to perform the measurement 
function, will be attached to the knee brace for accurate measurement as shown in Figure 1b.  
 
 
 
 
 
 
 
 

Figure 1: a) Knee Brace; b) Proposed devise redesign 

The proposed model is an instrumented knee brace that integrates an AK80-6 motor, using parts manufactured from 6061 aluminum. 
The link placed over the thigh supports and secures the motor in a stable position, while the rotor connects to the calf link, which is 
the mobile part of the system, through an aluminum coupling and an adapter specifically designed for this function. Additionally, 
the axis of rotation of the knee joint is aligned with the axis of the motor’s rotor, limiting the movement solely to flexion and 
extension of the joint. 

 

3   Expected Results 

The system is expected to help the medical practitioner to evaluate muscle function using the Daniels Scale, as detailed in Table 1. 
Additionally, the system should display the force associated with each level of the scale, providing accurate quantitative data. These 
results will be visualized through a digital interface, where each subject's data can be stored, facilitating medical follow-up and the 
evaluation of their continuous progress throughout the treatment. 
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ABSTRACT 

1    Introduction 

The concept of designing mechanisms with various considerations, such as developing a four-bar linkage for kinematic and dynamic 
analysis, is not new. The typical process begins with determining the dimensions of the linkages, followed by optimization for 
various factors, including dynamic and kinematic considerations [1, 2]. Research commonly adheres to a two-step process: first, the 
synthesis of the mechanism, and then the modification of its components based on specific considerations. This traditional research 
framework has been the bases for numerous studies in mechanism design [3-7].  

Previous studies have introduced four-bar automotive engine hood linkage mechanism loaded with tension and torsion springs, 
employing a conventional research methodology [8, 9]. Subsequently, a novel one-step procedure integrating kinetic synthesis with 
static balancing was developed [10, 11, 12]. This study investigates a two-tension-spring-loaded four-bar hood linkage mechanism 
using the previously established one-step procedure approach. The primary objective of this study is to demonstrate the design of 
an optimal two-tension-spring-loaded four-bar linkage mechanism for static balancing in the presence of friction. Additionally, this 
research serves as a further application of the one-step mechanism design procedure. The results of this study include optimization 
outcomes that are compared with previously reported results.  

2    Problem Statement and Results 

This study introduces the kinematic synthesis and optimization of a four-bar automotive engine hood linkage mechanism equipped 
with two attached tension springs. The configuration of the mechanism is illustrated in Fig. 1, where tension spring 1 and tension 
spring 2 are connected to links [AC] and [ED], respectively. Link [AC] serves as the driver link, and it is important to note that the 
rotation directions of both links [AC] and [ED] are the same during the hood motion.  

Figure 1: Two tension springs attached four-bar linkage mechanism 

In this investigation, only the hood specifications are initially known: weight, length and the positions when fully-opened and fully-
closed. The linkages and springs are assumed to be massless, with friction considered only at Joints A, C, D and E. To minimize the 
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number of design variables, tension springs 1 and 2 are selected to be identical. The introduced four-bar mechanism comprises 
eleven design variables, which include the spring constant, the angles of B1AC (∠(B1AC)) and B2ED (∠(B2ED)), x and y coordinates 
of Joints S1 and S2, the zero-spring lengths of springs 1 and 2, and the lengths of link [AB1] and link [EB2]. Furthermore, the two-
position kinematic synthesis provides six free choices [2], of which five are designated as design variables. Additionally, the friction 
torques at the joints are treated as a design variable, assumed to be uniform across the joints. Consequently, the optimization process 
involves a total of seventeen design variables, with the objective of minimizing the applied force – or the balancing force at peak 
points – required to open or close the engine hood. The optimization results obtained are compared with previously reported results 
for the same four-bar hood linkage mechanism.  
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bulgare des Sciences, vol. 76, issue 10, pp. 1572-1580, 2023. doi: 10.7546/CRABS.2023.10.11 

[4] O. Denizhan, “Dynamic modeling of the spring attached two-link planar manipulator”, International Journal of Computational 
and Experimental Science and Engineering, vol. 9, issue 2, pp. 133-140, 2023. doi: 10.22399/ijcesen.1307444 

[5] A. Zeiaee, R. Soltani-Zarrin, R. Langari, R. Tafreshi, “Kinematic design optimization of an eight degree-of-freedom upper-
limb exoskeleton”, Robotica, vol. 37, issue 12, pp. 2073-2086, 2019. doi:10.1017/S0263574719001085 

[6] F. Freudenstein and MS. Chew, “Optimization of crank-and-rocker linkages with size and transmission constraints”, ASME. J. 
Mech. Des., vol. 101, issue 1, pp. 51–57. January 1979. doi: 10.1115/1.3454024 

[7] F. Freudenstein, “Designing linkages with optimum force transmission”, Product Engineering, pp. 45-47, January 1978. 

[8] O. Denizhan, “Three-position four-bar linkage mechanism synthesis, static balancing and optimization of automotive engine 
hood” Master’s thesis, Lehigh University, Bethlehem, USA, 2015.  

[9] O. Denizhan and MS. Chew, “Optimum design of a spring-loaded linkage mechanism in the presence of friction for static 
balancing”, Journal of Engineering Design and Analysis, vol. 2, issue 1, pp. 5-11, 2019. doi: 10.24321/2582.5607.201901 

[10]  O. Denizhan, “Incorporation of kinematic analysis, synthesis and optimization into static balancing” Doctoral dissertation, 
Lehigh University, Bethlehem, USA, 2021.  

[11]  O. Denizhan and MS. Chew, “Optimum synthesis and design of a hood linkage for static balancing in one-step”, Tehnički 
vjesnik, vol. 30, issue 3, pp. 855-862, 2023. doi: 10.17559/TV-20221122144345 

[12]  O. Denizhan and MS. Chew, “Integrated optimum design of a torsion spring-compensated automotive engine hood linkage 
mechanism”, International Journal of Scientific Research in Science, Engineering and Technology (IJSRSET), vol. 10, issue 
5, pp. 89-99, 2023. doi: 10.32628/IJSRSET2310524  

1st IFToMM Young Faculty Group Symposium on Emerging Fields in Mechanism and Machine Science. 19.11.24 – 21.11.24. Online Symposium.

19



Methodical Approach of Highly Realistic Virtual Test Environments for the Evaluation of Monitoring 

Algorithms in the Agricultural Domain 

Sebastian Röttgermann1, David Albrecht1, Martin Maximilian de Fries2,3, Marcus Irmer2,3 

1LEMKEN GmbH & Co. KG, Advance Development, Weseler Straße 5, 46519 Alpen, Germany, {s.roettgermann@lemken.com} 
2TH Köln – University of Applied Sciences, Betzdorfer Straße 2, 50679 Cologne, Germany 
3Uppsala University, Ångströmlaboratoriet, 752 37 Uppsala, Sweden {marcus.irmer@th-koeln.de, martin.defries@th-koeln.de} 

ABSTRACT 

Agricultural implements for soil preparation, mechanical weeding, sowing, and other field operations are increasingly incorporating 

advanced intelligence. In pursuit of full autonomization, it is imperative that these implements possess the capability to 

autonomously detect incipient faults, without reliance on operator or supervisory intervention, and to mitigate them at an early stage. 

For both current and future generations of agricultural machinery, rapid identification of disturbance inputs or anomalies and the 

capacity for proactive corrective actions are critical. Moreover, current agricultural systems necessitate that farmers manually 

parameterize implements based on specific operational requirements and continuously monitor work quality. Future machine 

generations (as an example, see Fig. 1) will need to prioritize advanced process intelligence, with a focus on autonomous process 

monitoring and real-time assessment of work quality.  

Our current research focuses on disturbance input detection (or anomaly detection) [2, 3] and performance monitoring [4] for 

agricultural implements. Specifically, we are developing vision-based systems for detecting blockages and tool damage, such as in 

cultivators, as well as vision-based performance monitoring for implements like cultivators and mechanical weeders. In the context 

of disturbance variable detection, it is critical to automatically identify both continuous tool wear and unexpected damage during 

operation. Examples include tool breakage or failure due to collisions with subsurface obstacles. Additionally, excessive 

accumulation of soil or plant material on the implement presents another significant disturbance variable in soil tillage processes. 

Beyond the detection of disturbance variables, there is an urgent demand for a highly automated approach to evaluate the quality of 

work across various stages of agricultural field cultivation. Currently, this evaluation is performed manually by the operator, who 

uses the assessment to adjust machine settings. However, in fully autonomous systems, the machine must be capable of responding 

to sensor-derived data in real-time, adjusting its operational parameters accordingly to maintain optimal performance. 

Figure 1: Combined Powers machine [1] – combination of a smart implement with an autonomous towing vehicle (image source: 

LEMKEN GmbH & Co. KG) 

The mentioned system comprises a camera, a control unit, and software incorporating an image processing algorithm capable of 

detecting cultivator tines within captured images and assessing their wear condition visually. The camera is mounted on the 

frontmost beam of the cultivator’s steel frame, oriented against the direction of travel with a slight downward tilt to focus on the 

mounted tines. In the event of tine wear or damage, the operator is notified via the assistance system. In fully autonomous 

configurations, the monitoring system assumes responsibility for wear detection, thereby eliminating the need for operator 

intervention. 

The development and validation of the image processing algorithm necessitate a substantial volume of image data. This data is 

predominantly derived from video sequences recorded during field trials of the system at the testing site. 
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While generating images in real field conditions (see Fig. 2 (a) and Fig. 2 (b)) is a common practice, it has several limitations. One 

major drawback is the difficulty in ensuring reproducibility of test scenarios, as the environmental conditions during real-world tests 

– such as weather, lighting, or the path taken – cannot be consistently replicated. In agriculture, this challenge is further compounded

by the seasonal variability of vegetation at the test site. Moreover, real-world test drives require extensive preparation, execution,

and post-processing, which are both time-consuming and labor-intensive.

These challenges have prompted the exploration of using high-resolution virtual environments as a substitute for real test drives, as 

in the present case. Simulation environments offer significant advantages, including reduced time and personnel requirements, 

leading to cost savings and an accelerated development process. However, to effectively use virtually generated images for 

evaluating software performance, these images must be highly accurate reconstructions of the original recordings captured by the 

real camera system. This research presents a methodology for generating such image reconstructions in virtual test environments 

(see Fig. 2 (c) and Fig. 2 (d)) as well as it gives some preliminary results on the performance of the detection algorithms which have 

been fed with artificial created images. 

(a) (b) 

(c) (d) 

Figure 2: (a) real camera image, (b) annotation based on real camera image, (c) virtual camera image, (d) annotation based on 

virtual camera image 
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ABSTRACT

1 Introduction
In this article, we propose a data-driven parameter tuning method for industrial robot systems with input shapers. The demand
for high-speed and high-acceleration in pick-and-place (PaP) tasks, has made residual vibrations increasingly severe, negatively
affecting the working accuracy of industrial robots. The input shaping technique, as an active vibration suppression technology,
can effectively mitigate residual vibrations without altering existing control systems or requiring additional materials, making it
particularly suitable for commercial industrial robots with unchangeable controllers.

Although input shapers have been proven effective for residual vibration suppression, their performance heavily depends on the dy-
namic characteristics of robot systems, i.e., natural frequencies and damping ratios. However, accurately determining these dynamic
characteristics is nearly impossible, whether through numerical modelling or experiments. Furthermore, the natural frequencies of
robot systems are functions of configurations of robots [1], which indicates that simply using the natural frequency of a specific con-
figuration to design an input shaper cannot guarantee optimal performance across motions. While input shapers can reduce residual
vibrations, they also lead to trajectory deformation. Although trajectory shape is less critical than positioning accuracy in PaP tasks,
trajectory deformation may cause robots to encounter singularities or exceed their workspace limits, especially when the trajectory
traverses some sensitive positions [2]. Therefore, designing an optimal input shaper that can not only attenuate residual vibration
but also adhere to constraints on trajectory deformation is of significant practical importance.

Compared to designing input shapers by theoretical metrics, data-based metrics provide a more effective and accurate reflection of
the real-world performance and conditions of robot systems. These metrics also imply that the optimization objectives are unknown,
leading to a black-box optimization problem. Bayesian optimization (BO) is a data-driven, model-free approach that efficiently
identifies the globally optimal design variables within relatively few experiments, where the unknown optimization objectives are
represented by a surrogate model usually Gaussian process regression (GPR) [3]. BO has been applied in various fields, including
controller tuning, hyperparameter optimization, parameter optimization of robots, etc. [4] proposed a sample-efficient joint tuning
algorithm for a contour control system using BO, which can enable a trade-off between tracking accuracy, vibration and traversal
time. [5] presented a model-free, data-driven parameter tuning method for a PID cascade controller by constrained Bayesian op-
timization (CBO), where a barrier-like term was introduced into the objective to guarantee safety requirements. BO leverages an
acquisition function to determine the next evaluation point, where the acquisition function enables a trade-off between exploitation
and exploration [6].

We propose a data-driven parameter tuning approach for input shapers in industrial robot systems performing PaP tasks, aiming to
attenuate residual vibrations and improve positioning accuracy. This approach leverages a data-based metric to reflect the actual
residual vibrations in the systems. We introduce a constraint to restrict the trajectory deformation. We use GPR to model both the
metric and the constraint. We conduct a series of high-fidelity simulations to prove the performance of the proposed auto-tuning
method.

2 Main Results
The residual vibration suppression performance of input shapers depends on the design parameters θ := [ fn,ξ ,kt ]

T ∈ Θ ⊂R3, where
Θ is the feasible set to be predefined,. fn and ξ denote the natural frequency and damping ratio, respectively. kt is a parameter related
to the time lag of the impulse sequence. These parameters also determine the degree of trajectory deformation. Therefore, we encode
an optimization problem with constraints to achieve a trade-off between the residual vibration suppression and trajectory deformation
as follows: minθ∈Θ f (θ) and s.t. g(θ) ≤ qm,, where f (θ) represents the optimization objective that reflects the residual vibration,
while g(θ) is the constraint function that reflects trajectory deformation. qm is the maximum trajectory deformation defined by
users. Data measured by sensors usually contains noise, hence, we assume that the real metric is defined as f (θ) = f̄ (θ)+ε , where
ε ∼ N(0,σ2

ε ) is the measurement noise with zero mean and variance σ2
ε .

The simulation is conducted by Simscape. The Delta robot is required to operate a PaP trajectory, where the total time of the
reference trajectory is 0.8s and the total time of the simulation is set to be 1.2 s. The sampling time is chosen as dt = 0.001s. The

performance metric is defined as follows f̄ (θ) =
√

1
m ∑

m
i=1 ||arv,i||2, where arv,i ∈ R3, i = 1,2, · · · ,m denotes the acceleration vector

of residual vibrations at sampling time t = idt after the trajectory is finished. The standard deviation is selected as σε = 0.001. m is
set to be 100 in this article. The constraint is defined as the difference between the reference trajectory and the trajectory after the

input shaper, i.e., g(θ) =
√

1
ϖ ∑

ϖ
i=1 ||qs,i −qr,i||2, where ϖ denotes the total number of sampling points. qr,i and qs,i are the original

reference trajectory and the trajectory after input shapers at ith sampling point, respectively.
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Figure 2: Constraints over iterations for two methods.

We use the constrained Expected Improvement (EI) acquisition function to determine the next point to be evaluated [4]. In order
to stop the iteration timely, a stopping criterion is necessary during the real experiment. In addition to setting a fixed number
of iterations, motivated by [5], we introduce the following criterion aCEI,i ≤ η maxi≤κ−1 aCEI,i i = κ,κ + 1,κ + 2, where κ ≥ 2
denotes κth iteration, and η is a positive threshold. The above inequality implies that once consecutive three expected improvements
cannot improve the performance metric effectively compared to all previous iterations, we terminate the optimization process timely.
We use consecutive three iterations instead of one to prevent premature termination before finding the optimal value due to a single
error. Here, we select η as η = 0.02.

Fig. 1 illustrates the convergence of the CBO algorithm and the variance of the constrained EI maximum at each iteration. In
this case, we set the initial data set to contain 5 experiments. The variance is relatively large at the beginning, because GPR lacks
sufficient information for accurate predictions with high confidence. This also explains why the initial prediction is less than zero,
which is obviously unreasonable. As the tuning process converges, the predicted mean closely aligns with the experiment value,
which demonstrates the accuracy and effectiveness of the GPR model after accumulating enough information. The experiment value
increases and decreases twice during the entire optimization process, and then converges to the optimum from 9th iteration. The
optimal parameters that can minimize the performance metric and not violate the constraints are found at 12th iteration. At the
same time, starting from 12th iteration, the following three consecutive constrained EIs meet the stopping criterion. Although the
constrained EI also satisfies the threshold at 10th iteration as well, the optimization process continues thanks to the stopping criterion.
The experiment value at 8th iteration deviates from the optimum to a large degree, likely because the constrained EI adopts a set of
parameters with more exploration information.

The change in constraints g(θ) throughout the tuning process is illustrated in Fig. 2, where the results of normal BO with EI are
introduced for comparison. It can be found that although we use the constrained EI as acquisition function, the constraint is not
always satisfied during the tuning process. Note that the principle of constrained EI is to increase the expected improvement in
regions where the constraint has a high probability of being satisfied, and reduce the expected improvement in the other regions,
which means it is affected by performance of the GPR model for constraints. As the tuning process converges, the results of CBO
are close to the boundary of the constraint without exceeding it. On the contrary, standard BO with EI fails to meet the constraint
requirements.
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ABSTRACT

The growing discrepancy between the rapidly changing requirements for competencies in engineering and the rigid structures at
universities is causing ever-increasing frustration, longer study times, high dropout rates and, last but not least, dwindling enrollment
figures. The challenges of overcoming these discrepancies seem insurmountable. In this lecture, we would like to explain measures,
methods and concepts that are taking the first essential steps towards solving this problem.

1 Introduction

The ability to obtain knowledge or, more generally, information from external sources and to use it effectively and efficiently for one’s
own work has developed rapidly in recent years. In particular, the use of AI-based tools is revolutionizing modern professional and
everyday life. These developments, which will have lasting effects, bring with them completely new demands for urgently required
competencies. On this basis, so-called “future skills” have been defined, for example in [1]. In contrast to this, the content and
learning objectives of the courses in current engineering degree programs rarely integrate even the use of computers. Furthermore,
the learning objectives often include relatively low taxonomy levels, cf. [2, 3], and do not go beyond pure application and, even
worse, remain at the level of rote learning. More specifically, the future skills mentioned above are usually not addressed at all.
This growing discrepancy between urgently required competencies and those that can actually only be achieved in the course of
study generally leads to great demotivation among students. This in turn leads to inadequate examination results, longer study times
and ultimately, in the long term, dwindling enrollment figures. The challenges for overcoming these discrepancies are numerous
and seemingly insurmountable. On the one hand, they stem from the learners, who are becoming increasingly heterogeneous. On
the other hand, the teachers and university structures are so inflexible that, for example, already in [4] the conclusion is drawn that
engineering education is resistant to demands for change. In this presentation, we would like to explain elementary concepts and
good practice examples that particularly promote the design of motivational teaching — the elementary basis for acquiring “future
skills” and, among other things, reducing the average duration of studies.

2 Motivational teaching

Many lecturers assume that students are highly motivated, or should be, since the purpose of their studies is to prepare for their
future careers. However, this is where a fundamental problem of current university teaching comes into play: due to a lack of
reference to reality and a lack of competence orientation, students cannot recognize at all what the subject matter has to do with
their desired profession. Without sufficient motivation, students are often not interested in the subject matter. This is where the role
of teachers in modern education according to learning theories based on constructivism becomes apparent: It is our responsibility to
motivate students through appropriate concepts and to design a setting that is conductive to learning. This fundamentally includes a
high degree of empathy and sufficient positive individual evaluation of learning activities. In this contribution, we present essential
building blocks of motivational teaching.

3 Constructive Alignment

One of the biggest problems in the design and implementation of conventional courses, especially in engineering degree programs,
is that mainly and sometimes exclusively the topics to be covered, i.e., the curriculum, is defined. However, the learning objectives
cannot be derived from the subject matter alone, cf. the examples provided in [5]. The clear definition of learning objectives,
including the associated teaching and learning activities, is of fundamental importance because the achievement of these learning
objectives is observable for both learners and teachers. In short, learning objectives state what students should be capable of at the
end of a course. Constructive Alignment according to [6] in addition states that, in a nutshell, learning objectives, teaching and
learning activities, and the type of examination must be optimally aligned with each other. If this is clearly recognizable to students,
it also significantly increases their motivation.

4 Good Practice Examples

On June 10 and 11, 2020, the workshop “New Ways in Teaching: From teaching to learning events” organized by the expert
committee “Modern Teaching and Didactics in Mathematics and Mechanics” of the German Society for Applied Mathematics and
Mechanics, GAMM for short, took place. The workshop was led by several lecturers who already use modern methods of didactics
in higher education and have extensive experience with them. One of the aims of the exchange with the participants was to explain
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which specific measures have which effects. In a subsequent evaluation and analysis of the discussion contributions, it became
clear that the various best-practice examples have one positive effect above all: a significant increase in student motivation. The
underlying concepts are briefly introduced below and explained in detail in our presentation, along with the specific good practice
examples.

Activation of students

In many cases, courses are still similar to medieval lectures in which the lecturer delivers a 90-minute monologue. In terms of
motivation, this is the worst possible form of teaching. And we shouldn’t just blame everything on the YouTube or TikTok generation,
but rather ask ourselves how long we can concentrate on a lecture that is not didactically optimal at professional conferences.
Activating students, e.g. by involving them through audience response systems or other direct forms of participation, significantly
contributes to boosting their motivation. Above all, student activation methods also offer significantly better learning progress
monitoring for both students and teachers.

Alternative examination formats

The prospect of having to reproduce the knowledge acquired on a specific day, and in most cases within a very short period of
time, causes frustration, demotivation and, not least, stress and panic for many students. Alternative and, in particular, formative
examination formats offer the advantage of not having to base the assessment on a single “measurement”. Students benefit from
continuous activity and early and ongoing feedback, which ultimately also helps to increase motivation. In addition, formative
examination formats considerably facilitate the possibility of achieving higher levels of competence.

Gamification

Lecturers usually base their choice of lecture format on what they themselves experienced as students and found to be good. However,
there are two fundamental problems with this: 1. university lecturers are usually not representative of the average student, 2. the more
time passes, the less representative are one’s own preferences compared to those of the current younger generation.. Gamification
transfers elements of (computer) games into teaching and ensures, among other things, that the younger generation of students are
more motivated to engage in learning activities at all. In addition, gamification is perfectly suited to formative examination formats
and also provides the opportunity to experience learning with multiple senses.

Practical examples

The question from learners as to why they should do what they are told to do is an absolutely understandable and legitimate one.
Statements along the lines of “because it says so in the curriculum” are the worst possible responses. Even the prospect that certain
aspects will be needed later in the course of study is far too abstract to serve as motivation for most students. However, to show
students that they can now develop solutions to problems that may have even prompted them to study in the first place, leads to a
significant increase in motivation.
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ABSTRACT 

1    Introduction 

The 2022 global report on assistive technology of the World Health Organization and the United Nations Children’s Fund (UNICEF) 

estimates that more than 2.5 billion people globally require the use of one or more assistive devices, and this number is expected to 

rise to 3.5 billion in 2050 [1]. The use of assistive devices presents crucial functional benefits for subjects with permanent or 

temporary disability, as they not only improve independence, but also enable and enhance the participation in social activities and 

reduce the need for hospitalization [2]. 

An option for patients with mobility disabilities is to use crutches to restore the mobility lost due to the disability and regain some 

degree of independence [3]. Crutches  are utilized as an aid to locomotion by patients with a variety of pathologies, providing them 

with a good level of mobility and flexibility. They are utilized to increase the patients’ balance and base of support, and to partially 

or fully unload the lower limbs by transferring the body weight to the upper extremities [4]. 

Despite the existing investigation, the study of crutch-assisted locomotion has not become an established routine yet, and difficulties 

still exist in understanding how it may impact clinical interventions. Hence, this work aims to develop an advanced biomechanical 

model of the human movement within the framework of multibody system methodologies in order to study crutch-assisted 

locomotion with focus on the interaction that occurs between the model and the device. The knowledge on this topic may help 

provide promising options for the development of mobility assistive devices tailored to the needs of each subject. 

2    Biomechanical multibody model 

A three-dimensional biomechanical multibody model of the human body (see Figure 1) was developed in MATLAB using an 

in-house code named MUBODYNA. The model is composed of 18 rigid bodies, which are kinematically connected to each other 

using 17 geometrically ideal joints. Table 1 presents a complete description of the bodies and joints of the considered biomechanical 

model. As inferred from the observation of Table 1, the model has a total of 39 degrees of freedom (DoF), which are guided using 

experimental data of one adult female subject acquired at the Lisbon Biomechanics Laboratory of Instituto Superior Técnico. A 

kinematic consistency procedure is applied to obtain kinematically consistent positions and velocities, avoiding constraint violation. 

Table 1: Bodies and joints of the considered biomechanical multibody model 

Body (nr.) Joint (nr.) Joint type DoF Connected bodies 

Lower Trunk (1) Hip (1, 5) Spherical 3 Lower Trunk – Thigh 

Thigh (2, 6) Knee (2, 6) Revolute 1 Thigh – Leg 

Leg (3, 7) Ankle joint complex (3, 7)  Modified universal [5] 2 Leg – Main Foot 

Main Foot (4, 8) Metatarsophalangeal (4, 8) Revolute 1 Main Foot – Toes 

Toes (5, 9) Back (9) Spherical 3 Lower Trunk – Upper Trunk 

Upper Trunk (10) Glenohumeral (10, 14) Spherical 3 Upper Trunk – Humerus 

Humerus (11, 15) Humeroulnar (11, 15) Classical universal 2 Humerus – Ulna 

Ulna (12, 16) Radioulnar (12, 16) Body-follower 0 Ulna – Radius 

Radius (13, 17) Radiocarpal (13, 17) Spherical 3 Radius – Hand 

Hand (14, 18) 

Figure 1: Multibody model  DoF – degrees of freedom 
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3    Crutch-model interaction 

The crutches are introduced into the model using two approaches. First, a fixed joint is considered between the hand and the crutch 

to prevent the relative motion between these bodies, removing six DoF. The kinematic constraint equations are expressed as 
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where P

kr  is the global position vector of point P located on body k, rk is the global position vector of the center of mass of body k,

P

ks is the global position vector of point P located on body k with respect to the body’s local coordinate system. The last three 

constraint equations of Eq. (1) are considered in order to establish a constant orientation between vectors ai, bj, ci, dj, ei and fj and 

their coordinates in the initial configuration (ai,0, bj,0, ci,0, dj,0, ei,0 and fj,0). 
(f ,6) refers to a fixed (f) joint constraint with six (6) 

equations. The contribution of the joint to the Jacobian matrix and right-hand side of the acceleration equations is, respectively, as 

T T

(f ,6)

T T

T T

P P

i j

j i i j

j i i j

j i i j

 − −
 

− − =
 − −
 

− −  

I s I s

0 b a 0 a b
D

0 d c 0 c d

0 f e 0 e e

(2) 

T T T

(f ,6)

T T T

T T T

2

2

2

P P

j j i i

j i i i j j i j

j i i i j j i j

j i i i j j i j

 − +
 
− − − 

=  
− − − 
 − − − 

s s

b a a b a b

d c c d c d

f e e f e f

 

 


 

 

(3) 

where I is the identity matrix, (~) is the skew symmetric matrix, (.) is the derivative with respect to time,  is the angular velocity vector. 

It is assumed that (i) point P on the hand is located on its center of mass, (ii) point P on the crutch is located on its handle, and (iii) 

the orientation of the hand relative to the crutch is constant during the analysis and equal to the orientation in the first time instant. 

The second approach utilized in this work to deal with the crutch-model interaction is to use a spherical joint between the crutch 

and the hand. To formulate this joint, the first row of Eqs. (1)-(3) is utilized. In this situation, since relative motion between the two 

bodies is allowed, the number of DoF is adjusted, yielding a biomechanical multibody model with a total of 45 DoF. 

4    Results and discussion 

Figure 2 depicts the z-coordinate of the center of mass of the right crutch, hand and radius. There are no significant differences in 

the crutch and hand plots, but some differences are visible in the radius. Since there is no relative motion between the hand and the 

crutch in the fixed approach, in reality, these two segments act as a unique body of the biomechanical model. In this situation, the 

crutch can be considered an extension of the hand. In the spherical case, three rotational degrees-of-freedom exist between the hand 

and the crutch and, thus, relative movement between these bodies is allowed. The results for the left side are identical. 

(a) (b) (c) 

Figure 2: Evolution of the z-coordinate of the right (a) crutch, (b) hand and (c) radius throughout the gait cycle. 
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ABSTRACT 

1    Introduction 

Numerical and analytical methods are widely used to reflect the vibrational dynamics of the resonant micro-cantilevers under 

external forces for diverse Micro-Electro-Mechanical-System (MEMS) applications. Variations in free oscillation observables 

such as amplitude, phase shift, and frequency shift responses strongly depend on the patterns of external forces. The micro-

cantilevers can be resonated periodically with the driving forces in the absence of other external forces, thereby oscillating with 

the free amplitudes. Tip-sample interaction force such as Casimir force [1] determines the oscillation characteristics of the Atomic 

Force Microscopy (AFM) micro-cantilevers in single- and multi-frequency excitations. Dynamic [2] and static acoustic forces 

[3] can act on the one-side surface of the periodically actuated micro-cantilever in various operating environments. The effects

of acoustic forces on the responses of the micro- and nano-systems are to be considered for different technological applications

in biophysics and microrheology fields [4]. Thus, sensitivity to target external forces can be explored by isolating the acoustic

force effects on the behaviors of micro-structures. In the present work, three AFM micro-cantilevers are driven using single- and

bimodal-frequency excitation schemes [5] to improve sensitivity to acoustic forces. The Laplace transformation approach is

utilized to obtain analytical expressions of the out-of-plane deflections for the first flexural eigenmode. The fourth-order Runge-

Kutta method, the modified Rosenbrock formula, Adams-Bashforth-Moulton formula, and the numerical differentiation formula

are applied to the second-order linear differential equations to obtain periodic oscillations. Therefore, the performances of dif-

ferent numerical methods for calculating micro-cantilever deflections are demonstrated considering the analytical results in the

current work.

2   Dynamic model   

The dynamic model is constructed based on a point mass model, which is introduced as follows: 

 mez̈i(t) + ciżi(t) + kizi(t) = δ(t) F(t)  (1) 

Where z̈i(𝑡), żi(𝑡), and zi(𝑡) represent the acceleration, the velocity, and the displacement of the micro-cantilever for the

eigenmode i respectively. me, ci, and ki denote the effective mass, the damping factor, and the spring constant for the eigenmode

i respectively. The external force F(t) is applied over a short period of time by using the unit impulse function δ(t). In single-

frequency excitations, the micro-cantilever is actuated at a resonance frequency at the fundamental or higher flexural eigenmode. 

The micro-cantilever is resonated at multiple resonance frequencies simultaneously in multi-frequency operations [6]. Dynamic 

acoustic forces act on the one-side surface of the periodically resonated micro-cantilever. The out of plane displacements at the 

first eigenmode of the micro-cantilever under acoustic and excitation forces are obtained for single- and bimodal-frequency 

operations, as illustrated in Figure 1.  

Analytical expressions of the out-of-plane displacements are determined using the Laplace transformation method. Open loop 

transfer functions are obtained for single- and bimodal-frequency excitations. The numerical methods which are the fourth-order 

Runge-Kutta method, the modified Rosenbrock formula, Adams-Bashforth-Moulton formula, and the numerical differentiation 

method are utilized to obtain the micro-cantilever deflections for different excitation schemes. Initial displacement and velocity 

are taken as zero and the time step is set to 10-6 s for the numerical methods. All the analytical and numerical computations are 

performed in MATLAB environment.  

3    Results and discussions 

The analytical and numerical results are compared and evaluated considering especially forced amplitudes of the out-of-plane 

deflections. The results suggest that the performances of numerical methods strongly depend on applied excitation schemes, 

acoustic force frequencies, and mechanical properties of the AFM micro-cantilevers. For instance, a higher closeness to analytical 

results is achieved using the numerical differentiation formula for the time domain of 19.14 – 19.18 ms (Figure 2). For this case, 

the Brucker: MPP - 3310 micro-cantilever [7] is exposed to the acoustic force at the frequency of 250 kHz in monomodal oper-

ations. Additionally, there does not exist any remarkable difference in the frequencies of the forced deflections among the nu-

merical methods. Phase shifts are almost the same for the numerical methods when considering the forced deflections obtained 

©2024 The author. All rights reserved. DOI: 10.17185/duepublico/82605 
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using the analytical expressions. On the other hand, the forced amplitudes significantly change for different numerical methods. 

Sensitivity to initial conditions, discretization, and rounding errors in numerical methods are the main factors leading to notable 

differences among the obtained results. As mentioned before, different numerical results are acquired for different AFM micro-

cantilevers under diverse acoustic forces in single- and multi-frequency operations. Changes in oscillation observables for dif-

ferent time domains are also to be considered while evaluating the effectiveness of the numerical methods. Additionally, the time 

steps considerably affect the forced amplitudes at the first eigenmode. For instance, the amplitudes of the forced vibrations under 

acoustic emissions vary between 800 and 1200 pm as the time step changes in the range of 0.1-0.0001 ms, as introduced in [8]. 

It is also worth mentioning that the maximum amplitude sensitivity is observed when the acoustic force sensitivity becomes 

closer to the first eigenmode frequency. To illustrate, the maximum forced amplitude of around 2.8 nm is obtained in measure-

ment of acoustic forces at the frequency of around 49.4 kHz [2].      

 

 

Figure 1: A schematic representation for dynamic interaction of an AFM micro-cantilever with acoustic emissions in single- and 

bimodal-frequency operations. 

 

Figure 2: Analytical and numerical results of deflections of the resonantly driven micro-cantilever under acoustic force at the 

frequency of 250 kHz with the force strength of 1138.5 pN in single-frequency excitations. 
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4    Conclusions 

The behaviors of AFM micro-cantilevers under external forces can be predicted using numerical methods. Analytical expressions 

describing forced oscillatory motions can be used to evaluate the performances of the numerical results. In the present work, the 

Laplace transformation method as a novel method is applied to obtain analytical expressions of the resonant micro-cantilever 

deflections under dynamic acoustic forces. It should be mentioned that various factors such as excitation schemes, mechanical 

properties of AFM micro-cantilevers, and characteristics of target external forces should be considered while exploring 

oscillation observable sensitivity. Moreover, the numerical results vary depending on the selected time domains. The variations 

in the forced amplitudes are to be analyzed with the consideration of the effects of numerical simulation parameters. Therefore, 

the dynamics of micro-cantilevers under driving and acoustic forces can be assessed using the analytical and numerical results 

for different MEMS applications.   
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ABSTRACT 

This study presents the adaptability to several agricultural applications of an ongoing developed architecture of an autonomous 
mobile robotic platform, three-wheeled, with omnidirectional maneuverability.  

1    Introduction 

Humanity is facing a continuous rise in food demand in parallel with the negative consequences of the global warming. These two 
challenges are included within big initiatives such as the Sustainable Development Goals (SDG), more specifically SDG 2 (zero 
hunger), SDG 8 (decent work and economic growth) and SDG 12 (responsible consumption and production). Being aware that the 
major part of the global food production and agricultural industries are settled in the developed countries, the implementation of 
Key Enabling Technologies (KET) defined within the paradigm of Industry 4.0 in agricultural applications seem a good solution to 
achieve SDG. The agricultural industries from developed countries still have a long way to go in implementing these KETs and 
reach what is so-called Agriculture 4.0 paradigm. One of these KET is autonomous mobile robotics, also referred as Unmanned 
Ground Vehicles (UGV).  

Rondelli et al. [1] have presented an overview of available UGV developed by universities and research groups specifically designed 
for agricultural tasks; cost reduction is identified as one of the most critical aspects for farmers. Yépez-Ponce et al. [2] have reviewed 
the recent state of mobile robotics implemented in agricultural applications and have concluded that it is necessary to provide 
solutions with lower cost and more scalable capability. Oliveira et al. [3], in their review in agriculture robotics, have identified the 
locomotion systems as one of the four major areas that need future research work.  

The main locomotion systems for UGV are: wheels, tracks, or legs. Most of the UGV are prototypes and use as a locomotion system 
a four-wheels architecture (4W), despite knowing that 4W robots are strongly affected by soil characteristics. Legged robots are an 
interesting alternative to deal better with unstructured environments, but then cost and complexity increase. An interesting 
alternative between legged robots and 4W robots, is the three-wheels architecture (3W), which are little reported [3], and offers a 
trade-off between cost and performance in unstructured agricultural environments. One of the scarce 3W architecture of UGV for 
agriculture is Fendt Xaver provided by AGCO/Fendt, which is a ready-to-market solution. A different 3W architecture for 
agricultural applications, is the one presented in this study, named AGROMOBY.  

2    Methodology and results 

AGROMOBY is based in a patented solution developed by one of the authors [4], which is an already commercial solution deployed 
for industrial logistic applications. Figure 1 shows the CAD and the schematization for AGROMOBY. Table 1 summarized its main 
characteristics.  

Figure 1: AGROMOBY CAD and schematization 
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Table 1: AGROMOBY main characteristics 

Dimensions 925x960x672 mm Caster wheel radius 130 mm 

Approximate weight 300 kg Navigation Autonomous-GPS, Lidar, RGB-D, IMU 

Maximum load 400 kg Communication Ethernet, Wifi, 4G 

Maximum speed 10 km/h Battery 48 V, 50 A 

Drive wheels radius 210 mm Autonomy 8 h 

AGROMOBY is divided mainly in two main systems, the mobile base or chassis and the rotating platform, which together provide 
the omnidirectional maneuverability. The mobile base with two degree-of-freedom (2 DOF) is governed with two brushless DC 
servomotors actuating in two offset differential drive standard wheels (𝜃ୖ, 𝜃୐); a passive caster wheel is added for stability reasons. 
The rotating platform with a 1 DOF (𝜑), also governed with a DC servomotor, can rotate relative the platform from the mobile base 
or chassis. The behavior is explained further in [5]. 

Figure 2a shows the design as a harvester helper (carry the load on the field and deliver it to a storage place). Figure 2b and Figure 
2c show two customizations of the rotating platform for carrying different sensors, such as a ground penetrating radar (GRP) for 
subsoil water detection, and sensors for monitoring crops and PhotoVoltaic (PV) panels from below in an Agri-PV environment. 

 

Figure 2: Several AGROMOBY customizations for agricultural applications  

3    Conclusions 

AGROMOBY is being developed to showcase the benefits of implementing robotics (UGV) in agricultural applications with a clear 
will to be cost-affordable and with a high grade of customization and flexibility of use.  
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ABSTRACT 

1    Introduction 

Industrial robots are essential for modern industries due to their efficiency in performing repetitive and dangerous tasks better than 

humans. Studying their energy consumption has become crucial for increasing profits and reducing carbon footprints. Natural 

motion exploitation appears as a strategy that combines hardware and software enhancements to reduce the energy consumption of 

mechatronic systems during cyclic tasks [1]. Natural motion is defined as the system's response due to the conversion of potential 

energy into kinetic energy, and several works implementing this strategy are reviewed and classified in [2]. The objective is to add 

springs to the system so that their design parameters and the trajectory of the actuators align with the task.  

The springs’ parameters are calculated along with a trajectory increasing the energy efficiency of a Delta robot in [3]. As the method 

is applied to scenarios where the pick-and-place positions are previously fixed, a major deviation from these positions could cause 

a rise in energy consumption because the springs’ design is linked with the task specification. This is addressed in [4] by 

simultaneously updating the springs' equilibrium position and the manipulator's trajectory. However, the designed trajectories do 

not fully meet smoothness requirements for dwell times because the zero jerk condition is not specified at the pick-and-place 

positions. Moreover, updating the parameters of the multi-point trajectory and the equilibrium position of the springs requires an 

optimization problem with several decision variables. This contribution brings together the mentioned publications and deals with 

two principal challenges. First, a set of necessary border conditions to incorporate dwell times in the task, namely zero velocity, 

acceleration, and jerk in the stop positions, is implemented in the trajectory planning. Second, point-to-point trajectories are 

implemented in motion planning along with adjusting the equilibrium positions of the elastic elements to reduce energy consumption 

while maintaining a simple optimization problem with fewer decision variables.  

2    Method, Results, and Discussion 

The parallel robot studied is a planar five-bar linkage actuated by two rotational servomotors at the frame joints. Natural motion is 

exploited by incorporating two torsional springs parallel assembled in these joints. Additionally, the trajectories are defined in joint 

space as point-to-point polynomial trajectories (P2P), meaning they do not include intermediate control positions, or multi-point 

piecewise polynomial trajectories that consist of time-equidistant intermediate control positions. The trajectory definition makes the 

system kinematically determined by providing a driving function for each degree of freedom. This allows the equations of motion 

to be solved numerically to obtain the actuation torques. The energy consumption can be estimated following [4]. 

A typical packing industrial scenario is studied, where the pick position is fixed, and a place square grid is considered as shown in 

Fig. 1a). The spring parameters are calculated based on a nominal task, defined by the mentioned fixed pick position and the centroid 

of the squared grid as the placement position. Additionally, a nominal P2P trajectory can be defined between those positions as 

shown in Fig. 1a). The point-to-point trajectories are calculated with seventh-order polynomials considering the required zero 

velocity, acceleration, and jerk border conditions at the pick-and-place positions. The minimum energy multi-point trajectories (ME) 

are also calculated using seventh-order polynomials that include the mentioned required border conditions and five control positions 

as shown in Fig. 1a). Moreover, P2P trajectories are implemented when adjusting the equilibrium positions of the springs. Both 

minimum energy trajectory and equilibrium position updates can be formulated as optimization problems. In this formulation, the 

cost function is the energy consumption while the decision variable 𝝌 corresponds to the control intermediate positions for 

calculating a minimum energy multi-point trajectory, and a 2-element vector for adjusting the equilibrium position of the springs.  

Fig. 1 presents the results for the two types of trajectories implemented, namely P2P and ME. In the case of the P2P trajectories, the 

motion was simulated for the manipulator extended with springs (wS) and without them (woS). The trajectory named P2P wS θ0
corresponds to an update of the equilibrium position of the springs. As shown in Fig. 1b), when there are no springs the energy 

consumptions of the P2P trajectories are always above the energy consumptions obtained using the ME trajectories. On the other 

hand, when the nominal springs are incorporated and P2P trajectories are implemented, energy consumption is reduced in certain 

regions. In other regions, the energy consumption increases above the ME trajectories without springs as presented in Fig. 1c). In 
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this case, it will be more beneficial to remove the springs; however, the presented method manages to further reduce energy 

consumption by updating the equilibrium position of the springs through the optimization problem solution. As shown in Fig. 1d), 

when a P2P trajectory is implemented with the adjusted equilibrium positions, the energy consumptions are always below the 

trajectories with the fixed nominal equilibrium positions. These observations are also obtained by analyzing Fig. 1e-f), which are 

sections of the surface for constant values of the y position 𝑦 = 0.4 and 𝑦 = 0.5, respectively. The importance of performing this 

adjustment becomes evident due to the varying order of the four energy curves. 

 

 

Figure 1: a) Task specification, b-d) Energy surfaces related to the place grid, e-f) Section analysis for a constant value of y. 

3    Conclusion and Future Work 

P2P and ME trajectories including necessary border conditions for dwell times are evaluated for a manipulator with and without 

springs, demonstrating that using springs and exploiting natural motion reduce energy consumption for pick-and-place tasks. The 

solution of a minimum-energy optimization problem allowed multi-point trajectories to outperform P2P trajectories if no springs 

were used. However, if nominal springs are assembled and used with P2P trajectories, energy consumption is reduced around the 

nominal task region compared to the ME trajectories without springs. Moreover, further energy reductions are achieved within a 

wider region by adjusting the equilibrium position while maintaining fewer decision variables than the ME optimization formulation. 

Although the method was implemented for a planar five-bar linkage it can be applied to other robots extended with elastic elements. 

Special attention will be paid to the selection of the nominal task and the cycle time in future work. 
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ABSTRACT

1 Introduction

Crutches are widely used to assist gait in individuals with lower limb impairment. Walking with crutches alters both upper and lower
body loading, potentially leading to discomfort and injury [1]. As such, it is important to study how crutch-walking affects upper and
lower extremity movement patterns under different conditions, e.g., altered crutch lengths or gait pattern. Improper crutch length
fitting may result in upper limb pain and injury. Computer modelling and simulation can help predict how varying parameters in a
gait aid may affect patient outcomes, without the need to expose patients to tiring gait lab experiments.

We recently developed an optimal control prediction framework to predict crutch-assisted gait patterns with a three-dimensional
ideal-torque driven model [2]. The framework successfully predicted different gait patterns (four-point, two-point and swing-
through), and the effect of changing axillary crutch length on upper limb kinematics during swing through gait generally matched
experimental observations [3]. Yet joint kinematics, especially at the ankle, were not well predicted, mainly because ideal torques
were not able to represent physiological joint torques. In order to include muscle forces in the model, without adding excessive com-
plexity, it has been proposed to use physiological muscle torque actuators (MTGs) to represent the resultant torques being generated
by muscle forces [4].

The main goal of this study was to enhance our crutch-assisted walking prediction framework to improve the realism of the predicted
gait patterns. Specifically, our aims were: (1) to predict three-point crutch walking, (2) to add physiological muscle torque generators
to actuate the model, and (3) to evaluate if the model was capable of predicting realistic crutch walking patterns under different
conditions (e.g., different speeds and stride lengths).

2 Methods

A musculoskeletal model comprising 21 degrees of freedom was employed for the simulations. The foot-ground contact model (CM)
consisted of a viscoelastic contact model for the normal force and a simple continuous friction model addressing tangential forces.
In contrast, the crutch-ground CM was simplified to a viscoelastic contact model along the crutch’s axis. The hand-crutch contact
was modelled as a welded joint, directly transferring forces from the crutch-ground CM. The gait of this model was predicted
on GPOPS-II, using the direct collocation method in a single-phase optimal control problem and an implicit formulation of the
musculoskeletal dynamics. The cost function consisted of a combination of mechanical power, residual forces and muscle activation
and joint jerk (derivative of acceleration) minimization. Regarding the boundary conditions on the state variables, they were taken
from experimental unassisted gait measurements of different subjects.

To implement the new gait pattern, the maximum force output of one foot was limited, and the crutches were virtually coupled with
it, forcing the model to distribute the weight across all three contact points. Then, muscle torque generator functions, including
angle-dependent, angular velocity dependent and passive torque production at each joint, were calibrated using experimental data
from a young healthy male collected with a BIODEX dynamometer equipment [5]. Finally, to study the effects of spatiotemporal
parameters on the crutch-assisted gait pattern, we performed several simulations, for a variety of mean walking speeds (between 0.6
and 1 m/s), and for a variety of stride lengths (between 0.8 and 1.2).

3 Results and discussion

The desired improvements were successfully implemented to the simulation framework, at a cost of nearly doubling the simulation
time. When comparing the MTG and torque-driven approach, the ground reaction forces predicted by the model appeared physi-
ological, with the model distributing the weight similarly between the two crutches and the injured feet. Regarding shoulder and
lumbar joint torque prediction, the MTG-driven model performed similarly than the more ideal-torque-driven model (Fig. 1 left,
top), with an average difference of 2.0 and 13.3 Nm and maximum difference of 19.3 and 32.6 Nm, respectively. Nevertheless, the
MTG-driven model better predicted the initial shoulder torque, which is commonly hard to simulate, yielding a torque that was 22%
smaller compared to the predicted by the ideal-torque-driven model. Regarding joint coordinates (Fig. 1 left, bottom), the model
driven by MTGs was capable of predicting a more upright position, in general for all simulations. In summary, adding MTGs to
the model resulted in a slightly improvement of the predicted gait pattern. More research is needed to compare more in depth both
modelling approaches. In future work we will use MTGs to personalise muscle group weakness for specific subjects, which may not
be possible using ideal torques.
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The simulation outputs showed that the framework was also capable to predict gait under different conditions, to get detailed insights
about the joint loading. For this proof of concept study, where we varied speed and stride length (Fig. 1, right), we could observe that
higher speed usually lead to higher torques in the lumbar load, and that for a fixed speed, it peaked out at around 1 m/s. Regarding
the shoulder load, it could be seen that at higher speeds, an increase in stride length yielded a reduction in joint loading, as a higher
stride translated to a reduction in cadence.

(a) (b)

Figure 1: (a) Comparison of shoulder and lumbar torque and angle between ideal-torque-driven (blue) and MTG-driven (red) simu-
lation. (b) Shoulder and lumbar torques under different speed and stride length combinations.

4 Conclusion

This study shows how this simulation framework can successfully accept new gait patterns and more complex muscle actuators,
while keeping a high degree of realism. Furthermore, with the shown predictions we can observe how interconnected parameters
like speed and stride length are and how much they can impact joint loading. On the long term, the availability of an algorithm that
allows the prediction of crutch walking patterns could be useful to study the impact of different conditions on crutch walking (such
as type of crutch, walking pattern and different spatiotemporal parameters). This algorithm, together with neuromusculoskeletal
models personalised to specific patients with mobility impairments (such as spinal cord injury subjects), could be used in the future
to define rehabilitation treatments aimed at maximising recovery of walking function.
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ABSTRACT 

1    Introduction 

In mechanical systems involving complex geometries, accurately modeling the interaction between surfaces is a crucial aspect of 

predicting their dynamic behavior, especially in systems where contact phenomena play a role. One class of geometric surfaces that 

frequently arises in practical applications are toroidal surfaces, which can be used to represent elements such as tires, seals, and 

various types of rings. The torus, with its continuous circular symmetry, presents a unique challenge in contact mechanics due to its 

nontrivial geometry, which often results in complex contact interactions when dealing with planar surfaces or other curved bodies.  

The use of compliant force models is a widely adopted approach to model contact forces with multibody dynamics framework [1]. 

These methods are preferred for their simplicity and efficiency in imposing contact constraints by penalizing interpenetration 

between bodies, thus generating contact forces proportional to the extent of the overlap. They have been extensively applied to 

various geometric forms, such as spheres, ellipsoids, and superellipsoids [2, 3], but its application to toroidal geometries has received 

relatively less attention. Both the contact detection and contact forces evaluation phases present significant challenges in terms of 

computational efficiency and accuracy due to this distinctive geometry. The accurate contact modeling is essential for predicting 

wear, friction, and overall system behavior.  

This work explores the contact dynamics between a torus and a plane using a penalty method, focusing on the evaluation of normal 

and tangential forces. In contrast to simpler geometric shapes, the contact region in a torus-plane system can vary significantly 

depending on the orientation and deformation of the bodies, making the development of efficient numerical models critical. 

2    Description of Toroidal Geometry 

The torus is a surface of revolution generated by rotating a circle in three-dimensional space around an axis coplanar with the circle 

but not intersecting it. Mathematically, the torus is characterized by two radii: the major radius 𝑅, which represents the distance 

from the center of the circle to the axis of rotation, and the minor radius r, which corresponds to the radius of the rotating circle. 

The torus surface can be defined in two ways (i) using an implicit equation defined in a local reference system (ξT, ηT, ζT), represented 

in Figure 1, or (ii) considering a parametric surface, whose position and orientation can be defined in the three-dimensional space 

as a function of the location of the torus center point and the unit vector along the axis of revolution, vi. 

Figure 1: Schematic representation of torus surface parametrization 

The use of the implicit form of torus equation is not convenient for the contact detection methodology adopted in this work. Thus, 

the torus surface can be treated as a parametrized surface, in which any point P located at that surface can be fully described by a 

set of two angular parameters, θ define the angle along the circular cross-section and ϕ denotes the rotation around the axis of the 

torus. Based on these parameters the location of the point P in torus local coordinate system can be defined as 
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Having this in mind, and following the representation of figure 1, the location of point P on the torus surface that belong to body i, 

can be established in global coordinates as 

 
T T,P i P= + +r r s s      in which     

T, T T,P i P
=s A A s   (2) 

in which ri is location of the center of mass of body i in global coordinates, sT denotes the distance vector between the center of the 

torus and the center of mass, and sT,P represents the location of point P with respect to the torus center in global coordinates and can 

be obtained through the rotation of the vector obtained in Eq.(1) with Ai being the body i transformation matrix and AT expressing 

the torus transformation matrix with respect to the body coordinate system, which can be defined as AT = [mi ni vi] where mi, ni and 

vi denote three unit vectors along the ξT, ηT and ζT axes in the body local coordinates.  

3    Torus-Plane Interaction 

To model the contact between the torus surface and a general plane, the torus is divided into Ns equal sized slices, and the contact is 

searched between each slice and the plane. It must be noted that the plane is generally described by a normal unit vector nP and any 

point Q belonging to its surface. The contact properties at a given slice j are obtained through the evaluation of the penetration of 

its middle section and the plane. If penetration exists, the contact points are identified in both surfaces, the contact stiffness is 

estimated based on the local material and geometrical properties and considering that the contact is close to cylindrical, and, finally, 

the contact forces are evaluated. The approximation of each slice to a cylinder can be done if the number of slices adopted is high 

enough. For the normal force, a Hunt and Crossley's based model [4] is considered, while, for the tangential forces, a regularized 

static friction model is applied [5]. 

  

Figure 2: Representation of the division of torus geometry into slices to handle the contact with a plane surface. 

This methodology is applied in several different dynamic cases in which a torus-shaped body contacts the ground, i.e., a fixed plane. 

The results demonstrate that the dynamic response of the system is highly sensitive to the contact properties (e.g., stiffness and 

damping), as well as to the number of slices adopted to discretize the torus. Although the proposed model to deal with the contact 

between a torus and a plane was successfully implemented, further validation is needed. 
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ABSTRACT 

1    Introduction 

Robotics and mobile platforms are becoming essential in agriculture automation [1, 2], as they support human labor in challenging 

tasks, with large equipment and potentially harmful substances, while also boosting productivity. In this work, the goal is to develop 

a robot that can assist with agricultural tasks such as harvesting premium tomatoes. The intention is to design a mobile platform, 

with a mounted manipulator, that will have great mobility and adaptability in irregular ground conditions (off-road). 

2    Materials and methods 

The predicted operating circumstances (Fig. 1a), which were then utilized to determine the kinematics and dimensions of the robot, 

were acquired thanks to the literature review and anticipated work environment for tomato picking. Therefore, the selected 

manipulator has a spatial linear structure with mobility of 6 and solely rotational joints. 

In addition, the robot must be able to maneuver in unstructured areas, such as off-road terrain. For this purpose, reliable stability 

and mobility may be achieved with wheels, when paired with suitable control systems and suspension. Particularly, in order to 

achieve a light and compact design, an independent double wishbone suspension system with mobility of two is used. This 

mechanism allows for both the vertical wheel movement and the realization of wheel track changes. All these aspects will improve 

the vehicle's balance and implementation flexibility, enabling it to overcome ordinary obstacles and to evade big/vast obstructions. 

Moreover, to reduce the possible excessive vertical motions and vibrations of the platform, a semi-active suspension [3], with 

magnetorheological (MR) dampers, which can in real time adjust the level of damping force, is considered. 

The manipulator and platform's (Fig. 1b) 3D dynamic numerical models are constructed in Adams software based on the selected 

kinematics and dimensions, likewise on their planned characteristics, anticipated operating circumstances and intended usage. Under 

predetermined scenarios and planned experimental modes, a selection of couple simulations is carried out. Several trajectories and 

objectives are defined for the manipulator to demonstrate its capabilities, particularly in terms of workspace (max. vertical/horizontal 

reach of 1.1 m/1.25 m), pose adaptability, and potential to make up for base orientation/position inaccuracies. Two different barriers 

(step, sinusoidal) and scenarios with fixed or variable damping coefficients are taken into account for the platform's simulations. 

Figure 1: a) Expected operating environment for gathering tomatoes (values in cm) and crosshatched - "primary operating plane" 

of the manipulator [4], b) Platform’s 3D numerical model constructed in Adams with key components designated by arrows [5] 

3    Results 

Some of the simulation findings are shown in the following figures. For instance, for the manipulator’s maximum horizontal reach 

experiment, Fig. 2a shows that the motor at the bottom of the manipulator must deliver the maximum torque of 58.1 Nm in order to 

move almost the entire device. For the platform, generally, when the damping coefficient was adjusted, the degree of uncontrollably 

occurring vertical motions decreased. The maximum acceleration value decreased by 0.1 m/s2 to 9.7 m/s2 and its RMS value 

decreased by 0.04 m/s2 to 1.77 m/s2 for experiment with three step obstacles (height of 50 mm and length of 300 mm). Furthermore, 

1st IFToMM Young Faculty Group Symposium on Emerging Fields in Mechanism and Machine Science. 19.11.24 – 21.11.24. Online Symposium.

© 2024 The author. This work may be used under a Creative Commons 
Attribution - NonCommercial 4.0 License (CC BY-NC 4.0)

DOI: 10.17185/duepublico/82638 

39

https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.17185/duepublico/82638


the average wheel torque was around 3.75 Nm and the vertical acceleration was less than 0.4 m/s2 in terrain with sinusoidal barriers 

(Fig. 2b). Additionally, the vertical ground reaction forces and the amount of time that the wheels were off the ground were measured. 

   

Figure 2: a) Torques and power consumption of manipulator’s motors in simulation of max. horizontal reach [4], b) Accelerations 

of vehicle’s chassis centre of mass, while riding on a road with sinusoidal obstacles, with variable damping coefficient [6] 

 

Finally, using standardized parts and chosen motors, conceptual 3D CAD models are created in Inventor – the manipulator with 

gripper (Fig. 3a) and the platform (Fig. 3b). These models serve as a solid foundation for future fabrication of a research prototype. 

 

Figure 3: Designed 3D models created in Inventor (CAD software): a) manipulator with indicated main parts [4], b) mobile 

platform with suspension system and some of the selected items, motors, MR damper etc. [6] 

4    Summary and conclusions 

The goal of the project was to design a wheeled mobile robot that could negotiate rough terrain and assist with agricultural tasks, 

such as gathering tomatoes. The ultimate objective is to apply autonomous machinery to reach precise and smart farming. 

In summary, the conducted simulation trials have validated the practical attributes of the manipulator's design, such as its broad 

applicability owing to its vast workspace and its exceptional flexibility (mobility of 6), which is significant in agriculture (convenient 

amid branches and creepers). Likewise, further findings demonstrated the viability of the platform and the ability of the semi-active 

suspension system, which included MR dampers, to reduce the unwanted vertical movement and acceleration of the vehicle's body. 

This, together with the possibility of changing the track of wheels, could potentially increase the vehicle's maneuverability and 

adaptability to different types of terrain, agricultural settings and specific situations in unstructured and uneven areas. 
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ABSTRACT

1 Introduction

The demand for production efficiency has contributed to the increase of automation within the industry. In the past decade, the
human labor started to be inefficent , leading to the promotion of Industry 3.0, which encourages the implementation of robotic
systems for automation. Advancements in technology related to indoor robotics, along with a growing confidence in automation,
have facilitated the integration of mobile robots in industrial facilities. These robots are mostly utilized for transportation (logistics)
and assembly tasks [1] [2] . Common method of transport is usualy placing cargo directly on the robot’s surface [3]. While mobile
robots aim to optimize energy consumption through efficient path generation and tracking, the existing transportation methods tend
to be simple and inefficent [4] [5] [6]. This research proposes a method of transportation with existing trailers to be towed by mobile
robots to address these transportation inefficiencies. This study focuses on analyzing, controlling, and testing the dynamics of the
trailer under external towing forces.

2 Problem Describtion

The focus of study presented in this research is to control a trailer path by applying external forces therefore dynamic analysis, path
generation and path tracking are carried out . The test environment and mechanical system for this problem has some constraints and
assumptions those are; the trailer has 3 degrees of freedom,trailer wheels are non holonomic,there is no slip between wheel and the
ground ,the center of mass is between middle of the 2 wheels of trailer shown on the figure 1 (b) .Figure 1 (a) presents an established
trailer.

Figure 1: (a) Simple trailer , (b) forces acting on trailer

The relationship between external force and trailer velocities is analyzed in order to calculate corresponding external forces needed
to control trailer velocities and path. The equation 1 is the inverse kinematic analysis and equation 2 is the dynamical analysis of
towed trailer. This equations calculate output external forces acting on the connection joint of trailer to attain desired velocities.[

θ̇L
θ̇R

]
=

1
2rt

[
2 −L
2 L

][
Vt
φ̇t

]
(1)[

Fex
Fey

]
=

[
ILL

2dt rt
+ It rt

dt L
IRL

2dt rt
+ It rt

dt L
IL
rt
+ mt rt

2
IR
rt
+ mt rt

2

][
θ̈L
θ̈R

]
(2)

3 Path Planning and Tracking

In an ideal environment with no obstacles the easiest method to achieve desired pose is to move in the shortest linear path but this
linear path is not feasable and inefficent because it causes rotations around center of mass of trailer therefore a path generation with a
cubic Bezier curve (n=3) function is used for path planning.Equation 3 and 4 [4] defines the Bezier curve for any number of control
points (n).

f (t) =
n

∑
i=0

bi Bn
i (t), 0 ≤ t ≤ 1 (3)
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Bi(t) =
(

n
i

)
t i(1− t)n−i, i = 0, . . . ,n (4)

Path tracking is achieved by applying pure pursuit function [5] outputs as inputs to the dynamical equations (4).Pure pursuit function
takes position errors to the next waypoint and outputs velocities.

4 Results and Discussion

Path generation with cubic Bezier curves and path tracking algorithm works as intended. The simulation results show .The final
position is reached within the range of ±0.01 m.The desired final angle is reached without rotations around center of mass. Simula-
tion path is almost identical to the desired path with RMS error of 0.0297 m .The desired path is % 0.62 longer than the simulated
path.The simulated linear velocity settles to desired simulation velocity in 12 seconds.Desired angular velocity changes rapidly
therefore the simulated angular velocity doesn’t have time to settle or make smooth transitions.

Figure 2: Simscape simulation results:(a) Path analysis, (b) path error, (c) linear velocity, (d) angular velocity.

The simulation result on figure 2 shows the trailer controlled by external forces on the joint tracking the generated path. Results
in figure 2 (c) shows that the control of trailers linear velocity is successfull and can be achieved using mobile robot connected to
the trailer. The angular velocity changes would be hard to achieve using mobile robot connected to the trailer, therefore a smoother
curve in desired angular velocity in figure 2 (d) is essential. Overall system works however improvements on the settling time of
linear velocity and smoother transitioning angular velocity should be done in the future.
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ABSTRACT 

1    Introduction 

Multiple factors can lead individuals to undergo surgical operations that result in amputation, defined as the removal of an extremity 

or part of it [1]. Given the personalized nature of surgeries involving extremities, along with variations in individuals’ anatomical 

structures and desired post-surgical activity levels, customized prosthetic solutions are often required. Focusing specifically on 

transfemoral (above-knee) amputations, one of the most critical parameters to address is stability during the stance phase, which 

ensures user safety. Additionally, ease of flexion during the swing phase is vital for enhancing usability. Ongoing research and 

development in this field, along with efforts toward commercialization, are driven by the demand for high-quality, accessible and 

personalized prosthetic solutions that enable easy adaptation. 

Stance phase of the gait cycle demands stability while the foot is on the ground, achieved in polycentric prosthetics through an 

increased instantaneous center of rotation (ICR) in the sagittal plane, providing a natural locking mechanism. Conversely, during 

the swing phase, ICR should align with the knee's natural center to ensure smooth flexion. Radcliffe's studies [2, 3] evaluated 

performance criteria for stance stability across various prosthetics, which have since been adopted in other works [4, 5] for assessing 

and comparing the stability of different kinematic designs. 

Authors aim to contribute to the field by developing a novel transfemoral prosthesis using an analytical kinematic synthesis 

procedure for a single-degree-of-freedom polycentric mechanism, personalized to individual needs for both stance and swing phases 

[6]. Two modular designs are proposed for each phase, synthesized using kinematic principles with the objective of integrating 

them. Design method allows for various ICR trajectories through analytical approaches, but parameters like the polycentric 

mechanism's center and precision points on the ICR are challenging to define without appropriate tools or interfaces. Thus, this 

work advances by implementing a user-friendly graphical user interface (GUI) developed in MATLAB App Designer, designed to 

automate the process of optimizing parameters and defining individual ICR trajectories or precision points as specified by the user, 

due to the fact that it is thought the personalized solutions would be one of the future perspectives in such designs. Inclusion of 

stance stability models provides objective performance metrics for comparison. Additionally, the GUI's visualization capabilities 

enhance the personalization of prosthetic designs, enabling clearer insights into their customization and suitability for individual 

needs. 

2    Development of graphical user interface 

In previous work [6], kinematic synthesis methodology was implemented through MATLAB scripting, allowing manual input of 

precision points and optimization parameters. To maintain software consistency, a graphical user interface (GUI) is developed in 

MATLAB App Designer, enabling users to easily customize their ICR trajectories and precision points. It is important to note that 

multiple sets of precision points can yield different mechanisms, so GUI incorporates constraints and requirements to ensure that 

the generated designs adhere to predefined criteria. This ensures that users can explore various configurations and limitations while 

maintaining design accuracy. 

To enable motion visualization in relation to human anatomy, it is necessary to integrate a visual model of the human body. Given 

the individual variability in anatomy, anthropometric data are generally used in the design process [7]. In developed GUI, 

visualization relies on such data, but users can customize specific parameters, including buttock depth and lateral femoral epicondyle 

height, allowing for a more personalized representation of the anatomical structure during prosthetic design. 

Figure 1 illustrates GUI for visualizing the human lower extremity in the sagittal plane, featuring versatile user input options and 

the capability to upload pre-generated ICR trajectories with detailed data points and corresponding flexion angles. This interface 

enables users to view, add, delete and modify trajectory points as needed. By comparing figures 1a and 1b, users can also observe 

modifications to body dimensions, specifically adjustments to buttock depth values as an example. A slider and text input control 

are provided to adjust the flexion angle, offering real-time updates to the lower extremity movement visualization. Additionally, 

different stance trajectories, based on real prosthetic models, are available for visualization in the sagittal plane. Users can select 

each data point, along with associated flexion angle, for further modification or deletion. Figure 1c highlights the interface’s capacity 

to customize trajectories by adding specified points, which appear both on the human visual and in the trajectory list. GUI allows 

users to save modified trajectories and precision points to a local “.mat” file and supports uploading and adjusting natural swing 

phase trajectories for the second part of the design. 
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3    Conclusion and future works 

A graphical user interface has been developed using MATLAB App Designer to facilitate the input of specified ICR trajectory and 

optimization parameters, enabling kinematic synthesis procedures aimed at creating an innovative transfemoral prosthesis. This 

interface provides visualization that aids in kinematic simulations, allowing for comparisons of different mechanisms based on 

Radcliffe’s performance criteria. Future developments will incorporate dynamic simulations to determine the required torques for 

these mechanisms. This approach presents a significant opportunity to automate the design process for personalized transfemoral 

prosthetics.  

 

 

Figure 1: (a) ICR trajectory with zero flexion angle and default antropometric data. (b) ICR trajectory with non-zero flexion angle 

and increased buttock depth in visual. (c) Customized ICR trajectory with features. 
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ABSTRACT 

1    Introduction 

The study of assistance in sit-to-stand (STS) activity becomes increasingly important in the aging society. The lower extremity 
strength of the elderly is reported approximately half as strong as that of younger individuals [1]. This poses a significant challenge 
to the daily lives of the elderly. To address this, various assistive devices have been developed [2].  We proposed a novel method to 
detect STS intent using mechanical stimulus on the toes and monitoring reaction forces at the toes and heel. This method is 
implemented in a chair-type assistive device [3], which we have developed. This extended abstract provides a brief introduction to 
the STS assistance system. 

2    Method 

2.1 Detecting STS Intent 

Figure 1 shows the experimental device for detecting the STS intent. A pedal-shaped device is located under the user’s foot. The toe 
pedal, rotated by a motor, lifts the user’s toes and provides the mechanical stimulus. The stimulus is provided when a potential STS 
intent from the user is detected. We hypothesize that after this stimulus, which tends to impede the STS motion, is applied, there 
will be a more obvious change in the reaction force at the foot. Two force sensors are placed at the toes and heel to measure the 
reaction forces during STS. In addition, a load cell is fixed to the seat to monitor the instant when the buttocks leave the seat. When 
the reaction force on the seat decreases to 0, it is considered that the user has left the seat. 

Figure 1: Intent detection system [3] 

We conducted two types of experiments. Initially, we performed offline experiments to establish thresholds for STS intent, 
focusing on the heel and toe reaction forces and their rate of change. If all four values (Fheel, Ftoe, and their change rates) 
simultaneously exceed the predetermined thresholds, we conclude that the user intends to stand up. Then, online experiments were 
executed to verify that the STS intent could be effectively detected with the decided thresholds. Our previous study has proven the 
concept to accurately detect STS intent and distinguish it from other interfering motions [4]. 

Figure 2: Integrated STS assistance system 
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2.2 STS Assistive Device 

To apply the proposed intent detection method in STS assistance and investigate the assistance effect at different assistance-
provided timing, we developed a 1-DOF chair-type assistive device equipped with a Redundant Hybrid Actuator (RHA) [3], as 
shown in Figure 2. This device alleviates the burden of users on knee and hip joints during STS by lifting the seat. Additionally, 
the RHA can switch between small and large torque assistance modes automatically to adapt to the users’ physical with a 
mechanical stopper and help users to complete the STS motion. 

3    Evaluation 

We integrated our STS detection method into the assistive device, as illustrated in Figure 2. The assistance effects of the chair-type 
device are compared under conditions with and without considering the user’s STS intent. The assistance effect is evaluated using 
electromyography (EMG) sensors attached to the vastus lateralis, rectus femoris, tibialis anterior, and vastus medialis. These muscles 
are selected for measurement because they exhibit peak activity during the STS movement, playing a critical role in the mechanics 
of standing.  
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ABSTRACT 

1 Introduction 

The world seeks now to consume fewer fossil fuels and more renewable energy. The most used types of renewable energy are 

nowadays solar and wind energy. They are plentiful on our planet, but they are also intermittent, as they depend on daylight and 

wind conditions, respectively. A more stable energy source can be harvested from sea waves [1]. It has great brute power, estimated 

to be about 2 TW [2], and most of it is located on the southern and northern coasts of the world [3]. To harvest wave energy, wave 

energy converters (WECs) are required. WECs have not yet reached a standardized form [4], and its power is highly dependent on 

the location they are installed at [5]. Particularly, a WEC located in Chile would have to deal with waves with long periods, about 

10 s to 12 s [6]. On the other hand, the best configuration of a WEC for optimal Power Take-Off (PTO) control is when the system 

is in a resonant state. Hence, the WEC would have to match very low frequencies. This is a problem for the typical point absorber 

WECs because their shape gives them eigenfrequencies above the wave frequency, making it difficult for them to reach a resonant 

state. Some research has been carried out to tackle this problem using Negative Spring Mechanisms (NSMs). For example, in [7], a 

compressed spring is used in an arm-type WEC to create a nonlinearity in the stiffness and generate a negative-stiffness zone, which 

produced a resonant state in the system, increasing the converted power. This model was tested both analytically and experimentally 

in regular and irregular waves. Furthermore, a point absorber WEC was modified to include a snap-through configuration of springs 

and was studied numerically [8]. This point absorber increased its average converted power for regular waves. In this direction, we 

have found an interesting bio-inspired NSM that can produce fairly constant negative stiffness and have not been tested for wave 

energy conversion [9]. Therefore, the aim of this contribution is to find dimensions for the NSM that gives a sought negative stiffness 

and model a laboratory point absorber as a 1-DoF WEC with this negative spring attached to the system in parallel. Then, its 

converted power is calculated and compared to that of the WEC without NSM. 

(a) 
(b) 

Figure 1: (a) Diagram of the negative-stiffness device [9]; (b) Simplified mass-spring-damper system of the WEC 

2 Methodology 

The NSM presented in [9], which moves vertically varying its distance from the base 𝑦, can be seen in Figure 1(a). This device 

shows a quasilinear negative-stiffness zone, depending on its constructive parameters. Thus, the dimensional parameters 𝑠𝑖, 𝑑𝑗 and

𝑙0𝑗, as well as the stiffness 𝑘𝑗 (𝑖 = 1 to 6, 𝑗 = 1,2), are adjusted in this work to produce a negative stiffness zone that drives the

WEC of our laboratory into resonance when attached to it. This analysis was done analytically, under the assumption of linear 

behavior, solving the 1-DoF equation of motion set with NEWTON’s method (eq. 1) and neglecting the mass of the NSM. See Figure 

1(b). Wave parameters as added mass 𝜇𝑎𝑑𝑑, radiation damping coefficient 𝑐𝑒𝑞  and Froude-Krylov excitation force 𝐹𝑒𝑥𝑐 are obtained

with ANSYS AQWA™ using Boundary Elements Methods. The excitation force is considered harmonic as a regular wave. The 

WEC dimensions and mass 𝑀 are measured on site. The resulting converted power is compared with that of the WEC of our 

laboratory without using NSM, which is calculated analytically and validated experimentally. 

(𝑀 + 𝜇𝑎𝑑𝑑)𝑦̈ + 𝑐𝑒𝑞𝑦̇ + 𝑘𝑒𝑞𝑦 = 𝐹𝑒𝑥𝑐(𝑡). 1 
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3 Results and discussion 

The analysis of the WEC conditions gave a required stiffness of −130 N/m to reach resonance. Adjusting the NSM parameters 𝑠𝑖,

𝑑𝑗, 𝑙0𝑗 and 𝑘𝑗, a stiffness of −125 N/m was reached for a mechanism that is completely symmetrical with each 𝑠𝑖 = 40 mm, 𝑑𝑗 =

60 mm, 𝑙0𝑗 = 64 mm and 𝑘𝑗 = 2500 N/m (set 2). See its stiffness function in Figure 2 and other sets used as example results. The

RMS (Root Mean Square) power of the WEC without springs reached 449.7 mW, and the RMS power of the WEC with NSM set 2 

was 2564 mW. This shows an increase of 4.7 times in the power generated. 

Parameter Set 1 Set 2 Set 3 Set 4 Unit 

𝑠1 and 𝑠6 40 40 40 40 mm 

𝑠2 and 𝑠5 30 40 40 50 mm 

𝑠3 and 𝑠4 50 40 40 30 mm 

𝑙0𝑗 64 64 64 64 mm 

𝑘𝑗 2500 2500 3500 2500 N/m 

Figure 2: Resulting stiffness of the negative-stiffness device vs the distance of the superior plate from the base 𝑦 and example sets 

shown at the right-hand side of the figure 

4 Conclusions 

This work gives a quick evaluation of the potential that a bio-inspired mechanism for negative stiffness can have for wave energy 

conversion. Theoretically, the converted power was augmented almost 5 times. This result must be taken cautiously. There are still 

things to be tuned. A list of future work to be done are setting a correct precharge for the system so it can maintain its position; an 

experimental validation in laboratory; measuring the real power generated with NSM; create a correct design that fits a determined 

WEC shape and correction of potential energy loses in the functioning of the NSM. 
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ABSTRACT

1 Introduction

A surgical navigation system capable of tracking a microrobot in a black box environment where contents cannot be observed
through optical measurements non-intrusively, should also employ other means of performing tracking. In this study, a sensor board
containing multiple hall effect sensors to perform magnetic tracking is utilized for real world data collection, and a simulation envi-
ronment is constructed to be utilized in calculating workspace and tracking error based on the real world data. Utilized sensor board
consists of, 8 hall effect sensors (UGN3503) for measuring magnetic field created by a microrobot, a multiplexer chip (CD4051),
and a microcontroller board (Raspberry Pi Pico) for data acquisition and serial communication.

2 Methodology

In a previous study [1], a microrobot is controlled through a mockup cochlear canal model utilizing 2 permanent magnets manipu-
lated by a macro-micro robot. Position feedback of the microrobot is supplied by optical means. By integrating hall effect sensors in
microrobot position tracking, dependency of optical tracking can be reduced and allow the microrobot to be tracked through opaque
materials. In light of this [2], around 21000 position values of a microrobot are collected by hand from the optical tracking system
together with corresponding hall effect sensor array data from the sensor board. Utilizing the Scikit-learn [3] toolkit, an artificial
neural network (ANN) is constructed. With the ANN, relation found between hall effect sensor data and the microrobot position is
improved compared to linear regression approaches, given the coefficient of determination (r2) value of 0.940 showing significant
relationship between real and predicted microrobot positions. The ANN also showed sub-millimeter accuracy with RMS values of
0.945 mm and 0.719 mm for test data and all data respectively.

To further study the relation between microrobot and hall effect sensors, a simulation environment, together with test cases is
constructed. Python based MagPyLib [4] library is utilized for numerical solutions of magnetic flux from in the virtual environment.
The virtual microrobot is modeled as a 10 mm cube N35 permanent magnet with a magnetic polarization value of 5274 Gauss.
Utilized UGN3503 hall effect sensors are also modeled as virtual sensors in the virtual environment. For simulated optical tracking
of the microrobot, position of the virtual microrobot in the virtual environment is also collected.

Figure 1: Scan volume of case 1 (left), case 2 (center), case 3 (right)

3 Results

For the first case, the virtual environment is set up to be similar to previously tested physical environment. Distances between virtual
sensors are set to be 20 mm between rows and 5 mm between columns. Virtual microrobot is set to scan 56000 mm3 volume. For
every case, desired volumes are scanned with 1 mm distances between data collection points and with fixed microrobot orientations.
Running the simulation, usable workspace volume of this hall effect sensor arrangement is found to be 7368 mm3. The workspace
volume is approximated numerically by finding each valid point that causes at least 10% of sensor saturation value as feedback on
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Figure 2: Workspace volume of case 1 (left), case 2 (center), case 3 (right)

3 virtual sensors. Similar to previous study [2], each valid position data together with corresponding hall effect sensor data in the
workspace is utilized in linear regression and artificial neural network (ANN) approaches. Virtual environment showed better fitting
values compared to the physical case. In the second case, simulation is run with reducing distance between sensor rows from 20 mm
to 5 mm compared to previous case and a volume of 35000 mm3 is scanned. Workspace volume of case 2 found to be 7024 mm3.
Reducing the distances between hall effect sensors also caused workspace to reduce. Case 3 utilized 9 sensor in a 3x3 arrangement.
A volume of 36000 mm3 is scanned and the workspace volume of case 3 is calculated to be 7523 mm3. Figures for scanned volumes
and found workspace volumes of cases are given in figure 1 and 2.

4 Conclusion

r2 and RMS values for linear regression and ANN approaches are given in table 1. Both ANN and linear regression fit values seem
to be saturated with further improvement proving unfeasible. Although a limited number of cases, linear regression fit has shown to
be unstable in cases where hall effect sensors are closer together. Further tuning of the virtual environment simulation may allow the
optimization of parameters for final revision of the sensor board.

Table 1: r2 and RMSE (mm) values of predicted positions of the microrobot by methodology

#
Rows

(row distance)
Columns

(col distance)
Scanned

Volume (mm3)
Workspace

volume (mm3)
Linear
Reg. r2 RMS(mm) ANN r2 RMS(mm)

Real Case 2 (20 mm) 4 (5 mm) - - 0.78 1.95 0.94 0.95

Case 1 2 (20 mm) 4 (5 mm) 56000 7368 0.98 1.04 0.99 0.76

Case 2 2 (5 mm) 4 (5 mm) 35000 7024 0.92 1.34 0.99 0.19

Case 3 3 (5 mm) 3 (5 mm) 36000 7523 0.89 1.67 0.99 0.13
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ABSTRACT 

1    Introduction 

The skills and capacities required to Mechanical Engineering Master graduates to work in industrial environments have evolved 

towards interdisciplinary assets (such as Digital literacy; Creative problem solving; inter-cultural, -disciplinary, Inclusive mindset; 

Efficient handling of increasing complexity) [1] that require new teaching methods with a holistic approach. This trend has also 

been seen in the context of Industry 4.0 [2] and Industry 5.0 topics [3] yielding a value-driven initiative with an important emphasis 

on human centricity [4, 5]. 

In the standing point, technical leading universities may act as independent teaching silos. This is not optimal from the expertise 

(technical specialisation) point of level, nor for teaching experience (research-based). Indeed, technical universities convey research-

based master studies on Mech. Eng. [6]. Research-based learning is seen as a relevant approach for acquiring and developing the 

skills and mindset required in Industry and can also motivate people and forge STEAM vocations when at early ages. 

Still, individual teaching centres they can leverage their joint potential when taking part in Networks and Alliances of universities 

[7] and industry [8]. Integrating the different teaching insights and expertise niches from different technical sites across different

countries can bring diversity and position the student at the centre of research-based learning, as a notable evolution of Project-

based learning [9]. In the master’s degrees offered by the different technical universities, there is a big opportunity to leverage

Research Assignments that are currently undertaken only locally to widen the scope and to internationalise the content. Digital

campus facilities [10] are nowadays in a plateau of development that can enhance seamless collaborative environments.

2    Collaborative Research-based Learning (multi-topic and multi-site) 

With this context, different research teams from Mech. Eng. and related depts. in different universities have a strong synergic 

potential body of collaboration regarding industrial technologies, in particular in areas related to Mechanisms and Machines. Taking 

as a Case study a 2-degrees of freedom mechanism that can serve as a commanding joystick [11], collaborative research assignments 

can be offered in areas regarding different Mech. Eng. topics such as design, simulation, fabrication, and testing (See Fig. 1). 

Figure 1: Research-based Case study in the field of Mechanisms (2-dof multi-material 3D printed Joystick) 

To be able to convey such collaboration, each participating entity should have at least a running official Master, in which the students 

could undertake a research assignment in a certain moment of the year (e.g.: spring), that would bear between 12 and 30 ECTS at 

the institution of origin. If that were to be the case, then it would be possible to establish student exchanges that allow them to study 

at another university that can be specialized in a complementary field than that of the university of origin. Those exchanges can be 

framed within a common course with hybrid-on-distance material, for the entire group of students regardless of its home and host 

university. The course should be taught in collaboration by the teachers involved of every university, each one with his/her expertise. 

During the course each student should receive a research-based assignment, which will perform partly at the original institution, 

and partly at the host institution, teaming up with other students. These assignments should bridge different ends in the field, for 

example “design + fabrication”, “design + simulation” or “fabrication + physical testing”; thus, leveraging collaboration and going 

beyond silo expertise’s. The deployment if such research-based assignments is the one including a short mobility stay (min. 2 

months), that could be in-presence or virtual depending on the case. The stays should be laboratory-based, so the students can have 

a good research insight. The ambition in this kind of experiences would be to have a balanced participation between universities, 

meaning that (on average) each university sends and hosts approximately the same number of students. From a more operational 

point of view, students and teachers undertaking physical travelling could benefit from the Erasmus + mobility schemes when 
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applicable. Also, for the easiness of communication it is advised to stablish English to be used as lingua franca. 

3    Digital Facilities and Evaluation in a shared context (digital courses and collaborative teaching) 

Concerning the set-up of the Collaboration Environments a Virtual Campus would be the central learning management platform for 

all members, and to use it for the trainings, workshops, teaching and lectures. This would be central to the development of innovative 

teaching and learning formats (e.g.: COIL, VECP, etc.), and for the intercultural or international learning environments for co-

creation. Concerning to the coordination of the collaboration, most meetings could be held on-line, so to be the most cost effective. 

Before the start of the course, specific synergic preparatory work should be completed to define the research assignments. At this 

stage, many interactions and discussions should be envisaged (both virtual and live). Apart from the teaching, monthly on-line 

meetings should be scheduled to follow-up during all the teaching duration. The assignments should have to be evaluated following 

the home institution regulations (specific rubrics), and the effectiveness of collaborations overall with a global framework (general 

rubric) [12-13]. Teacher’s travelling in person would in some cases be also necessary to produce some evaluations. 

Regarding outreach, the blend of physical and virtual could easily generate dissemination assets for the universities and alliances, 

that could be used in promotion to attract potential new students, and even more interestingly, to foster the engineering motivation 

and, in a broader sense, more STEAM vocations. The framework of collaborative learning environments for research-based teaching 

is to foster collaboration among universities via a continued research sustainable activity in Mechanical Engineering and could be 

further extended to other fields of interest (sustainability, energy, entrepreneurship) and for new partners as well.  

4    Expected results and main conclusions 

Several expected benefits from the deployment of Collaborative Teaching and Learning Environments, that can be expanded further 

from Mechanical Engineering topics to others in fields such as Sustainability, Energy o Entrepreneurship are the following: (1) 

Preparation of a framework for Research-based Teaching and Learning, (2) Strengthening the collaboration not only in teaching but 

also in research activities between the participating universities, (3) Completion of joint research assignments, combining the 

expertise of each university and centre, and (4) Attraction and motivation of young potential candidates to research careers. 
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ABSTRACT 

1    Introduction 

The development of technological devices for rehabilitation as new alternatives for therapies has brought solutions for assistance in 

physical rehabilitation. Robotics improve patient outcomes by promoting neuroplasticity, helping the brain rewire and relearn lost 

motor skills, and accelerating functional recovery in conditions like stroke. Robotic systems also enable continuous tracking 

progress, allowing for personalized treatment adjustments, which further supports efficient rehabilitation and recovery speed 

compared to traditional methods [1]. These devices allow repetitive movements with specific trajectories that generate exercises 

such as flexion-extension, adduction, pronation, and supination, among others, whether passive or active therapies. Also, they 

provide optimal rehabilitation; stand out reproducibility, programs oriented to specific tasks, and a quantified progression. With the 

previous benefits, an increase in strength, improved coordination, modifications in muscle tone, motor reeducation, and greater 

functional independence, among others, are obtained, although some studies show controversial results [2]. The aim of rehabilitation 

is not therapist substitution; it's a tool to assist so that he can provide optimal rehabilitation to all their patients. In rehabilitation, 

pronation and supination exercise improve flexibility, strength, and the overall functionality of the forearm and hand, making these 

movements key focus areas in restoring upper limb mobility and independence for patients [3]. Fifty relevant devices have been 

reported [4], twenty-four of which are end-effector devices and only six consider pronation and supination exercises. The best known 

are InMotion Arm [5], Gentles [6], Braccio Di Ferro [7], and Adler [8],  all above are of end-effector type. Only the InMotion Arm 

considers pronosupination, however, this movement is carried out independently of the rehabilitation exercises, while the others are 

limited to execute movements of flexion-extension, adduction, and abduction. The exercises assisted by these devices can be 

complemented by pronosupination to perform more complete therapies. In this paper, a pronosupination device design is proposed 

and implemented. A user interface developed in Unity was implemented that allows the user to interact with the mechanism while 

playing a game, with trajectories using in rehabilitation. 

2    Pronosupinator CAD Design and Prototype 

The pronosupinator consists of five main parts: A forearm holder, a cylinder with a circular rack, a pinion, a cd motor, and an optical 

sensor (see figure 1). The forearm holder has motor support and a hole where the bolt can be placed to fix the position of the cylinder. 

The union of the end effector and optical sensor has a bearing to allow it to rotate on its axis and adapt the arm to the mechanism's 

movement. The cylinder has a grab bar with a strain gauge and a circular rack that matches the pinion to form a motion transmission 

system. The motor is attached to the holder; the pinion is fixed to the motor shaft to make permanent contact with the cylinder 

circular rack. The cylinder rotates freely inside the holder through two circular guides (cylinder) and two grooves (holder).  The 

mechanism has one degree of freedom, and can slide on the XY plane, in order to provide movements such as abduction, flexion 

and, extension of the arm. 

Figure 1. Pronosupinator CAD model and prototype 

The strain gauge allows to send of the force detected from the device to the virtual interface, to convert the patient´s force in the 

movement of the virtual object. The prototype was fabricated with 3D print and PLA material.  
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3    Virtual Interface for Arm Rehabilitation 

The virtual interface purpose is patient interaction with dynamic games through the pronosupinator. The patient holds the device 

grab bar and moves virtual object. Thanks to the strain gauge attached to grab bar, which is used to measure the force exert by the 

patient during the game, the object in the virtual interface jumps depending on the force. A series of games were developed for 

helping patients to perform rehabilitation therapies actively while playing.  

Games are designed so that patients, during the game, perform pronosupination, adduction, and flexion-extension movements in a 

controlled way, while the mechanism slides in XY plane. The software used for development of the games was Unity with C# 

language [9]. The features considered for the virtual interface are, patient must be able to follow the therapies trajectories while 

playing, stimulate strength in the muscles involved in the movements with the gauge, game’s purpose is to improve patient precision 

and motor control, and therapist must be able to select the game level. Interface must display or save the game score to use as a 

patient's progress. 

Games that are included in the interface are, see figure 3, jumping the river and cook pizza. The pizza game movements depend on 

pronation and supination angles during the device rotation, the pronosupination angle is automatically measured and send to the 

interface to virtually manipulate the objects (ingredients to cook a pizza). In the jumping the river, the animated character jumps 

depending on the force exert by the patient and walk side to side depending on the rotation. Figure 2 shows the device used by a 

volunteer and the board of two games. 

 

Figure 2. Pronosupinator with games 

4    Conclusions 

The pronosupination exercise is one of the most important for arm rehabilitation. A pronosupinator device, was developed and tested 

with some volunteers. The device assists the pronosupination movement and allows the patient arm to rotate according with natural 

arm movement during the trajectory’s execution. Two games were developed to allow a dynamic patient interaction with assisting 

active rehabilitation therapies. To play the games, the patient must perform movements of pronosupination of the forearm and apply 

force in the sensor. On the other hand, during the game, the patient feels the need to improve his score and has a tendency to perform 

wider and precise arm movement. In this way, the game represents an incentive for the patient not to abandon therapies and thus 

reduce recovery time. 
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ABSTRACT 

1    Introduction 

Recently, we have witnessed new challenges in many sectors, including industry, transportation, and other sectors. Therefore, drones 

have played an important role in confronting these problems and enabling humans to deal with the new challenges with complete 

comfort [1, 2].  The drones are mainly based on a number of high-performance motors for manoeuvring and moving in several 

degrees of freedom and task execution. We mention some applications that we found use the drone to deal with it, for example, 

agriculture [3], construction industry [4], civil protection [5], and underwater applications [6]. Control strategies and algorithms are 

very important in the internal system of the drone for achieving stabilisation and good performance. There are many different control 

strategies used in several searches. PID control [7] is very robust strategy. It has provided good performance in many experiments 

of recent research. Adaptive robust control is also a good strategy that is used in some searches [8]. It used for trajectory tracking, 

regulating and correcting the trajectories. It should also be noted sliding mode control [9], machine learning [10], and intelligent 

artificial [11]. These strategies are used in many recent investigations, especially machine learning and intelligent artificial, because 

they have proven their high efficiency and have received a lot of attention recently. This work aims to present the proposed design 

for develop new drone for specific application in field cultural heritage. The goal of this drone is conducting exploration and 

inspection of coastal built cultural heritage sites by termocamera. We define a systematic approach for building drone with good 

criteria that insure high performance in specific applications.  

2    The intended operation scenario 

The process of searching and exploring for historical antiquities in rugged areas covered with trees or complex sites that are difficult 

to reach constitutes a big challenge for archaeologists, which makes the search for historical sites full of risks. So that we suggest 

novel design of drone for use to exploration and inspection of coastal built cultural heritage sites by use termocamera. An infrared 

termocamera is a technology that uses opto-electronic devices to detect and measure radiant energy (electromagnetic waves) and 

creates a process that correlates radiation with surface temperatures without direct contact with the object. The characteristics of our 

proposed design: medium size, average flight level with a maximum altitude of 200 m. It also has transfemoral legs in order to base 

it on them, and at the same time it can carry some important things or tools using these transfemoral legs. After completing the 

construction of this drone, it will be tested in multiple environments several times in order to determine the efficiency of this drone 

through to sure form full protection from drops of water, sand, gravel, and other physical factors and reveal the possibility of further 

development or being satisfied with the results obtained. Some commercial drones are highly efficient, but they may not be suitable 

in our project because these drones are programmed with fixed algorithms and cannot be customised and modified in terms of the 

internal system.  In our project we need to add some modifications and some new features, such as saving the discovered locations, 

determine its coordinates and other features that require modification to the drone’s internal system in order to apply them. The 

Product Design Specification (PDS) for the drone are presented in Table 1. Required velocity, flight time in a workspace area of 8 

km2 is 30min are an important point in special applications, and these values were determined in order for the drone to be able to 

carry out the required tasks in record conditions. For example, according to the criteria mentioned in the table, this drone will be 

able to survey a range of 8 km2 in only 8 times. If we change these values, the number of tasks will increase, and this process will 

be slow. Therefore, these requirements are important in our project in order to achieve good, highly efficient work in cultural heritage 

applications.  

3    A proposed design concept 

In this section, we present the PDS that were obtained by summarising the important information from previous searches. Table 1 

presents the proposal design and the PDS for specific applications in field cultural heritage. The figure in the table presents the 

proposed design with 6 Dofs. The PDS are very important for good performance in specific applications. Minimum velocity 12m/s 

is introduced for arriving at the site in a short time, payload 2 kg introduced for a camera with 200 g and auxiliary components. 

Control range 8 km is required for good workspace covers big city area square. We plan to use a good battery for 30 min flight 

(suitable value for cultural heritage applications taking into account 12m/s velocity). Shields around the propellers and IP for water 

and solids are introduced for safety because the drone will be operated near sea and near the mountains. 
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Table 1: The proposed design and Product Design Specification 

▪ Heritage Drone ▪ 6 Dofs ▪ Requirement Define 

 

➢ Velocity  12 m/s 

➢ Payload 2 kg 

➢ Control range 8km 

➢ Height  200 m 

➢ Time flight  30 min 

➢ Shields around the propellers 4 

➢ IP for water >=4 

➢ IP for solid >= 5 

These requirements are needed to achieve a drone with full protection from water drops and sand, gravel and other physical 

factors. The PDS is the result of a comprehensive search in literature sources in order to analyse characteristics of drones and extract 

the important requirements for specific applications in the field cultural heritage.  

3    Conclusion 

The proposed design with criteria required for cultural heritage applications has been presented in this paper. This stage is considered 

the conclusion of the previous works through analysis a lot of information about the drone from many different projects in different 

industry sectors. The analysis conducted allowed us to obtain a PDS and develop an innovative drone for application in exploration 

and inspection of coastal built cultural heritage sites by using a termocamera. 
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ABSTRACT

Origami can be a source of inspiration for engineers and professionals in R&D, as complex figures can be obtained by folding
a flat sheet of paper. Among the various applications of origami-inspired engineering, solar-power generation has emerged as a
particularly promising field. Solar-powered systems are typically heavily constrained by the surface area they need to cover to
produce electricity. The more power needed, the more surface area that requires to be covered. Foldable panels overcome this
difficulty by folding the panels one on top of the other to temporarily reduce their footprint. However, to adequately design these
products, several factors need to be accounted for, such as: the dynamics of the movement, the joint design, and the thickness of the
panels, which might affect the Origami motion. These factors have a huge impact in the structural integrity, quality and performance
of the panels. Thus, these factors also present themselves as challenges that must be overcome in a growing field with more and
more applications. In this work, the authors present some of these challenges, as well as opportunities of research and development
in this promising field.

1 Introduction

Origami, the ancient japanese art of folding paper, can be a limitless source of inspiration for engineers dedicated to research and
development. By folding a flat sheet of paper, complex 3d shapes can be created. The hidden potential in origami lies precisely in
these folds: a complex and compact and folded shape can be "unfolded" to occupy a larger footprint. This property has found several
uses in different fields, including robotics [1, 2], space exploration [3, 4], solar-power generation [5], among others [6]. However, to
fully exploit its potential, further study on the kinematics and design methodologies must be done [7, 8, 9].

2 Thick Origami: challenges and opportunities

One particular and often useful way of analyzing origami, is to consider that it is actually a 3d linkage mechanism. By this analogy,
the kinematics of existing and even new Origami patterns can be studied as the kinematics of a 3d linkage. This analogy is also
useful to determine the number of degrees of freedom of an Origami pattern, which is extremely useful since this information can
be used to build the driver system and structure of the Origami.

Unlike paper Origami, otherwise known as thin Origami, most engineering applications require to account for panel thickness
and stiffness. This applications lie in the field known as thick Origami. The inclusion of thickness makes flat foldability almost
impossible unless the folds are redesigned using the so-called thickness-accommodation techniques [10]. Some of these techniques
have been widely studies, whereas others have been neglected despite their advantages, because of limitations that have yet to be
overcome. The challenge is to build a thick origami which can reliably achieve flat foldability, preserve Origami-like motion, with
hinges that can be able to withstand continuous and repetitive use without breaking or collapsing.

3 Impact and possible applications

As mentioned, there are several possible applications for Origami-inspired foldable solar-panels. Even though they were initially
conceived with space-exploration applications in mind, plenty other ground and maritime applications exist. For instance, foldable
solar panels can be installed on naval vessels, with extreme space constraints and limited surface area; therefore increasing the energy
efficiency of the vessel and significantly reducing the fuel costs [11]. On the other hand, mining facilities (typically located far away
from the main cities or the electric grid) rely heavily on portable diesel generators for electricity for human use; thus, mobile and/or
portable solar-power generation systems can not only reduce the fuel costs, but also contribute to a cleaner and greener environment
[5].

Moreover, foldable solar panels can enhance agricultural photovoltaic systems (AgriPV), where the ability to adjust panel config-
urations dynamically can increase land productivity by optimizing energy output for different types of crops. These applications
showcase not only the versatility of foldable solar panels but also their capacity to contribute to more sustainable, cost-efficient
solutions across multiple sectors. As the technology matures, further innovations in the design and deployment of foldable solar
panels promise to expand their impact in different applications.
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4 Conclusions

In conclusion, origami inspired engineering presents a large variety of opportunities in the development mechanisms for foldable
and portable solar panels. While the challenges of joint design, panel thickness, and kinematics are still significant, they also offer
important research lines. As the demand for sustainable and mobile energy solutions grow, advances in origami inspired design
could play a major and critical role in solar-power generation.
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ABSTRACT 

1    Introduction 

This work aims to conduct a comprehensive analysis of the kinematics, dynamics, motion planning, and nonlinear control design 

for a basic two-link planar robot arm (Fig. 1). As interest in robotics continues to grow, the two-link arm remains fundamental for 

the development and control of more advanced serial robotic manipulators [1] and humanoid robots [2]. In this study, the system 

dynamic model is first developed using Lagrange’s equations [3] in a non-conservative format. Additionally, an inverse kinematic 

analysis is conducted to determine the target joint variables for executing circular motion in the task plane. The dynamic model is 

then integrated with a feedback controller based on the nonlinear, Sliding Mode Control (SMC) strategy [4]. The tracking 

performance of the proposed controller is tested in closed-loop numerical simulations, in which the target trajectories are set to the 

joint variables obtained from the inverse kinematic study. Furthermore, the dynamic model is slightly altered in the simulation by 

adding 5% extra weights to the links in order to assess the controller's robustness against external disturbances.  

Figure 1: A sketch of the 2-link (RR) planar robot 

Table 1: A list of the model parameters 

Parameter Value Description 

𝐿1, 𝐿2 0.50 m Lengths of the links 

𝐿𝑚1
, 𝐿𝑚2 0.25 m CoM lengths of the links 

𝑚1, 𝑚2 3.00 kg Masses of the links 

𝐼1, 𝐼2 0.25 kg∙m2 Moments of inertias of the links 

𝑟 0.25 m Radius of the circular path 

𝜔 100 °/s End-effector rotational speed 

𝑥𝐶 0.00 m Abscissa of the center point, C. 

𝑦𝑐 0.50 m Ordinate of the center point, C. 

𝜃1(𝑡), 𝜃2(𝑡) − Angular positions of the links 

𝜏1(𝑡), 𝜏2(𝑡) − Torque inputs on the joints 

2    Dynamic Model 

Lagrange’s equations are applied in a non-conservative format to develop the dynamic model for a torque input scenario. As 

Lagrange modeling relies on energy principles, it was essential to derive the expressions for the total kinetic and potential energy of 

the robot, along with the total work done by the non-conservative factors such as the torque inputs. By selecting angles 𝜃1 and 𝜃2

(Fig. 1) as the independent generalized coordinates, the dynamic model can be written compactly in the following matrix form [3]: 

[
𝐴11 𝐴12

𝐴21 𝐴22
] [

𝜃̈1(𝑡)

𝜃̈2(𝑡)
] + [

0 𝐵12

𝐵21 0
] [

𝜃̇1
2(𝑡)

𝜃̇2
2(𝑡)

] + [
𝑐1
𝑐2

] = [
𝜏1(𝑡)
𝜏2(𝑡)

] (1) 

where, the elements of the matrices 𝐴, 𝐵, 𝑐 in (1) are related to the link inertia, geometry and joint variables (Table 1) as follows: 

𝐴11 = 𝐼1 + 𝑚2𝐿1
2  (2) 𝐵12 = −𝐵21 = 𝑚2𝐿1𝐿𝑚2

sin(𝜃1 − 𝜃2) (5) 

𝐴12 = 𝐴21 = 𝑚2𝐿1𝐿𝑚2
cos(𝜃1 − 𝜃2) (3)                   𝑐1 = (𝑚1𝑔𝐿𝑚1

+ 𝑚2𝑔𝐿1) cos 𝜃1 (6) 

𝐴22 = 𝑚2𝐿𝑚2
2 + 𝐼2 (4)                   𝑐2 = 𝑚2𝑔𝐿𝑚2

cos 𝜃2 (7) 
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3    Inverse Kinematic Analysis  

One possible configuration of the robot for this motion plan is sketched in Fig. 1. Forming a vector chain along the links (𝑂𝐴⃗⃗⃗⃗  ⃗ + 𝐴𝐵⃗⃗⃗⃗  ⃗), 

and a separate vector chain avoiding the links (𝑂𝐶⃗⃗⃗⃗  ⃗ + 𝐶𝐵⃗⃗⃗⃗  ⃗), a Loop Closure Equation (LCE) could be obtained. Separation of the 

horizontal and vertical components of the LCE leads to the following two nonlinear equations for the joint variables (𝜃1, 𝜃2): 

                                                                 𝐿1 cos 𝜃1 + 𝐿2 cos 𝜃2 = 𝑟 cos 𝛼(𝑡) (8) 

𝐿1 sin 𝜃1 + 𝐿2 sin 𝜃2 = 𝑦𝐶 + 𝑟 sin 𝛼(𝑡) (9) 

where, 𝛼(𝑡) = 𝜔𝑡 assuming a constant rotational speed, 𝜔 while tracing the circle. The time evolution of the angular positions 

(𝜃1, 𝜃2) of the links are obtained and plotted in Fig. 2 as the “target” trajectories to achieve in the closed-loop control simulations. 

4    Sliding-Mode Control Design and Simulation Results 

To initiate control design, the Lagrange model (1) is first re-organized in the following explicit form: 

Θ̈(𝑡) = 𝑓(Θ, Θ̇, 𝑡) + 𝑢(𝑡) (10) 

where, Θ = [𝜃1 𝜃2]
𝑇 is the state vector,  𝑓(Θ, Θ̇, 𝑡) = −𝐴−1𝐵Θ̇2 − 𝐴−1𝑐, and 𝑢(𝑡) = 𝐴−1𝜏(𝑡) is the control input. To quantify the 

tracking performance, a cost function is also defined by combining position tracking error and velocity tracking error as follows: 

𝑒(𝑡) = (Θ̇ − Θ̇𝑑) + 𝜆(Θ − Θ𝑑)  ,   (𝜆 > 0) (11) 

where, Θ𝑑 refers to the desired (target) trajectories. Note that error-free tracking implies: 𝑒 = 0 (or, 𝑒̇ = 0). Hence, after taking the 

first derivative of (11), and then substituting the dynamic model (10), the control input 𝑢(𝑡) is obtained as follows: 

𝑢(𝑡) = Θ̈𝑑 − 𝑓(Θ, Θ̇, 𝑡) − 𝜆(Θ̇ − Θ̇𝑑) − 𝐾sat[𝑒(𝑡)/𝜙] (12) 

The last term on the right side of (12) is added to provide state feedback action to enable control switching for robustness. The 

saturation function eliminates input chattering due to repetitive switching action especially when the states are very close to their 

respective targets [4]. The results of the closed-loop control simulation are provided in Figs. 2-3. Perfect tracking is achieved despite 

the 5% increase on the link masses, which validates the robustness of the proposed control law against external disturbances.  

 

Figure 2: Time evolution of the joint variables 

 

Figure 3: Time evolution of the torque inputs 
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ABSTRACT

Robot learning plays a critical role in the field of robotics, particularly in industrial applications where robots are required to perform
complex, repetitive tasks with high precision. Traditional motion planning methods are often time-consuming and struggle with envi-
ronmental changes, limiting their use in dynamic settings when tackling complex tasks such as assembly, manipulation, and human-
robot collaboration. With the increasing demand for robots capable of handling complex tasks, robot learning methods that can
autonomously learn from demonstrations and adapt to new scenarios are gaining importance. Learning from Demonstration (LfD)
has emerged as a powerful approach in this domain, allowing robots to acquire skills by observing demonstrations. This method
enhances the robot’s adaptability to complex environments while reducing the time and costs associated with reprogramming[1].

Dynamic Movement Primitives (DMPs) provide a robust LfD method, known for their high adaptability, reliability, and strong per-
formance in encoding complex trajectories. However, DMPs are traditionally limited to learning from a single demonstration. To
address this, Prados [2] et al. introduced a DMP-based Gaussian Model Regression (GMR) approach to analyze multiple demon-
strations and generate new imitating trajectory. With its strength in handling uncertainties, Fanger [3] et al. proposed integrating
DMPs with Gaussian Processes Regression (GPR) to learn from multiple demonstrations. Despite its advantages, GPR complexity
remains a challenge, particularly for large datasets. Another limitation of DMPs is their reliance solely on positional data, making
it difficult to express trajectories in Cartesian space. Ude [4] et al. improved and extended the classic DMP to represent trajectory
orientation, developing DMPs based on rotation matrices and quaternion method respectively.

To enhance the overall capability of trajectory learning, we integrate classic DMP for position with quaternion DMP for orientation,
while employing sparse GPR to improve adaptability across multiple demonstrations. This framework enables simultaneous learning
of both position and orientation, with GPR predicting non-linear terms from demonstrations. The use of sparse representation reduces
computational complexity, making the approach more efficient.

In the proposed framework, the principle of DMP is to transform the simple attractor dynamic system model into a nonlinear dynamic
system through the learning of attractor landscapes to generate the desired goal. The DMP model could be consider a damp and
spring system which present by the equations (1) and (2). Meanwhile the quaternion DMP can be writen as euqations (3) and (4).

Table 1: Classic and Quaternion DMP

Classic DMP Quaternion DMP

Main part
τ ż = αz(βz(g− y)− z)+ f (x) (1)

τ ẏ = z (2)

τη̇ = αq(βq log(qg · q̄)−η)+ f0(x) (3)

τ q̇ =
1
2

η ·q (4)

Non-linear term f (x) =
∑

N
i=1 ϕi(x)wi

∑
N
i=1 ϕi(x)

(g− y0) (5) f0(x) =
∑

N
i=1 ϕi(x)wi

∑
N
i=1 ϕi(x)

·2log(−qg · q̄0) (6)

Gaussian function ϕi(x) = exp(−hi(x− ci)
2) (7)

Canonical system τ ẋ =−αx (8)

In Table 1, the parameters α and β are positive time constants, τ is a temporal scaling factor, g is the attractor point and qg is the goal
quaternion, y and ẏ correspond to the position and velocity respectively, f and f0 are the non-linear term, Equation (7) is Gaussian
function and equation (8) is the canonical system.

GPR is a Bayesian non-parametric regression method widely used for modeling complex functional relationships[5]. The advantage
of GPR lies in its ability to naturally quantify uncertainty in the predictions without requiring a predefined functional form, making
it robust in applications with small sample sizes or noisy data. The probability model of GPR p(y∗ | X ,y,x∗)∼ N (µ∗,Σ∗) is build
by observing the mapping from inputs X and outputs y to predict the values at new input locations x∗, the mean µ∗ and covariance Σ∗

of the new output y∗ are computed as µ∗ = k(x∗,X)
[
K(X ,X)+σ2

n I
]−1 y and Σ∗ = k(x∗,x∗)− k(x∗,X)

[
K(X ,X)+σ2

n I
]−1 k(X ,x∗).

Here k(x∗,x) is kernel function, k(x∗,X) is the covariance vector between the test point x∗ and the training points X , K(X ,X) is the
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covariance matrix of the training points, σ2
n is the noise variance. The time complexity of GRP is O(n3), n is number of samples. To

mitigate this limitation, the K-means clustering algorithm is used to to select the inducing point, thereby enabling the construction
of Sparse GPR. This approach reduces the complexity to O(n2m), m is the inducing number chose by the K-means algorithm.

The proposed approach is evaluated through a simulation experiment where a robot arm grasps a cylindrical object initially positioned
horizontally on a lower platform and places it upright on a higher platform as shown in Figure 1, involving the adjustment of
the object’s orientation from horizontal to vertical. The process begins by constructing a dataset comprising multiple Cartesian
trajectories, which are generated with the assistance of human guidance over time. Each trajectory’s position and orientation are
then analyzed separately using both classic DMP and quaternion DMP to compute the corresponding non-linear term. Sparse GPR
is subsequently applied to derive the final non-linear term. Following the learning phase, the robot arm is capable of autonomously
executing the pick-and-place task. This ability persists even when the pick-and-place locations or the object’s orientation vary. The
Figure 2 illustrates the execution of the proposed method. The demonstration trajectory includes three components of position data
(x,y,z) and four components of quaternion orientation data (qw,qx,qy,qz), shown in the upper and lower parts, respectively. Each
dimension’s force term is computed, with the GPR-based probability distribution indicated by the blue dashed area. The mean output
serves as the force term, enabling DMP to compute the generated Cartesian trajectory.

Figure 1: Robot Pick and Place Figure 2: DMP based Cartesian trajectory learning

This abstract presents a trajectory learning process in Cartesian space by combining classic DMP with quaternion DMP. To enhance
efficiency, we optimized the approach using sparse GPR, allowing for learning from multiple demonstrations with reduced com-
putational complexity. The proposed method was evaluated through a robotic arm learning pick-and-place task, demonstrating its
effectiveness. It provides a robust foundation for robot learning in more complex tasks and environments.
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