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ABSTRACT: As an intelligence paradigm, embodied intelligence emphasizes that intelligent capabilities 
emerge from the dynamic interaction between an intelligent agent and its physical embodiment, and are 
realized through a continuous closed-loop process integrating perception, decision-making, action, and 
feedback. With the rapid development of embodied intelligence, humanoid robots have become 
increasingly important in intelligent manufacturing, service, and human-robot collaboration. Joint modules, 
as the core units responsible for perception, decision-making, and actuation, determine the motion 
performance, interaction capability, and intelligence level of humanoid robots. Research directions in this 
field remain fragmented, technological pathways are diverse, and systematic summaries of evolutionary 
patterns are lacking. First, publication trends, country and institutional collaboration networks, and major 
research contributors were analyzed. Research on humanoid robot joint modules has entered a phase of 
rapid growth since 2018, indicating a shift from early exploratory studies toward engineering and large-
scale applications. Second keyword co-occurrence, clustering analysis, and burst detection were used to 
identify research hotspots and evolutionary features, research focus gradually shifted from traditional 
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electromechanical actuation to compliant actuation, intelligent control, multimodal perception, and 
embodied intelligence. Furthermore, key technologies of joint modules were systematically summarized 
and reviewed from four aspects: structural design and performance optimization, motion control, human-
robot interaction, and biomimetic actuation for human-like performance enhancement. Joint modules 
gradually evolved toward structural integration, intelligent control, natural interaction, and human-like 
system characteristics. Technical bottlenecks in current humanoid robot joint modules were analyzed, and 
future research directions were proposed to provide technical support and theoretical guidance for both 
industrial applications and academic research in humanoid robotics. 

Keywords: Humanoid robot; Joint module; Structural design; Motion control; Human-robot interaction; 
Biomimetic actuation 
 

1. Introduction 

Embodied intelligence has been regarded as a critical development paradigm for next generation 
artificial intelligence [1]. The limitations of traditional disembodied intelligence, which primarily relies on 
symbolic computation and virtual environments, have been overcome [2], enabling intelligent agents to 
interact with real environments through physical embodiments in real time [3]. Autonomous understanding 
and execution of complex tasks can therefore be achieved within a closed loop consisting of perception, 
decision making, action, and feedback [4]. 

From the perspective of scientific challenges, embodied intelligence focuses on how intelligence is 
generated and evolved in the physical world [5]. The core objective lies in achieving deep coupling among 
perceptual information, cognitive reasoning, and motion execution [6]. However, conventional artificial 
intelligence approaches are difficult to apply to complex real world scenarios [7] because effective 
modeling of physical constraints and dynamic environments has not been sufficiently achieved, which 
limits their generalization and autonomous adaptation capabilities [8,9]. 

In recent years, generative artificial intelligence represented by large language models has achieved 
significant breakthroughs in knowledge representation and reasoning capabilities [10,11], From different 
dimensions such as morphological self-discovery, entity integration, and cross-embodied generalization 
[12,13], it is jointly revealed that the cognitive foundation provided by generative artificial intelligence for 
embodied intelligence is continuously deepening from abstract knowledge representation to the perception, 
decision-making, and action capabilities of physical entities [13,14]. As a result, the evolution of artificial 
intelligence from a computation centered disembodied paradigm toward an interaction and execution 
oriented embodied paradigm has been significantly accelerated [15,16]. 

In the process of embodied intelligence transitioning from theoretical paradigms to engineering 
practice, humanoid robots are generally regarded as one of the most promising physical carriers, thanks to 
their configuration and motion mechanisms that are highly similar to those of humans. This structural 
convergence enables them to achieve far greater adaptability and versatility in human environments 
centered-than wheeled or specialized-form robots [17,18]. In recent years, research in this area has extended 
from simple motion imitation to multi-level substantial breakthroughs: In terms of dynamic control, 
methods such as simulating the ground reaction force of jumps through a simplified model with detailed 
foot information, achieving agile standing in multi-contact scenarios using the three-dimensional divergent 
component, and variable rotation axis torque control for pneumatically-actuated muscle legs, have jointly 
enhanced the motion stability on highly dynamic and uneven terrains [19,20]. At the bionic structure level, 
accurate kinematic modeling that incorporates muscle inertia factors makes motion generation more in line 
with human biomechanical characteristics. Regarding the transfer of manipulation skills and human-robot 
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interaction, a hybrid framework of learning and optimization enables the transfer of whole-body 
manipulation strategies to mobile robotic arms [21]. The generation of realistic lip movements by facial 
robots improves the naturalness of interaction, and the cooperative dual-actor reinforcement learning 
algorithm provides an extensible decision-making basis for multi-robot collaboration [22]. These 
advancements are not simply a superposition of isolated achievements. Instead, they offer verifiable 
solutions to specific bottlenecks, jointly promoting the transition of humanoid robots from the laboratory 
to actual deployment and continuously strengthening their status as an important technological path towards 
general embodied intelligence [23]. Significant progress has been achieved in stable locomotion, dynamic 
motion, and complex task execution of humanoid robots [24], driven by continuous advancements in 
actuation technologies, motion control, and artificial intelligence algorithms [25,26]. Accordingly, both 
research activities and industrial development have been rapidly accelerated [27]. Nevertheless, challenges 
associated with performance, reliability, and energy efficiency remain unresolved [28]. One of the critical 
bottlenecks lies in the realization of high performance motion actuation units. As the core interface 
connecting high level decision making and low level execution [29], joint modules directly determine the 
overall performance of humanoid robots in terms of actuation mode, structural design, and control 
performance [30]. 

In complex humanoid robotic systems, joint modules serve as the core units for power transmission 
and motion execution, providing the fundamental basis for achieving overall motion performance and 
functional expansion [31]. Joint modules are typically integrated with actuation devices, reduction 
mechanisms, sensing units, and control systems [32]. Their design quality directly affects the 
comprehensive performance of humanoid robots in terms of precision, stiffness, response speed, and energy 
efficiency. Over several decades of development, joint module technologies have evolved into multiple key 
technological branches, and significant breakthroughs have been achieved, as illustrated in Figure 1. 

 

Figure 1. Development of humanoid robot joint technologies. 

From the perspective of technological evolution, humanoid robot joints have undergone continuous 
development from early rigid actuation and simple control strategies toward high power density actuation, 
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multi joint coordinated control, and highly integrated modular designs [33,34]. In particular, the actuation 
mode has gradually evolved from conventional combinations of electric motors and reduction mechanisms 
to hydraulic actuation and high performance electric actuation systems, followed by further advancements 
toward lightweight structures, high power density, and compliant control [35]. Lightweight design reduces 
the rotational inertia of joints and improves dynamic response through high-strength alloys and 
topologically optimized structures. High power density is manifested as the ability of joint modules to 
higher output torque under the same volume. In terms of compliant control, from the early rigid position 
control, series elastic actuators (SEA) have been gradually introduced to achieve low output impedance and 
impact tolerance, and then solutions such as variable impedance actuators that can dynamically adjust the 
stiffness according to the interaction environment have been developed [36]. At the control level, 
conventional rule based trajectory control methods have progressively developed into intelligent control 
frameworks integrating dynamic modeling and learning algorithms. 

Recently, research on humanoid robots and their key technologies has grown rapidly, and significant 
progress has been made in system architectures, actuation modes, and intelligent control strategies. Existing 
review studies have systematically summarized the development of humanoid robots from a macroscopic 
perspective, with emphasis placed on key technological frameworks including structural design, perception 
and interaction, and control and decision making. It has also been indicated that the coordinated 
optimization of actuation and control represents one of the core approaches for improving overall system 
performance. Advances in hardware and algorithms cannot be promoted in isolation. Instead, collaborative 
design must be carried out across the entire spectrum of drive-control to resolve the inherent contradictions 
among power density, response bandwidth, and energy efficiency under actual working conditions [37,38]. 
On this basis, further studies have investigated the evolutionary trend of humanoid robots toward higher 
intelligence and stronger generalization capability in the context of embodied intelligence and artificial 
general intelligence [39,40]. 

At the specific technological level, existing studies have mainly focused on several key directions. In 
the field of joint actuation and electromechanical systems, high power density electric actuation, 
lightweight structural design, and high performance actuators have become major research hotspots [41]. 
Relevant studies have primarily concentrated on improving system efficiency, thermal management, and 
operational reliability [42,43]. 

In the field of motion control, whole body control methods based on dynamic modeling, optimization 
based control strategies, and data driven learning approaches have been continuously developed, enabling 
humanoid robots to accomplish increasingly complex dynamic tasks, These three paradigms are not 
mutually exclusive but complementary: Model-based methods can theoretically guarantee stability and 
constraint satisfaction, but they highly depend on accurate system identification; Optimization-based 
strategies offer flexibility in handling multiple objectives and physical constraints, but they often face 
computational burdens during real-time deployment; Data-driven learning excels at capturing unmodeled 
dynamics and environmental uncertainties, but its generalization ability beyond the training distribution 
remains an open question [44,45]. Meanwhile, with the integration of artificial intelligence technologies, 
multimodal fusion and large model driven control frameworks have gradually emerged [46], promoting the 
transition of robotic systems from rule based control to learning based control paradigms [47]. 

In addition, continuous advances have been achieved in human robot interaction and application 
expansion. Studies integrating biological signals, intelligent perception, and cross disciplinary applications, 
such as rehabilitation robotics and intelligent education, have further extended the application boundaries 
of humanoid robotic technologies [48,49]. 

Although the aforementioned studies have promoted the development of humanoid robotic 
technologies from multiple perspectives, including actuation, control, intelligence, and application 
expansion, most existing works have primarily focused on individual technological directions. Systematic 
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integration and cross dimensional analysis centered on joint modules, which represent the core functional 
units of humanoid robots, remain insufficient. Meanwhile, quantitative characterization of research hotspot 
evolution, knowledge structure characteristics, and development trends based on large scale literature data 
is still lacking in this field [50,51]. Therefore, it is necessary to introduce bibliometric methods to 
systematically investigate the research status and evolutionary patterns of humanoid robot joint modules 
from a macroscopic perspective. Through such analysis, research hotspots, knowledge structure 
characteristics, and future development trends of this field can be comprehensively revealed. 

Based on the aforementioned research background, humanoid robot joint modules are taken as the core 
research subject in this study, and bibliometric methods are introduced to systematically analyze the 
research progress and development trends in this field. A three-stage hybrid analytical framework—
“bibliometric macro-scanning → clustering to identify research hotspots → in-depth technological 
analysis”—was established, enabling comprehensive coverage ranging from quantitative descriptions of 
publication trends, collaboration networks, and keyword evolution to qualitative interpretations across four 
key themes: structural design, motion control, human-computer interaction, and bionic propulsion. This 
approach ensures mutual validation between the knowledge structure at the macro level and technical 
details at the micro level, significantly enhancing the systematic rigor and persuasiveness of the review. In 
Section 2, the data sources and analytical methods are described. In Section 3, a literature dataset is 
established based on the Web of Science Core Collection database. Quantitative analyses of publication 
trends, collaboration networks among countries and institutions, author cooperation relationships, and 
highly cited literature are conducted using visualization tools including CiteSpace and VOSviewer, thereby 
characterizing the research status from a macroscopic perspective. In Section 4, keyword co-occurrence 
analysis, clustering analysis, and burst keyword detection are employed to identify research hotspots and 
reveal their evolutionary pathways. In Section 5, based on the bibliometric analysis results, key 
technologies of joint modules are systematically summarized from several hotspot perspectives, including 
structural design, motion control, human robot interaction, and biomimetics. Furthermore, a knowledge 
framework for the field is established, and future development trends are analyzed. The overall research 
framework of this study is illustrated in Figure 2. 

 

Figure 2. Overall structure of the article. 
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2. Data Sources and Research Methods 

2.1. Database and Retrieval Strategy 

In this study, the Web of Science Core Collection database was selected as the primary data source. 
This database is characterized by high quality journal coverage, broad disciplinary representation, and 
comprehensive citation records. It has been widely employed in bibliometric studies and can provide a 
relatively comprehensive and objective reflection of the research status and development trends within the 
relevant field. 

To ensure the representativeness and accuracy of the collected data, a retrieval strategy was established 
around the topic of humanoid robot joint modules. Considering the diversity of research expressions in this 
field, keywords including humanoid robot, joint module, actuator, harmonic drive, and robot joint were 
selected and combined through Topic based retrieval. The retrieval period was defined from 2008 to 2025 
in order to cover the critical stage of rapid development in humanoid robot joint technologies. The document 
types were restricted to Articles and Reviews, while the language was limited to English to ensure the 
academic standardization and comparability of the dataset. 

After the preliminary retrieval of relevant literature data, further screening and data cleaning 
procedures were conducted. Duplicate records were first removed. Subsequently, literature with low 
relevance to the research topic was excluded through title and abstract review, and a valid literature dataset 
for subsequent analysis was ultimately established. All data retrieval and export procedures were completed 
within the same period in order to avoid potential deviations caused by dynamic database updates. The 
detailed retrieval strategy is illustrated in Figure 3. 

 

Figure 3. Flowchart of data collection, filtering, and bibliometric analysis. 

2.2. Analysis Tools and Analytical Dimensions 

To achieve a systematic analysis of the research status and development trends in the field of humanoid 
robot joint modules, the bibliometric visualization tools VOSviewer and Bibliometrix were employed for 
literature data processing and analysis. These tools exhibit strong performance in constructing and 
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visualizing knowledge network structures. Collaboration networks among authors and institutions, as well 
as keyword co-occurrence relationships, can be intuitively presented. Furthermore, the intrinsic 
relationships among different research topics can be revealed through clustering analysis. 

In terms of analytical dimensions, the literature data were analyzed from both macroscopic and 
microscopic perspectives. The macroscopic analysis included publication trends, distributions of countries 
and regions, and institutional collaboration networks, which were employed to characterize the overall 
development landscape of the field. The microscopic analysis included author collaboration relationships, 
highly cited literature, and keyword co-occurrence and clustering analyses, which were utilized to identify 
the core research contributors and major research hotspots within the field. Through the integration of 
multidimensional analyses, the knowledge structure characteristics and development trends of the 
humanoid robot joint module field can be systematically revealed. 

3. Analysis of Publication Characteristics and Development Trends 

3.1. Annual Global Publication Output 

To reveal the development trend of the humanoid robot joint module field, a statistical analysis of the 
annual publication output from 2008 to 2025 was conducted, as illustrated in Figure 4. Furthermore, the 
developmental stages of the field were classified and discussed. 

 

Figure 4. Annual publications between 2008 and 2025. 

From the overall trend, the publication output in this field exhibits distinct stage based growth 
characteristics. During the early stage from 2008 to 2011, the research scale remained relatively limited, 
and the field was still in its initial development phase. Subsequently, from 2012 to 2018, the number of 
publications increased steadily, indicating that growing attention had been attracted and the field had 
gradually entered a development stage. Since 2019, although certain fluctuations in publication output have 
been observed, the overall number of publications has remained at a relatively high level, with significant 
growth occurring in several years. This phenomenon reflects the continuous expansion and gradual 
maturation of the field. On the one hand, this trend is closely associated with technological breakthroughs 
in dynamic motion control and system integration of humanoid robots. On the other hand, it has also been 
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driven by the rapid development of artificial intelligence technologies, which have further advanced and 
expanded research on joint modules. 

3.2. Distribution and Collaboration of Countries and Regions 

To reveal the global research landscape of the humanoid robot joint module field, statistical analyses 
of publication output and collaboration relationships among different countries and regions were conducted. 
The results are presented in Figure 5. 

According to the distribution of publication output shown in Figure 5a, significant differences in 
research activity can be observed among different countries. China ranks first in terms of publication 
quantity, demonstrating sustained investment and rapid development in this field. The United States, Japan, 
South Korea, and Germany also exhibit relatively high publication outputs and constitute the major research 
contributors in this domain. Most of these countries possess strong research foundations and industrial 
support in robotics and advanced manufacturing technologies, which have promoted the continuous 
development of humanoid robot joint module research. In contrast, publication outputs from other countries 
remain relatively limited, indicating that research activities in this field still exhibit a certain degree of 
regional concentration. 

 

Figure 5. Distribution of publications by country and collaboration network. (a) Distribution of publications by country. (b) 
collaboration network by country. 

From the collaboration network structure shown in Figure 5b, relatively close cooperative relationships 
have already been established among different countries and regions. In the network, the node size 
represents publication quantity, while the connecting lines indicate the strength of collaborative 
relationships. It can be observed that major research countries, including the United States, China, and 
Japan, occupy central positions within the network and exhibit high connectivity with multiple countries, 
reflecting their important hub roles in international cooperation. European countries such as France, 
Germany, and Italy have formed relatively dense collaboration networks, indicating active regional 
cooperation. Overall, the field has exhibited characteristics of multicenter collaborative development, 
although differences in collaboration intensity among countries still exist. A global research landscape 
centered on several technologically advanced countries with broad international participation has gradually 
been established in the humanoid robot joint module field. Increasing international collaboration has 
provided important support for the continuous development of this field. 
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3.3. Major Research Institutions and Collaboration Relationships 

To further analyze the core research contributors in the field of humanoid robot joint modules, 
statistical analyses of publication output and impact indicators of major research institutions were 
conducted. The results are presented in Table 1. Significant differences in publication output can be 
observed among different research institutions. Among them, Istituto Italiano di Tecnologia and Centre 
National de la Recherche Scientifique rank among the leading institutions in terms of publication quantity, 
demonstrating strong research capabilities and sustained investment in this field. In addition, Harbin 
Institute of Technology, National Institute of Advanced Industrial Science and Technology, Beijing 
Institute of Technology, and Korea Advanced Institute of Science and Technology have exhibited high 
research activity, constituting important contributors to this domain. 

On this basis, comprehensive evaluations of the academic influence of major research institutions were 
further conducted by combining indicators, including total citation frequency, average citations per 
publication, and the H index. As shown in Table 1, although Istituto Italiano di Tecnologia and Centre 
National de la Recherche Scientifique occupy leading positions in publication quantity, certain differences 
in academic influence can still be observed among institutions. For example, the National Institute of 
Advanced Industrial Science and Technology and the Korea Advanced Institute of Science and Technology 
exhibit outstanding performance in terms of average citations per publication, indicating that their research 
achievements possess strong academic influence and dissemination capability. Meanwhile, Centre National 
de la Recherche Scientifique ranks at the leading position in total citation frequency, reflecting its long term 
accumulated academic influence. In contrast, several institutions with relatively high publication outputs, 
such as Harbin Institute of Technology and Beijing Institute of Technology, exhibit comparatively lower 
average citation frequencies per publication, suggesting that further improvements in research quality and 
academic impact are still required. 

Table 1. Top 10 most productive institutions and their citation impact. 

Rank Institution Publications Citations Per Citations H-Index 
1 Istituto Italiano Di Tecnologia Iit 53 960 18.82 18 
2 Centre National De La Recherche Scientifique Cnrs 51 1597 31.27 16 
3 Harbin Institute of Technology 27 253 9.37 7 
4 National Institute of Advanced Industrial Science and Technology, AIST 27 1260 46.67 12 
5 Beijing Institute of Technology 24 213 9.26 7 
6 Korea Advanced Institute of Science and Technology, Kaist 20 844 42.2 12 
7 University of Tokyo 20 321 16.05 11 
8 National Institute of Technology Nit System 19 467 25.94 11 
9 Universite De Montpellier 19 673 35.42 9 

10 Chinese Academy of Sciences 18 137 8.56 7 

From the perspective of geographical distribution, the aforementioned high productivity institutions 
are mainly concentrated in China, Japan, South Korea, and several European countries, indicating that 
research on humanoid robot joint modules is predominantly led by technologically advanced countries on 
a global scale. Most of these institutions possess strong research foundations in robotics, intelligent 
manufacturing, and electromechanical systems. Supported by national level research investment and 
industrial demand, the continuous development of related studies has been significantly promoted. At 
present, a research system centered on several high level research institutions with broad participation from 
multiple organizations has gradually been established in this field. These core institutions play important 
roles in knowledge production and technological leadership. 
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3.4. Core Authors and Collaboration Networks 

To further analyze the core researchers and their collaborative relationships in the field of humanoid 
robot joint modules, comprehensive analyses of author publication output and academic influence were 
conducted. The results are presented in Table 2 and Figure 6, respectively. 

Table 2. Top 10 most productive authors and their citation metrics. 

Rank Author Total Citations Per Citations Total Publications H-Index 
1 MANSARD N 947 118.4 8 8 
2 SEMWAL VB 475 59.4 8 8 
3 LEE J 469 42.6 11 8 
4 KHEDDAR A 421 42.1 10 7 
5 OH JH 318 35.3 9 9 
6 TSAGARAKIS NG 309 34.3 9 7 
7 WYKOWSKA A 234 19.5 12 7 
8 YU ZG 162 12.5 13 7 
9 CHEN XC 144 11.1 13 6 

10 BALAGUER C 46 7.7 6 6 

According to the distribution of author publication output shown in Table 2, an absolutely dominant 
core author group has not yet been formed in this field. The leading researchers, such as Mansard N, Semwal 
V.B, and Lee J, exhibit relatively similar publication quantities, and the overall differences among them 
remain limited. Most authors maintain publication outputs at a moderate level, indicating a certain degree 
of decentralization in the research community. This distribution characteristic suggests that research on 
humanoid robot joint modules is still in a developmental stage characterized by broad participation from 
multiple scholars, and a highly concentrated academic dominance pattern has not yet emerged. 

Further analyses combining citation frequency and H-index indicators reveal significant differences in 
academic influence among authors. Mansard N exhibits relatively high total citation frequency and average 
citations per publication, indicating a strong academic influence of the corresponding research achievements. 
Researchers such as Semwal V.B and Lee J have also demonstrated relatively high H-index values while 
maintaining stable publication output, reflecting the sustained influence of their research contributions. In 
contrast, several authors with relatively high publication quantities exhibit comparatively lower average 
citations per publication, suggesting that their research influence still has potential for further improvement. 

According to the author, the collaboration network shown in Figure 6, several collaborative 
subnetworks have been established among different researchers. Certain scholars, including Kaneko Fumio, 
Morishawa Mitsuharu, and Yoshida Eiichi, exhibit relatively close collaborative relationships and form 
comparatively stable research groups. However, from the perspective of the overall network structure, 
connections among different collaborative groups remain relatively limited, and the network exhibits a 
certain degree of fragmentation, indicating that cross team collaboration still requires further enhancement. 

Research on humanoid robot joint modules demonstrates characteristics of distributed research activity 
and localized collaboration. Although several active research teams have emerged, a highly concentrated 
and tightly coupled author collaboration network has not yet been established. To some extent, this 
characteristic reflects that the field is still undergoing continuous development and structural evolution. 
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Figure 6. Author collaboration network. 

3.5. Analysis of Major Publication Journals 

Based on the identification of core authors, further statistical analyses were conducted on the major 
journals in the field of humanoid robot joint modules. The results are presented in Table 3. 

Table 3. Top 10 journals ranked by publication output and citation impact. 

Rank Publication Names Total Publications Total Citations H-Index 
1 International Journal of Humanoid Robotics 59 871 14 
2 Ieee Robotics and Automation Letters 54 683 16 
3 Robotica 30 350 11 
4 International Journal of Advanced Robotic Systems 28 217 9 
5 Robotics and Autonomous Systems 27 592 13 
6 Advanced Robotics 26 247 10 
7 Ieee Transactions on Robotics 23 1335 15 
8 Ieee Access 20 181 6 
9 Journal of Intelligent & Robotic Systems 19 258 10 

10 Ieee-Asme Transactions on Mechatronics 18 392 10 

In terms of publication quantity, International Journal of Humanoid Robotics and IEEE Robotics and 
Automation Letters rank among the leading journals, both exhibiting relatively high publication outputs. 
This indicates that these journals possess strong academic carrying capacity in this field and serve as 
important publication platforms for related research achievements. In addition, journals such as Robotica, 
International Journal of Advanced Robotic Systems, and Robotics and Autonomous Systems have also 
maintained relatively high publication activity, collectively constituting the major academic dissemination 
channels within this research domain. 

From the perspective of academic influence, significant differences can be observed among different 
journals. IEEE Transactions on Robotics exhibits a substantially higher total citation frequency than other 
journals, demonstrating its authoritative position and strong academic influence in the field of robotics. 
IEEE Robotics and Automation Letters and Robotics and Autonomous Systems also show relatively high 
citation levels, indicating a strong academic dissemination capability of their published studies. In contrast, 
several journals with relatively high publication outputs exhibit comparatively lower total citation 
frequencies and H-index values, suggesting that academic influence is not entirely consistent with 
publication scale. 
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From the perspective of journal categories, related research achievements are primarily concentrated 
in professional journals in the fields of robotics and mechatronics, reflecting the interdisciplinary nature of 
humanoid robot joint module research. Robotics journals mainly focus on system control and intelligent 
algorithms, whereas mechatronics journals place greater emphasis on actuation technologies and structural 
design. This distribution characteristic demonstrates the deep integration of mechanical engineering and 
intelligent control within this research field. 

4. Analysis of Research Article Characteristics 

4.1. Co-Citation Analysis of Literature 

Co-cited literature reflects the core studies that are frequently cited together within a research field and 
can reveal its theoretical foundations and technological origins. To identify the knowledge base and 
classical theoretical sources in the field of humanoid robot joint modules, statistical analyses of highly co-
cited literature were conducted. The results are presented in Table 4. 

From the perspective of research content, the co-cited literature is mainly concentrated on bipedal 
locomotion modeling and stability control theories. Gait generation methods based on the Zero Moment 
Point (ZMP) and corresponding preview control strategies, together with the Linear Inverted Pendulum 
Model (LIPM), constitute the core theoretical foundation for stable humanoid robot locomotion. The 
Capture Point method has further improved the disturbance rejection capability of robotic systems. In 
addition, studies on passive dynamic walking and operational space control have provided important 
theoretical support for efficient motion and force control. Based on these theoretical foundations, related 
studies on Honda humanoid robots and the ASIMO system have promoted the transition of humanoid 
robotics toward practical system applications. 

Table 4. Top 10 co-cited references in humanoid robot joint module research. 

Rank First Author Year Journal Title Citations References 

1 Kajita S 2003 
IEEE INT CONF 

ROBOT 

Biped walking pattern generation by 
using preview control of zero-moment 
point 

71 [52] 

2 Vukobratovic M 2004 INT J HUM ROBOT 
Zero-moment point-thirty five years of 
its life 

68 [53] 

3 Hirai K 1998 
IEEE INT CONF 

ROBOT 
The development of the Honda 
humanoid robot 

50 [54] 

4 Kajita S 2001 IROS 
The 3D linear inverted pendulum mode: 
A simple modeling for a biped walking 
pattern generation 

48 [55] 

5 Pratt J 2006 
IEEE-RAS INT C 

HUMAN 
Capture point: A step toward humanoid 
push recovery 

35 [56] 

6 Huang Q 2001 
IEEE T ROBOTIC 

AUTOM 
Planning walking patterns for a biped 
robot 

31 [57] 

7 Sakagami Y 2002 IROS 
The intelligent ASIMO: System 
overview and integration 

31 [58] 

8 Khatib O 1987 
IEEE T ROBOTIC 

AUTOM 

A unified approach for motion and force 
control of robot manipulators: The 
operational space formulation 

28 [59] 

9 Collins S 2005 SCIENCE 
Efficient bipedal robots based on 
passive-dynamic walkers 

27 [60] 

10 Kajita S 2010 IROS 
Biped walking stabilization based on 
linear inverted pendulum tracking 

26 [61] 
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4.2. Analysis of Highly Cited Papers 

To analyze the classical studies and key technological directions in the field of humanoid robot joint 
modules, statistical analyses of highly cited literature were conducted. The top 10 representative papers 
ranked by citation frequency were selected, and the results are presented in Table 5. From the perspective 
of temporal distribution, highly cited papers are mainly concentrated in the period from 2008 to 2017, 
indicating that this stage corresponded to the rapid development of key control and dynamic methods for 
humanoid robots and provided an important foundation for subsequent studies. From the perspective of 
research content, these highly cited studies are primarily focused on core topics including motion control 
methods, dynamic modeling, and actuation and execution systems, thereby reflecting the key technological 
development trajectory of this field. 

Table 5. Top 10 highly cited publications in humanoid robot joint module research. 

Rank First Author Year Title 
Totoal 

Citations 
Citations per 

Year 
References 

1 Escande A 2014 
Hierarchical quadratic programming: Fast 
online humanoid-robot motion generation 

400 30.77 [62] 

2 Orin De 2013 Centroidal dynamics of a humanoid robot 333 23.79 [63] 

3 Paine N 2015 

Actuator Control for the NASA-JSC Valkyrie 
Humanoid Robot: A Decoupled Dynamics 
Approach for Torque Control of Series 
Elastic Robots 

202 16.83 [64] 

4 Koolen T 2016 
Design of a Momentum-Based Control 
Framework and Application to the Humanoid 
Robot Atlas 

197 17.91 [65] 

5 Jin M 2017 
Model-Free Robust Adaptive Control of 
Humanoid Robots With Flexible Joints 

195 19.5 [66] 

6 Mansard N 2009 
A Unified Approach to Integrate Unilateral 
Constraints in the Stack of Tasks 

191 10.61 [67] 

7 Hersch M 2008 
Dynamical System Modulation for Robot 
Learning via Kinesthetic Demonstrations 

179 9.42 [68] 

8 Khan Sg 2012 
Reinforcement learning and optimal adaptive 
control: An overview and implementation 
examples 

172 11.47 [69] 

9 Sadeghian H 2014 
Task-Space Control of Robot Manipulators 
With Null-Space Compliance 

160 12.31 [70] 

10 Saab L 2013 
Dynamic Whole-Body Motion Generation 
Under Rigid Contacts and Other Unilateral 
Constraints 

159 11.36 [71] 

In the field of motion control, methods such as Hierarchical Quadratic Programming (HQP) [62] and 
the Stack of Tasks (SoT) framework [67] have provided unified and efficient solution frameworks for multi 
task priority control. Combined with momentum control and whole body motion generation methods 
[65,71], these approaches have promoted the development of coordinated control for humanoid robots 
under complex constraint conditions. 

In the field of dynamic modeling, the Centroidal Dynamics model [63] has provided a simplified yet 
effective description for whole body dynamic analysis. By integrating task space control and compliance 
modeling methods [70], the adaptability of humanoid robots in complex environments has been 
significantly improved. 

In the field of actuation and execution systems, decoupled dynamic control methods for series elastic 
actuators [64], together with model free adaptive control strategies, have substantially enhanced the force 
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control performance and robustness of robotic systems [66]. Meanwhile, the introduction of reinforcement 
learning and related approaches has further promoted the evolution of control strategies toward intelligent 
control paradigms [69]. These classical studies have not only established the theoretical foundations for 
humanoid robot motion control and dynamic modeling, but have also provided important support for the 
subsequent development of joint modules in high performance actuation and intelligent control. 

4.3. Keyword Co-Occurrence and Clustering Analysis 

To identify the research hotspots and knowledge structure of the humanoid robot joint module field, a 
network map based on keyword co-occurrence relationships was constructed, as illustrated in Figure 7. The 
research hotspots can generally be divided into several relatively independent yet interconnected thematic clusters. 

First, clusters represented by keywords such as design, optimization, walking, and biped robot are 
mainly concentrated on structural design and motion control of humanoid robot joints, reflecting extensive 
attention to gait generation, stability control, and system optimization. Second, clusters centered on 
keywords such as kinematics, inverse kinematics, trajectory, and manipulators represent research topics in 
kinematic modeling and trajectory planning. Finally, clusters representing human robot interaction, 
perception, imitation, and joint attention reflect the emergence of research directions in human robot 
interaction and cognitive intelligence, indicating that the field is gradually expanding toward higher levels 
of intelligence and interactivity. 

 

Figure 7. Keyword co-occurrence network of humanoid robot joint module research. 

From the distribution of high frequency keywords, terms such as design, model, walking, robot, 
humanoid robot, and motion appear most frequently, indicating that current research is primarily focused 
on core issues, including robotic structural design, dynamic modeling, and motion control. Among these, 
design is the most frequently occurring keyword, highlighting the critical importance of joint modules in 
structural design and system integration. Keywords such as model and walking further indicate that 
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dynamic modeling and gait locomotion remain fundamental research directions in this field. In addition, 
the occurrence of keywords such as optimization, system, and locomotion reflects a gradual shift toward 
performance optimization and system level coordinated development. The frequency of main keywords is 
illustrated in Figure 8. 

 

Figure 8. Frequency of main keywords. 

4.4. Temporal Evolution of Keywords 

To further reveal the evolutionary patterns of research hotspots in the field of humanoid robot joint 
modules, a temporal distribution map was constructed based on the occurrence time and duration of 
keywords, as shown in Figure 9. Overall, the research hotspots in this field exhibit a clear stage based 
evolution pattern. 

 

Figure 9. Keyword evolution over time. 

In the early stage (2008–2014), research was mainly concentrated on keywords such as dynamic 
walking, gait, manipulation, and force control, indicating that this period was primarily focused on 
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fundamental motion control and dynamic problems. The main emphasis was placed on basic issues, 
including bipedal walking stability, trajectory generation, and force control, which laid the theoretical 
foundation for subsequent developments. 

In the middle stage (2015–2019), with the advancement of research, keywords such as model, system, 
optimization, design, and motion became increasingly prominent, indicating a shift in research focus toward 
dynamic modeling, system optimization, and structural design. This stage reflects a transition from single 
control problems to system level integrated optimization, and also demonstrates the continuous progress of 
humanoid robot joint modules in terms of engineering implementation. 

In recent years (since 2020), keywords such as prediction, trajectory optimization, gaze, 
communication, and joint attention have gradually emerged as new research hotspots, indicating that the 
field is evolving toward intelligence and human robot interaction. The introduction of prediction and 
optimization methods has improved the accuracy and robustness of motion control. Meanwhile, research 
related to perception, cognition, and interaction has increased significantly, reflecting a transition of 
humanoid robots from merely being capable of motion to being capable of adaptive motion. 

5. Core Research Themes in Humanoid Robot Joint Modules 

Based on keyword co-occurrence clustering, co citation analysis, and temporal evolution results 
derived from 769 valid publications, this study categorizes the core research content in the field of 
humanoid robot joint modules into four major thematic areas: joint module structural design and 
performance optimization, high precision motion control and trajectory planning, human robot interaction 
technologies, and biomimetic actuation and human like performance enhancement. These four themes 
collectively form a complete technological chain spanning hardware foundations, application adaptability, 
and frontier exploration, as illustrated in Figure 10, and cover the core research landscape of humanoid 
robot joint modules from 2008 to 2025. Based on the bibliometric results, this chapter systematically 
reviews the evolutionary trends, key research consensus, critical scientific bottlenecks, and representative 
achievements associated with each theme. 

 

Figure 10. Major research themes of humanoid robot joint modules. 
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5.1. Structural Design 

As the core execution units of humanoid robots, the structural design and performance characteristics 
of joint modules directly determine the overall motion capability, payload capacity, interaction safety, and 
commercialization feasibility of robotic systems [72]. According to the bibliometric statistical results of 
this study, publications related to this research direction accounted for approximately 32% of the total 
literature in the field between 2008 and 2025, representing the largest publication proportion and the 
strongest research continuity among the four major themes. This direction also serves as the physical 
foundation for all control algorithms and application oriented studies within the field [73]. 

After nearly two decades of technological iteration, systematic design theories and optimization methods 
have gradually been established around three core objectives, namely high integration, high precision, and 
high reliability [74]. In humanoid robotic systems, the structural configurations and actuation schemes of joint 
modules directly determine their motion performance and application capability [75,76]. Consequently, 
research has progressively evolved toward high power density and highly integrated designs [77]. 

According to differences in transmission structures and actuation principles, humanoid robot joint 
modules can generally be classified into three representative categories: rigid integrated joints, quasi direct 
drive joints, and compliant actuation joints. As illustrated in Figure 11, the mature applications of rigid 
integrated joints have primarily focused on addressing fundamental issues related to positioning accuracy 
and payload capacity. Quasi direct drive joints have rapidly emerged to overcome limitations related to the 
dynamic performance and backdrivability of rigid joints. Meanwhile, compliant and biomimetic actuation 
joints have become a frontier research hotspot, with an emphasis on compliance and environmental 
adaptability in human-robot collaborative scenarios. These three technological routes have developed in 
parallel, forming clear application oriented selection principles and technological boundaries, and 
collectively constitute the current core technological framework of humanoid robot joint modules. 

 

Figure 11. Main Characteristics of Three Joint Module Architectures. 
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5.1.1. Rigid Integrated Joints 

The core structure of rigid transmission integrated joints is based on the highly integrated design of 
electric motors, precision reducers, dual encoders, and servo drivers [78]. Through high reduction ratio 
transmission mechanisms, the high speed and low torque output of the motor can be converted into low 
speed and high torque output, thereby satisfying the fundamental requirements of humanoid robots for high 
torque density and compact installation space [79]. The transmission schemes of this type of joint have 
gradually formed clear application oriented selection principles. Harmonic drive mechanisms are widely 
employed in upper limb joints, including shoulder, elbow, wrist joints, and dexterous robotic hands, where 
single stage transmission ratios can reach 50:1 to 160:1, transmission errors can be controlled within 30 
arcseconds, and repeatability accuracy can achieve the arcsecond level [80]. In contrast, heavy load lower 
limb joints, such as hip, knee, and ankle joints, are primarily equipped with RV reducers and cycloidal 
pinwheel reducers [81]. 

In recent studies, Poon et al. [82] further optimized the integrated design of this type of joint. Through 
the coaxial nested arrangement of the reducer, crossed roller bearing, and motor, the axial dimension of the 
joint was reduced by 32%. The torque density of mass production grade joints exceeded 50 Nm/kg, 
representing an improvement of 65% compared with the industrial level reported in 2020. Meanwhile, the 
study conducted by Mirz et al. [83] employed trajectory smoothing and dynamic balancing strategies, as 
illustrated in Figure 12, by which the transmission backlash of the joint was stably controlled within 1 arcmin, 
while the peak transmission efficiency exceeded 95%. These improvements effectively addressed the 
limitations of conventional cycloidal reducers associated with large backlash and low transmission efficiency. 

 

Figure 12. Optimized joint system proposed by Mirz. (a) mechanical structure. (b) motion scheme [83]. 

Existing studies have primarily focused on high precision, high load carrying capability, and structural 
integration. By optimizing the tooth profile design and transmission structures of harmonic reducers, 
repeatability accuracy has been effectively improved, and transmission errors have been reduced [84]. 
Meanwhile, several studies have enhanced joint compactness and power density through integrated 
structural design [85]. For heavy load joint applications, RV reducers and cycloidal pinwheel transmission 
structures have been widely adopted to improve load bearing capability and structural stiffness [86]. 

Rigid integrated joints are primarily developed with high precision and high load capacity as the core 
objectives, and therefore occupy dominant positions in industrial execution and stable locomotion scenarios. 
High reduction ratio transmission mechanisms remain the principal technological approach for this type of 
joint. In addition, structural designs have gradually evolved toward standardization and modularization, 
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while the degree of integration has continuously increased, exhibiting a clear development trend toward the 
integration of motors, reducers, and control units. 

5.1.2. Quasi Direct Drive Joints 

The high reduction ratio transmission structures employed in rigid integrated joints inevitably introduce 
friction, backlash, and energy loss, thereby limiting their performance in high dynamic motion and force 
control scenarios. Meanwhile, the complexity of the transmission chain also increases system maintenance 
costs and control difficulty. Consequently, low reduction ratio actuation schemes have gradually attracted 
increasing attention [87,88]. 

Quasi direct drive joints have become the fastest growing technological route in recent years. Their 
core design is based on high torque density motors capable of low speed and high torque output, combined 
with low reduction ratio reducers ranging from 3:1 to 10:1 [89]. By substantially reducing the transmission 
ratio, nonlinear friction and backlash problems associated with conventional high reduction ratio joints can 
be effectively alleviated [90], while relatively high torque output capability is simultaneously maintained 
[91]. As a result, quasi direct drive joints combine the load bearing advantages of rigid transmission systems 
with the high dynamic response and high force control precision characteristics of direct drive joints [92,93]. 

Wang et al. [94] verified the performance advantages of this actuation scheme. The terminal torque 
control resolution of quasi direct drive joints reached 0.08 Nꞏm, while the control bandwidth exceeded 1 
kHz, representing an improvement of more than 30% compared with conventional harmonic drive joints. 
In addition, the backdrivability was improved by two orders of magnitude, making this approach more 
suitable for the core requirements of dynamic lower limb locomotion and compliant human robot 
interaction in humanoid robots. Otaki et al. [95] further introduced an innovative dual planetary reduction 
structure, by which the axial space occupancy of quasi direct drive joints was reduced by 50%, while the 
operational noise level decreased from 78 dB to 63 dB. Meanwhile, a transmission efficiency of 94% was 
maintained, effectively addressing the limitations of conventional quasi direct drive joints associated with 
large volume and high noise. By reducing the rotational inertia of the robot legs and employing quasi direct 
drive actuators, the dynamic motion performance of robotic systems was significantly enhanced. From the 
perspective of transmission mechanism design, a novel approach for improving the dynamic performance 
of legged robots was proposed, as illustrated in the corresponding study. Under this design, a 1° rotation of 
the robot actuator could generate a foot end lifting height of 7 mm, corresponding to approximately 5% of 
the robot body height. Furthermore, the maximum locomotion speed of the robot reached 390 mm/s, 
equivalent to 1.3 times its body length per second. 

Existing studies have mainly focused on lightweight structural design, low-reduction-ratio 
transmission optimization, and improvements to stability control strategies. Through the adoption of high 
torque density brushless motors and lightweight structural configurations, quasi direct drive systems can 
significantly enhance the dynamic performance of joints [96]. Several studies have further improved system 
efficiency while reducing rotational inertia by employing dual stage planetary reduction structures or 
optimized transmission layouts [97]. In addition, studies integrating high bandwidth torque control 
algorithms have demonstrated that quasi direct drive joints exhibit significant advantages in impact 
buffering and dynamic stability control [98]. From the overall research perspective, quasi direct drive joints 
are primarily developed toward high dynamic performance and high bandwidth control objectives. 
Performance improvements are mainly achieved through low reduction ratio transmission mechanisms and 
high performance motors. Furthermore, these joints exhibit strong adaptability in force control and human 
robot interaction scenarios. 
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5.1.3. Compliant Actuation Joints 

Although quasi direct drive systems exhibit significant improvements in back drivability and dynamic 
response, enabling more precise torque control and more natural motion performance, their output torque 
capability is still constrained by motor performance and remains insufficient under high load conditions 
[99,100]. Meanwhile, the high cost of high performance motors and drive systems presents challenges for 
large scale engineering applications [101]. These limitations have further promoted the development of 
compliant actuation technologies [102]. 

Compliant actuation joints are primarily designed to imitate the motion characteristics of the human 
musculoskeletal system [103]. Through approaches such as series elastic actuators (SEA) [104], variable 
stiffness actuators and artificial muscle actuators [105,106], active and passive regulation of joint stiffness 
can be achieved, thereby enabling both high load carrying capability and compliant interaction 
characteristics [107]. Consequently, compliant actuation technology has become one of the core frontier 
directions for embodied intelligence applications. 

Gunawardane et al. [108] proposed a novel variable stiffness biomimetic joint. As illustrated in Figure 
13a, a serrated hollow structure was adopted, and bending motion was achieved by applying different 
internal gas pressures after constraints were imposed on one side of the structure, as shown in Figure 13b. 
The proposed joint achieved a maximum contraction ratio of 0.66 and was capable of generating 30% 
extension and a damping force of 10 N under a pressure of 350 kPa. 

Guo et al. [109] developed a biomimetic joint based on a tensegrity structure. Through the coordinated 
arrangement of rigid rods and flexible tendons, the multi degree of freedom motion characteristics of the 
human ankle joint were successfully reproduced. In uneven terrain adaptation scenarios, the posture 
adjustment response time of the joint was maintained within 0.02 s, representing a fourfold improvement 
compared with conventional rigid joints. In addition, Wang et al. [110] systematically reviewed the 
technological boundaries and evolutionary trends of various actuation schemes, and clearly identified the 
long term development framework in which rigid actuation schemes focus on reliability enhancement, quasi 
direct drive schemes emphasize dynamic performance optimization, and compliant actuation schemes 
explore biomimetic characteristics. Their work has provided a clear technological roadmap reference for 
subsequent studies. 

 

Figure 13. Schematic diagram of the variable stiffness biomimetic joint. (a) Serrated hollow structure. (b) Bending motion 
realization [108]. 
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Buchner et al. [111] addressed the core limitations of conventional rigid drive joints, including weak 
environmental adaptability and high static energy consumption, by proposing a biomimetic musculoskeletal 
lower limb architecture driven by antagonistic electrohydraulic artificial muscles, as illustrated in Figure 
14. The proposed system reproduced the coordinated motion characteristics of biological skeletal muscles. 
The system exhibited variable stiffness characteristics and capacitive self sensing capability, enabling high 
dynamic gait motion above 5 Hz and jumping heights reaching up to 40% of the leg length. Furthermore, 
adaptation to various unstructured terrains could be achieved solely through open loop force control. The 
transport cost was reduced to as low as 0.73, while the energy consumption during static squatting was only 
1.2% of that of conventional electromagnetic drive systems. This study provides a novel paradigm for the 
design of low energy consumption and highly adaptive biomimetic joints for humanoid robots. 

 

Figure 14. Electrohydraulic artificial musculoskeletal leg system. (a) Structure of the electrohydraulic biomimetic leg system. 
(b) Working mechanism of the electrohydraulic biomimetic leg structure [111]. 

Existing studies have mainly focused on compliant control, biomimetic structural design, and energy 
efficiency optimization [112]. By introducing series elastic elements, compliant joints can effectively 
reduce impact loads while improving force control accuracy. Variable stiffness actuation structures enable 
dynamic adjustment of system stiffness according to task requirements, thereby enhancing motion 
flexibility [113]. Meanwhile, pneumatic artificial muscles [114] and electrohydraulic drive systems have 
demonstrated considerable potential in biomimetic motion generation and energy utilization. Compliant 
actuation joints are primarily developed with safety and environmental adaptability as the core objectives. 
The introduction of compliance mechanisms can significantly improve human-robot interaction capability. 
Consequently, a clear trend toward biomimetic development has emerged, and these systems are gradually 
evolving toward muscle like actuation architectures. 

Compared with rigid and quasi direct drive schemes, compliant actuation systems exhibit significant 
advantages in impact buffering, energy absorption, and safe human robot interaction [115]. However, these 
systems are characterized by high modeling complexity and increased control difficulty, while challenges 
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in high precision control and system stability still remain. In addition, certain compliant actuation schemes 
continue to exhibit limitations in response speed and output capability. 

To further compare the performance characteristics of different joint actuation schemes, Table 6 
systematically compares rigid integrated joints, quasi direct drive joints, and compliant actuation joints from 
the perspectives of structural configuration, dynamic performance, and human robot interaction capability. 
Rigid integrated joints rely on high reduction ratio transmission structures and exhibit significant advantages 
in positioning accuracy, load carrying capability, and engineering reliability, making them the mainstream 
solution in current engineering applications. However, their relatively large transmission friction and non 
backdrivable characteristics limit dynamic performance and human robot interaction capability to a certain 
extent. In contrast, quasi direct drive joints effectively reduce the influence of friction and backlash by 
lowering the transmission ratio, thereby demonstrating excellent dynamic response and force control 
precision. These joints possess favorable backdrivability and are well suited for dynamic motion and human 
robot collaboration scenarios. Nevertheless, their torque density remains constrained by motor performance, 
and the overall system cost is relatively high. Compliant actuation joints, through the introduction of elastic 
elements or biomimetic actuation mechanisms, possess inherent advantages in force control accuracy and safe 
interaction. Higher levels of compliance and environmental adaptability can therefore be achieved. However, 
such joints are generally associated with increased control complexity and insufficient system stability, which 
impose higher requirements on both control strategies and structural design. 

Table 6. Comparison of three joint actuation schemes. 

Comparison 
Dimension 

Rigid Integrated Joint Quasi Direct Drive Joint Compliant Actuation Joint 

Typical Structure 
Motor + high reduction 
gearbox (harmonic/RV) 

High torque motor + low reduction 
ratio (3–10) planetary gearbox 

Elastic elements/artificial muscles 
+ actuation system 

Transmission Ratio 50:1–160:1 3:1–10:1 Variable, nonlinear 

Torque Density High (30–80 Nm/kg) Medium to high (20–60 Nm/kg) 
Medium (depends on structure and 
materials) 

Transmission 
Efficiency 

Medium (70–90%) High (90–95%) Highly variable (60–90%) 

Position Accuracy Very high (arc-second level) High (0.1° level) Moderate (affected by compliance) 
Force Control 
Capability 

Moderate (limited by friction 
and backlash) 

Strong Very strong (due to compliance) 

Backdrivability Poor (non backdrivable) Good (backdrivable) Excellent (high compliance) 

Impact Resistance High (high structural rigidity) Medium 
Very high (elastic energy 
absorption) 

Human-Robot 
Interaction 

Low Medium High 

Rigid integrated joints, quasi direct drive joints, and compliant actuation joints should not be regarded 
as mutually substitutive technologies, but rather as a progressively evolving and complementary 
technological framework with collaborative support characteristics. Rigid integrated joints establish the 
engineering foundation for high precision, high load capacity, and high reliability. Quasi direct drive joints 
overcome the bottlenecks associated with dynamic performance, force control precision, and 
backdrivability. Compliant actuation joints further explore compliance and environmental adaptability for 
human robot coexistence and interaction scenarios. As illustrated in Figure 15, these three types of joints 
collectively face four common technological challenges, including high power density integration [116], 
precision maintenance under variable loads, the balance between dynamic compliance and reliability [117], 
and engineering cost control. In the future, these joint technologies are expected to evolve toward structural 
integration, higher system integration, intelligent control, modularized design, and collaborative interaction 



Intell. Sustain. Manuf. 2026, 3(2), 10019. doi:10.70322/ism.2026.10019 23 of 48 

 

capability, ultimately achieving coordinated optimization of precision, dynamic performance, compliance, 
safety, and reliability. 

 

Figure 15. Structural challenges and development trends of humanoid robot joint modules. 

5.2. High Precision Motion Control and Trajectory Planning 

Motion control of humanoid robot joint modules is a core technology for achieving stable gait 
generation, high dynamic performance, and effective human robot interaction [118]. It serves as the critical 
technological link connecting joint hardware performance with the task execution capability of the entire 
humanoid robotic system, and directly determines motion accuracy, dynamic response speed, and overall 
locomotion performance [119,120]. Publications related to this research direction account for 
approximately 28% of the total literature in the field, ranking second only to structural design, and therefore 
constitute the second largest research hotspot in humanoid robot joint module research. 

With the increase in robot degrees of freedom and task complexity, the development of control 
strategies has gradually exhibited characteristics of multilevel and multi objective evolution. Existing 
studies can generally be categorized into three major approaches: classical control methods, optimization 
and predictive control methods, and learning based intelligent control methods. With continuous 
technological advancement, control strategies have progressively evolved from conventional classical 
approaches toward optimization based predictive control and learning driven intelligent methods. 

From a technological development perspective, these three categories of control methods exhibit a 
clear evolutionary relationship, as illustrated in Figure 16. Classical control methods provide fundamental 
guarantees for system stability and motion precision. Based on this foundation, optimization and predictive 
control methods further improve dynamic performance and energy efficiency. Learning based intelligent 
control methods subsequently extend system adaptability and compliant interaction capability in complex 
environments. These three approaches are interconnected while maintaining distinct technical emphases, 
thereby forming a progressive technological pathway from stable foundational control toward high dynamic 
performance and high adaptability. This evolution not only reflects the multi objective trade offs inherent 
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in control strategy development, but also demonstrates the technological transition of humanoid robot joint 
design from rigid and standardized architectures toward compliant and intelligent systems. 

 

Figure 16. Evolutionary path of motion control technologies for humanoid robot joints. 

5.2.1. Classical Control Methods 

Classical control methods constitute the fundamental technological framework for humanoid robot 
joint control and remain the most widely adopted control schemes in current industrial grade humanoid 
robotic applications [121]. The core objectives of these methods are to achieve high steady state precision, 
high repeatability, and strong disturbance rejection capability in joint control [122]. These approaches are 
primarily based on linear control theory. By establishing accurate joint kinematic models and employing 
closed loop feedback architectures, system errors can be effectively compensated [123]. Classical control 
methods exhibit advantages including simple theoretical principles, low computational complexity, and 
ease of engineering implementation, making them highly suitable for the high precision positioning 
requirements of rigid integrated joints [124]. 

The methodological framework of classical control mainly includes PID control and its improved 
variants, such as incremental PID and fuzzy PID [125], as well as active disturbance rejection control, 
feedforward and feedback composite control, dual encoder error compensation, Zero Moment Point (ZMP) 
gait generation, and trajectory planning based on the Linear Inverted Pendulum Model (LIPM). Related 
studies have primarily employed dual feedback architectures combining motor side encoders and joint side 
encoders together with transmission error pre compensation strategies. Through these approaches, the 
repeatability accuracy of rigid joints can be controlled at the arcsecond level, while trajectory tracking 
errors can be maintained below 0.01 mm, thereby satisfying the requirements of high precision scenarios 
such as industrial manipulation and precision assembly. 

Hauser et al. [126] proposed a method to reduce the control complexity of humanoid robots. Owing to 
the high degrees of freedom and nonlinear characteristics of humanoid robotic systems, balance control is 
inherently complex. Inspired by motion synergy phenomena observed in biological systems, the high 
dimensional motion space was simplified through linear combinations, thereby reducing the balance control 
problem to a linear control framework. The proposed approach demonstrated the dynamic balance 
capability of robots under unknown disturbances across multiple tasks. 

As the fundamental solution for humanoid robot joint motion control, this method is characterized by 
a clear control architecture, ease of implementation, and high reliability, and has therefore been the most 
widely adopted approach in engineering practice. Supported by mature linear control theory, this class of 
methods provides intuitive control frameworks and convenient parameter tuning, enabling stable and 
reliable position closed loop control and trajectory tracking for robotic joints in structured environments. 
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Consequently, favorable steady state accuracy and repeatability performance can be achieved, satisfying 
the basic requirements of most conventional motion scenarios. At the same time, classical control 
algorithms are associated with low computational complexity and strong real time capability, making them 
easy to implement on embedded hardware platforms. These methods can be stably adapted to various joint 
actuation systems and therefore serve as core technologies for ensuring the fundamental motion capability 
of humanoid robots. Furthermore, they provide a stable low level control foundation for the subsequent 
development of more advanced optimization based and intelligent control strategies. 

5.2.2. Optimization and Predictive Control 

Optimization and predictive control represent a new generation of control frameworks developed to 
address the limitations of classical control methods in handling multi constraint, multi objective, and 
strongly coupled dynamic problems [127]. Classical methods such as PID or computed torque control 
usually rely on linearized models and heuristic gain tuning. It is difficult for them to systematically handle 
physical constraints such torque as saturation, joint limits, and ground reaction forces, and they are unable 
to coordinate conflicting objectives such as stability, energy efficiency, and tracking accuracy in a rigorous 
manner [128]. The core concept of these approaches is to formulate joint and whole body motion control 
problems as mathematical optimization problems subject to physical constraints [129,130]. By solving 
optimal control sequences either online or offline [131], global optimization of dynamic performance, 
energy efficiency, and task execution capability can be achieved [132,133]. Compared with the single loop 
feedback regulation employed in classical control methods, optimization and predictive control approaches 
are capable of simultaneously considering kinematic constraints, dynamic constraints, actuator saturation 
constraints, and environmental contact constraints [134]. Consequently, the motion capability and task 
adaptability of humanoid robots in complex dynamic scenarios can be significantly improved [135]. 

The core methodological framework of optimization and predictive control includes Hierarchical 
Quadratic Programming (HQP), Model Predictive Control (MPC), centroidal dynamics control, impedance 
and admittance control, torque servo control, and Disturbance Observer (DOB) based methods. These 
approaches address multi objective trade offs and dynamic constraint problems in humanoid robot motion 
control from different perspectives, and collectively constitute the core technological framework for current 
high dynamic motion control systems. 

Optimization and predictive control methods mainly include strategies such as Model Predictive Control 
(MPC) and trajectory optimization. Through online solutions of joint and whole body dynamic models, high 
dynamic performance, energy efficiency, and coordinated multi joint control can be achieved. With the rapid 
advancement of robotic hardware, computational processors, and control algorithms, MPC has attracted 
increasing attention in walking and humanoid robotic systems, while its problem formulation and solution 
algorithms have continuously evolved. Katayama et al. [136] developed control frameworks based on low 
order models and whole body dynamic models, as illustrated in Figure 17, and further integrated constrained 
optimization algorithms to satisfy joint torque, contact force, and balance constraints simultaneously. 

Existing studies in this area are primarily based on explicit modeling and constraint handling, where 
global optimization objectives are achieved through online or offline numerical solutions. Precise 
descriptions of joint states and whole body motion are established through kinematic, dynamic, or 
momentum based formulations, while engineering constraints are simultaneously incorporated into the 
control framework [137]. Through the tight coupling of motion planning and control, the adaptability of 
robotic systems to complex tasks and dynamic environments can be significantly enhanced. 
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Figure 17. Katayama’s model predictive control solution framework [136]. 

5.2.3. Learning and Intelligent Control 

Although optimization and predictive control methods can significantly improve motion performance 
under multiple constraints, they are highly dependent on accurate dynamic models, associated with high 
computational complexity, and exhibit relatively weak adaptability to environmental uncertainties [138]. 
Consequently, they encounter difficulties when addressing complex interaction tasks in unstructured 
environments [139,140]. In contrast, learning based intelligent control methods do not rely on precise 
system models and therefore possess stronger adaptability, generalization capability, and disturbance 
rejection capability [141]. Through data driven approaches, control strategies can be autonomously learned, 
effectively compensating for the limitations of traditional model based methods in complex dynamic 
environments [142–144]. As a result, learning based intelligent control has become a core technological 
pathway for achieving compliant interaction and human like motion [145,146]. 

Learning based intelligent control is fundamentally driven by data and achieves high precision adaptive 
regulation of nonlinear, strongly coupled, and uncertain systems through online or offline learning 
processes [147]. The major technical directions mainly include model free adaptive control, reinforcement 
learning, imitation learning, deep learning, and large model driven control approaches [148]. 

Van et al. [84] addressed a key limitation in compliant actuation systems, namely that the constraints 
of accompanying control hardware restrict system integration and practical deployment. To overcome this 
issue, they proposed a functionally embedded biomimetic actuation design concept. By exploiting the 
buckling-induced hysteresis behavior of an embedded conical shell within the actuator structure, complex 
actuation sequences can be generated under a single pressure input, while the output characteristics can be 
flexibly tuned through geometric parameters. The study further established a mapping relationship between 
actuation parameters and system performance, along with a corresponding design toolchain. Experimental 
validation demonstrated that a six-unit actuation system could achieve high precision time-sequenced 
motion using only a single supply source. This provides a new technological pathway for the design of 
highly integrated biomimetic joints in humanoid robots. 

Compared with the two model driven control paradigms, this approach leverages data driven learning 
and autonomous adaptation to overcome the limitations of model based methods, such as high dependence 
on accurate system modeling and insufficient adaptability to environmental uncertainties. As a result, it has 
become a key technological pathway for enabling adaptive motion and compliant interaction in humanoid 
robot joint systems. These methods generally do not require precise dynamic models and therefore exhibit 
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strong adaptability, generalization capability, and superior interaction performance. They can maintain 
stable control performance under uncertain conditions such as joint compliance, parameter perturbations, 
and external disturbances. Moreover, by learning from data, these approaches can generate motion 
trajectories that are closer to human movement patterns, significantly enhancing the overall adaptability of 
humanoid robots in complex and unstructured environments. 

Despite their advantages, learning based intelligent control methods still face several practical 
challenges. Their learning process typically relies on large amounts of data and iterative trial and error, 
resulting in low sample efficiency and high training costs [149]. In addition, the black box nature of these 
algorithms makes it difficult to rigorously interpret, verify, or guarantee their control behavior in terms of 
stability, safety, and explainability. Moreover, the significant computational burden introduced by complex 
learning architectures limits their ability to ensure real time performance in high frequency and highly 
dynamic joint control scenarios. Their generalization capability also exhibits clear limitations when 
deployed in entirely new environments or under unseen tasks. 

Classical control, optimization, and predictive control, and learning based intelligent control form a 
progressively evolving hierarchy. Classical control serves as the foundational layer, providing stable and 
reliable basic motion capabilities. Optimization and predictive control act as a performance enhancement 
layer, enabling high dynamic and multi constraint optimal motion generation. Learning based intelligent 
control represents an intelligent expansion layer, improving environmental adaptability and compliant 
interaction capabilities of robots. As illustrated in Figure 18, current joint motion control still faces several 
critical challenges, including model uncertainty, difficulties in compensating nonlinearities, trade offs 
among multiple performance objectives, and insufficient real time capability and robustness. In the future, 
joint control systems are expected to evolve toward multi method integration, lightweight computation, 
online learning, safe and controllable learning frameworks, and perception control integration, ultimately 
achieving more stable, intelligent, compliant, and high precision motion control. 

 

Figure 18. Challenges and development trends of motion control technologies for humanoid robot joint modules. 

5.3. Human-Robot Interaction Technologies 

Human-robot interaction (HRI) technologies constitute a key enabler for the transition of humanoid 
robots from mechanical execution tools to human collaborative partners, and also represent a critical 
pathway for joint modules to evolve from single motion execution units into intelligent interaction 
interfaces [150,151]. Based on the bibliometric analysis of 769 publications in this study, HRI related 
research accounts for approximately 21% of the total publications in the field, ranking as the third largest 
research hotspot after structural design and motion control. 

It mainly includes three categories of interaction technologies: force based physical interaction, tactile 
perception and contact state interaction, and multimodal fusion based natural interaction. Force based 



Intell. Sustain. Manuf. 2026, 3(2), 10019. doi:10.70322/ism.2026.10019 28 of 48 

 

physical interaction addresses the fundamental safety issues in human-robot contact and serves as the 
physical basis for all interaction modalities. Tactile perception and contact state interaction extend the 
perceptual dimensions of interaction, enabling a precise understanding of contact details. Multimodal fusion 
and natural interaction further enhance the intelligence level and naturalness of interaction, making human-
robot collaboration more closely resemble human-human communication patterns. These three types of 
interaction technologies form a coherent technical framework ranging from safe physical contact to precise 
perception and ultimately to natural collaborative interaction. 

5.3.1. Force Based Physical Interaction 

The primary objective of force based physical interaction is to address safety issues during physical 
contact between humans and robots, enabling joints to actively yield in a compliant manner when collisions 
occur with humans or the environment, thereby preventing potential injury [152]. This technology is 
centered on joint torque control and mainly includes three categories of methods: impedance and admittance 
control, sensorless force control, and collision detection and safety response strategies [153]. By 
establishing a dynamic mapping relationship between position and contact force, these methods enable 
joints to exhibit active compliance behavior during physical interaction [154]. 

Ferraguti et al. [155] proposed a variable admittance control strategy to address the stability challenges 
caused by changes in human arm stiffness. They analyzed the performance variation of admittance 
controllers under different human arm stiffness conditions and developed a real-time variable admittance 
parameter adjustment mechanism to maintain system stability during human-robot contact. 

Force based physical interaction is currently the foundational technology for humanoid robot joint 
interaction and the only interaction solution that has achieved large scale industrial deployment. It provides 
a solid physical basis for the development of subsequent interaction technologies. By employing relatively 
simple and effective mechanisms, it addresses the core safety problem in human robot contact, enabling 
robots to operate safely in close proximity to humans. However, the limitations of this approach are also 
evident. It can only perceive the magnitude of contact forces but fails to identify richer contact information, 
such as contact location, contact type, and surface texture. As a result, the interaction modality is limited 
and lacks active perception capability. The system can only respond passively to external contact, making 
it difficult to achieve fine force manipulation and complex human robot collaboration tasks. These 
limitations have further driven the development of tactile perception and multimodal fusion based 
interaction technologies. 

5.3.2. Tactile Perception and Contact State Interaction 

The primary objective of tactile perception and contact state interaction is to extend the perceptual 
dimension of force based interaction. By utilizing distributed tactile sensors to acquire rich contact 
information, this approach enables comprehensive understanding of contact states and thereby supports 
more precise and intelligent human robot interaction [156]. This technology mainly consists of three 
components, including tactile sensing, contact state recognition and understanding, and tactile feedback 
[157,158]. It can provide multi dimensional information such as contact location, contact force distribution, 
surface texture, and sliding state. As a result, this class of methods is characterized by rich interaction 
dimensions and high sensing accuracy, enabling humanoid robots to acquire tactile perception capabilities 
that are closer to those of humans [159]. 

Bao et al. [160] proposed an Integrated Intelligent Tactile System (IITS) that enables real time 
perception of contact pressure distributions through the integration of multi channel tactile sensors, data 
processing units, and feedback control, as shown in Figure 19. The system was shown to support compliant 
grasping and tactile interaction under closed loop control. Albini and Cannata [161] developed a deep 
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learning based contact state recognition method for whole body tactile sensing in robots. By mapping three 
dimensional pressure distributions into two dimensional tactile images, accurate identification of human 
hand contact regions and pressure distribution characteristics was achieved. 

 

Figure 19. Compliant grasping experiments using the Integrated Intelligent Tactile System (IITS), demonstrating real-time 
pressure perception and adaptive grasp control for objects with different stiffness characteristics [160]. (a) Demonstration of 
tactile sensing during human–robot interaction with integrated tactile sensors (ITSs). The tactile pressure distribution of the 
robotic hand during contact is visualized; (b) Comparison of tactile responses between the robotic hand with and without 
integrated tactile sensors, showing the enhanced perception capability enabled by ITSs; (c) Tactile sensing responses under 
different contact conditions with varying contact capacitance values, demonstrating the capability of the sensor to detect contact 
location and pressure variation; (d) Sequential process of the robotic hand grasping and manipulating a fragile object (waxberry), 
illustrating real-time tactile feedback during object handling; (e) Temporal evolution of capacitance variation during different 
grasping stages, including approaching, grasping, holding, sliding, and holding, indicating the dynamic tactile perception 
capability of the robotic hand. 

Tactile perception and contact state interaction serve as a critical bridge between fundamental force based 
interaction and higher level intelligent interaction [162]. This technology significantly enhances the richness 
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and precision of human robot interaction, enabling robots to perform complex tasks that are difficult to 
achieve using conventional force based methods, such as dexterous grasping, precision assembly, and 
minimally invasive surgical operations. By enabling a comprehensive understanding of contact states, robots 
can better perceive environmental changes and infer human intent, allowing them to proactively adjust control 
strategies and achieve more natural and intelligent human robot collaboration. However, this technology still 
faces several challenges. Flexible sensors are susceptible to environmental disturbances, such as temperature 
and humidity variations, which limit their robustness. In addition, real time processing and analysis of large 
volumes of tactile data impose high demands on computational resources. These limitations restrict the 
widespread application of tactile perception technologies in humanoid robotic systems. 

5.3.3. Multimodal Fusion and Natural Interaction 

The primary objective of multimodal fusion and natural interaction is to integrate multiple sensory 
modalities, including vision, audition, tactile perception, and force sensing, to achieve natural, intuitive, and 
intelligent interaction comparable to human human communication [163]. This paradigm enables human 
robot interaction to shift from command based interaction to dialogue based interaction, and from passive 
response to active understanding [164,165]. This technology is mainly implemented through the integration 
of heterogeneous perceptual modalities combined with machine learning and data driven approaches 
[166,167]. Vision force fusion interaction combines global environmental perception from vision with local 
contact feedback from force sensing, enabling coordinated perception and action [168]. Imitation learning 
and skill transfer allow robots to acquire complex motor skills from human demonstrations without the need 
for manually programmed control policies [169]. Finally, large model driven end to end interaction leverages 
the commonsense reasoning capability of multimodal foundation models to directly translate high level 
natural language instructions into executable low level joint control sequences. 

In natural interaction scenarios, multimodal perception and fusion can significantly enhance a robot’s 
ability to understand and respond to complex environments. Mao et al. [170] proposed a vision tactile fusion 
framework that processes visual and tactile signals in a unified manner, enabling fine grained recognition 
of object properties and efficient grasping strategies, thereby supporting natural interaction in multi task 
scenarios, as shown in Figure 20. Recent studies have also integrated multimodal perception with 
interaction control within a single framework to achieve more natural human robot collaboration. For 
example, Gong et al. [171] developed an interactive control system that integrates visual, force, and 
positional information, allowing real time responses to human actions and environmental changes in 
dynamic settings, thereby improving the naturalness of interaction and control stability of intelligent robots. 
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Figure 20. (a) Tactile-visual fusion framework for object recognition and manipulation. (b) The fusion of visual and tactile 
information significantly improves object recognition accuracy. (c) Enables stable grasping and autonomous object sorting in 
desk-cleaning tasks [170]. 

Multimodal fusion and natural interaction represent the most advanced stage of human robot 
interaction technologies and constitute a key enabling technology for general purpose humanoid robots. By 
integrating information from multiple perceptual modalities, this approach enables robots to 
comprehensively understand both the environment and human intent, thereby achieving truly natural and 
fluent human robot communication. However, this technology is still largely at the laboratory research stage 
and faces several significant challenges. Multimodal data fusion remains difficult due to issues such as 
cross modality alignment, information redundancy, and noise interference. In the future, multimodal fusion 
and natural interaction must be deeply integrated with conventional force based and tactile based control 
technologies in order to achieve truly safe, reliable, and intelligent human robot coexistence. 

To further compare the performance characteristics of different human robot interaction technologies, 
Table 7 systematically evaluates force based compliant physical interaction, tactile perception, and contact 
state interaction, and multimodal fusion and natural interaction in terms of core principles, interaction 
modalities, real time performance, and control accuracy. Force based compliant physical interaction relies 
on mature torque control theory and demonstrates significant advantages in real time performance, safety, 
and engineering reliability. It remains the dominant solution in industrial collaboration and mass production 
humanoid robot applications. However, its reliance on a single force sensing modality limits interaction 
richness and fine manipulation capability to some extent. In contrast, tactile perception and contact state 
interaction extend the perceptual dimension by introducing distributed tactile sensors. This approach 
exhibits strong performance in contact state recognition and dexterous manipulation, and also supports 
bidirectional interaction, making it suitable for teleoperation and precision assembly tasks. Nevertheless, 
flexible sensors are susceptible to environmental disturbances, and the system cost remains relatively high. 
Multimodal fusion and natural interaction integrate multiple perceptual modalities such as vision, audition, 
and touch, providing inherent advantages in interaction naturalness and intelligence level. This enables 
higher levels of task generalization and active understanding capability. However, this class of methods 
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typically faces challenges such as difficulty in multimodal data fusion and limited model interpretability, 
while also imposing higher requirements on computational resources and safety verification. 

Table 7. Comparison of three joint actuation schemes. 

Comparison 
Dimension 

Force Based Compliant 
Interaction 

Tactile Perception Interaction Multimodal Intelligent Interaction 

Core Principle 
Force-position dynamic 

mapping 
Perception and recognition of 

contact signals 
Multimodal data fusion and learning 

Interaction 
Dimension 

1D (force) 3D (position, force, texture) 
Multi-dimensional (vision, voice, 

force, emotion) 
Real-Time 

Performance 
Very high High Medium 

Control Accuracy High Very high Medium 
Interaction 
Naturalness 

Low Medium Very high 

Typical Applications 
Industrial collaboration, 

assembly 
Precision manipulation Service robots, domestic assistants 

Force based compliant physical interaction, tactile perception, and contact state interaction, and 
multimodal fusion and natural interaction are not mutually exclusive approaches, but rather constitute a 
hierarchical, complementary, and synergistic technological framework. Force based compliant physical 
interaction establishes the engineering foundation for safe human robot contact and basic force control. 
Tactile perception and contact state interaction overcome the limitations of single modality sensing and 
enable precise understanding of contact details. Multimodal fusion and natural interaction represent a 
frontier direction toward general purpose humanoid robots, focusing on natural interaction and intelligent 
decision making. As illustrated in Figure 21, these three categories of technologies share several common 
challenges, including the trade off between sensing accuracy and robustness, the balance between 
interaction naturalness and control precision, conflicts between intelligence level and safety assurance, and 
constraints related to engineering cost. In the future, human robot interaction technologies are expected to 
evolve toward integrated multimodal perception and control, fusion of foundation models with classical 
control methods, active safety interaction, enhanced skill generalization, and on device real time inference, 
ultimately achieving safe, natural, intelligent, and reliable human robot coexistence. 

 

Figure 21. Challenges and development trends of interaction technologies for humanoid robot joint modules. 
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5.4. Biomimetic Actuation and Human Like Performance Enhancement 

Biomimetic actuation and human like performance enhancement constitute a key technological 
pathway for overcoming the performance limitations of conventional electromechanical systems and 
enabling humanoid robots to progress from superficial anthropomorphic resemblance toward human like 
functionality and behavior [172]. This research direction also represents an inevitable evolution of joint 
modules from simple functional execution units toward biologically inspired systems. Based on the 
bibliometric analysis of 769 publications included in this study, research related to biomimetic actuation 
and human like performance enhancement accounts for approximately 19% of the total publications in the 
field, making it one of the fastest growing research directions in humanoid robotics. 

Research in this area is primarily conducted from three perspectives, namely biomimetic structural 
design, human like motion and compliant dynamic performance enhancement, and perception motion 
integration. Biomimetic actuation structures emulate the mechanical characteristics of the human 
musculoskeletal system at the hardware level, thereby providing the physical foundation for human like 
motion. Human like motion and compliant dynamic performance enhancement seek to reproduce human 
movement patterns and biomechanical characteristics through advanced control strategies, enabling more 
natural and coordinated dynamic behaviors. Perception motion integration aims to emulate the human 
neural process from perception and decision making to action execution at the system level, thereby 
promoting the evolution of joint modules toward human like intelligence. 

5.4.1. Biomimetic Human Like Actuation Structures 

The core objective of biomimetic human-like actuation structures is to replicate the coupled working 
mechanisms of human skeletal muscles [173], bones, and joints [174], and to develop novel actuators that 
exhibit high compliance, high power density, and impact resistance [175]. These structures fundamentally 
address the inherent limitations of traditional motor and gearbox drive systems, which include excessive 
rigidity, poor back-drivability, and low energy efficiency [176]. In recent years, numerous studies have 
drawn inspiration from the properties of biological muscles and tendons to advance human-like biomimetic 
actuation structures [177]. Antagonistic variable-stiffness actuators mimic the coordinated operation of 
agonist and antagonist muscles, achieving continuously adjustable joint stiffness through differential 
control of two actuator groups [178]. Pneumatic artificial muscle actuators generate contraction force 
through pressure variations and provide a power-to-weight ratio and intrinsic compliance comparable to 
human muscles. Dielectric elastomer actuators achieve motion by electrically induced material deformation, 
offering rapid response and high energy conversion efficiency [179]. 

Jeong et al. [180] proposed a multifunctional magnetic artificial muscle that achieves coordinated 
regulation of actuation force output and stiffness through the integration of phase change polymers and 
ferromagnetic particles, as shown in Figure 22. The actuator exhibits high compliance, high power density, 
and variable stiffness characteristics, demonstrating excellent biomimetic actuation performance in 
complex motion tasks. This work provides a promising technological approach for the development of next 
generation muscle inspired robotic joints. 

Biomimetic human like actuation structures overcome the performance limitations of conventional 
electromechanical systems at the hardware level and provide a solid physical foundation for human like 
motion. They serve as a key hardware enabler for achieving highly compliant and dynamic human robot 
interaction. However, the complexity of these structures significantly increases the difficulty of control, 
while their structural reliability continues to pose substantial challenges. 
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Figure 22. Structure and working mechanism of the monophasic composite artificial muscle. (a) Conceptual illustration of the 
multifunctional artificial muscle. (b) Material composition and microstructural characterization. (c) Actuation mechanism and 
WAXS analysis under different crystallization and deformation states [180]. 

5.4.2. Human Like Motion and Compliant Dynamic Performance Enhancement 

Building upon the hardware foundation provided by biomimetic human like actuation structures, a 
central challenge in enhancing the human likeness of robotic joints is how to fully exploit their compliant 
mechanical characteristics through optimized control strategies [181] and to generate natural motions that 
conform to human biomechanical principles [182]. The primary objective of human like motion and 
compliant dynamic performance enhancement is to optimize joint motion control strategies and dynamic 
response characteristics based on principles of human physiology and biomechanics [183], thereby 
generating natural, smooth, and energy efficient motion trajectories while improving compliance and 
disturbance rejection capability in complex environments [184,185]. This technology is mainly realized 
through motion capture based trajectory mapping, in which human motion data are collected and utilized 
for trajectory generation [186,187]. Biomechanics driven motion optimization is then employed to establish 
human musculoskeletal dynamic models, and joint motion trajectories are optimized with energy efficiency 
and motion naturalness as the primary objectives [188]. Finally, autonomous exploration and imitation 
learning are adopted to generate highly dynamic motion strategies with human like characteristics [189]. 

Hwangbo et al. [190] proposed a reinforcement learning–based framework for motion skill acquisition 
that combines simulation training with real-robot transfer, enabling quadruped robots to perform high-speed 
running, fall recovery, and complex dynamic motion control. The study demonstrates that learning-driven 
control can significantly enhance robot agility, energy efficiency, and environmental adaptability, providing 
a new technical pathway for generating high-dynamic motions in humanoid robots. Peng et al. [191] 
introduced the DeepMimic framework, which integrates deep reinforcement learning with human motion 
capture data to generate a variety of high-dynamic humanoid movements, including walking, running, 
jumping, and backflips. 

Human like motion and compliant dynamic performance enhancement serve as a critical bridge 
between hardware biomimicry and intelligent biomimicry, playing a pivotal role within the overall human 
likeness enhancement framework. This approach enables the hardware advantages of biomimetic actuation 
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structures to be translated into practical motion performance benefits, allowing robotic motion to evolve 
from rigid mechanical movement toward smooth, biologically inspired behavior [192]. At the same time, 
energy consumption can be significantly reduced and operational endurance improved. However, motion 
capture based approaches generally exhibit limited generalization capability and are difficult to adapt to 
complex, unstructured environments. In addition, the high computational complexity of these methods 
poses significant challenges for real time implementation. 

5.4.3. Perception Motion Integration 

When both hardware actuation and motion control have achieved human-like breakthroughs, the 
traditional serial architecture of separate perception and hierarchical decision-making can be overcome 
[193,194]. Achieving deep integration from perception through decision-making to execution becomes an 
inevitable direction for the evolution of joints toward human-like intelligence [195,196]. The core objective 
of perception-motion integration is to emulate the parallel working mechanism of the human central 
nervous system, where perception, decision-making, and execution are integrated [197]. This approach 
eliminates information loss and delays in intermediate layers, enabling joints to perform autonomous 
perception, real-time decision-making, and adaptive motion, thereby promoting the development of 
humanoid robots toward human-like intelligence [198]. This technology primarily encompasses three key 
directions. Firstly, joint-embedded multimodal perception integrates force, tactile, and position sensors 
within the joint, achieving tight coupling between perception and execution [199]. Secondly, end-to-end 
perception-motion control directly maps raw sensory signals to joint control commands, simplifying the 
system hierarchy. Thirdly, embodied intelligence driven by large models leverages the commonsense 
reasoning and generalization capabilities of multimodal large models to enable autonomous task planning 
and adaptive motion for the joints. 

Prabhakar et al. [200] proposed a mechanical intelligence framework for embodied intelligence, in 
which autonomous modeling of object-environment relationships is achieved through learning the closed-
loop coupling between perception and motion behaviors. The robot is capable of constructing 
environmental understanding through coordinated perception–action interactions without relying on prior 
models, providing a novel approach for the development of perception–motion integrated systems. Gupta 
et al. [201] developed an embodied intelligence framework based on learning and evolutionary mechanisms, 
in which robot morphology, environmental perception, and motion control are jointly incorporated into a 
unified optimization process, as Figure 23. The emergence of intelligent behavior is driven by the co-
evolution of perception, motion, and environmental interactions, further demonstrating the fundamental 
role of perception–motion integration in embodied intelligent systems. 

Perception motion integration represents the most advanced stage in the development of humanoid 
robot joint technologies and serves as a key technological foundation for the realization of general purpose 
humanoid robots. Through the deep integration of perception, decision making, and execution, robots can 
be endowed with human like autonomous motion capabilities and environmental adaptability, enabling the 
autonomous completion of complex tasks in unstructured environments. This paradigm is largely dependent 
on the multimodal fusion and large model driven technologies discussed previously, which also result in 
challenges related to system integration and reliability. 
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Figure 23. Embodied intelligence framework integrating morphology evolution, control learning, and environment interaction. 
(a) Overall embodied intelligence framework. (b) Morphological evolution process. (c) Learning based control optimization. (d) 
Generated robotic morphologies. (e) Adaptive interaction and manipulation in complex environments [201]. 

Biomimetic actuation and human like performance enhancement are driving the evolution of humanoid 
robot joint modules from conventional electromechanical actuation units toward biologically inspired 
systems with compliant actuation, autonomous perception, and dynamic adaptation capabilities. Several 
key trends can characterize the development trajectory of this research area. Actuation technologies are 
evolving from high stiffness motor driven systems toward compliant biomimetic actuation. Motion control 
strategies are advancing from high precision trajectory tracking toward compliant and dynamically 
coordinated control. Meanwhile, system architectures are being transformed from separated perception and 
control frameworks to integrated perception, motion, and decision making systems, as illustrated in Figure 
24. At the same time, the rapid advancement of embodied intelligence, large model driven technologies, 
and multimodal perception techniques is further accelerating the transition of joint modules from simple 
motion execution units toward systems capable of autonomous understanding and adaptive interaction. 

 

Figure 24. Development trends in human like performance enhancement of humanoid robots. 
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6. Conclusions and Perspectives 

6.1. Conclusions 

This study employed bibliometric methods to systematically analyze the research status, major research 
themes, and technological evolution trends in the field of humanoid robot joint modules. Through quantitative 
statistical analysis and visualized knowledge mapping of 769 relevant publications retrieved from the Web of 
Science Core Collection database, the overall development trajectory of the field was revealed, demonstrating 
a transition from conventional electromechanical actuation toward highly integrated, intelligent, and human-
like systems. Furthermore, key technologies, including structural design, motion control, human–robot 
interaction, and biomimetic actuation, were systematically reviewed and summarized. 

(1) Based on the results of the bibliometric analysis, it can be observed that the publication output in the 
field of humanoid robot joint modules has shown a sustained growth trend, with a rapid increase 
particularly after 2018. This indicates that the field has gradually transitioned from early exploratory 
research toward engineering implementation and large-scale applications. Co-occurrence and 
clustering analyses of keywords reveal that current research hotspots are primarily focused on actuation 
structures, compliant control, human–robot interaction, and embodied intelligence. 

(2) In the area of humanoid robot joint structural design, research efforts have gradually shifted from 
conventional rigid integrated architectures toward lightweight designs, high power density 
configurations, and compliant actuation structures. Quasi direct drive joints and compliant joints have 
increasingly become important research directions due to their favorable backdrivability, superior 
dynamic performance, and enhanced impact absorption capability. Overall, the development trend is 
characterized by a transition from high stiffness actuation toward structural integration, compliant 
actuation, and modular standardization. 

(3) In the field of humanoid robot motion control, control methodologies have progressively evolved from 
traditional trajectory tracking and stability control toward optimization-based and learning-driven 
approaches. Techniques such as model predictive control, reinforcement learning, and imitation 
learning have significantly enhanced the dynamic motion capabilities and environmental adaptability 
of robots. Overall, control strategies exhibit a clear trend from rigid position regulation toward 
compliant dynamic coordination and intelligent adaptive control. 

(4) In the areas of human-robot interaction and human-like performance enhancement, compliant control, 
tactile perception, and multimodal fusion technologies have gradually become central research themes. 
Methods such as impedance control and admittance control have improved interaction safety and 
environmental adaptability, while biomimetic actuation, perception–motion integration, and embodied 
intelligence technologies have further promoted the evolution of joint modules from conventional 
electromechanical actuation units toward human-like intelligent systems capable of autonomous 
perception, autonomous decision making, and autonomous motion. 

6.2. Perspectives 

Humanoid robot joint modules are evolving from conventional electromechanical actuation 
components toward systems characterized by high compliance, superior dynamic performance, advanced 
intelligence, and embodied capabilities. With the rapid development of artificial intelligence, multimodal 
perception, advanced actuation materials, and foundation model technologies, future joint modules are 
expected to place greater emphasis on the coordinated optimization of structural design, motion control, 
perception, and interaction. Such developments will facilitate autonomous locomotion and natural 
interaction in complex unstructured environments. Nevertheless, several critical challenges remain in the 
field of humanoid robot joint modules. These include the difficulty of simultaneously achieving high power 
density and high compliance, insufficient motion stability in complex environments, and the high 
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complexity associated with system integration. Consequently, further research efforts are still required in 
several key directions. 

(1) Future research needs to further coordinate the interplay between lightweight structural design, high 
torque density actuation, thermal management, and compliant mechanisms, in order to develop highly 
integrated joint modules that combine both high dynamic performance and intrinsic compliance. At the 
same time, it is essential to enhance the structural reliability and engineering readiness of the joints to 
ensure stable operation under prolonged usage and high-load, complex working conditions. To this end, 
it is recommended to employ an optimization framework based on machine learning agent models, 
using joint torque density, transmission efficiency, adjustable stiffness range, and temperature rise as 
multi-objective functions to construct a Pareto front, thereby achieving parameter-based collaborative 
optimization across three architectures: rigid transmission, collinear drive, and smooth drive. This 
approach provides systematic guidance for selecting optimal transmission solutions across various 
application scenarios. 

(2) Most current robotic systems still adopt a hierarchical control architecture, in which significant delays 
and insufficient coupling exist between perception, control, and actuation. Future research will 
increasingly focus on the deep integration of multimodal perception, adaptive control, and autonomous 
decision-making, promoting the evolution of joint modules from single motion execution units into 
embodied intelligent systems with real-time environmental awareness, autonomous decision-making, 
and adaptive motion capabilities. To achieve the aforementioned objectives, it is imperative to establish 
a standardized performance testing and validation system for joint modules. It is recommended to 
develop a unified testing platform based on the national standard currently under development, 
Electromechanical Integrated Joints for Humanoid Robots Part 1: Technical Requirements and Test 
Methods for Rotational Joints, which should encompass core test items such as torque-speed 
characteristics, transmission accuracy and backlash, step response and bandwidth, compliant response 
under impact loads, and temperature rise during continuous operation. This will provide a foundation 
for performance calibration and validation for the deep integration of perception, control, and execution. 

(3) Current biomimetic actuation systems still exhibit limitations in terms of energy efficiency, motion 
naturalness, and structural reliability. Future research should further investigate muscle-like actuation 
materials, biological neuromuscular coordination mechanisms, and human motion imitation 
methodologies, thereby enabling the evolution of robots from simple mechanical motion imitation toward 
human-like biological movement. Such advances are expected to enhance further the naturalness, 
compliance, and environmental adaptability of robotic motion. In the performance evaluation of the new-
generation bionic drive system, it is recommended to conduct comprehensive validation across three 
typical operating conditions on a unified testing platform: High-precision positioning condition, to assess 
transmission accuracy and stiffness stability; High-dynamic-response condition, to evaluate power 
density and bandwidth limits; Human-machine interaction condition, to verify smooth control 
performance and safe interaction capabilities. These multi-condition tests enable a comprehensive 
determination of the technical boundaries and applicable scenarios for various bionic drive solutions. 
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