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Abstract: In recent years, the rapid advancement of foundation models, including large language models, vision-language
models, and world models, has introduced a paradigm shift that enables humanoid robots to transition from laboratory dem-
onstrations to open-world applications, such as household services, industrial manufacturing, and medical assistance. As
the primary end effector responsible for high-dimensional and fine-grained physical interaction, multi-fingered dexterous
hands represent one of the most challenging and emblematic platforms in embodied intelligence due to their high degrees of

freedom, strongly nonlinear contact dynamics, and tightly coupled multimodal feedback mechanisms. The emergence of
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vision-language-action (VLA ) models and large-scale foundation architectures, the breakthrough application of diffusion
models and flow matching in continuous control policy generation, hybrid reinforcement-imitation learning frameworks,
and advances in high-resolution tactile sensing, variable-stiffness mechanisms, and rigid-soft hybrid materials collectively
drive a fundamental transition in dexterous hands—from a paradigm of “rigid high-precision” mechanical determinism
toward an integrated, perception-learning-execution-centered closed-loop intelligent system. This work presents a compre-
hensive review of robotic dexterous hands across four dimensions: mechanical structures, intelligence capability grading,
data resources, and benchmarking methodologies. From a historical perspective, we first systematically trace the evolution
of mechanical architectures and hardware paradigms, summarizing representative technical routes, including fully actuated
multi-finger designs, underactuated compliant mechanisms, tendon-driven systems, soft robotic hands, and rigid-soft
hybrid structures. Our analysis indicates that the evolution of dexterous hand mechanisms is not merely an accumulation of
degrees of freedom, but rather a gradual shift toward engineering-oriented paradigms that are characterized by underactu-
ated coupling, material compliance, and hybrid structural design. By embedding adaptive coordination mechanisms into a
mechanical body through passive responses, these approaches effectively reduce actuation and control dimensionality while
physically enhancing robustness against object diversity and contact uncertainty. Building upon this foundation, we pro-
pose a systematic five-level taxonomy of dexterous intelligence (H1—H5) centered on the evolution of perceptual capabil-
ity. H1 (perception-free) is characterized by open-loop program execution and teleoperation, wherein the system lacks
environmental modeling and policy generation capabilities. H2 (single-modal perception) introduces either vision or tactile
feedback to enable perception-driven grasping and basic stability regulation. H3 (multimodal perception) integrates
vision, tactile, and force sensing through deep multimodal collaboration, supporting complex fine manipulation tasks,
such as precision assembly, deformable object manipulation, and tool use. During this stage, systematic methodologies
emerge across three technical directions: hierarchical task planning, multimodal servo control, and data-driven policy
learning. H4 (open perception) centers on VLA models and addresses perceptual generalization, long-horizon task plan-
ning, and deep multimodal fusion to enable language-guided open-world task understanding and zero-shot manipulation.
H5 (dynamic perception) envisions an autonomous, evolving general manipulation capability that is supported by deep
multimodal dynamic perception and real-time coordination mechanisms, representing a historical leap from robots as
“tools” to embodied “symbiotic agents”. This taxonomy provides a unified reference framework for evaluating the techno-
logical transition of dexterous hands from repetitive execution to open-world task planning, and ultimately, toward autono-
mous evolution. Furthermore, we systematically review key data resources and evaluation benchmarks that support dexter-
ous intelligence from two complementary dimensions : real-world interaction and high-fidelity simulation. At the data level,
real-world datasets offer ecological validity but suffer from high collection costs, limited scalability, and safety risks. Syn-
thetic datasets and simulation platforms enable large-scale and diverse data generation at controllable costs but remain con-
strained by simplified contact models and the simulation-to-reality gap. We outline the evolution of synthetic datasets from
static grasp poses to dynamic manipulation sequences and analyze representative resources in terms of their contributions to
grasp generation, cross-hand generalization, articulated object manipulation, and long-horizon modeling. We further sum-
marize the technological progression of simulation platforms from basic physical validation to high-fidelity interaction and
cross-domain transfer. In terms of evaluation, we categorize performance metrics into outcome-oriented and process-
oriented dimensions, including task success rate, grasp cycle time, target pose error, normalized task error, contact region
error, stability and drop rate, and efficiency and robustness. Benchmark tasks are organized into five families: stable
grasping and transport, re-grasping and contact transition, in-hand manipulation and reorientation, constrained operation
and assembly, and tool use and functional manipulation. Combined, these constructs form a systematic 2D evaluation spec-
trum that spans contact complexity and temporal depth, emphasizing reproducible and diagnostically meaningful standards
for assessing generalization capability and deployment readiness. Finally, we summarize the core challenges and future
directions toward the general-purpose deployment of dexterous hands. From a data perspective, the scarcity of real interac-
tion data and the persistent simulation-to-reality gap remain fundamental bottlenecks for effective policy transfer. From a
modeling perspective, efficient and robust multimodal joint representations, 3D foundation model construction, and inter-

pretable decision-making mechanisms have yet to converge into a unified theoretical framework, while inherent tensions
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persist between model scale and real-time inference requirements. From a hardware perspective, long-standing engineering

trade-offs exist between high degrees of freedom and low cost, reliability, and lightweight design, and between precision

force-tactile control and structural simplicity. In the future, a deep integration of perception, decision-making, and execu-

tion; incorporation of physical common sense and causal reasoning through world models and embodied foundation models ;

generative Al-driven data-efficient learning and simulation credibility enhancement; biomimetic variable-stiffness mecha-
nisms and endogenous tactile sensing through soft-hard codesign; and long-term real-world deployment with closed-loop
optimization in high-value scenarios, such as intelligent manufacturing, domestic service, and specialized operations, will
be critical pathways. Such effort will drive dexterous hands from laboratory prototypes toward reliable real-world applica-
tions, ultimately achieving the objective of general embodied intelligence that is capable of perceiving, reasoning, and
manipulating “like a human hand”. This work provides a unified capability framework and systematic reference for under-
tion.

standing and tracking the frontier of robotic dexterous hands, offering theoretical guidance and practical insights for future

research in hardware paradigm evolution, intelligence capability transition, and data and benchmarking system construc-
model ; task generalization

i1
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Fig. 4 Real-time closed-loop robotic grasping based on GG-
CNN (Morrison et al. ,2018)
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Fig. 5 Tactile control method for deformable objects based on gaussian images (Delgado et al. ,2017)
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Fig. 6 Robots rapidly learn 1 000 everyday tasks from a single demonstration, covering 402 real-world objects and

31 core skill categories (Dreczkowski et al. ,2025)
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Fig. 7 VLA framework for dexterous manipulation :

GROOT N1 model architecture (Bjorck et al. ,2025)
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Table 1 Overview of datasets related to dexterous hands
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