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ABSTRACT: Robotic dexterous hands, as the primary end-effectors through which embodied agents
interact with the physical world, directly determine grasp stability, manipulation accuracy, environmental
adaptability, and human-robot interaction safety. Research on dexterous hand mechanical structures has
expanded rapidly and become increasingly interdisciplinary, so conventional narrative reviews can no
longer capture its knowledge base, research drivers, and the evolution of hotspots. A systematic framework
that combines bibliometric quantification with mechanism-oriented synthesis is therefore needed. This
study presents a bibliometric review of dexterous hand mechanical structures based on Web of Science
Core Collection publications from 2016 to 2025, combining bibliometric statistics, collaboration-network
analysis, keyword co-occurrence, cluster analysis, and trend synthesis to reveal the field’s research
landscape, intellectual structure, and technological evolution. Publications increased steadily, rising from
64 in 2016 to 252 in 2025, with marked acceleration after 2022. China leads in publication volume, whereas
the United States, Germany, and the United Kingdom show strong citation impact and international
collaboration. Core journals concentrate on robotics, mechatronics, sensing, soft robotics, and rehabilitation
engineering, and keyword evolution shows a shift from prosthetic hands and basic mechanism design
toward compliant structures, soft actuation, tactile perception, and dexterous manipulation. Based on
keyword clustering, three principal research streams are identified: body configuration and degree-of-
freedom (DoF) evolution, drive and transmission structure design, and soft/compliant structure expansion.

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
[ (https://creativecommons.org/licenses/by/4.0/).
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The central challenge of dexterous hand design is no longer the accumulation of DoFs but the coordinated
optimization of DoF allocation, actuation mapping, contact stability, and compliant adaptation under strict
constraints of space, energy, and reliability. Tendon-driven, internally integrated, and underactuated
architectures emphasize lightweight dexterity, precision control, and adaptive grasping, respectively, while
soft continuum, rigid—soft hybrid, and variable-stiffness structures are reshaping dexterous hands from rigid
execution mechanisms into physically intelligent interaction systems. Overall, the field has entered a stage
of interdisciplinary system integration, with its core mission shifting from building complex mechanical
hands to constructing perceptive, adaptive, and controllable end-effectors. Future work should strengthen
task-oriented structural optimization, hybrid actuation, rigid—soft coupling, integrated flexible sensing and
closed-loop control, and unified performance evaluation, accelerating the transition from laboratory
prototypes to standardized assessment and large-scale deployment.

Keywords: Embodied intelligence; Dexterous hand; Mechanical structure; Bibliometric analysis; Tendon-
driven actuation; Underactuated mechanism; Soft and compliant structure

1. Introduction

The robotic dexterous hand is the primary end-effector through which an embodied agent interacts with
the physical world, and its mechanical structure directly governs grasp stability, manipulation accuracy,
and safe human-robot interaction. A recent review of humanoid dexterous hands traces the transition from
simple grippers to highly integrated systems that connect mechanical design with gesture-level interaction
[1]. In assistive and rehabilitation applications, soft actuators and wearable robotic devices are increasingly
used to support or restore hand function [2]. Continued advances in soft-actuator technology are expanding
the achievable ranges of force, deformation, and adaptability [3]. Rehabilitation robots extend these
principles to a wider set of human-assistance tasks [4]. In prosthetic hands and human—machine interfaces,
surface electromyography (sEMG) provides an important basis for precise motion control [5]. It also
supports reliable recognition of hand gestures [6]. More recently, the integration of tactile sensing and
adaptive intelligence has begun to enable more human-centered dexterous control [7]. Together, these
developments motivate a systematic and quantitative examination of how dexterous-hand mechanical
structures have evolved and where the field is heading.

Advances in intelligent manufacturing, medical rehabilitation, household services, education, and
emergency rescue have raised the requirements for autonomous perception, flexible decision-making, and
stable execution in complex environments [8]. These application domains increasingly demand systems
that can operate reliably under real-world uncertainty [9]. Traditional artificial intelligence, which has
largely relied on data training, rule-based design, and offline optimization, has achieved substantial progress
in recognition and generation tasks [ 10]. Nevertheless, it still faces limitations in environmental adaptability,
task generalization, and physical interaction in open, dynamic settings [11]. Industrial upgrading and
population aging are accelerating demand for intelligent machines capable of performing practical physical
tasks [12]. The need to replace people in hazardous operations further increases the urgency of moving
intelligent systems from computation and recognition to perception, action, and adaptation [13]. Embodied-
intelligence research, particularly research on embodied structure, therefore has growing practical
significance [14].

Embodied intelligence has emerged as a major frontier in artificial intelligence and has attracted
extensive attention from both academia and industry [15]. Its central premise is that intelligence arises not
from abstract computation and symbolic reasoning alone, but from continuous interaction among an agent’s
body, environment, and tasks [16]. Within this framework, physical structure provides the material basis
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for interaction [17]. It also constrains how sensing, actuation, and control can be coordinated in practice
[18]. Body configuration and joint layout shape the reachable workspace and motion capability of an
embodied agent [19]. Actuation systems, compliant mechanisms, end-effectors, and integrated perception
units further determine how the agent interacts with objects and environments [20]. Structure, therefore,
influences not only whether an agent can move, but also how it perceives, acts, and adapts [21]. As research
on humanoid, quadruped, soft, and dexterous robots has deepened, embodied-structure studies have
expanded to include body design, drive transmission, flexible compliance, and biomimetic configuration
[22]. Multimodal integration has become another important direction within this broader structural research
landscape [23].

As shown in Figure 1, the development of embodied-intelligent robot structures has followed a long
process of technological accumulation rather than occurring in isolation [24]. Its major stages have also
been shaped by changing application demands [25]. Progress in artificial intelligence, control, and materials
science has continuously created new possibilities for structural innovation [26]. The field has consequently
moved from early rigid mechanisms toward legged and dynamic-motion platforms, humanoid forms, soft
robots, and increasingly engineered systems for mass production and scenario validation [27]. This
evolution expands the boundaries of perception, locomotion, manipulation, and environmental adaptation
rather than merely changing the robot’s form [28]. Examining embodied intelligence through the evolution
of physical structure can therefore clarify the field’s research foundations, major milestones, and future
directions [29].

Phase 1 (1980s) Phase 2 (1990s-2000s)
Early Multi-finger / Rigid Hands Anthropomorphic Form & Integrated Actuation
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v Structure: Rigid multi-finger - anthropomorphic multi-DoF - compliant/soft - system-integrated (§4.1)
v Actuation & transmission: External tendon / pneumatic - integrated in-hand motor & linkage drive (§4.2)

v Compliance: Rigid contact - underactuated & soft adaptive compliant contact (§4.3)

v Intelligence & application: Lab prototypes - learning-enabled manipulation, engineering & mass deployment

Figure 1. Milestone diagram of embodied intelligence structure development.

As research has deepened, publication output has grown rapidly, and the range of topics has broadened
[30]. Cross-disciplinary convergence has also intensified [31]. Existing studies discuss these developments
from the perspective of robot design and intelligent control [32]. Other work emphasizes biomimetic
mechanisms and embodied cognition [33]. However, systematic reviews that jointly characterize the overall
trajectory, principal research forces, research hotspots, and evolutionary trends remain limited [34]. Given
the continuing expansion of the literature, traditional reading and experience-based judgment alone cannot
comprehensively capture the field’s current status, knowledge base, and frontier directions.
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Bibliometric analysis provides a quantitative approach to literature research by using statistical indicators,
network analysis, knowledge maps, and visualization tools to examine research topics, core authors, major
institutions, collaboration patterns, and hotspot evolution. For a field as interdisciplinary and rapidly
expanding as embodied-structure research, this approach can reveal the research landscape and evolutionary
patterns at the macro level while identifying major structural-design themes at the micro level [35].

Against this background, this study investigates embodied-structure research through a bibliometric
framework. First, publication trends, country and regional distributions, institutions, core authors, and
source journals are analyzed to clarify the field’s development history and overall landscape [36]. Second,
keyword co-occurrence, clustering, and co-citation analyses are used to identify major hotspots, thematic
structures, and knowledge bases, with particular attention to body configuration, joint and drive systems,
compliant mechanisms, biomimetic structures, dexterous-manipulation structures, and structure—
perception—control coordination [37]. Finally, keyword evolution is combined with frontier literature to
discuss emerging trends and persistent challenges. Following the logic that practical needs generate
research questions, urgency establishes value, bibliometrics reveals the current state, and hotspot synthesis
informs future directions, the paper presents a systematic account of the development trajectory, key themes,
and prospective directions of embodied-structure research.

2. Data Collection and Analysis
2.1. Data Sources and Literature Search Strategy

The Web of Science (WOS) Core Collection served as the citation information source for this
bibliometric survey [38]. WOS is a widely used bibliographic database for quantitative research assessment
[39] and provides standardized bibliographic records compatible with bibliometric software [40]. The data
retrieval and collection process is illustrated in Figure 2. We performed an advanced search using the
following query TS = (“embodied AI” or “embodied agent*” or “embodied robot*” or “embodied
intelligence” or “bionic robot*” or “humanoid robot*””) and TS = (morpholog* or “mechanical design” or
kinematic* or bionic* or “hardware architecture” or mechanism*). Publication time was restricted to 2016—
2025. Retrieved papers were saved as “plain text”, and citation records were exported as “full text”, with
files stored as “structure. TXT”.

To balance search recall and dataset relevance, a staged screening procedure was applied after the
initial retrieval. The broad search strategy was intentionally designed to capture studies in which dexterous-
hand structures were described as components of humanoid, bionic, or embodied robotic systems rather
than explicitly indexed under “dexterous hand”. The initial search identified 2516 records. After restricting
the publication period to 20162025, 1694 records remained. The document types were then limited to
research articles and reviews, resulting in 1686 records. During title screening, 152 records were excluded
because they focused on non-hand robot structures, locomotion, or whole-body mechanisms, or exclusively
addressed algorithms, recognition, planning, or control without an identifiable mechanical-structure
contribution. The remaining 1534 records underwent abstract screening and, where necessary, further
content-based eligibility assessment. At this stage, 61 records were excluded because the dexterous hand
was mentioned only as an application background, the study concerned conventional grippers outside the
defined scope, or no direct contribution to hand configuration, joint or degree-of-freedom design, actuation
and transmission, underactuation, compliant or soft structures, variable stiffness, rigid—soft coupling, or
structure—sensing—control integration could be identified. The final dataset, therefore, comprised 1473
publications. These records formed the basis for all subsequent country, institution, author, journal,
collaboration network, keyword, and clustering analyses.
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Figure 2. Paper framework diagram.

2.2. Visualization Analysis

We used VOSviewer, CiteSpace, and Origin to analyze the statistical data collected from the WOS
Core Collection. These tools are widely employed for data visualization in bibliometric studies. Co-author,
co-occurrence, and co-citation analyses were performed [41—43]. Co-author analysis examines connections
among institutions, authors, and countries. Co-occurrence analysis quantifies associations among multiple
elements [44]. Co-citation analysis highlights the prominence of cited articles [45]. The following data
fields were collected: authors, institutions, countries/regions, journals, keywords, and references.

3. Quantitative Results Analysis of Embodied Intelligent Robot Structure Research
3.1. Annual Publication Trend Analysis

A total of 1473 articles on dexterous hand mechanical mechanisms, contributed by 4994 researchers
from 71 countries, were retrieved from WOS. Figure 3 shows the global publication trend for dexterous
hand mechanical structures from 2016 to 2025. The year-on-year growth rate was calculated as YoYt= (Nt
— Nt-1)/Nt-1 x 100%, where Nt and N1 denote the publication counts in the current and preceding years,
respectively. The annual publication counts for 2016-2025 were 64, 79, 101, 125, 152, 154, 171, 178, 197,
and 252, for a total of 1473 records. The 2015 publication count (n = 56) was used only as the baseline for
calculating the 2016 year-on-year growth rate and was not included in the final 20162025 dataset.
Accordingly, the increase from 152 publications in 2020 to 154 in 2021 corresponds to a positive year-on-
year growth rate of 1.32%. Publication growth accelerated markedly after 2022, reaching 27.92% in 2025.
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Figure 3. Global publication volume trend of dexterous hand structures from 2016 to 2025.

3.2. National Cooperation Network Analysis

Relevant articles have been published by researchers from 71 countries, demonstrating a broad
international research base. Figure 4 displays the inter-country collaboration network, where circle size
reflects publication volume and connecting lines represent collaboration intensity. Research is concentrated
in Asia, Europe, and North America. China, the United States, Italy, Japan, South Korea, and the United
Kingdom are the principal research forces.

Table 1 lists the top ten countries/regions by publication volume. China leads with 575 articles (39.0%
of the total), substantially exceeding the output of other countries and reflecting a high level of research
activity in body configuration, joint mechanisms, drive-transmission structures, and end-effector design. The
United States ranks second with 155 articles (10.5%), followed by Italy (98), Japan (87), and South Korea
(82). Dexterous hand mechanical structure research has therefore received sustained attention from Chinese
scholars while also building stable research accumulations in European, American, and East Asian countries.

In terms of citation impact, China leads with 10,173 total citations, indicating that its contribution
extends beyond publication volume to substantial scholarly influence. The United States follows with 5404
total citations, yet its citation-per-paper ratio (34.90) surpasses China’s (17.70), indicating a higher average
impact per publication. Germany, although seventh in publication count (47 papers), achieves the highest
citation-per-paper ratio among the top ten (37.30), suggesting a stronger concentration of high-impact
publications. South Korea, the United Kingdom, and Canada also exhibit relatively high per-paper citations
(29.70, 26.20, and 25.50, respectively), reflecting meaningful academic influence in robot mechanism
design, biomimetic structures, and drive-transmission systems.

SCP (single-country publications) and MCP (multi-country publications) quantify domestic and
international collaboration, respectively. China’s SCP is 456, and MCP is 119, indicating predominantly
domestic collaboration supplemented by a growing international network. The United States, Italy, the
United Kingdom, and Germany show MCP values of 37, 29, 32, and 23, respectively, indicating active
international collaboration. By MCP%, Germany leads at 48.9%, followed by the United Kingdom (43.8%),
Spain (31.3%), and Italy (29.6%), highlighting a stronger cross-national culture of collaboration among
European countries.
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international collaboration, suggesting continued multi-country, cross-disciplinary convergence.
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Figure 4. Publication volume and connection analysis across different countries.

The country collaboration network in Figure 4 further illustrates that China occupies the largest node,
consistent with its leading publication output, and maintains extensive links with the United States, Japan,
South Korea, India, and Malaysia. The United States also holds a central position, collaborating with
multiple European and Asian countries. European countries (Italy, Germany, France, Spain, and the United
Kingdom) form a tightly connected cluster. Overall, research on dexterous hand mechanical structures has
evolved into an international landscape with China as the primary publication force and the United States,
Italy, Japan, South Korea, the United Kingdom, and Germany as key supporting players. China dominates
in quantity, whereas the United States, Germany, and the United Kingdom stand out in citation impact and

Table 1. Top ten high-output countries/regions regarding dexterous hand mechanical mechanisms.

Rank Country Counts

Percentage SCP MCP MCP%

Total Citations

Average Citation per Paper

1 China 575 39.0 456 119 20.7 10,173 17.70
2 Us 155 10.5 118 37 23.9 5404 34.90
3 Italy 98 6.7 69 29 29.6 2264 23.10
4 Japan 87 59 76 11 12.6 1115 12.80
5 Korea 82 5.6 72 10 12.2 2432 29.70
6 UK 73 5.0 41 32 43.8 1912 26.20
7 Germany 47 3.2 24 23 48.9 1752 37.30
8 India 33 2.2 28 5 15.2 331 10.00
9 Spain 32 2.2 2210 313 374 11.70
10 Canada 28 1.9 23 5 17.9 714 25.50

3.3. High-Performance Institutions and Collaborative Analysis

A total of 1292 research institutions have contributed to dexterous hand mechanical structure research.
Table 2 ranks the top ten institutions by publication volume. High-output institutions are concentrated in
China, Italy, the United Kingdom, and India. Five of the top ten are Chinese the Chinese Academy of
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Sciences, Shanghai Jiao Tong University, Harbin Institute of Technology, Tsinghua University, and
Zhejiang University.

The Chinese Academy of Sciences leads with 167 papers, substantially exceeding the output of the
other institutions and reflecting sustained research output. Shanghai Jiao Tong University and Harbin
Institute of Technology rank second and third with 85 and 75 papers, respectively; both are prominent in
robotics and mechanical engineering. Tsinghua University (68 papers, fourth) and Zhejiang University (55
papers, seventh) further demonstrate the strong presence of Chinese universities and research institutes in
this field.

Table 2. Top 10 most productive institutions ranked by number of published papers.

Rank Institutions Country Counts
1 Chinese academy of sciences China 167
2 Shanghai jiao tong university China 85
3 Harbin institute of technology China 75
4 Tsinghua university China 68
5 Istituto italiano di tecnologia—IIT Italy 61
6 University of pisa Italy 58
7 Zhejiang university China 55
8 Scuola superiore sant’anna Italy 35
9 University of london UK 34
10 Indian institute of technology system (iit system) India 33

Among non-Chinese institutions, Italy is particularly notable. Istituto Italiano di Tecnologia (IIT), the
University of Pisa, and Scuola Superiore Sant’Anna entered the top ten with 61, 58, and 35 papers,
respectively, reflecting Italy’s strength in biomimetic dexterous hands, flexible actuation, underactuated
mechanisms, and human—robot interaction. The University of London (34 papers, ninth) and the Indian
Institute of Technology System (33 papers, tenth) indicate that the field has achieved stable development
across Europe and Asia.

Figure 5 illustrates institutional collaboration patterns. Denser connecting lines and more concentrated
nodes indicate stronger collaboration and higher research activity. Chinese institutions (Tsinghua
University, Chinese Academy of Sciences, Shanghai Jiao Tong University, Harbin Institute of Technology,
Zhejiang University, Beijing Institute of Technology, and South China University of Technology) have
formed a dense domestic collaboration network. International connections are also evident: Istituto Italiano
di Tecnologia, University of Pisa, Scuola Superiore Sant’Anna, Imperial College London, University
College London, Nanyang Technological University, and Seoul National University all maintain active
collaborative ties with multiple research units.

The institutional distribution, therefore, exhibits a pattern of “Chinese institutions leading, Italian
institutions prominent, and European, American, and Asian countries jointly participating”. Chinese
institutions dominate in terms of publication volume and serve as key knowledge-production centers. Italian,
British, Singaporean, and South Korean institutions have formed distinctive research strengths in
biomimetic dexterous hands, compliant mechanisms, underactuated structures, and human-robot
collaborative manipulation. The collaboration network confirms that the field is moving beyond single-
institution efforts toward multi-institution, multi-country collaborative innovation.



Intell. Sustain. Manuf. 2026, 3(2), 10020. doi:10.70322/ism.2026.10020 9 0f 39

arizona beihang beijing inst  carnegie chinese chinese dalianuniy =~ cluster
state univ. univ technol mellon acad sci univ hong

: ——oA—— ; —
N Eoviod-.

et \ A%
q A W2
Aﬂ‘lk\"ﬁ"ﬂ’ . 2 b astronant
9 82 south

china univ
technol

‘QT\Q\‘ univ
;\-\ \W hambur
I .
7 ‘.anm QI \univ
1 \ salford

‘

‘V

X

i

RYES
=
L5

N

V:
e

Figure 5. Institutional collaboration network.

3.4. Analysis of High-Productivity Authors and Core Journals

The retrieved publications involve 4994 researchers, indicating a broad research community. Table 3
ranks the top ten high-output authors, and Figure 6 displays the author collaboration network. Circle size
reflects publication volume or collaboration weight, connecting lines denote collaboration, and colors
distinguish network clusters.

Liu H leads with 29 papers (H-index 14, G-index 23, 549 total citations), demonstrating sustained
output and notable influence. Jiang L follows with 25 papers (H-index 10, G-index 14, 219 citations). Bicchi
A ranks third with 23 papers but has accumulated 1012 citations, the highest among the top ten, indicating
that his work has achieved substantial scholarly influence despite fewer publications.

Bicchi A and Liu H share an H-index of 14 and a G-index of 23, confirming comparable core influence.
Catalano Mg (20 papers, 775 citations, H-index 12, G-index 20, M-index 1.333) exhibits the highest recent
growth rate among the top ten. Grioli G (651 citations) also demonstrates a strong impact. Authors such as
Sun Fc, Zhang Y, and Wang P have fewer publications but later start years, suggesting that they constitute
emerging contributors in this direction.

Table 3. Top 10 high-output authors ranked by number of published papers.

Rank Author Counts H Index G_Index M Index PY_Start Citations
1 LiuH 29 14 23 1.273 2016 549
2 Jiang L 25 10 14 0.909 2016 219
3 Bicchi A 23 14 23 1.273 2016 1012
4 Catalano Mg 20 12 20 1.333 2018 775
5 Bianchi M 16 8 16 0.727 2016 458
6 Grioli G 15 10 15 0.909 2016 651
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7 Dollar Am 14 11 14 1.000 2016 492
8 Sun Fc 14 10 14 1.111 2018 288
9 Zhang Y 14 7 14 0.778 2018 229
10 Wang P 13 9 13 1.286 2020 235

Figure 6 reveals a team-based collaboration structure with several concentrated clusters. The network
centered on Zhang Ting is relatively large, encompassing collaborative links with Fan Shaowei, Liu Hong,
Jiang Li, Wu Xinyu, and Wei Wei. This team shows strong research continuity in dexterous hand structural
design, mechanism optimization, drive transmission, and robot manipulation. A second cluster features Wei
Guowu, Qian Zhihui, Ren Lei, and Dai Jians, while a local network connects Chou Chih-Hong and Lan Ning.

/.Ii. guanglin
Il okoi, hiroshi
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‘ ""‘ ." \\ |
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1L jiu, b _ lan, Tiin
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— U
Figure 6. Author collaboration connection diagram.

The author distribution is characterized by “a few high-output authors leading, with multi-team
collaborative development”. Liu H, Jiang L, Bicchi A, and Catalano Mg stand out in both publication
volume and academic influence. The collaboration network confirms a shift from individual authorship
toward team collaboration and multi-author innovation. As the demand for dexterous hands continues to
grow in embodied-intelligent robots, service robots, medical rehabilitation robots, and human-—robot
collaboration systems, cross-team and cross-institution collaboration is expected to intensify.

A total of 280 journals have published papers on dexterous hand mechanical structures, demonstrating
that the topic spans robotics, mechanical engineering, sensing technology, soft robots, and rehabilitation
engineering. Table 4 ranks the top ten journals by publication volume and local influence. NP denotes the
publication count within this dataset, TC total citations, and H-index, G-index, and M-index reflect local
academic influence.

IEEE Robotics and Automation Letters leads with 166 papers, substantially exceeding the output of
other journals. It also holds the highest H-index (32), G-index (47), M-index (3.200), and total citations
(3241) among the top ten. The journal’s focus on robot design, control, perception, and system integration
is closely aligned with dexterous hand mechanism design, drive transmission, grasping manipulation, and
embodied intelligence applications.
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Table 4. Top ten publication journals.

Rank Journal H_ Index G Index M Index TC NP  PY Start
1 IEEE Robotics And Automation Letters 32 47 3.200 3241 166 2017
2 IEEE Transactions On Robotics 20 39 1.818 1540 40 2016
3 Sensors 17 29 1.545 939 51 2016
4 Soft Robotics 16 27 1.455 1270 27 2016
5 Frontiers In Neurorobotics 15 32 1.364 1062 36 2016
6 IEEE-ASME Transactions On Mechatronics 15 28 1.364 830 33 2016
7 Mechanism And Machine Theory 13 21 1.182 509 21 2016
8 IEEE Access 12 22 1.333 559 43 2018
9 IEEE Sensors Journal 12 20 1.091 433 26 2016

IEEE Transactions On Neural Systems And
Rehabilitation Engineering

—_
(=]

12 23 1.200 561 32 2017

Soft Robotics, despite only 27 publications, has accumulated 1270 citations (H-index 16, G-index 27),
highlighting soft dexterous hands, compliant mechanisms, and biomimetic actuation structures as important
hotspots. Frontiers in Neurorobotics (36 papers, 1062 citations) and IEEE-ASME Transactions on
Mechatronics (33 papers, 830 citations) underscore the relevance of neural robots, mechatronics systems,
actuator design, and human-robot collaborative control.

Mechanism and Machine Theory, an important journal in mechanical mechanisms, has 21 publications.
Its close connection to body configuration, linkage mechanisms, underactuated mechanisms, kinematics
analysis, and mechanism optimization demonstrates that mechanical structure design remains a
foundational pillar of dexterous hand research. IEEE Access, IEEE Sensors Journal, and IEEE Transactions
on Neural Systems and Rehabilitation Engineering also appear in the top ten, indicating expanding
application to rehabilitation engineering, prosthetic hands, neural control, and human—robot interaction.

Dexterous hand mechanical structure publications are therefore concentrated in interdisciplinary
journals spanning robotics, mechatronics, sensors, soft robots, and rehabilitation engineering. IEEE
Robotics and Automation Letters dominates in both volume and influence. IEEE Transactions on Robotics,
Soft Robotics, and Frontiers in Neurorobotics are notable for citation impact. The field has expanded from
traditional mechanical mechanism design toward compliant actuation, perception integration, intelligent
control, and human—robot coordination, displaying clear multidisciplinary convergence.

3.5. Analysis of Keyword Time Evolution

As illustrated in Figure 7, keywords such as design, hand, and grasp occupy central positions in the
network, confirming that research on dexterous hand mechanical structures centers on structural design,
grasping manipulation, finger mechanisms, drive transmission, mechanical analysis, and perception
feedback. The design node is the largest and most widely connected, indicating that structural design
constitutes the field’s central research content and the foundation linking grasping, actuation, perception,
and control.

The temporal evolution reveals three phases. Early research focused on prosthetic hands, aiming at
basic grasping and functional replacement. Research hotspots then shifted toward hand, grasp, kinematics,
and optimization, reflecting growing attention to body structure, kinematics modeling, grasping stability,
and mechanism optimization. More recently, newer keywords (soft, compliant, dexterous manipulation)
indicate a shift toward compliance, soft-structure design, tactile perception, and structure-perception
integration. The overall trajectory thus runs from simple grasping, through body-structure and kinematics
modeling, to compliant and soft structures, tactile sensing, and intelligent dexterous manipulation.
Dexterous hand mechanical structure research has evolved from a single mechanical execution device into
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a comprehensive direction that integrates structural design, drive transmission, perceptual feedback, and
environmental adaptation.
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Figure 7. Keyword temporal evolution.

4. Hotspot Analysis of Dexterous Hand Structure Research Based on Keyword Clustering

As a critical component of robot end-effectors, dexterous hand structural design directly determines
grasping capability, manipulation precision, motion flexibility, and human—robot interaction safety [46].
As robot technology expands from industrial settings to service, medical, rehabilitation, and special-
operation scenarios, dexterous hand research has progressed beyond single-mechanism optimization toward
a comprehensive system encompassing body configuration, degree-of-freedom allocation, drive-
transmission methods, and coordinated compliant-structure development [47]. Summarizing research
hotspots through keyword clustering, therefore, helps to identify the principal directions and technical
evolution logic of this field [48].

The cluster analysis of keywords is shown in Figure 8, three principal thematic clusters emerge. The
first cluster, body configuration and degree-of-freedom evolution, focuses on finger configuration, joint
layout, degree-of-freedom allocation, and structural lightweighting [49,50]. The second cluster, drive-
transmission structure research, addresses actuation method selection, transmission mechanism design,
drive-efficiency improvement, and structural compactness [51,52]. The third cluster, the expansion of soft
and compliant structures, emphasizes flexible materials, compliant joints, variable-stiffness mechanisms,
and safe interaction capabilities [53,54]. These clusters are not independent; they interact through structural
requirements, actuation solutions, and compliant performance, jointly promoting the shift from rigid
mechanical structures toward high flexibility, adaptability, and safety [55].
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Figure 8. Research Framework for Dexterous Hand Structures Based on Keyword Clustering.

4.1. Cluster 1: Body Configuration and Degree-of-Freedom Evolution

The structural configuration design and degree-of-freedom (DoF) allocation of robotic end-effectors
constitute the fundamental physical basis that determines the manipulation performance of robot embodied
intelligence [56,57]. For a dexterous hand, the number of DoFs is not merely a quantitative metric; rather,
it interacts with contact point distribution, joint kinematic capability, and actuation transmission
mechanisms to determine its ability to transition from basic clamping to complex grasping, in-hand
manipulation, and fine manipulation [58]. From the perspective of mechanical system design logic, the
evolutionary process of dexterous hand configurations is fundamentally a process of expanding
manipulation capabilities in unstructured environments by increasing contact dimensionality, enhancing
kinematic redundancy, and optimizing actuation mapping [59].

From the perspective of grasping statics, the stable grasping of an object by a dexterous hand can be
formulated as a mapping from contact forces to the generalized forces acting on the object [60,61].
Assuming a multi-fingered dexterous hand establishes several contact points with an object, let the contact
force vector be denoted as f, and the resultant force and torque acting on the object constitute the generalized
force w, Their relationship can be expressed as [62,63]:

w=Gf (1

where G represents the grasp matrix, which reflects the constraint capability of contact forces on the
motion state of the object [64]. When the object is subjected to an external disturbance wrench wey, a stable
grasp must satisfy the static equilibrium condition [65,66]:

Gf + Wege = 0 )

At the same time, the contact forces must satisfy the friction cone constraints [67,68]:
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where, f; denotes the tangential contact force, f,, is the normal contact force, and u represents the friction
coefficient. Accordingly, the essence of dexterous hand configuration design lies not simply in increasing
the number of fingers or joints, but rather in optimizing finger placement, contact point distribution, and
contact directions to enhance the effective rank of the grasp matrix G, thereby enabling the contact forces
to counteract external disturbances from a wider range of directions [69]. Low-DoF (degree-of-freedom)
grippers typically establish limited contact modes, making them suitable primarily for the clamping and
transporting of regular objects [70—73]. Conversely, high-DoF dexterous hands can form richer contact
constraints through multi-finger collaboration, providing the structural foundation for force closure, form
closure, and complex in-hand pose adjustments [74].

From the kinematic perspective, the manipulation capability of a dexterous hand depends on the
velocity mapping from the joint space to the contact or fingertip space [75]. Defining the joint variables as
q, joint velocities as ¢, and fingertip or contact point velocities as x, the mapping is described by [76]:

x=J(q)q @)

where J(q) represents the hand Jacobian matrix, reflecting the influence of joint motion on fingertip
velocities [77]. Rank deficiency in J(q) indicates that the system’s mobility degenerates in certain
directions, driving the dexterous hand close to a singular configuration. To evaluate local manipulation
performance, Yoshikawa’s manipulability index can be introduced [78]:

M (q) = det(J(¢)JT(q)) ()

A larger value of this index indicates a stronger velocity generation capability of the fingertips in
different directions, implying higher local dexterity [79]. Thus, the theoretical significance of increasing
DoFs is to expand the non-singular operational space and to enhance both the effective rank of J(g) and the
manipulability index, rather than merely increasing the number of joints [80,81]. Two- or three-fingered
grippers, constrained by few DoFs, are generally restricted to simple clamping and force control; multi-
fingered, multi-joint dexterous hands, however, can achieve local relocation, pose adjustment, and in-hand
manipulation while securely grasping objects [82].

In addition to grasping stability and kinematic dexterity, the actuation mode is another critical factor
that influences the performance of the physical configuration [83]. Assuming a dexterous hand possesses n
joint DoFs and m actuators, with actuation inputs denoted as u and joint torques as 7, the actuation system
can be generalized as [84]:

7=B(q)u (6)

where B(q) is the actuation mapping matrix, capturing the transmission relationship from actuator inputs to
joint torques. When m = n and B(q) is full rank, the system approaches a fully actuated state, allowing
independent control of each joint. Conversely, when m < n, the system becomes underactuated, requiring
the motion and torque output of certain joints to be realized collectively via mechanical coupling, elastic
elements, or passive compliance. Thus, the fundamental differences among various dexterous hand
paradigms primarily manifest as design trade-offs among three matrices: the grasp matrix G, the Jacobian
matrix J(g), and the actuation mapping matrix B(g). Based on transmission paths and actuation layouts,
contemporary mainstream dexterous hands can be broadly categorized into three classes: tendon-driven,
fully integrated, and underactuated [85]. As illustrated in Figure 9, These three paradigms exhibit distinct
trade-offs across dexterity, load capacity, control complexity, and engineering applicability [86].
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Figure 9. Comparative analysis of different architectures.

The first category comprises tendon-driven configurations. By biomimetically replicating the human
tendon-bone transmission mechanism, actuators are externally situated around the palm or proximally
within the arm. Finger joint motions are then driven through mechanisms such as cables, tendons, and
pulleys. The corresponding joint torque can be approximated as [87]:

T=RT(q)T (N

where T represents the tendon tension vector, and R(q) denotes the tendon moment arm matrix. The
principal advantage of this configuration is the relocation of actuators away from the finger interiors,
thereby reducing finger mass, enabling a greater number of joints and larger ranges of motion, and
ultimately enhancing the potential manipulation capability of the dexterous hand. The Okada Hand,
Stanford/JPL Hand, Utah/MIT Hand, and Shadow Dexterous Hand all adhere to this technological route
[88]. Specifically, the Stanford/JPL Hand adopts a 3-finger, 9-DoF structure, utilizing an “n + 1” tendon
routing design to minimize the number of driving cables; the Utah/MIT Hand is further expanded to a 4-
finger, 16-DoF configuration employing antagonistic tendon actuation, yielding high anthropomorphic
dexterity; the Shadow Dexterous Hand utilizes a large array of pneumatic artificial muscles combined with
tendon transmission to achieve highly human-like finger kinematics [89].

However, tendon-driven configurations have several inherent limitations [90]. Because tendons can
only transmit tensile forces and cannot actively exert pushing forces, long-distance transmission routing is
particularly susceptible to friction, elastic elongation, and hysteresis effects, leading to deviations between
the actual output torque and the theoretical values. This discrepancy reduces the mapping precision from
tension to joint torque as formulated in Equation (7), further impairing contact force control and grasping
stability [91]. Therefore, the essential characteristic of tendon-driven actuation is the trade-off of complex
transmission and elevated control difficulty for lightweight fingers, high DoFs, and a large workspace.
While highly suitable for dexterous manipulation research and anthropomorphic mechanism exploration, it
suffers from high engineering maintenance costs and control complexity [92].

The second category is the fully integrated (built-in) actuation configuration. This configuration
directly integrates miniature motors, reducers, transmission mechanisms, and sensors within the interior of
the fingers or palm, shortening the transmission chain to enhance system stiffness and control precision.
Compared to tendon-driven systems, the B(g) mapping relationship in integrated actuation is more direct,
exhibiting minimal transmission errors and facilitating precise control over joint torque output [93].
Consequently, its primary advantages manifest in repetitive positioning accuracy, force control stability,
and engineering reliability [94].
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The DLR Hand II is a representative example of the fully integrated actuation paradigm [95]. It features
four identical fingers, each possessing 4 joints and 3 DoFs, alongside an additional DoF situated in the palm,
culminating in a 13-DoF structure. Its actuation system uses a combination of flat brushless DC motors,
harmonic reducers, and timing belts to deliver high output torque within a constrained volume. The
subsequent DLR/HIT Hand II evolved into a 5-finger structure, maintaining 4 joints and 3 DoFs per finger,
but introducing wire coupling to achieve synergistic movement of the distal two joints, thereby reducing
the number of actuation channels while preserving adequate dexterity [96,97]. Such dexterous hands
typically incorporate highly integrated position, force/torque, and temperature sensors [98].

The principal trade-off in fully integrated actuation arises from spatial constraints [99]. Embedding
motors, reducers, and sensors into the limited volumetric space of phalanges or the palm means that as the
number of DoFs increases, the physical dimensions, weight, and thermal dissipation demands
proportionally escalate, heavily restricting the expansion to extremely high DoFs [100]. Thus, the essential
characteristic of fully integrated actuation is the compromise of larger spatial footprints and structural
complexity in exchange for short transmission chains, high stiffness, and precise control, making it well-
suited for precision grasping, stable manipulation, and robust engineering applications [101].

The third category comprises underactuated configurations. Underactuated dexterous hands utilize
fewer actuators to govern a larger number of joints, typically satisfying m < n [102]. The underlying
principle is not to control every joint via an independent actuator, but rather to automatically distribute
motion and force upon object contact through differential mechanisms, tendon coupling, elastic elements,
or passive joints. Its joint configuration can be generalized as the superposition of active inputs and passive
compliance [103]:

q=50+qgp ®)

where @ represents the active driving variables, S is the joint synergy matrix, and gp denotes the passive

joint displacements induced by contact constraints, elastic elements, or passive mechanisms. This
formulation dictates that the controller does not entirely predetermine the final grasping posture of an
underactuated hand; rather, it emerges from the physical interactions among the mechanical structure, the
object’s morphology, and the contact constraints. The advantages of underactuated configurations include
structural simplicity, reduced actuator count, and robust environmental adaptability [104,105]. During the
grasping process, when a specific phalanx contacts an object and its motion is constrained, the residual
driving force propagates to the remaining joints via differential or elastic mechanisms, allowing the fingers
to naturally conform to the object’s surface and form a multi-point enveloping grasp. Adaptive dexterous
hands, such as the SPRING Hand, strongly exemplify the advantages of underactuated mechanisms in
handling irregularly shaped objects.

Nevertheless, the limitations of underactuated configurations are equally distinct. Due to the mechanical
coupling among multiple joints, joint torques are constrained to a limited subspace spanned by the actuation
mapping matrix B(g), making independent joint movements and fine contact force adjustments highly
challenging. Consequently, underactuated hands are better suited for enveloping grasps, robust grasping, and
cost-effective applications, but fall short in complex in-hand manipulation, independent fingertip
repositioning, and high-precision force control tasks. Its essential characteristic is the reduction of the active
control dimensionality in exchange for structural simplification and passive adaptive capabilities [106]. Table
5 summarizes the key characteristics and trade-offs of the three configurations.
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Table 5. Comparison of Three Mainstream Dexterous Hand Configurations.

Tendon-Driven Paradigm Fully Integrated Actuation Underactuated Configuration
. . Biomimetic human tendon- Motors and transmissions embedded P .
Design philosophy . . Fewer actuators, high joint coupling
bone transmission in fingers
El};/g;ﬁgacmauon T=RT(q)T 7 = B(q)u , short transmission chainf < », mechanical joint coupling

Actuators placed externally; Miniature motors and reducers are  Integrated in the palm; differentially
Actuator layout

motion pulled via tendons  built into fingers/palm distributed
Core advantages High dexterity, lightweight ~ Short transmission chain, high Fewer actuators, simple structure,
g fingers, and a large workspacestiffness, high precision, compact adaptive enveloping, low cost

Tendon friction and elasticity,
Primary limitations complex control, high

Limited fine manipulation, trade-off

Restricted dof expansion, heavy between robustness and
W u

phalanges, limited anthropomorphism

maintenance functionality
Representative Stanford JPL, UTAH/MIT, DIR hand II, DIR/HIT hand II Allegro hand, spring hand
models shadow hand

In summary, the evolution of dexterous hand structural configurations and degrees of freedom (DoFs)
is not a simplistic process of increasing mechanical complexity, but rather reflects a continuous balance
among grasp stability, kinematic dexterity, and actuation controllability. Theoretically, the grasp matrix G
determines the constraint capability of multiple contact points on an object; the Jacobian matrix J(q)
governs the mapping capability from joint space to fingertip motion space; and the actuation mapping
matrix B(q) dictates whether actuation inputs can be effectively transformed into joint torques. The tendon-
driven, built-in integrated actuation, and underactuated configurations represent three distinct design
paradigms: tendon-driven actuation emphasizes high DoFs and lightweight design; built-in integrated
actuation emphasizes stiffness, precision, and engineering reliability; and the underactuated configuration
emphasizes structural simplification and passive adaptability [107].

Therefore, the development of dexterous hand configurations has shifted from an initial emphasis on the
number of DoFs to the comprehensive optimization of DoF allocation, actuation modes, transmission
efficiency, and contact stability. The key to designing future high-performance dexterous hands lies not only
in increasing the number of fingers or joints, but more importantly, in establishing a rational matching
relationship among DoFs, actuators, and contact capabilities within a restricted spatial volume. This naturally
leads to a subsequent inquiry: how can highly efficient actuation and power transmission be achieved for
multi-DoF dexterous hands under strict constraints of limited volume and energy consumption [108].

4.2. Cluster 2: Drive Transmission Structure Research

Once the body-configuration design and degree-of-freedom allocation are complete, the drive
transmission structure becomes a key determinant of engineering realizability [93]. If body configuration
answers “what joints and motion capabilities a dexterous hand should have”, then drive transmission
answers “how these degrees of freedom are effectively driven and converted into stable, precise, and
controllable mechanical motion [109]”. This cluster, therefore, connects body configuration and degree-of-
freedom allocation, focusing on actuator placement, transmission-path design, torque-amplification
mechanisms, and motion-error control [110].

From the perspectives of mechanism kinematics and robotic dynamics, the fundamental task of the
actuation and transmission system in a dexterous hand is to transmit the torque, velocity, and displacement
generated by the actuators to the individual finger joints, thereby generating the fingertip manipulation
force [111]. Let the joint torque be denoted as 7, the fingertip contact force as F, and the finger Jacobian
matrix as J(q). According to the principle of virtual work, the relationship between the two can be
expressed as [112]:
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r=JT(g)F ©)

where g represents the joint variables. This equation indicates that for a dexterous hand to exert a specific

manipulation force at the fingertip, corresponding torques must be provided at the respective joints.

Therefore, the actuation and transmission mechanisms not only influence the joint range of motion but also

directly determine the fingertip grasping force, manipulation stability, and payload capacity [113,114]. For

a dexterous hand conforming to anthropomorphic dimensions, the core engineering contradiction lies in

how to configure sufficient actuation and transmission units within the highly restricted volumetric space

of the phalanges and palm, while concurrently fulfilling the multifaceted requirements of joint output torque,
kinematic precision, response speed, and system reliability, Figure 10 compares the two representative drive

architectures in terms of transmission paths and integration levels.
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Figure 10. Comparison of two types of drive structures.

From the perspective of system design mechanisms, the actuation and transmission structures are
primarily subject to three categories of constraints. The first is the spatial constraint. The radial dimensions
of phalanges in an anthropomorphic dexterous hand are limited, and the installation space of the end-
effector restricts the thickness of the palm. Consequently, motors, reducers, tendons, pulleys, gears, sensors,
and control circuitry must be compactly arranged within a confined space [115,116]. Second is the torque
output constraint. During grasping and manipulation, the dexterous hand must generate fingertip forces
ranging from several Newtons to over ten Newtons. The corresponding joint torques, determined by
Equation (9), vary with contact point positions, finger postures, and moment arms [117,118]. Thus, the
actuation system must possess sufficient power density and torque density. Third is the kinematic
transmission accuracy constraint. Elastic elongation of tendons, gear backlash, friction in link hinges, and
assembly errors all introduce transmission inaccuracies, that further impair fingertip positioning precision,
contact force control, and grasping stability [119].

These constraints are interdependent and create a distinct engineering trade-off. Increasing motor size
enhances output torque but encroaches on phalanx space and increases finger inertia. Raising the reduction
ratio amplifies joint output torque but reduces output speed and back-drivability. Shortening the
transmission chain improves transmission accuracy and system stiffness but limits the flexibility of actuator
placement. For a single joint, if the motor output torque is 7,,, the reduction ratio is i, and the transmission
efficiency is 7, the ideal output joint torque can be expressed as [120,121]:

Tj=miT, (10)
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Although a reduction mechanism amplifies output torque, this amplification is achieved at the expense
of motion speed. When the reduction ratio is excessively high, the system may suffer from diminished back-
drivability, increased friction, and sluggish dynamic response. Therefore, the design of actuation and
transmission structures is not simply a pursuit of high torque or high reduction ratios, but rather a search
for a comprehensive optimal solution among torque, speed, precision, volume, and efficiency [122,123].

Based on the actuator layout and the force transmission media, contemporary dexterous hand drive
structures can be classified into two categories: external tendon-driven and internal rigid transmission
[124,125]. Both are intended to realize the motion of high-DoF configurations but exhibit different technical
orientations in terms of spatial utilization, force transmission efficiency, control precision, and system
integration [126,127].

4.2.1. External Tendon-Driven: Spatial Release and Flexible Transmission

The external tendon-driven paradigm places the actuators outside the palm or within the forearm
housing, transmitting driving forces remotely to finger joints via steel wires, synthetic fiber tendons,
conduits, and pulley blocks [128,129]. This scheme mimics the human tendon-bone transmission
mechanism, enabling multi-joint actuation while maintaining lightweight fingers. It was a widely adopted
technological route in early multi-fingered and anthropomorphic dexterous hands, such as the Stanford/JPL
Hand, Utah/MIT Hand, and Shadow Dexterous Hand. Specifically, the Shadow Dexterous Hand utilizes a
vast array of pneumatic muscles and tendon paths to achieve high-DoF anthropomorphic finger motion,
with the design goal of replicating human hand kinematics and dexterity as closely as possible [130].

As indicated by Equation (11), tendon-driven systems can achieve flexible multi-joint actuation by
varying routing paths and moment arm configurations [131]. The principal advantage is that actuators can
be placed remotely from the fingers, thereby releasing internal phalanx space, reducing finger inertia, and
enhancing motion safety and high-speed manipulation performance [132,133]. Furthermore, flexible
tendon paths exhibit strong spatial adaptability, allowing them to bypass complex joint axes and making
them suitable for integrating multi-axial, small-scale structures in anthropomorphic fingers.

However, tendon-driven systems exhibit inherent nonlinearities. Friction occurs as tendons move
through conduits and pulleys; notably, when the tendon path involves wrapping angles, the input tension
and output tension are no longer equal. This relationship can be described by the Capstan equation:

Touwt = T — Ha (11)

where Tj, is the input tension, T, is the output tension, u is the friction coefficient, and « is the cumulative
wrap angle [134]. This equation indicates that longer paths, more bends, and higher friction coefficients result
in greater tension loss. Research on tendon-driven robot hands indicates that friction effects are substantial
and must be modeled and estimated to achieve accurate control and contact sensing [135].

In addition to friction, tendon materials exhibit elastic elongation [136]. For a tendon of length L, cross-
sectional area A, and elastic modulus E, the axial elongation Al under tension T is approximated as [137]:

Al = EATL (12)

This deformation causes a discrepancy between actuator displacement and actual joint displacement,
resulting in positioning errors, load-unload hysteresis, and control latency [138]. Friction and compliance
within the tendon-conduit system introduce lag phenomena between joint torque and actuation
displacement, a topic extensively discussed in transmission system studies of tendon-driven hands [139—
141]. Consequently, while conducive to lightweight and high-DoF layouts, the control models for tendon-
driven systems are typically more complex than those for rigid transmissions, requiring consideration of
tension coordination, friction compensation, slack prevention, and material fatigue [142].



Intell. Sustain. Manuf. 2026, 3(2), 10020. doi:10.70322/ism.2026.10020 20 of 39

4.2.2. Internal Rigid Transmission: Short Transmission Chains and High Control Precision

In contrast to external tendon-driven configurations, the internal rigid transmission paradigm integrates
miniature motors, reducers, gear pairs, lead screws, or link mechanisms directly within the fingers or palm,
forming an integrated “motor-reduction-transmission-joint” rigid drive chain [143]. The primary objective
is to shorten the force transmission path and eliminate flexible components and uncertain friction, thereby
enhancing transmission stiffness, positioning accuracy, and torque controllability [144].

Internal rigid transmissions can generally be characterized by Equations (7) and (10) [145,146]. Motors
act directly on joints after torque amplification via reducers; the short transmission path leads to higher n
and lower transmission errors [147-149]. Compared to tendon-driven systems, torque output in rigid
transmissions provides a more deterministic mapping, facilitating the establishment of precise joint
dynamics and servo control models. For tasks requiring stable repetitive positioning, fine grasping, and
force feedback control, internal rigid transmission offers significant advantages [150,151].

The DLR Hand Il is a representative example of this paradigm. Its design features four identical fingers,
each with three independent joints and one coupled joint. The drive system primarily includes brushless
DC motors, timing belts, harmonic reducers, and differential bevel gear mechanisms at the base joints. This
design exemplifies a highly mechatronic approach: by integrating drive, transmission, sensing, and
communication modules into the finger structure, the modularity and reliability of the entire hand are
improved [152,153].

The DLR/HIT Hand II further illustrates the application of integrated drives in five-fingered hands. It
features five modular fingers and an independent palm. Each finger has four joints and three DoFs, utilizing
small flat brushless DC motors, timing belts, and miniature harmonic reducers to minimize finger volume
and mass [154]. Engineering metrics for this hand include a total mass of approximately 1.5 kg, a fingertip
output force of up to 10 N, and integrated position, force/torque, and temperature sensing [155]. These
indicators demonstrate that internal rigid transmission can achieve high torque density and comprehensive
perception-actuation integration within a compact structure [156].

4.2.3. Comparison and Developmental Trends of the Two Fully-Actuated Paradigms

From the perspective of actuation, both external tendon-driven and internal rigid transmission mostly
follow a fully-actuated or near-fully-actuated approach, where multiple actuators independently control
multiple joint DoFs [157]. While this provides clear control targets and sufficient DoFs for complex
manipulation, several inherent limitations become increasingly prominent: as the number of DoFs increases,
the counts of actuators, transmission paths, sensors, and control variables rise synchronously, leading to
increased system volume, mass, energy consumption, and control complexity [158].

The differences between the two reflect two distinct engineering trade-offs [159,160]. Tendon-driven
systems externalize actuators, trading long, flexible transmission paths for lightweight fingers and layout
flexibility. Internal rigid transmission integrates actuators within the hand, trading higher spatial occupancy
for short transmission chains, high stiffness, and high control precision [161,162]. The former emphasizes
anthropomorphic manipulation potential, while the latter emphasizes engineering reliability and precise
controllability [163,164].

In summary, the actuation and transmission structures serve as the critical link between “structural
configuration design” and “actual manipulation capability”. The high-DoF configuration of a dexterous
hand can only be transformed into stable, precise, and controllable mechanical motion through a rational
actuation and transmission system. Theoretically, the relationship between fingertip forces and joint torques
is described by the constraint T = JT(g)F. Furthermore, the relationship between joint torques and actuator
outputs is constrained by transmission efficiency, reduction ratios, and actuation mapping. External tendon-
driven systems trade transmission determinacy for spatial release and lightweight design, whereas internal
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rigid transmissions trade spatial flexibility for high stiffness and precision. Together, they demonstrate that
the core challenge of dexterous hand actuation and transmission is not merely the selection of a specific
transmission form, but rather the achievement of a comprehensive balance among torque output,
transmission efficiency, motion precision, and control complexity under constraints of limited space,
weight, and power [165], The detailed characteristics and trade-offs of the two structures are summarized
in Table 6.

Accordingly, as the number of DoFs and the complexity of manipulation tasks continue to increase,
traditional fully-actuated paradigms face significant challenges in terms of scalability. The future
developmental trajectory of actuation and transmission structures will increasingly shift toward hybrid
actuation, synergetic drive, underactuated transmission, high-power-density micro-actuators, and
integrated ‘““actuation-sensing-control” designs, aiming to achieve superior engineering realizability and
manipulation performance within the anthropomorphic scale [166].

Table 6. Comparison of Two Types of Drive and Transmission Structures.

Feature External Tendon-Driven Internal Rigid Transmission
Actuators are primarily situated outside the palm or

Actuator Layout Actuators are integrated within the fingers or the palm.
in the forearm.

poveming = RT(q)T 7j=1iz,

Relations

T issi . .

N}:;lis;mssmn Tendons (cables), conduits, pulleys. Motors, reducers, gears, linkages, lead screws.

Primary Lightweight fingers; flexible routing; ideal for Short transmission chains; high stiffness; superior

Advantages high-DoF anthropomorphic structures. positioning and force control precision.

Principal Error Friction, elastic elongation, hysteresis, tendon Backlash, assembly errors, internal reducer friction, and

Sources slack, and wear. increased inertia.

Spatial Utilization Releases internal phalénx space but involves High system integration but leads to spatial saturation
complex external routing. in the phalanges/palm.

Control Tension coordination, friction compensation, and High-density thermal dissipation, inertia compensation,

Challenges tendon fatigue modeling. and miniaturization.

Target Anthropomorphic manipulation research; high-DoF Precision grasping; industrial/engineering end-

Applications experimental platforms. effectors; modular robotic systems.

tate-of-the-Art tanf PLH tah/MIT H h
State-of-the Stanford/J and, Utah/ and, Shadow DLR Hand 11, DLR/HIT Hand IL.
Systems Hand.

4.3. Cluster 3: Expansion Toward Soft and Compliant Structures

The evolution of underactuated and adaptive grasping structures has led to a growing recognition in
the field that the enhancement of structural performance does not depend solely on increasing joint or
actuator counts [167]. Instead, the strategic introduction of compliance, adaptability, and continuous
deformation capabilities can significantly bolster grasping stability and environmental robustness [168].
Building on this insight, research into dexterous hand structures is progressively expanding from traditional
rigid mechanisms toward soft and compliant architectures. Figure 11 provides a comparative overview of
typical soft and compliant designs. The research focus is shifting from “how to precisely drive discrete
joints” to “how to achieve safe, highly adaptive grasping and manipulation through material deformation,
structural compliance, and flexible contact”. In recent years, soft robots and soft grippers have been widely
deployed in scenarios involving fragile objects, irregular geometries, and human—robot collaboration [169].
Their core advantage lies in the ability of soft materials and biomimetic structures to attenuate contact stress
and conform to complex boundary geometries [170].
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Figure 11. Comparative analysis of soft and compliant structures.

Theoretically, the expansion into soft and compliant structures extends beyond the classical design
paradigm of “rigid links—kinematic pairs—discrete degrees of freedom”. While conventional dexterous
hands rely on joint variables g to describe motion, soft dexterous hands emphasize the continuous
deformation of continuum structures under external actuation fields and contact loads [171,172]. If the
centerline of a soft finger is described by the arc-length parameter s, its curvature distribution x(s) can be

expressed as [173]:
K(s)=EIM(s) (13)

where k(s) represents the curvature at position S along the soft finger, M(s) is the bending moment, E is
the material’s elastic modulus, and I is the second moment of area of the cross-section. The total bending
angle @ of the finger can be further formulated as:

0 = JLx(s)ds (14)

Equations (13) and (14) indicate that the motion of a soft finger is governed by the interaction among
material elasticity, geometric structure, and the distribution of actuation forces, rather than a few discrete
joints [174]. Compared to rigid multi-joint structures, soft structures can establish large-area contact
through continuous curvature changes, thereby reducing unit contact pressure and enhancing grasping
safety for fragile, soft, or irregular objects.

From a contact-mechanics perspective, the primary role of compliant structures is to absorb external
disturbances through structural deformation and to attenuate impact forces during contact [175]. Let the
contact force be F, the end-effector deformation be Ax, and the equivalent stiffness of the compliant
structure be K; the relationship can be approximated as [176]:

F=KAx 15)
Alternatively, Ax = CF where C = K~ is the compliance matrix. Rigid dexterous hands typically

possess high K, which favors precise positioning and force transmission but tends to generate large impact
forces under contact uncertainty or when handling fragile targets [177]. Conversely, soft or compliant
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structures reduce peak contact forces by increasing C, enabling the hand to achieve a stable fit without
precise perception of the object’s shape. Thus, structural compliance does not merely involve reducing
stiffness but rather a reconfiguration of structural stiffness to balance grasping safety, contact adaptability,
and force transmission capability [178].

Based on the sources of flexibility and structural functions, soft and compliant dexterous hands can be
classified into three categories: soft continuum structures, rigid—soft hybrid structures, and variable stiffness
structures. These represent different technological pathways ranging from “material compliance” to
“structural compliance” and finally to “tunable stiffness”.

4.3.1. Soft Continuum Structures: Achieving High-Compliance Grasping via Material Deformation

Soft continuum structures primarily employ elastomers such as silicone rubber, polyurethane, or PDMS,
driven by pneumatic, hydraulic, tendon, fiber-reinforced, or smart material actuators to achieve continuous
bending [179]. Unlike traditional articulated fingers, soft continuum structures theoretically possess infinite
degrees of freedom (DoFs) [180]. Their motion originates from global material deformation rather than
from the concatenation of a finite number of joint angles [181]. The principal advantages include large
contact areas, low contact stress, and high adaptability to target geometries, making them particularly
suitable for fragile objects such as eggs, fruits, food items, and biological tissues [ 182].

Among these, Pneumatic Network Actuators (PneuNets) are a representative design [183]. These
structures consist of a series of inflatable chambers and a flexible base; when pressurized, the differential
elongation between the top and bottom layers induces directional bending [184]. The Whitesides group at
Harvard University pioneered the development of pneumatic elastomeric soft robots and grippers,
emphasizing the use of elastic polymers and pneumatic actuation for complex motion and safe human—
robot interaction [185]. The Soft Robotics Toolkit also features PneuNet bending actuators as a
quintessential case, providing systematic resources for design, modeling, and testing, underscoring their
role as a fundamental configuration in soft gripper research [186].

From a modeling perspective, the bending of a pneumatic soft finger is primarily influenced by
chamber pressure, material modulus, wall thickness, chamber spacing, and fiber constraints. If the driving
pressure is p and the equivalent effective area of the chamber is A, the generated actuation force is
approximately Fp= pA4 . This force is converted into a bending moment M(s) through structural
eccentricity and material deformation, with the curvature distribution dictated by Equation (13). Therefore,
the design focus of soft continuum structures is not on joint allocation but on modulating the target bending
morphology via chamber geometry, material parameters, and constraint layer distribution [187].

Festo’s Bionic Soft Hand provides a notable engineering example of a pneumatic soft anthropomorphic
hand. According to Festo’s official documentation, the hand utilizes pneumatic bellows to control finger
motion, is encased in a 3D-knitted textile cover to constrain the direction of expansion, and is equipped
with proportional piezo valves for precise motion control [188,189]. Its design objective is to leverage
flexible pneumatic kinematics and lightweight components for grasping and manipulation within
collaborative workspaces. This case demonstrates that soft continuum structures are evolving beyond
laboratory prototypes toward modularity, closed-loop control, and human—robot collaboration.

However, soft continuum structures also have distinct limitations:

Low Payload: The low elastic modulus limits fingertip output force and load capacity.

Modeling Complexity: Nonlinearity, hysteresis, and viscoelasticity under large deformations make
precise modeling and repetitive positioning difficult.

System Integration: Pneumatic or hydraulic systems require external pressure sources, valves, and
tubing, restricting system responsiveness and integration.

Durability: Soft materials are prone to fatigue, aging, and performance drift under long-term cyclic loading.
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These limitations are not incidental drawbacks but direct consequences of the underlying physics.
Because the achievable fingertip force of a soft finger scales with its effective material modulus and the
bounded driving (pneumatic) pressure, an elastomer-based hand (modulus ~10 x 5-10 x 6 Pa) cannot
approach the ~10 N fingertip force delivered by a rigid, harmonic-drive hand such as the DLR/HIT Hand
IT (metallic transmission, modulus ~10 % 11 Pa); this is a hard constraint rooted in material modulus and
actuation pressure rather than a modeling gap that control can later resolve. Accordingly, soft continuum
structures should be avoided a priori when the task requires high and deterministic fingertip force, sub-
millimetre positioning repeatability, high-frequency (fatigue-limited) duty cycles, or self-contained
actuation without an external pressure source. Rather than a harmonious convergence of rigid and soft
paradigms, these are often competing design philosophies whose combination is a deliberate engineering
compromise rather than a default synthesis.

4.3.2. Rigid-Soft Hybrid Structures: A Compromise Between Rigid Support and Compliant Contact

Rigid-soft hybrid structures seek to balance between traditional rigid fingers and purely soft fingers.
The basic approach retains rigid skeletons, links, or joints as primary load-bearing structures while
introducing elastic elements, compliant hinges, soft skins, or compliant actuators into the joints or
transmission chains [190-192]. This maintains high force transmission precision and payload capacity
while providing a degree of compliance during contact.

The theoretical basis of rigid—soft hybrid structures can be expressed in terms of equivalent serial
stiffness [193]. If the equivalent stiffness of the rigid transmission chain is K, and that of the flexible
element is K, the equivalent system stiffness K, is [194]:

L
Keq Kr Ks (16)

Since rigid components usually satisfy K, > K, the system’s compliance is dominated by the flexible
element [195]. By selecting an appropriate K, the hand can maintain high control precision during
unloaded motion while buffering impacts and regulating contact forces upon interaction.

The recently developed rigid-compliant-soft (RCS) anthropomorphic finger provides a representative
example of a hybrid grasping mechanism [196]. By synergistically combining rigid tubular bones, flexible
joint springs, pneumatic membrane actuators, and a soft silicone epidermis, this configuration aims to
reconcile the demand for safe manipulation with the necessity for substantial load capacity [197].
Traditional soft grippers, despite their superior morphological adaptability, are frequently limited by
inadequate output force and stability. The RCS framework systematically overcomes this “output-
compliance” dichotomy [198]. Subsequent empirical reports have evidenced its versatility in grasping
objects of diverse physical properties, including highly delicate items such as egg yolks, potato chips, and
even live amphibians, thereby underscoring its broad operational envelope.

4.3.3. Variable Stiffness Structures: Active Adaptation to Diverse Tasks

Variable stiffness structures emphasize the active modulation of structural stiffness [199]. The central
concept is to maintain low stiffness during the approach and enveloping phases to enhance safety and
adaptability, and then transition to high stiffness during transport or high-load tasks to enhance stability
[200,201].

The equivalent mechanical characteristics of variable stiffness can be expressed as:

F=K(t)Ax 17
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where K (t) represents the equivalent stiffness that varies with time, pressure, temperature, jamming state,

or material phase. Common mechanisms for achieving variable stiffness include granular jamming, layer

jamming, low-melting-point alloy (LMPA) phase change, shape memory alloys (SMA), and

magnetorheological (MR) materials [202]. Variable stiffness benefits dexterous hands by enabling [203]:

1. Adaptive Transition: Adapting to complex object boundaries with low stiffness and securing them with
high stiffness.

2. Reduced Complexity: Relying on structural adjustment rather than high-precision sensing/control.

3. Expanded Capability: Enabling soft hands to handle higher loads and more complex tasks.

Engineering bottlenecks remain, such as the need for external vacuum sources for jamming, the high energy
consumption and slow thermal response of phase-change materials, and the limited lifespan of smart materials.
Table 7 summarizes the key characteristics, actuation mechanisms, and typical applications of the main soft and
compliant structure types.

In summary, the expansion of soft and compliant structures does not merely provide an alternative to
traditional rigid dexterous hands; rather, it fundamentally extends and restructures the underlying design
logic. While traditional rigid dexterous hands emphasize joint degrees of freedom (DoFs), actuation
precision, and motion controllability—making them suitable for high-precision, high-stiffness tasks—soft
continuum structures prioritize material deformation and contact compliance, rendering them ideal for safe
grasping in unstructured environments. Rigid-soft hybrid structures seek a balance between these two,
providing both load-bearing capacity and compliant interaction, while variable stiffness structures further
enable the hand to switch between flexible adaptation and rigid stability according to task requirements. It
should be emphasized, however, that this is not a harmonious convergence of the two paradigms: rigid and
soft structures often embody competing design philosophies, and their combination is a deliberate, trade-
off-laden engineering compromise rather than a default synthesis.

Table 7. Comparison of Soft and Compliant Structure Types.

Soft Conti
Dimension oft -Lontimuum Rigid-Soft Hybrid Structure Variable Stiffness Structure
Structure

Conti def ti .. o . Acti ive stiffi

on muu’?l © OITIIE.l o Rigid skeleton + Flexible joints/Soft skin chive o.r PasSIve Stness
and material compliance modulation
Analytical Model x(s) = M(s)/(ED) 1/Keq = 1/K; + 1/K; F = K()Ax
Preumatic, hydraullfr, Motor/Pneumatic + Elastic elements Jamming, p}'lase change,
tendon, smart materials smart materials
High li 1 . R ibl itch betw:

184 comp 1an.ce, arge Balances payload and contact compliance everst .e .SWI ¢l between
contact area, high safety soft and rigid states

Design Basis

Actuation Mode

Core Advantage

Limited output force;
Main Limitation poor positioning
accuracy

Material interface fatigue; complex hybrid ~ Response speed, energy
modeling consumption, and integration

Fragile, irregular
objects; safe grasping
PneuNet, Bionic Soft
Hand

Multi-task grasping; varying

Target Tasks .
g load scenarios

Service robots, prosthetic hands, HRC

Jamming-based or SMA-

Representative Cases
P based fingers

RCS anthropomorphic finger

From a theoretical perspective, the principal contribution of soft and compliant architectures is to
expand the performance evaluation of dexterous hands from a narrow focus on DoF counts and joint control
precision to a broader multi-dimensional metric system. This new framework encompasses material
modulus, structural compliance, curvature distribution, contact area, and stiffness modulation capabilities.
Their development suggests that future dexterous hand design should transcend the pursuit of “more DoFs”
or “more actuators” and instead focus on the physical intelligence inherent in the mechanical body. This
philosophy of “morphological computation”—where the material, geometry, and compliant mechanisms
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themselves shoulder functions of perception, adaptation, and stabilization—is precisely what distinguishes
soft and compliant hands from their rigid counterparts.

Nevertheless, three critical challenges remain in the field of soft and compliant structures: (1) Precise
modeling and controllability under large-deformation conditions; (2) Fatigue life and durability of soft
materials and composite structures under long-term cyclic loading; (3) Monolithic integration of soft
actuation, flexible sensing, and closed-loop control [204].

5. Challenges and Future Directions in Structural Research for Embodied AI Robots
5.1. Analysis of Critical Structural Issues

Based on the bibliometric results, keyword temporal evolution, and cluster analysis presented in the
preceding sections, the results indicate that research on dexterous hand mechanical structures has shifted
from an early focus on physical configuration and DoF allocation to a multidimensional expansion
encompassing actuation, compliant structures, soft materials, sensor integration, and intelligent
manipulation. The research focus is no longer confined to the mechanical hand itself but has evolved into
an integrated system comprising structural design, actuation, sensory feedback, control strategies, and task
adaptation. Consequently, the future development of dexterous hand structures necessitates a more rational
balance among high DoFs, robustness, adaptability, and engineering realizability.

5.1.1. Shifting from High-DoF Design Toward Synergetic Optimization of Structure, Actuation, and Control

Traditional design paradigms often use the number of DoFs as a primary metric for dexterity, assuming
that more joints and actuators lead to superior manipulation capabilities. However, our analysis suggests that an
increase in DoFs does not inherently equate to improved performance. Without effective matching among DoF
configuration, actuation mapping, and contact constraints, excessive DoFs can lead to structural complexity,
high-dimensional control challenges, accumulated transmission errors, and diminished system reliability.

Therefore, future structural design should shift from the pursuit of high DoFs toward the synergetic
optimization of structure, actuation, and control. Specifically, DoFs should be determined by task
requirements rather than mechanical accumulation; finger layouts and joint axes should be optimized based
on grasping objects and manipulation modes; and rational actuation mappings should be established
considering actuator counts and transmission paths. The core of dexterous hand design must shift from
“how many DoFs” to “whether the DoFs are effective, controllable, and task-serving”.

To translate this task-oriented perspective into practical design guidance, Table 8 maps representative
manipulation scenarios onto the dominant structural paradigms according to four task constraints—
payload/fingertip force, geometry and pose uncertainty, cycle time, and contact-safety requirement.

Table 8. Task-driven selection of dexterous-hand structural paradigms.

Geometry Contact
Cycle Ti

Uncertainty yele Time Safety

Low (known

Representative Task Payload/Force Recommended Paradigm

Logistics pick-and-place of regular Rigid two-finger/parallel

Low—moderate High (fast) Low

items shapes) gripper
. L High (varied .
Mixed-SKU bin picking Low-moderate objects) Moderate Moderate Underactuated adaptive hand
S . . I 1 rigid/fully-i
Precision industrial assembly =~ Moderate—high Low Moderate Low nternal rigid/fully-integrated
(DLR-type)
. . . . Low- . .
<~
Fragile/food handling(eggs, fruit) Low (<~2 N) High moderate High Soft continuum
Human-robot fzollaboratlve service Variable Moderate_high  Moderate High Rigid—soft hybrld/varlable—
(variable load) stiffness
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Anthropomorphic in-hand

. . Low—moderate High Low Moderate  Tendon-driven, high-DoF
manipulation

For instance, a logistics pick-and-place task involving geometrically regular items is more effectively
addressed using a rigidly actuated two-finger gripper, whose short transmission chain maximizes cycle rate
and repeatability; underactuation becomes advantageous when object geometry is highly uncertain, and the
cycle-time budget relaxes, so that passive shape adaptation outweighs the loss of fingertip controllability.
Likewise, the choice between a soft continuum hand and a rigid—soft hybrid is governed less by object
fragility per se than by the required fingertip force and positioning repeatability: soft continuum structures
suit sub-2 N, high-uncertainty grasping, whereas rigid—soft hybrids are preferable when compliant contact
must coexist with higher payload and precision.

5.1.2. Transitioning from Rigid Transmission Toward Rigid-Soft Hybrid and Hybrid Actuation

In terms of actuation and transmission, tendon-driven systems and internal rigid transmissions
represent two distinct design philosophies. The former releases finger space via external actuators, favoring
lightweight design, while the latter enhances stiffness and precision through short transmission chains,
favoring engineering robustness. However, both have limitations: tendon-driven systems face friction,
hysteresis, and maintenance complexity, while internal rigid transmissions are constrained by spatial
occupancy, finger mass, and thermal dissipation.

Future developments will emphasize hybrid actuation and rigid—soft coupling. Hybrid actuation
involves configuring differentiated mechanisms for different joints and task phases—for instance, using
high-torque rigid drives for metacarpophalangeal joints to ensure payload capacity, while employing
tendon-driven or underactuated mechanisms for distal joints to enhance compliance.

Rigid—soft hybrid structures provide a balance between the load-bearing capacity of rigid mechanisms
and the contact safety of soft structures. Future dexterous hands should adopt a hierarchical structural
system: a rigid skeleton for support, flexible joints for local compliance, soft skin for increased contact area,
and sensory units for feedback.

From Passive Adaptation to Structural and Physical Intelligence. The development of soft and
compliant structures demonstrates that performance enhancement does not rely solely on control algorithms
but can be achieved through the mechanical body itself. This concept, referred to as Structural Intelligence
or Physical Intelligence (and more formally, Morphological Computation), leverages material properties
and geometric constraints to allow the hand to automatically form optimal postures and force distributions
upon contact.

Compared to traditional high-precision control, physical intelligence reduces reliance on precise
environmental modeling and enhances adaptability to unstructured objects and contact disturbances.
However, physical intelligence does not imply abandoning precision; the future challenge lies in
establishing synergy between passive adaptation and active control.

Toward Integrated Actuation-Sensing-Control Design Future high-performance dexterous hands must
integrate actuation, sensing, structure, and control. Current bottlenecks include spatial congestion, thermal
dissipation, and the mechanical coupling between sensors and soft materials. Future research should
prioritize structure-sensing co-design, embedding flexible tactile arrays at fingertips and force/displacement
sensors within transmission paths, while reserving signal transmission routes during the structural design
phase to avoid reliability degradation.
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5.2. Engineering Application Challenges

Despite significant progress, the transition from laboratory prototypes to stable applications faces four
major challenges:

First, there is a trade-off between structural complexity and reliability. While high-DoF, multi-actuator,
and multi-sensor systems enhance manipulation capabilities, they simultaneously increase potential failure
points and maintenance costs. Factors such as tendon wear, gear backlash, fatigue in flexible materials,
sensor drift, and assembly errors all compromise long-term stable operation.

Second, there is a conflict between dexterity and payload capacity. Soft and compliant structures
improve adaptability and safety but often at the cost of reduced output force and positioning precision.
Conversely, rigid structures provide high load-bearing capacity but may compromise safety and
adaptability during complex interactions. Achieving an optimal balance among lightweight design, high
payload, and high dexterity remains a critical issue for future design.

This conflict is not merely an optimization target for future design but an irreducible physical constraint:
since the attainable fingertip force is bounded by the effective material modulus and the available actuation
pressure, no control strategy can make a purely soft hand match the force and precision of a rigid one.
Consequently, soft and compliant structures should be excluded at the outset when a task demands high
deterministic fingertip force (e. g., the ~10 N of rigid harmonic-drive hands such as the DLR/HIT Hand II),
sub-millimetre positioning repeatability, high-frequency fatigue-limited duty cycles, or self-contained
actuation without an external pneumatic supply; conversely, rigid structures fundamentally fail where safe,
conformal contact with fragile or highly uncertain objects is the governing requirement. Recognizing where
each paradigm fundamentally fails, rather than assuming a seamless balance, is therefore essential to sound
structural selection.

Third, a gap remains between precise modeling and physical complexity. While traditional rigid-body
mechanisms can be clearly described through kinematic and dynamic models, soft structures, rigid—soft
hybrid configurations, and tendon-driven systems exhibit strong nonlinearity, hysteresis, friction, and time-
varying material properties, making precise modeling extremely challenging. Models that are too simplified
fail to support high-precision control, whereas overly complex models escalate computational costs and
engineering implementation difficulty.

Fourth, a standardized evaluation system has yet to be established. Currently, different dexterous hand
prototypes are often compared based on DoF counts, actuation modes, grasping forces, or task
demonstrations, yet they lack a unified structural performance evaluation standard. It is essential to establish
a comprehensive evaluation framework for dexterous hand structures that encompasses indicators such as
DoF effectiveness, grasping stability, fingertip force output, operational workspace, contact safety, energy
consumption, reliability, maintainability, and task adaptability.

In summary, the future development of dexterous hand mechanical structures will not be characterized
by one technological route replacing another, but rather a fusion of multiple pathways. High-DoF rigid
structures, underactuated mechanisms, tendon-driven systems, rigid—soft hybrids, soft materials, variable
stiffness structures, and flexible sensing will collectively constitute the essential technological foundation
for future design.

6. Conclusions and Outlooks

6.1. Conclusions

Using publications related to dexterous hand mechanical structures from 2016 to 2025 in the Web of
Science database as its data source, this study systematically reviews the developmental status, knowledge
base, research hotspots, and future trends of the field by integrating bibliometric analysis, collaboration-
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network analysis, keyword co-occurrence analysis, and keyword cluster analysis. The main conclusions are
as follows:

1.

The overall developmental characteristics of the field are characterized through publication trends,
international collaborations, institutional distributions, author groups, core journals, and keyword
evolution. Between 2016 and 2025, the number of papers related to dexterous hand structures exhibited
a steady upward trend, with a marked acceleration after 2022. This trend indicates sustained interest from
fields such as robotics, mechanical engineering, soft robotics, rehabilitation engineering, and intelligent
manufacturing. In terms of distribution, China holds a clear advantage in publication volume, while
countries such as the USA, Germany, and the UK stand out in terms of citation impact and international
collaboration. Institutional analysis identifies the Chinese Academy of Sciences, Shanghai Jiao Tong
University, Harbin Institute of Technology, Tsinghua University, Zhejiang University, and various
Italian research institutions as major knowledge producers. Keyword evolution reveals a shift in research
themes from early prosthetic hands and basic mechanism design toward comprehensive directions such
as compliant structures, soft actuation, tactile perception, and dexterous manipulation.

Based on keyword clustering results, the research hotspots of dexterous hand mechanical structures are
summarized, and their underlying mechanisms are analyzed. The results indicate that structural design
first centers on physical configuration and DoF allocation, where the core challenge is not simply
increasing joint counts but optimizing the arrangement of DoFs and contact points to enhance stability
and dexterity. Second, actuation and transmission structures serve as the vital link between configuration
design and operational capability. Tendon-driven, internal rigid transmission, and underactuated
mechanisms represent different design orientations (lightweight, high precision, and adaptive grasping,
respectively), balancing torque output, precision, and control complexity under strict spatial and energy
constraints. Thirdly, the expansion into soft and compliant structures is redefining the design logic. Soft
continuum, rigid—soft hybrid, and variable stiffness structures rely on material deformation and structural
compliance rather than discrete joint motions to adapt to complex environments.

Based on bibliometric and cluster analyses, the developmental trends and critical challenges are
identified. Future designs are expected to move away from treating high DoFs as the sole objective,
focusing instead on DoF effectiveness and task adaptation. In terms of actuation, hybrid drives and
rigid—soft coupling will become increasingly important directions to satisfy complex operational
demands. Regarding structural performance, while soft materials enhance safety and adaptability,
further advances are required in modeling precision, output force, and fatigue life. Furthermore, future
designs must integrate actuators, sensors, and controllers into the mechanical structure monolithically,
shifting the core mission from “building complex mechanical hands” to “constructing perceptive,
adaptive, and controllable high-performance robotic end-effector systems”.

In conclusion, the research on dexterous hand mechanical structures has entered a stage of

interdisciplinary system integration. The focus is shifting from individual aspects such as joint
configurations toward systemic synergy among structural layout, drive efficiency, compliant contact, tactile
sensing, and intelligent control. With continued advances in soft materials, micro-actuators, and embodied
Al, dexterous hands will demonstrate even greater potential in service robotics, healthcare, and human—
robot collaboration. These directions should not be read as a promise of seamless rigid—soft convergence;
rather, rigid and compliant paradigms remain, in key respects, competing design philosophies whose
integration is an application-specific compromise guided by explicit task requirements (see the task-driven
selection matrix, Table 8).

6.2. Outlooks

While this paper provides a systematic analysis of the field, several issues require further investigation:

Structural optimization for specific task scenarios requires greater attention. Performance requirements
vary significantly across applications: industrial assembly prioritizes precision and reliability, while
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service robots emphasize safety and adaptability. Future research should establish mapping
relationships between task types, structural parameters, and performance metrics to avoid the blind
pursuit of complexity. As a concrete tool for this mapping, Table 8 (Section 5.1) links representative
tasks and their constraints to recommended structural paradigms, replacing the earlier qualitative
aspiration with an actionable selection guide.

Second, research into rigid—soft hybrids, hybrid actuation, and variable stiffness structures should be
advanced. Combining rigid skeletons with flexible joints, soft skins, and underactuated mechanisms
can achieve a better balance between payload capacity, dexterity, and contact safety, overcoming the
inherent limitations of purely rigid or purely soft systems.

2. Monolithic integration of flexible sensing and closed-loop control should be prioritized. Dexterous
manipulation relies on multi-source information such as tactile, force, and slip sensing. Future studies
should focus on embedding flexible sensors within fingertips and transmission paths, combined with
closed-loop strategies, to improve stability in unstructured environments.

3. A more unified, quantifiable, and reproducible performance evaluation system should be established.
A comprehensive framework covering grasping stability, fingertip force, response speed, energy
efficiency, and engineering applicability should therefore be developed. Such a framework would
facilitate the transition of dexterous hand research from laboratory demonstrations toward standardized
evaluation and large-scale practical application.
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