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Abstract

A long-standing goal in robotics is to create general-purpose agents that can learn
foundational skills applicable across diverse hardware and environments. Centered on
the field of prehensile manipulation, this vision is hindered by a fundamental
mismatch: deep learning policies are data-efficient but hardware-specific, while
analytical planners are hardware-adaptable but fail under perceptual uncertainty. The
diverse hand designs consistently emerged for industrial and household use pose
further challenges in designing grasp synthesis algorithms applicable for different
hand hardware with varied joint types and actuation systems. This thesis aims to
tackle these challenges by proposing a novel learning-optimization hybrid
methodology capable of hand-generalizable grasp generation in dense clutter. The
hybrid grasping paradigm is comprehensively developed across both planar
(two-dimensional) and spatial (three-dimensional) domains, culminating in two
grasping frameworks in the planar (HybridGen) and spatial (SpaHybGen) spaces.
Both proposed architectures integrate hand-agnostic scene inference with
hand-adaptive numerical optimization to enable grasping in densely cluttered
environments, applicable to a wide range of customized robotic hands. In each
grasping framework, to bridge the modeling divide between scene perception and
hand hardware, an exclusive formulation of robot-environment interaction state, i.e.,
contact features, is explicitly formed as the shared motion representation between the
applied scene and the adopted hardware. Given the established concept of contact
states in both domains, two large-scale contact-feature databases are individually
generated from existing grasping data to facilitate hand-agnostic scene-contact

inferences, which are further integrated with hand-changeable grasp optimization



using the formulated universal hand models described with analytical formulation
(planar) and unified robot description format (spatial). In the construction of the grasp
optimization schemes, multiple conventional grasp criteria are re-established in
coordination with the newly defined contact feature to enable successful and robust
object gripping.  Eventually, throughout extensive dataset-based and physical
assessments, HybridGen and SpaHybGen advanced the state-of-the-art performance
of contemporary planar and spatial grasping approaches constructed with
model-based and learning-based methodologies, achieving consistent superior
grasping success rates (94.3-98.0% across seven robotic hands ranging from 2 to 5
fingers in the spatial domain). Notably, the established hybrid designs enable
zero-shot hand generalization: without any hardware-specific retraining, the systems
successfully empowered distinct robotic hands with proficient grasping capabilities in
the real world. Advanced validations further verified the framework’s capability of
dynamic grasping over 20 Hz in dense clutter and multi-hand coordination for
complex tasks. The validated hybrid modeling paradigm, decoupling sensing
perception from robotic action through a shared interaction interface, provides a
pathway toward reusable and adaptable manipulation intelligence, a key step for

general-purpose robotics.
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