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Abstract: 

This research paper investigates adaptive control strategies tailored for manipulator visual 

servoing, a critical aspect of robotic systems where precise control over manipulator motion is 

required for tasks involving visual feedback. Visual servoing presents unique challenges due to 

uncertainties in the environment, camera calibration, and varying illumination conditions. 

Traditional control methods often struggle to maintain performance under these conditions, 

necessitating the development of adaptive control strategies. This paper proposes novel adaptive 

control techniques that enable manipulators to adapt their control parameters in real-time based 

on visual feedback, thus improving robustness and performance in dynamic environments. The 

effectiveness of the proposed strategies is validated through simulations and experimental 

results, demonstrating their potential for enhancing the efficiency and reliability of manipulator 

visual servoing systems. 
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I. Introduction: 

Manipulating composite rigid-deformable objects represents a significant challenge in the field 

of robotics and automation[1]. These objects, comprising both rigid and deformable components, 

exhibit complex and nonlinear behaviors, rendering traditional manipulation methods 

inadequate. Achieving precise and robust control over such objects is paramount for a myriad of 

applications spanning from industrial automation to medical robotics. Traditional methods often 

struggle to accurately model the intricate dynamics of composite objects, leading to suboptimal 

manipulation performance and potentially hazardous outcomes, particularly in safety-critical 

domains like surgical robotics[2]. 

In recent years, researchers have explored various strategies to tackle the complexities associated 

with manipulating composite objects. Some approaches focus on employing physics-based 

simulations or finite element analysis to model the deformable components, while others 

leverage machine learning algorithms for adaptive control[3, 4]. However, these methods often 

suffer from limitations such as high computational costs, difficulty in generalization across 



different object shapes and properties, and challenges in real-time adaptation to dynamic 

changes. Thus, there exists a pressing need for innovative techniques that can address these 

limitations and enable efficient and reliable manipulation of composite rigid-deformable 

objects[5]. 

This paper presents a novel approach to address the aforementioned challenges by leveraging 

contour moments and finite-time model estimation for the manipulation of composite rigid-

deformable objects. Contour moments offer a compact yet informative representation of the 

object's shape and deformations, allowing for real-time analysis and control. By incorporating 

finite-time model estimation techniques, our proposed method can rapidly adapt to changes in 

the object's dynamics, ensuring robust and stable manipulation performance. This combination of 

contour-based analysis and adaptive control holds promise for overcoming the limitations of 

existing methods and unlocking new possibilities in the manipulation of composite objects across 

various domains. 

II. Background and Related Work: 

Manipulating composite rigid-deformable objects has garnered considerable attention in the 

research community, driving the exploration of various methodologies and techniques to address 

the inherent complexities of such objects[6]. This section provides an overview of the 

background concepts relevant to the manipulation of composite objects and discusses related 

work in the field. 

Composite rigid-deformable objects exhibit a diverse range of behaviors due to the interaction 

between their rigid and deformable components. Traditional manipulation approaches often treat 

these objects as either entirely rigid or entirely deformable, overlooking the intricacies of their 

combined dynamics[7]. Understanding the behavior of composite objects requires the integration 

of models that capture both rigid body motion and deformations, posing a significant challenge 

for manipulation tasks. 

Previous research in the field of object manipulation has explored several methodologies to 

address the challenges posed by composite rigid-deformable objects. One common approach 

involves segmentation and modeling of the deformable components using physics-based 

simulations or data-driven methods[8]. These methods aim to capture the complex deformations 

of the object and incorporate them into manipulation algorithms to achieve more accurate 

control. 

Another line of research focuses on hybrid control strategies that combine feedback and 

feedforward control techniques to achieve stable manipulation of composite objects. These 

strategies often leverage sensory feedback, such as visual information or force/torque 

measurements, to adaptively adjust the control commands in real-time[9]. While these 

approaches have shown promise in certain scenarios, they may struggle to generalize across 

different object shapes and properties or require extensive calibration and tuning. 



Contour-based methods have also been explored for shape analysis and object manipulation 

tasks[10]. These methods utilize contour features extracted from sensory data to characterize the 

shape and deformations of objects, enabling more robust and efficient manipulation control. 

However, the application of contour-based techniques to composite rigid-deformable objects 

remains relatively unexplored, presenting an opportunity for further research and 

development[11]. 

Overall, while significant progress has been made in the manipulation of composite objects, 

there remain several challenges and opportunities for innovation. Addressing these challenges 

requires the development of novel methodologies that can accurately model the dynamics of 

composite objects and adaptively control their manipulation in real-time. The following sections 

present our proposed approach, which leverages contour moments and finite-time model 

estimation to achieve precise and robust manipulation of composite rigid-deformable objects. 

III. Contour Moments-Based Manipulation:  

This section outlines the proposed approach for manipulating composite rigid-deformable objects 

using contour moments. Contour moments provide a concise representation of the object's shape 

and deformations, enabling effective analysis and control[12]. The methodology consists of 

several key steps, including contour moments extraction, model predictive control (MPC) 

framework implementation, and integration of finite-time model estimation techniques. 

The first step involves extracting contour moments from sensory data, typically obtained through 

visual feedback or other sensing modalities. The object's boundary is delineated using edge 

detection algorithms, and contour moments are computed using moment invariants. These 

contour moments encapsulate essential spatial information about the object's shape and 

deformations, serving as input features for manipulation control[13]. 

Subsequently, a model predictive control (MPC) framework is employed to generate control 

commands based on the extracted contour moments and desired manipulation objectives. The 

MPC controller utilizes a predictive model of the object's dynamics to anticipate its future 

behavior and generate optimal control sequences[14]. By iteratively solving an optimization 

problem within a finite time horizon, the MPC controller generates control commands that 

minimize a predefined cost function, such as tracking error or energy consumption. 

To enhance adaptability and robustness, finite-time model estimation techniques are integrated 

into the MPC framework. These techniques continuously update the object model parameters 

based on observed sensory data, allowing the controller to adapt rapidly to changes in the 

object's dynamics. Finite-time model estimation ensures that the controller remains effective and 

stable even in the presence of uncertainties, disturbances, or variations in the object's 

properties[15]. 



The integration of contour moments and finite-time model estimation enables precise and robust 

manipulation of composite rigid-deformable objects. By characterizing the object's shape and 

deformations using contour moments and rapidly adapting to changes in its dynamics using 

finite-time model estimation, the proposed approach achieves superior manipulation performance 

compared to traditional methods[16]. The following section presents experimental results 

demonstrating the effectiveness and efficiency of the proposed approach in various manipulation 

scenarios. 

IV. Experimental Results: 

This section presents the experimental results obtained from evaluating the proposed contour 

moments-based manipulation approach in various scenarios involving composite rigid-

deformable objects. The experiments were conducted using a robotic manipulator equipped with 

visual feedback and force/torque sensors to manipulate objects of different shapes, sizes, and 

material properties[17]. 

In one set of experiments, the manipulator was tasked with grasping and manipulating composite 

objects with known deformable properties, such as soft rubber or silicone materials. The 

objective was to accurately control the deformation of the object while maintaining stable 

grasping and manipulation. The proposed approach demonstrated precise control over the 

object's shape and deformations, resulting in successful manipulation tasks with minimal 

tracking error[18]. 

In another set of experiments, the manipulator was challenged with manipulating objects with 

unknown or variable deformable properties, such as fabric or pliable plastic materials. Here, the 

adaptability of the proposed approach was put to the test, as the object's properties could vary 

unpredictably during manipulation. The integration of finite-time model estimation allowed the 

controller to rapidly adjust to changes in the object's dynamics, ensuring robust and stable 

manipulation performance even in the presence of uncertainties. Furthermore, comparative 

experiments were conducted to evaluate the performance of the proposed approach against 

baseline methods, including traditional control strategies and state-of-the-art techniques for 

manipulation of composite objects[19]. The results demonstrated that the proposed contour 

moments-based manipulation approach outperformed the baseline methods in terms of 

manipulation accuracy, robustness, and efficiency. 

Quantitative metrics such as tracking error, manipulation time, and energy consumption were 

used to assess the performance of the different methods. The proposed approach consistently 

achieved lower tracking error and manipulation time compared to the baseline methods, 

indicating superior precision and efficiency in manipulation tasks. Additionally, the proposed 

approach exhibited lower energy consumption, highlighting its potential for practical 

applications where energy efficiency is critical[20]. Overall, the experimental results validate the 

effectiveness and efficiency of the proposed contour moments-based manipulation approach in 



handling composite rigid-deformable objects. The approach's ability to accurately characterize 

object shape and deformations using contour moments, coupled with its rapid adaptability 

through finite-time model estimation, makes it a promising solution for various manipulation 

tasks in robotics and automation. 

V. Challenges and Limitations: 

While the proposed contour moments-based manipulation approach shows promise for handling 

composite rigid-deformable objects, several challenges and limitations need to be addressed to 

enhance its effectiveness and applicability. One significant challenge is the computational 

complexity associated with extracting and processing contour moments in real-time. Depending 

on the complexity of the object's shape and deformations, computing contour moments may 

require substantial computational resources, potentially limiting the approach's real-time 

performance. Optimizing the computational efficiency of contour moments extraction algorithms 

and implementing parallel processing techniques could help mitigate this challenge. Another 

challenge lies in accurately modeling the dynamics of composite objects, particularly in 

scenarios where the object's properties are unknown or variable[21]. While finite-time model 

estimation techniques enable rapid adaptation to changes in object dynamics, accurately 

estimating model parameters in real-time remains a non-trivial task. Improving the robustness 

and accuracy of model estimation algorithms, particularly in the presence of uncertainties and 

disturbances, is essential for enhancing the approach's reliability in practical applications. 

Furthermore, the proposed approach may face limitations in generalization across different 

object shapes, sizes, and material properties[22]. Contour moments extraction algorithms and 

model predictive control parameters may need to be fine-tuned or adapted for specific types of 

objects, which could limit the approach's versatility in handling diverse manipulation tasks. 

Developing techniques for automatic parameter tuning or learning-based approaches for adaptive 

control could help address this limitation and improve the approach's generalization capabilities. 

Moreover, the effectiveness of the proposed approach may be influenced by external factors such 

as environmental conditions, sensor noise, and calibration errors[23]. Ensuring robustness to 

such factors and enhancing the approach's fault tolerance is essential for its practical deployment 

in real-world robotic systems. Additionally, conducting extensive validation and testing in 

realistic environments is crucial for assessing the approach's performance and identifying 

potential failure modes. Overall, addressing these challenges and limitations will be crucial for 

advancing the proposed contour moments-based manipulation approach and unlocking its full 

potential for handling composite rigid-deformable objects in various robotics and automation 

applications. Continued research and development efforts in algorithm optimization, model 

refinement, and experimental validation are needed to overcome these challenges and facilitate 

the adoption of the approach in real-world scenario[24]. 

VI. Future Directions and Research Opportunities: 



Despite the progress made in contour moments-based manipulation of composite rigid-

deformable objects, several avenues for future research and development offer exciting 

opportunities to further advance the field. One promising direction is the exploration of advanced 

machine learning techniques for contour analysis and manipulation control. Deep learning 

models have shown remarkable capabilities in image analysis and pattern recognition tasks, and 

leveraging them for contour extraction and manipulation planning could lead to more robust and 

adaptive manipulation algorithms. Incorporating neural networks for contour feature extraction 

and predictive modeling could enhance the approach's ability to handle complex object shapes 

and deformations and improve its generalization across diverse manipulation tasks[25]. 

Furthermore, integrating multimodal sensing modalities, such as depth sensing or tactile 

feedback, could enhance the robustness and accuracy of the proposed approach. Combining 

visual information with depth or force/torque measurements could provide richer sensory data 

for object perception and manipulation control, enabling more precise and reliable manipulation 

of composite objects in complex environments. Developing sensor fusion techniques and 

algorithms for integrating information from multiple sensors could unlock new possibilities for 

enhancing manipulation performance and adaptability. Another promising avenue for future 

research is the development of decentralized control architectures for multi-robot manipulation 

of composite objects. Collaborative manipulation tasks often involve multiple robots working 

together to achieve a common objective, and coordinating their actions efficiently is essential for 

ensuring task success. Designing decentralized control strategies that enable effective 

coordination and communication among multiple robots while manipulating composite objects 

could improve task efficiency, scalability, and fault tolerance[26]. 

Additionally, exploring applications of contour moments-based manipulation in emerging fields 

such as soft robotics and biomedical engineering holds great potential. Soft robots, which often 

consist of deformable materials, present unique challenges and opportunities for manipulation 

and control. Leveraging contour moments-based techniques for manipulation of soft robotic 

systems could enable new capabilities for tasks such as object grasping, manipulation, and 

interaction in unstructured environments[27]. Similarly, applying the proposed approach to 

biomedical applications such as minimally invasive surgery or assistive robotics could facilitate 

safer and more precise manipulation of delicate tissues or medical devices. Overall, future 

research directions in contour moments-based manipulation of composite rigid-deformable 

objects should focus on advancing algorithmic techniques, integrating multimodal sensing 

modalities, exploring collaborative manipulation strategies, and extending applications to 

emerging fields. By addressing these research opportunities, researchers can further enhance the 

capabilities and applicability of the proposed approach and contribute to advancements in 

robotics, automation, and related fields[28]. 

VII. Conclusion: 



In conclusion, this paper presents a novel approach for the manipulation of composite rigid-

deformable objects using contour moments and finite-time model estimation. The proposed 

methodology offers a promising solution to the challenges associated with handling objects 

comprising both rigid and deformable components. By leveraging contour moments to 

characterize object shape and deformations and integrating finite-time model estimation 

techniques for rapid adaptation to dynamic changes, the proposed approach achieves precise and 

robust manipulation control. Experimental results demonstrate the effectiveness and efficiency of 

the proposed approach in various manipulation scenarios, showcasing its superiority over 

baseline methods in terms of manipulation accuracy, robustness, and efficiency. The approach's 

ability to handle both known and unknown object properties, adapt to changes in object 

dynamics, and generalize across different object shapes and materials highlights its potential for 

a wide range of robotics and automation applications. While the proposed approach shows 

promising results, there remain challenges and opportunities for future research and 

development. Addressing computational complexity, enhancing model accuracy and 

adaptability, improving generalization capabilities, and exploring applications in emerging fields 

represent promising avenues for further advancements. The proposed contour moments-based 

manipulation approach represents a significant contribution to the field of robotics and 

automation, offering a versatile and effective solution for handling composite rigid-deformable 

objects. Continued research and development efforts in algorithm refinement, experimental 

validation, and real-world deployment are essential for unlocking the full potential of the 

proposed approach and advancing the state-of-the-art in object manipulation technologies. 

References: 

[1] P. Zhou et al., "Reactive human–robot collaborative manipulation of deformable linear objects 
using a new topological latent control model," Robotics and Computer-Integrated 
Manufacturing, vol. 88, p. 102727, 2024. 

[2] L. Žlajpah, "Simulation in robotics," Mathematics and Computers in Simulation, vol. 79, no. 4, pp. 
879-897, 2008. 

[3] B. N. R. Abadi, M. Farid, and M. Mahzoon, "Redundancy resolution and control of a novel spatial 
parallel mechanism with kinematic redundancy," Mechanism and Machine Theory, vol. 133, pp. 
112-126, 2019. 

[4] M. Zhao, Y. Liu, and P. Zhou, "Towards a Systematic Approach to Graph Data Modeling: 
Scenario-based Design and Experiences," in SEKE, 2016, pp. 634-637.  

[5] J. Qi et al., "Adaptive shape servoing of elastic rods using parameterized regression features and 
auto-tuning motion controls," IEEE Robotics and Automation Letters, 2023. 

[6] P. Araujo-Gómez, V. Mata, M. Díaz-Rodríguez, A. Valera, and A. Page, "Design and Kinematic 
Analysis of a Novel 3U PS/RPU Parallel Kinematic Mechanism With 2T2R Motion for Knee 
Diagnosis and Rehabilitation Tasks," Journal of Mechanisms and Robotics, vol. 9, no. 6, p. 
061004, 2017. 

[7] F. Tahir and L. Ghafoor, "Structural Engineering as a Modern Tool of Design and Construction," 
EasyChair, 2516-2314, 2023.  



[8] S. Zou, Y. Lyu, J. Qi, G. Ma, and Y. Guo, "A deep neural network approach for accurate 3D shape 
estimation of soft manipulator with vision correction," Sensors and Actuators A: Physical, vol. 
344, p. 113692, 2022. 

[9] M. Ben-Ari and F. Mondada, Elements of robotics. Springer Nature, 2017. 
[10] P. Zhou, Y. Liu, M. Zhao, and X. Lou, "Criminal Network Analysis with Interactive Strategies: A 

Proof of Concept Study using Mobile Call Logs," in SEKE, 2016, pp. 261-266.  
[11] M. Bennehar, A. Chemori, and F. Pierrot, "A new extension of desired compensation adaptive 

control and its real-time application to redundantly actuated PKMs," in 2014 IEEE/RSJ 
International Conference on Intelligent Robots and Systems, 2014: IEEE, pp. 1670-1675.  

[12] H. Zeng, Z. Lu, Y. Lv, and J. Qi, "Adaptive Neural Network-based Visual Servoing with Integral 
Sliding Mode Control for Manipulator," in 2022 41st Chinese Control Conference (CCC), 2022: 
IEEE, pp. 3567-3572.  

[13] C. Breazeal, K. Dautenhahn, and T. Kanda, "Social robotics," Springer handbook of robotics, pp. 
1935-1972, 2016. 

[14] R. A. Brooks, "New approaches to robotics," Science, vol. 253, no. 5025, pp. 1227-1232, 1991. 
[15] G. Ma, J. Qi, Y. Lv, and H. Zeng, "Active manipulation of elastic rods using optimization-based 

shape perception and sensorimotor model approximation," in 2022 41st Chinese Control 
Conference (CCC), 2022: IEEE, pp. 3780-3785.  

[16] E. Garcia, M. A. Jimenez, P. G. De Santos, and M. Armada, "The evolution of robotics research," 
IEEE Robotics & Automation Magazine, vol. 14, no. 1, pp. 90-103, 2007. 

[17] R. Goel and P. Gupta, "Robotics and industry 4.0," A Roadmap to Industry 4.0: Smart Production, 
Sharp Business and Sustainable Development, pp. 157-169, 2020. 

[18] J. Qi et al., "Contour moments based manipulation of composite rigid-deformable objects with 
finite time model estimation and shape/position control," IEEE/ASME Transactions on 
Mechatronics, vol. 27, no. 5, pp. 2985-2996, 2021. 

[19] C. Gosselin and L.-T. Schreiber, "Redundancy in parallel mechanisms: A review," Applied 
Mechanics Reviews, vol. 70, no. 1, p. 010802, 2018. 

[20] M. Khan and L. Ghafoor, "Adversarial Machine Learning in the Context of Network Security: 
Challenges and Solutions," Journal of Computational Intelligence and Robotics, vol. 4, no. 1, pp. 
51-63, 2024. 

[21] P. Zhou, J. Qi, A. Duan, S. Huo, Z. Wu, and D. Navarro-Alarcon, "Imitating tool-based garment 
folding from a single visual observation using hand-object graph dynamics," IEEE Transactions on 
Industrial Informatics, 2024. 

[22] M. Hägele, K. Nilsson, J. N. Pires, and R. Bischoff, "Industrial robotics," Springer handbook of 
robotics, pp. 1385-1422, 2016. 

[23] D. Halperin, L. E. Kavraki, and K. Solovey, "Robotics," in Handbook of discrete and computational 
geometry: Chapman and Hall/CRC, 2017, pp. 1343-1376. 

[24] C. Liu, G. Cao, and Y. Qu, "Safety analysis via forward kinematics of delta parallel robot using 
machine learning," Safety Science, vol. 117, pp. 243-249, 2019. 

[25] R. D. Howe and Y. Matsuoka, "Robotics for surgery," Annual review of biomedical engineering, 
vol. 1, no. 1, pp. 211-240, 1999. 

[26] D. Zhang, F. Xi, C. M. Mechefske, and S. Y. Lang, "Analysis of parallel kinematic machine with 
kinetostatic modelling method," Robotics and Computer-Integrated Manufacturing, vol. 20, no. 
2, pp. 151-165, 2004. 

[27] F. Xie, X.-J. Liu, and C. Wang, "Design of a novel 3-DoF parallel kinematic mechanism: type 
synthesis and kinematic optimization," Robotica, vol. 33, no. 3, pp. 622-637, 2015. 



[28] H. Zeng, Y. Lyu, J. Qi, S. Zou, T. Qin, and W. Qin, "Adaptive finite-time model estimation and 
control for manipulator visual servoing using sliding mode control and neural networks," 
Advanced Robotics, vol. 37, no. 9, pp. 576-590, 2023. 

 


