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 a b s t r a c t

Lower limb exoskeleton technology has emerged as pivotal equipment in three key domains: medical 
rehabilitation, industrial assistance, and human performance augmentation. The systematization and 
standardization of evaluations regarding machine performance and human–robot interaction (HRI) 
are core challenges in transitioning this technology from laboratory research to mature applications. 
However, evaluation metrics emerging over the past decades have remained fragmented and lack 
systematic organization. Therefore, this review summarizes the mechanical structures and actuation 
modalities of common lower limb exoskeletons across these three domains. Starting with an elucida-
tion of the specific evaluation priorities in each field, we review existing metrics – with a particular 
focus on metabolic cost, data precision, and human–robot compatibility – and construct a multi-level 
evaluation framework covering three dimensions: the human, machine performance, and HRI. Finally, 
this paper identifies current potential research focal points and overlooked areas, aiming to provide 
directional guidance for the future optimization of exoskeleton performance.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an 
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The global population is experiencing a notable trend of ag-
ing. According to the World Health Organization, by 2050, the 
number of individuals aged 65 and above will reach nearly 160 
million [1]. It is anticipated that this demographic shift will 
lead to a sharp increase in the number of individuals suffering 
from chronic diseases and motor dysfunctions, thereby trigger-
ing a surge in societal demand for rehabilitation medicine [2] 
and assistive technologies [3]. Against this background, driven 
by human–machine integration technology, exoskeleton robots 
are emerging as key devices for enhancing human mobility and 
assisting in rehabilitation training. They are rapidly becoming a 
research hotspot in the interdisciplinary field of medicine and 
robotics [4].

As exoskeleton technology gradually matures, its core value in 
functional recovery, labor protection, and personalized assistance 
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has become increasingly prominent. Currently, a diversified de-
velopment pattern of precise adaptation according to body parts 
has taken shape [5–7]. For instance, Zhou et al. focused on lower 
limb rehabilitation exoskeletons, identifying adaptive control and 
human–machine collaboration as global research priorities [8]. 
Kuber et al. demonstrated that lower limb industrial exoskeletons 
(such as wearable seats) can effectively reduce muscle load in 
workers [9], although standardized evaluation criteria are still 
lacking. Sarajchi et al. [10] and Gesta et al. [11] emphasized 
dedicated design principles prioritizing light weight and adjusta-
bility for lower limb exoskeletons designed for children with 
cerebral palsy, while Ashta et al. [12] highlighted the role of 
lower limb passive exoskeletons in labor protection within the 
manufacturing and logistics sectors. In terms of upper-limb and 
localized limb adaptation, Wang et al. [13] systematically re-
viewed control modes of upper-limb rehabilitation exoskeletons, 
highlighting the value of personalized assistance strategies in 
enhancing therapeutic outcomes. Meng et al. [14] focused on 
soft ankle-foot exoskeletons, emphasizing flexible actuation and 
personalized control as core design elements that provide an 
efficient solution for post-stroke gait recovery. Hand exoskele-
tons, on the other hand, demonstrate multi-scenario adaptability. 
Sarac et al. [15] reviewed over 100 hand exoskeletons worldwide, 
revealing considerable configurational diversity in rehabilitation 
 Communications Co. Ltd. This is an open access article under the CC BY license 
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Fig. 1. The number of papers varies with the year.

and tactile interaction applications. Saldarriaga et al. [16] concen-
trated on soft hand rehabilitation exoskeletons, achieving high 
compliance and low cost through technologies such as 3D print-
ing, thereby contributing to functional hand reconstruction after 
stroke. In conclusion, exoskeleton technology has achieved com-
prehensive coverage across different body parts, including the 
lower limbs, upper limbs, and hands. It facilitates motor function 
recovery in patients and provides robust labor protection for 
industrial workers, while underscoring its user-centric nature 
through population-specific designs.

As a core component of exoskeletons, lower limb exoskele-
tons are currently undergoing rapid development. According to 
the Scopus database, from 2015 to 2025, the total number of 
publications has shown a steady upward trend, as illustrated in 
Fig.  1. The applications of lower limb exoskeletons span mul-
tiple scenarios, including assisted walking [17,18], running [19,
20], stair climbing [21,22], rehabilitation medicine [23], industrial 
load-bearing [24–26], and military enhancement [27–29]. These 
applications have attracted increasing attention, and current re-
search primarily focuses on improving adaptability, intelligence, 
and operational efficiency [30,31]. Core tasks include walking 
assistance [32,33], heavy-load support [34], neurorehabilitation 
training [35], and complex terrain adaptation [36]. These tasks 
rely on six key supporting technologies – structural design, actu-
ation, sensing, intelligent control, Human-Robot Interaction (HRI), 
and materials – all of which require systematic research tailored 
to functional requirements.

Among them, structural design focuses on rigid structural 
mechanics optimization [37], flexible structural bionic adapta-
tion [36], and modular expansion [38,39], laying the founda-
tional adaptive capacity for exoskeletons [40]. Drive technology 
revolves around performance balancing in hydraulic [41], pneu-
matic [42], electric [43], and novel smart material-driven [44] sys-
tems, providing stable power output for the equipment [45]. The 
sensing system strives to enhance the precision and reliability of 
IMUs [46], force sensors [47], electromyography sensors [48], and 
plantar pressure sensors [49], constructing a precise perception 
system [50]. On this basis, the field of intelligent control achieves 
dynamic adaptation in complex scenarios through strategies such 
as model predictive control [13], deep learning [51,52], and adap-
tive control [53,54]. Moreover, human–machine interaction em-
phasizes the synchronicity of collaborative control [55], weara-
bility comfort [56], and multimodal interface optimization [57], 
thereby enhancing the effect of human–machine integration [58]. 
Material applications focus on improving the performance of 
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lightweight composite materials [59] and elastic functional ma-
terials [60], providing fundamental support for the optimization 
and upgrading of various technical modules.

The lack of standardized and comprehensive evaluation met-
rics poses significant challenges for validating the effectiveness 
of lower limb exoskeletons. Current evaluation metrics remain 
fragmented, typically separating device-centric performance data 
from human-centric outcomes. This division fosters over-reliance 
on engineering metrics at the expense of crucial human–machine 
interaction indicators, such as user comfort and usability. At the 
same time, a growing number of studies focus on enhancing 
various aspects of lower limb exoskeleton performance, result-
ing in an excessively abundant and largely homogeneous set of 
evaluation metrics.

Moreover, as shown in Table  1, existing highly cited review lit-
erature have primarily focused on two aspects: the development 
of lower limb exoskeletons in three core areas, including control 
strategies, device design, and HRI, and a systematic summary 
of current technical challenges [61–65]. Establishing a compre-
hensive set of validated assessment protocols is therefore essen-
tial for guiding the future development and clinical or sporting 
adoption of lower limb exoskeletons.

Therefore, this review aims to establish a comprehensive, 
multi-dimensional assessment framework for lower limb ex-
oskeletons that spans various application domains. By systemat-
ically categorizing exoskeletons based on their application sce-
narios, structural configurations, and actuation principles, this 
framework integrates performance indicators related to the hu-
man user, the device itself, and human–robot interaction. The 
ultimate goal is to establish a hierarchical evaluation index sys-
tem. This work is intended to serve as a systematic reference for 
the field, guiding efforts to enhance the safety, personalization, 
and clinical deployment of rehabilitative exoskeletons, thereby 
providing significant value for future research, development, and 
translational applications.

The remainder of this paper is organized as follows. Section 
2 details the literature search strategy employed in this review. 
Section 3 then introduces the classification of application sce-
narios for lower limb exoskeletons, while also elucidating the 
intrinsic relationships between different structural configurations 
and their primary application scenarios and assessment priorities. 
The systematic classification of evaluation metrics is presented 
in Section 4. Finally, the conclusions and future perspectives are 
summarized in Sections  5 and 6.

2. Method

2.1. Eligibility criteria

In terms of search strategy, this study employed a systematic 
review methodology. In November 2025, it strictly adhered to 
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines to conduct a systematic review 
of literature on the application and evaluation of lower limb 
exoskeletons from 2019 to 2025. Relevant studies were system-
atically retrieved from the Web of Science database to ensure 
comprehensive coverage of the field. The keywords (K) used 
during the search process included:

K1: Expressions related to exoskeletons: exoskeleton (1), as-
sistive robot (2), wearable robot (3), portable robot (4)

K2: Expressions related to human body parts: lower limb (1), 
leg (2), hip (3), knee (4), ankle (5)

K3: Expressions related to evaluation outcomes: performance 
evaluation (1), rehabilitation assessment (2), clinical trial (3)

Therefore, the search was generally conducted using combina-
tion expressions of the form: K1? (1 or 2 or 3 or 4) AND K2? (1 
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Table 1
Comparison between existing reviews about lower limb exoskeleton and our paper.
 Review Topic Description  
 Shi et al. (2019) [61] • Human gait analysis 

• Mechanical design 
• Control strategies 

This review systematically analyzes lower limb rehabilitation exoskeletons, 
integrating bionics, robotics, and medicine. It examines human gait 
biomechanics, critiques treadmill and overground prototypes, highlights 
mechanical innovations like parallel mechanisms and adaptive joints, 
studies flexible drives, and evaluates control methods. Noting progress, it 
identifies human–robot integration as a key challenge, advocating 
rigid–flexible-soft hybrid structures, personalized gait generation, and 
multimodal fusion for future development.

 

 Tucker et al. (2015) [62] • Intent recognition and sensor fusion 
• Human–robot integration 
• Environmental interaction sensing

This seminal review by Tucker et al. presents a comprehensive analysis of 
control strategies for active lower limb prosthetic and orthotic (P/O) 
devices. The authors introduce a novel generalized control framework that 
conceptualizes P/O devices as integrated systems within a broader 
ecosystem involving user, environment, and device itself. The work 
remains highly influential for its systematic classification of control 
methodologies and forward-looking perspective on integrating human 
motor control principles with robotic assistance technologies.

 

 Dollar and Herr (2008) [63] • Biomechanics of walking 
• Control strategies and sensing 
• Active orthoses design

This seminal review by Dollar and Herr provides a comprehensive analysis 
of lower extremity exoskeletons and active orthoses, categorizing them 
into performance-augmenting devices for able-bodied users and assistive 
devices for individuals with mobility impairments. The authors establish a 
biomechanical foundation for human walking, detailing joint kinematics, 
kinetics, and power requirements. Key challenges include power supply 
limitations, actuator efficiency, human–robot interface design, and lack of 
demonstrated metabolic benefit in most systems.

 

 Yan et al. (2015) [64] • Assistive and therapeutic devices 
• Multi-joint vs. single-joint 
• Gait phase detection and intention 
recognition

This systematic review by Yan et al. classifies and analyzes assistive 
strategies in powered lower limb orthoses and exoskeletons. Based on a 
literature search from Web of Science and Scopus, 76 papers are 
categorized into multi-joint and single-joint systems with detailed control 
strategy sub-classifications. The work offers a valuable framework for 
comparing assistive strategies and emphasizes the need for standardized 
validation protocols and hybrid sensing approaches for natural 
human–robot interaction.

 

 Young and Ferris (2017) [65] • Assistive and therapeutic devices 
• Control strategies and user interfaces 
• Sensor systems and energy sources

This comprehensive review by Young and Ferris analyzes the 
state-of-the-art in lower limb robotic exoskeletons, categorizing devices 
into three domains: human performance augmentation, assistive devices, 
and therapeutic systems. The authors highlight significant gaps in rigorous 
quantitative evaluation, noting that most literature lacks comparative 
performance metrics.

 

or 2 or 3 or 4 or 5) OR K3? (1 or 2 or 3). The literature selection 
was strictly limited to peer-reviewed publications in English, 
with no restrictions on publication year, including both journal 
articles and engineering conference papers, to ensure compre-
hensive coverage of the latest research in the application and 
evaluation of lower limb exoskeletons. For the articles retrieved 
and screened, the following inclusion and exclusion criteria (C) 
were strictly applied:

C1: To enhance retrieval accuracy, we focus on three key 
aspects of lower limb exoskeleton robot literature: the appli-
cation scenarios of lower limb exoskeleton robots, the driving 
sources and configurations employed in these robots, and the 
evaluation metrics proposed for different lower limb exoskeleton 
robots, including their actual human–robot interaction perfor-
mance. Additionally, the following keywords were used to assess 
the relevance of articles to this study: design, drive, control, net-
work, mechanism, gait, assistance, walking, phase, rehabilitation, 
system, wearable lower limb, human performance augmentation, 
framework, mobility, etc.

C2: The study types include clinical research, experimental re-
search, systematic evaluation studies, standards or guideline doc-
uments, or systematic reviews, which explicitly involve the per-
formance evaluation or clinical effectiveness assessment of lower 
limb exoskeleton robots to provide valuable insights and refer-
ence for future research. Articles not matching these study types 
were excluded. Specifically, the following keywords and their 
synonyms were used to filter out irrelevant articles: simulation, 
digital twin, simulation model, identification, remote control, vir-
tual reality, visual perception, image processing, brain–computer 
interface, etc.
3

C3: The research content was required to include at least 
one keyword from multiple dimensions, including rehabilitation 
training, improvement of walking function, application scenarios, 
structural configuration, actuation type, parameters related to 
test subjects, parameters related to robots, and human–robot 
integration assessment indicators. Studies that were solely fo-
cused on the theoretical design, mechanical structure, or control 
algorithms of lower limb exoskeleton robots without empirical 
evaluation, studies that only provided conceptual descriptions 
or did not conduct practical assessments, and studies with high 
similarity to already included literature were excluded.

C4: Some articles related to lower limb exoskeletons were 
excluded. Although this study focused on lower limb exoskeleton 
robots, the screening process was designed to avoid missing 
relevant literature, and the exoskeleton robot systems were sys-
tematically categorized as lower limb types (covering the hip, 
knee, ankle, and multi-joint combinations) during the screening 
process. Conversely, exoskeleton categories involving upper limbs 
(including shoulder, elbow, hand, upper arm, and forearm) and 
full-body or hybrid systems combining the back with lower limbs 
were not considered for inclusion, and related literature was 
excluded to prevent the evaluation criteria from becoming overly 
complex.

2.2. Search process

Records were retrieved from the database, compiled in Excel, 
and duplicates were manually removed based on publication 
information such as titles, authors, years, and sources. The re-
maining studies were initially screened by title and abstract, and 
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Fig. 2. Review process following the guidelines of PRISMA.

those unrelated to lower limb exoskeleton design were excluded. 
Subsequently, full-text evaluations were performed on the stud-
ies that passed the initial screening, and the screening process 
was strictly conducted according to the predefined inclusion and 
exclusion criteria.

Following completion of all screening processes, we system-
atically explored the full texts and reference lists of all included 
studies. This aimed to comprehensively identify potentially rele-
vant research and minimize the risk of omission. The literature 
screening procedure was carried out by the first author, with 
each article assessed individually based on the predefined inclu-
sion and exclusion criteria. A cross-check of all excluded articles 
was subsequently conducted by the second author, focusing on 
verifying the logical soundness of the exclusion decisions and 
their compliance with the relevant criteria. In the event of any 
disagreements during the screening process, detailed discussions 
were held during regular meetings, and the remaining authors 
served as mediators in the decision-making process. Ultimately, 
a consensus was reached among all parties, which substantially 
enhanced the objectivity, rigor, and traceability of the screening 
process.

2.3. Selection process and data extraction

The initial screening is aimed at finding titles, abstracts, and 
keywords. After the initial screening, a total of 2673 publica-
tions were detected in the literature search in the mentioned 
databases. After removing 5 duplicate documents, the titles and 
abstracts of the remaining publications were checked and sorted. 
During the screening process, 2560 articles were eliminated be-
cause they did not meet the scope of this work and the inclusion 
criteria set in this article. In the end, a total of 108 papers were 
included in the subsequent analysis and research, providing a 
new overview of the multi-dimensional evaluation system of 
lower limb exoskeleton robot performance and human–computer 
interaction effectiveness. Fig.  2 illustrates the complete screening 
process of this review, during which no restrictions were imposed 
regarding participants’ gender, age, or health status.

VOSviewer software was employed as the graphical tool to 
plot and analyze the selected sample literature data. By analyzing 
the titles, keywords, and abstracts of the literature that met the 
inclusion criteria from the Web of Science and Scopus databases, 
as shown in Fig.  3, the results reveal the current research trends 
4

and hotspots in the field of lower limb exoskeletons. In the Re-
search trends figure, the size of the circles and the color intensity 
of the heat map clearly demonstrate the extent of researchers’ 
exploration into different aspects of lower limb exoskeletons. The 
results indicate that the main research directions are concen-
trated on rehabilitation outcomes, gait analysis, and lower limb 
motor abilities, while there is a significant deficiency in the area 
of systematic evaluation metrics.

3. Research status and analysis of lower limb exoskeleton

Lower limb exoskeleton technology has developed rapidly in 
recent years, and its application domains have continued to ex-
pand. In this section, the application fields of lower limb ex-
oskeletons are reviewed and categorized based on the collected 
literature. Furthermore, we present the hardware selections from 
these studies, detailing key parameters such as wearing method, 
drive joint, application scenarios, control strategy, device weight, 
joint range of motion, and maximum torque, as summarized in 
Table  2. According to their corresponding application scenarios, 
the exoskeletons are classified from the perspective of this review 
into three major categories: medical rehabilitation, industrial as-
sistance, and human performance augmentation, as illustrated in 
Fig.  4.

3.1. Mechanical structures

The wearing positions and mechanical structure designs of 
lower limb exoskeletons are consistently guided by scenario re-
quirements and centered on adaptability. This approach has led to 
the formation of three key directions: coverage range, functional 
focus, and adaptability optimization. Table  3 presents a compar-
ative overview of representative mechanical structures in recent 
lower-limb exoskeletons, highlighting their core innovations and 
limitations.

The rehabilitation field emphasizes safety and individual adapt-
ability, while the mechanical structure is designed around full-
range support and localized precise adaptation. Among full-range 
coverage designs, the focus is on multi-joint coordination. For in-
stance, the HAL system developed by Nakajima et al. [70] achieves 
comprehensive lower limb coverage, including the waist, thighs, 
calves, and feet, through an exoskeletal framework. It integrates 
sensor shoes and surface electrodes to meet the adaptive as-
sistance requirements of neurological rehabilitation. Similarly, 
the MOTION system proposed by Zhang et al. [83] covers the 
entire lower limb from the waist to the foot and enhances 
biomechanical compatibility through a joint alignment mecha-
nism. In contrast, localized-focus designs simplify the mechanical 
structure to improve task specificity. Examples of such designs 
include the systems developed by Hsu [84] and Li et al. [85], 
which focus on hip joint assistance, achieving precise force de-
livery through thigh linkages and a U-shaped frame. Another 
example of localized designs with adjustable sizing is the APO 
hip exoskeleton developed by Livolsi et al. [78], which features 
a carbon fiber frame that encases the hips and posterior pelvis, 
allowing free hip adduction and abduction through customizable 
orthotic sleeves, making it suitable for localized rehabilitation 
scenarios. Furthermore, Optimized designs with adjustable sizing 
address population variability. These include the VALOR system 
by Liu et al. [86], which incorporates adjustable-length linkages 
and a waist-mounted RGB-D camera bracket, thereby providing 
a balance between adaptability and functional expansion. Addi-
tionally, the SWAG system developed by Miller-Jackson et al. [75] 
achieves adaptive wearability and efficient torque transmission 
through tubular blocking beams and wedge-shaped static sup-
port modules. Similarly, the rehabilitation robot designed by Liu 
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Fig. 3. Research trends (a) and heat map (b) from 2019 to 2025 centered on a Web of Science search for the keyword ‘‘Lower limb exoskeleton’’.
et al. [87] provides stable vertical support by integrating a hip 
height adjustment device with a gantry frame, addressing the 
requirements of different stages of rehabilitation.

In addition, regarding the provision of support force, the 
HAL system developed by Nakajima et al. [70] employs a rigid 
structure featuring lightweight alloy frames and precision rotary 
joints. This high stiffness ensures adequate support during om-
nidirectional movements, making it suitable for scenarios in the 
early stages of rehabilitation where high stability is required. On 
the other hand, flexible structures aim to maximize long-term 
wearing comfort. For instance, the soft exoskeleton developed by 
Awad et al. [67] utilizes functional textiles and a cable system 
to keep the weight below 5 kg, thereby significantly reducing 
movement constraints. In the system developed by Li et al. [88], 
5

a spherical contact backpack device is used to connect the ex-
oskeleton flexibly to the user’s waist, enhancing both comfort and 
stability. Meanwhile, an independent body weight support (BWS) 
system driven by Bowden cables provides gravity compensation 
and actively ensures that the horizontal tension applied to the 
human body is zero. These two types of designs are more suitable 
for mild rehabilitation or long-term wearing scenarios. The rigid–
flexible hybrid structure integrates the advantages of the first 
two designs. For example, the system of Chen et al. [89] encloses 
carbon fiber knee plates and aluminum pulleys with soft textiles, 
combining high compliance with low mechanical impedance, and 
achieving full coverage of rehabilitation training from bed rest to 
walking.

In the industrial field, load carrying capacity and operational 
durability are the primary concerns, and structural design is 
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Table 2
Classification of lower limb exoskeletons.
 Author, (Year) Wearing method Drive joint Application 

scenarios
Control strategy Device 

weight
Joint range of motion Maximum torque  

 Li et al. (2020) [66] Standalone 
wearable

H-K Rehabilitation User-intent-based Control 22.65 kg H Ex[30◦]/Fl[140◦] 
K Fl[125◦]/Hy[5◦] 
A [±19◦]

H Peak[93 
Nm]/Nom[32 Nm] 
K Peak[82 Nm] 
K Nom[34.7 Nm(L)/27.2 
Nm(R)]

 

 Awad et al. (2020) [67] Standalone 
wearable

A Rehabilitation User-intent-based Control <5 kg – –  
 Lee et al. (2020) [68] Standalone 

wearable
K human 

augmentation
User-intent-based Control 2.7 kg K Fl[90◦]/Hy[20◦] K Peak[22 Nm]  

 Gordleeva et al. (2020) [69] Auxiliary support H-K Rehabilitation User-intent-based Control – – –  
 Nakajima et al. (2021) [70] Auxiliary support H-K Rehabilitation User-intent-based Control 15 kg H Ex[20◦]/Fl[120◦] 

K Ex[6◦]/Fl[120◦]
–  

 Zhou et al. (2021) [71] Standalone 
wearable

H-K human 
augmentation

Passive control 1.86 kg – –  
 Luo et al. (2021) [72] Standalone 

wearable
H-K-A Rehabilitation Trajectory-based Control – H Ex[20◦]/Fl[90◦] 

K Fl[90◦] 
A[−15◦ −+45◦]

–  

 Chen et al. (2021) [73] Standalone 
wearable

H-K Rehabilitation User-intent-based Control – – –  
 Ishmael et al. (2022) [74] Standalone 

wearable
H human 

augmentation
User-intent-based Control 2.7 kg – H Peak[41.9 Nm]  

 Miller et al. (2022) [75] Auxiliary support H Rehabilitation Trajectory-based Control 3.1 kg H Ex[15◦]/Fl[30◦] H Peak[31 Nm]  
 Franks et al. (2022) [76] Standalone 

wearable
H-K-A human 

augmentation
User-intent-based Control 13.5 kg – Ha[0.9 Nm/kg] 

Ka[0.8–0.9 Nm/kg] 
Aa[0.35–0.7 Nm/kg]

 

 Jayaraman et al. (2022) [77] Standalone 
wearable

H Rehabilitation User-intent-based Control 2.1 kg – H Peak[12 Nm]  
 Chiara et al. (2022) [78] Standalone 

wearable
H Rehabilitation Trajectory-based Control 6.5 kg H Ex[15◦]/Fl[100◦] H Peak[22 Nm] 

Ha[0.02–0.1 Nm/kg]
 

 Qian et al. (2022) [79] Standalone 
wearable

H Rehabilitation User-intent-based Control 3.8 kg – H Peak[15 Nm]  
 Xu et al. (2023) [80] Standalone 

wearable
H Rehabilitation User-intent-based Control 3.5 kg – H Peak[37.8 Nm]  

 Bergmann et al. (2023) [81] Auxiliary support H-K Rehabilitation User-intent-based Control 14.4 kg – H Nom[64.2 Nm] 
K Nom[40.1 Nm]

 
 Abbas et al. (2024) [82] Standalone 

wearable
H Rehabilitation Admittance control – – H Peak[67 Nm] 

H Nom[34 Nm]
 

Note: ‘‘–’’ indicates that the parameter was not reported or was unclear in the original study; ‘‘H’’, ‘‘K’’, and ‘‘A’’ respectively represent the hip, knee, and ankle. ‘‘Ex’’, ‘‘Fl’’, and ‘‘Hy’’ respectively represent 
the extension angle, flexion angle, and hyperextension angle. In the ankle angles, we specify that the positive and negative signs of the angles respectively indicate dorsiflexion and plantarflexion. ‘‘Peak’’ 
indicates the maximum output torque, ‘‘Nom’’ indicates the nominal torque
a indicates that the maximum assistive torque at the marked site is related to the subject’s body weight.
Fig. 4. Application scenarios of lower limb exoskeleton.

developed to balance load distribution with motion flexibility. 
Weight is strategically concentrated to optimize the center of 
gravity. For example, in the system of Ma et al. [90], the con-
troller and battery are placed in the backpack, combined with a 
hip-knee-ankle joint linkage, to optimize weight distribution for 
long-term operation. Wu et al. [91] integrated a QDD motor with 
a UAKC clutch into a thigh drive unit and sequentially transmitted 
auxiliary torque to the knee and ankle joints via a cable system. 
6

This design concentrates the main mass proximally, effectively 
reducing limb-end inertia. Furthermore, anthropomorphic struc-
tures better match the force transmission path. The BioComEx 
system by Ozgur et al. [92] achieves a compact fit of sagittal-
plane flexion-extension through anthropomorphic design of the 
chain links of the lower leg, thigh, and back, supporting high-
intensity handling. The hip exoskeleton of Ishmael et al. [74] is 
fixed to the lateral thigh and pelvis with a carbon fiber frame 
and a four-link mechanism, ensuring both lightweight construc-
tion and multi-directional mobility. In addition, there are also 
designs that emphasize lightweight construction and adaptability, 
enabling better suitability for various industrial operation sce-
narios. Qian et al. [79] proposed the Powered Hip Exoskeleton 
system, whose mechanical structure consists of a frame, motor 
module, passive joints, IMU sensors, an RGB-D depth camera, and 
adjustable support straps. It is mainly worn around the hip and 
waist areas and offers advantages such as lightweight design, 
real-time environmental perception, and adaptive gait control. 
The system proposed by Luo et al. [72] fixes the hip, knee, and 
ankle joints using a back brace and leg straps, achieving a balance 
between support and flexibility.

Meanwhile, in the industrial sector, structural design primar-
ily focuses on durability and load-bearing capacity, with rigid–
flexible hybrid structures representing the mainstream approach 
for such applications. Rigid structural components are designed 
to support heavy loads, employing carbon fiber frames and pre-
cision rotary joints to ensure high stiffness, thereby providing 
omnidirectional motion support and durability under harsh envi-
ronmental conditions, which makes them suitable for heavy-duty 
handling and high-intensity work scenarios. In contrast, flexible 
structural components emphasize high compliance and adapt-
ability to reduce discomfort during prolonged use. Rigid–flexible 
hybrid structures, in turn, achieve a balance between mechanical 
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strength and human adaptability. For instance, Ozgur et al. [92] 
embedded variable stiffness actuators (VSAs) and series elastic ac-
tuators (SEAs) into limb segments to enhance bionic compliance 
and mitigate impact-induced injuries. Tu et al. [93] combined 
an aluminum alloy main structure with nylon-fabric soft compo-
nents, enhancing joint mobility while maintaining load-bearing 
capacity. Similarly, Zhang et al. [83] utilized carbon fiber tub-
ing together with a telescopic cylindrical mechanism to reduce 
potential joint misalignment torque through a joint alignment de-
sign, thereby alleviating user fatigue. The overall design highlights 
lightweight construction and a high strength-to-weight ratio.

The enhancement of motion capability centers on low inter-
ference and dynamic adaptation, with structural design focusing 
on centralized layout, distributed transmission, and adjustable 
sizing. A centralized layout can greatly reduce the unnecessary 
load caused by distal inertia. For instance, in the WAXO system 
developed by Bourgrinat et al. [94], the drive and electronic 
modules are integrated at the waist, complemented by a 3D-
printed cable bracket on the calf and a carbon fiber strut on the 
sole to minimize additional inertia. Similarly, the bilateral hip 
exoskeleton developed by Alili et al. [82] is worn around the 
waist and secured to the thighs via fabric sleeves, achieving adap-
tive step width modulation through adjustments of admittance 
control parameters. On the other hand, distributed transmission 
focuses on optimizing power output. The system proposed by Li 
et al. [66] employs a synchronous belt drive and modular joint 
bases to relocate the motors away from the hip, knee, and ankle 
joints, thereby reducing axial dimensions and supporting crutch-
assisted balance training. The hip-knee-ankle system developed 
by Franks et al. [76] centers around Bowden cable transmission 
and adjustable interfaces, enabling efficient power transmission 
through a waist belt. Similarly, the size-adjustable design enables 
accommodation of a wide range of users. The system developed 
by Zhang et al. [95] is based on a hip-knee-ankle three-joint 
rotational structure, autonomously adjusting its length via hy-
draulic telescoping rods to fit subjects of varying heights. The EX1 
system by Lee et al. [96] utilizes an adjustable waist belt and thigh 
interface to meet the efficient torque transmission requirements 
of users with different body types.

In addition, there are also design structures specifically tai-
lored to special populations or application scenarios. For in-
stance, designs exclusively for children are intended to meet 
the needs of their developmental stage. The system by Sara-
jchi et al. [97] achieves adjustable sizing through the use of 
lightweight aluminum tubes and quick-release shafts, assisting 
lower limb movements in children aged 8–12 with six active 
joints. The bionic joints further enhance the naturalness of move-
ment. The system by Gao et al. [98] integrates a bionic multi-
degree-of-freedom hip joint, a crossed four-bar linkage knee 
joint, and a passive rigid–flexible coupled ankle joint, thereby 
improving the smoothness of movement transitions. The system 
developed by Zhou et al. [99] achieves walking gait assistance 
through an integrated back-leg-foot structure, supporting stan-
dard gait tracking during wear experiments. Furthermore, con-
sidering the diversity of limb movements, a full-motion coverage 
design offers greater adaptability for diversified training. For 
instance, the GEMS-H system by Jayaraman et al. [77] utilizes a 
waist fixation belt and thigh fixators as its core components to 
provide assistance at the hip joint with low metabolic load. The 
soft exoskeleton by Cao et al. [100], achieves distributed fixation 
and force transmission for hip flexion assistance through a waist 
belt, knee joint wrapping, and Dyneema ropes.
7

3.2. Actuation system

The evolution of actuation system has consistently followed 
the principle of aligning power with scenario-specific require-
ments while optimizing power characteristics to enhance user 
experience. Guided by their own primary objectives, the three 
core domains have collectively shaped a technological landscape 
dominated by electric motor drives and complemented by diverse 
auxiliary drives. Each type of drive solution demonstrates distinct 
advantages, as highlighted in the literature. To further analyze 
the hardware basis for human–robot interaction, Table  4 details 
the specific drive system schemes, systematically comparing key 
parameters such as driver architecture, control bandwidth, and 
compliance implementation strategies across recent studies. Ta-
ble  5 summarizes the actuation mechanisms employed in these 
systems, comparing their specific driving strategies and current 
constraints.

In the rehabilitation field, exoskeletons are driven by a core 
focus on high precision and high safety, resulting in a diversi-
fied technological framework with motor-driven systems as the 
mainstay and pneumatic and other compliant driving methods as 
supplements. Among these, the motor-driven solution primarily 
focuses on achieving precise motion control and adaptive ad-
justment. Its specific applications are demonstrated at multiple 
levels. For instance, the system developed by Li et al. [66] employs 
a 90-260 W brushless DC motor and a harmonic reducer to 
achieve high-precision positional control of the hip and knee 
joints, as well as smooth speed tracking and adaptive load capa-
bility. Nakajima et al. [70] utilized a motor-driven mechanism as 
the power source for the lower limb joints, which significantly 
enhanced walking distance and step frequency by employing 
bioelectrical signal-based proportional torque assistance. Further-
more, to improve the adaptability of human–machine interaction, 
the system proposed by Bergrmann et al. [101] dynamically reg-
ulates the stiffness of the series elastic element in real time 
through a secondary motor, thereby adapting to the rehabilita-
tion requirements at different gait phases. Similarly, the system 
developed by Liu et al. [102] delivers phased assistance to the 
knee and ankle joints through a motor-driven cable transmission 
combined with series elastic actuators, facilitating gait phase 
recognition for precise control of assistance timing. The common 
feature of such designs lies in utilizing the low-inertia control 
characteristics of motors, thereby fundamentally ensuring the 
safety of rehabilitation training. In contrast, and serving as a 
complement, pneumatic and other compliant actuation methods 
place greater emphasis on addressing compliance challenges in 
specific rehabilitation scenarios. For instance, Luo et al. [72] im-
plemented a hybrid actuation system combining an electric motor 
and pneumatic artificial muscles (PAMs) in their exoskeleton, 
where the PAMs primarily provide gravitational compensation, 
offering both weight reduction and torque regulation for the 
wearer. In addition, the pneumatic STAR actuator developed by 
Miller-Jackson et al. [75] reduces muscle activation through com-
pliant actuation, making it suitable for hip flexion and extension 
rehabilitation training. The soft exoskeleton proposed by Awad 
et al. [67] achieves compliant ankle plantarflexion and dorsi-
flexion actuation through a cable transmission system and me-
chanical actuators, effectively addressing the issue of foot drop. 
Overall, the actuation strategies of such exoskeletons combine 
precise control with compliant assistance, forming a distinctive 
rehabilitation approach characterized by precision-dominant and 
compliance-supplemented actuation.

The design of exoskeletons in the industrial sector centers on 
meeting the core demands of high torque, high durability, and 
high efficiency. Since driving methods such as pneumatic and 
hydraulic systems require additional power sources, the driv-
ing approach of this type of exoskeleton is characterized by 
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Table 3
Comparison of mechanical structure in Lower-Limb Exoskeletons.
 Paper Year Core innovation Limitations  
 Nakajima et al. [70] 2021 The development of the HAL system, an exoskeletal 

framework providing comprehensive lower limb 
coverage that integrates sensor shoes and surface 
electrodes to detect bioelectric signals, creating an 
interactive biofeedback loop for adaptive neurological 
rehabilitation.

The exoskeletal device is relatively heavy 
(approximately 15 kg) and relies on detecting 
residual bioelectric signals, which may limit its 
usability for patients with severe motor unit 
degradation, while the supporting clinical trial had a 
small sample size and an open-label design.

 

 Hsu et al. [84] 2020 The study presents a four degree-of-freedom lower 
limb exoskeleton focused on hip joint assistance, 
achieving precise force delivery through thigh 
linkages and a U-shaped frame. Additionally, it 
implements a linear extended state observer based 
controller to estimate human exerted torques and 
provide adaptive power assistance during the 
walking swing phase.

The mechanical design relies exclusively on hip 
actuation, preventing active support for the knee or 
ankle and limiting its use for full-leg assistance 
Furthermore, experimental electromyography tests 
revealed instances of man-machine confliction, 
indicating that the control mechanisms require 
further refinement to ensure seamless 
synchronization.

 

 Liu et al. [86] 2021 The paper presents the VALOR system, an 
autonomous lower-limb exoskeleton that features 
adjustable-length linkages and a waist-mounted 
RGB-D camera bracket to balance mechanical 
adaptability and functional expansion. It utilizes this 
visual feedback to enable autonomous 
decision-making and parameterized gait pattern 
planning, significantly improving the robot’s 
adaptability to varying walking environments.

The system’s experimental validation is currently 
restricted to simplified, controlled indoor 
environments with isolated obstacles and assumes 
perfect depth sensor accuracy. Furthermore, the 
control mechanism does not yet address the user’s 
gravity shift, requiring subjects to rely on handrails 
for balance during operation.

 

 Wu et al. [91] 2024 The study introduces a lightweight lower limb 
exoskeleton that utilizes a single quasi-direct-drive 
motor and a Unidirectional Ankle-Knee Gait Clutch 
to sequentially provide auxiliary torque to the knee 
and ankle joints during the stance phase, controlled 
by a one-dimensional convolutional neural network 
using plantar pressure data.

The mechanical design relies on custom 3D-printed 
composite frames that require multiple sizes to fit 
different users, and the spatial constraints of the 
four-bar linkage limit the maximum achievable 
spring compliance. Additionally, the system’s 
performance was evaluated on a very limited sample 
size of only three healthy subjects.

 

 Ishmael et al. [74] 2022 The paper develops a lightweight, 
high-torque-density powered hip exoskeleton 
featuring a novel four-bar mechanism with 
integrated composite springs and a carbon-fiber 
frame attached to the lateral thigh and pelvis, 
ensuring efficient torque transfer and 
multi-directional mobility.

The mechanical design relies on custom 3D-printed 
composite frames that require multiple sizes to fit 
different users, and the spatial constraints of the 
four-bar linkage limit the maximum achievable 
spring compliance. Additionally, the system’s 
performance was evaluated on a very limited sample 
size of only three healthy subjects.

 

 Tu et al. [93] 2022 The paper presents the E-LEG, a novel semi-passive 
lower-limb exoskeleton designed for worker 
squatting assistance that features motorized tuning 
of the squatting height using an inertial sensor and 
an electromagnetic switch, combining an aluminum 
alloy main structure with nylon-fabric soft 
components to balance load-bearing capacity and 
joint mobility.

As a semi-passive device primarily aimed at static 
weight support during squatting tasks, it lacks the 
capability to provide active dynamic assistance 
during walking, and prolonged use in complex 
industrial settings may still induce localized 
discomfort or restrict highly dynamic movements.

 

 Bourgrinat et al. [94] 2019 The study presents the WAXO system, an ankle 
exoskeleton that minimizes added distal mass by 
integrating the actuation and electronic modules at 
the waist, utilizing Bowden cables to transmit 
mechanical force to carbon fiber struts on the boot 
via a 3D-printed calf bracket.

The experimental validation was limited to 
electromyography signal analysis from a single 
healthy subject, and the current prototype relies on 
an off-board personal computer for motor control, 
restricting its autonomous operation and portability 
in real-world environments.

 

 Lee et al. [96] 2023 The paper introduces the EX1, a lightweight 
wearable hip-assist robot featuring a delayed output 
feedback control algorithm and an adjustable waist 
belt and thigh interface that efficiently transmits 
assistive torque for users of various body types to 
improve gait and metabolic efficiency.

The study was constrained by a small sample size 
and a lack of monitoring of participants’ daily 
physical activities outside the experimental sessions; 
additionally, some users experienced discomfort from 
high assistive torques and suggested further 
mechanical improvements regarding the device’s 
weight, noise, and design.

 

Note: This table presents a representative selection of recent studies rather than an exhaustive review.
motor-driven systems as the mainstay, supplemented by pas-
sive actuation. Among these, motor-driven systems dominate due 
to their power density and control precision. Specifically, Baser 
et al. [92] employed a brushless DC motor combined with a 
ball screw to achieve compact and efficient power output in 
a longitudinal embedded configuration. Ma et al. [90] utilized 
a brushless DC disc motor to provide active assistance for the 
hip and knee joints, supporting sagittal-plane linear walking. Wu 
et al. [91] used a quasi-direct drive (QDD) motor to deliver a peak 
torque of 23 N m, providing sequential knee-ankle assistance with 
low reflected inertia, suitable for repetitive squat-lifting tasks. 
8

Additionally, passive driving solutions aimed at enhancing energy 
efficiency and portability also show considerable potential. A 
typical example is the system developed by Zhou et al. [71], 
which utilizes a dual-joint spring-clutch mechanism to recover 
energy during the swing phase and assist hip joint extension 
during the stance phase. By eliminating the need for an exter-
nal power source, this design reduces constraints on portability. 
Moreover, the electromagnetic switch-driven system proposed by 
Tu et al. [93] offers advantages such as adjustable squat height 
and rapid response to changes in working posture. Together, 
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Table 4
Comparison of drive system schemes for lower limb exoskeletons.
 Author, (Year) Main driving form Control bandwidth or 

frequency
Compliance Driver architecture type  

 Li et al. (2020) [66] Hybrid 4.07–5.40 Hz Passive PEA/RA  
 Awad et al. (2020) [67] Electric – Passive Cable-driven  
 Lee et al. (2020) [68] Electric 200 Hz Active RA  
 Gordleeva et al. (2020) [69] Electric – Passive RA  
 Nakajima et al. (2021) [70] Electric – Active –  
 Zhou et al. (2021) [71] Passive – Passive Spring-Clutch Mechanism  
 Luo et al. (2021) [72] Hybrid – Passive Artificial Muscle Hybrid Actuation 
 Chen et al. (2021) [73] Electric – Active RA  
 Ishmael et al. (2022) [74] Electric 23.8–25.1 Hz Hybrid SEA  
 Miller et al. (2022) [75] Pneumatic 0.67 Hz Variable Stiffness Pneumatic Rotary Actuator  
 Franks et al. (2022) [76] Electric – Active Cable-driven  
 Jayaraman et al. (2022) [77] Electric 100 Hz Active aRA  
 Chiara et al. (2022) [78] Electric 1000 Hz Passive SEA  
 Qian et al. (2022) [79] – – – –  
 Xu et al. (2023) [80] Electric – Passive RA  
 Bergmann et al. (2023) [81] Electric – Variable Stiffness VSA  
 Abbas et al. (2024) [82] Electric – Active RA  
Note: ‘‘–’’ indicates that the parameter was not reported or remains unclear in the original study. In the ‘‘Primary Actuation Mode’’ column, ‘‘Electric’’ denotes that 
the system utilized in the paper is primarily electrically actuated; ‘‘Passive’’ indicates the absence of active actuation; ‘‘Hybrid’’ signifies the incorporation of two or 
more equally significant actuation methods; and ‘‘Pneumatic’’ denotes that the system is primarily pneumatically driven. In the ‘‘Control Bandwidth or Frequency’’ 
column, due to the varying definitions of frequency disclosed across the papers, the values listed in the table predominantly represent upstream controller frequencies 
or update rates. In the ‘‘Compliance’’ column, ‘‘Passive’’ indicates that the system adopts a passive mechanical design for compliance; ‘‘Active’’ means the system 
achieves compliance actively by responding through algorithms or other methods; ‘‘Hybrid’’ signifies that the compliance design equally integrates two or more 
strategies; and ‘‘Variable Stiffness’’ indicates the utilization of a variable stiffness mechanism. In the ‘‘Actuator Architecture Type’’ column, PEA, RA, SEA, and VSA are 
abbreviations for Parallel Elastic Actuator, Rigid Actuator, Series Elastic Actuator, and Variable Stiffness Actuator, respectively; any other specific architectural types 
are explicitly stated directly in the table.
a denotes that the corresponding information was not explicitly stated in the original paper but was inferred through reasonable deduction. This table presents a 
representative selection of recent studies rather than an exhaustive review.
these solutions form diversified technological approaches tailored 
to various industrial scenarios.

In the field of human performance augmentation, the design of 
exoskeleton systems is driven by precise control, rapid response, 
and training diversity, with the technological pathway currently 
dominated by motor-driven solutions. The core advantage of this 
approach lies in its exceptional torque output and fast dynamic 
response. Specifically, brushless direct currentmotor systems are 
widely adopted due to their high power density and low ro-
tational inertia, which enable them to effectively accommodate 
the demands of various gait transitions, including running and 
walking. For example, Ishmael et al. [74] employed a linear actu-
ator composed of a brushless motor + ball screw supplemented 
by a compound spring. This configuration not only provides a 
peak assistance torque of 42 N m but also effectively reduces 
the motor load, making it suitable for multi-task scenarios such 
as walking, running, and stair climbing. In terms of joint drive 
design, different studies have focused on different aspects. The 
unilateral knee exoskeleton developed by Lee et al. [68] utilized a 
combination of a 70 W brushless DC motor and a high gear ratio 
(113:1) planetary gear reducer to achieve concentric alignment 
drive with the biological knee joint, emphasizing the balance 
between trajectory accuracy and system energy consumption. In 
contrast, Lee et al. [96] integrated the drive module into the 
waist to provide independent drive for the hip joint, ensuring 
effective torque tracking of approximately 12N m even at angu-
lar velocities up to 6 rad/s. Similarly, Alili et al. [82] employed 
two brushless motors amplified via harmonic reducers (with 
a transmission ratio of 100:1) to provide auxiliary torques of 
up to 34 N m (continuous) and 57 N m (peak) for hip abduc-
tion/adduction movements, meeting the dynamic requirements 
throughout the gait cycle. Across the aforementioned studies, the 
driving strategies consistently emphasize energy efficiency, with 
the core control logic aiming to achieve precise synchronization 
between power output and the user’s movement rhythm. These 
studies generally pursue high force control accuracy (reaching 
the 0.1 N m level) and low response latency (< 50 ms) as key 
9

technological foundations for ensuring training effectiveness and 
supporting diverse training scenarios.

Overall, the design of lower limb exoskeletons is highly depen-
dent on the application scenarios: rehabilitation systems priori-
tize safety and adaptive assistance, industrial devices emphasize 
power and durability, and human augmentation equipment fo-
cuses on lightweight design, dynamic response, and feedback 
accuracy. These differences have driven the diversified develop-
ment of material selection, actuation technologies, and structural 
design, reflecting an evolution from rigid to flexible structures, 
from single-joint to multi-joint systems, and from purely rigid 
to rigid–flexible hybrid designs. In terms of actuation methods, 
there has been a transition from high inertia to low reflection, 
forming a technology innovation pathway that is deeply inter-
twined with industry applications. Additionally, lower limb ex-
oskeletons demonstrate certain cross-domain reusability across 
different fields. The same device can adapt to various task sce-
narios by adjusting control parameters or optimizing assistance 
strategies, allowing flexible applications across multiple domains. 
This cross-domain reusability further enhances the device’s appli-
cation value.

3.3. Control system

The control system serves as the cornerstone for lower limb 
exoskeletons to achieve precise assistive performance, dynamic 
adaptation to complex environments, and safe HRI. As exoskele-
ton technology transitions from laboratory settings to clinical and 
industrial applications, control strategies have evolved from sin-
gle trajectory tracking to multi-dimensional human–robot syner-
gistic networks. To elucidate the technical depth of exoskeletons 
across different application scenarios (medical rehabilitation, in-
dustrial assistance, and human performance enhancement) and 
to provide a reference for technical solutions, this paper presents 
a comprehensive review of the specific control methods and 
core control logic employed in the surveyed literature. Based on 
the reviewed content, state-of-the-art lower limb exoskeleton 
control schemes can be primarily categorized into three types: 
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Table 5
Comparison of actuation mechanisms in lower-limb exoskeletons.
 Paper Year Core innovation Limitations  
 Li et al. [66] 2020 This paper proposed a compact and modular 

geared-motor-driven lower-limb exoskeleton 
architecture, using a synchronous drive for the hip 
actuator and a gear drive for the knee actuator to 
distribute the BLDC motor and harmonic reducer 
while reducing axial joint width. In the cited context, 
its key relevance is the compact 
motor–harmonic-reducer actuation design for precise 
hip/knee position control and smooth walking 
assistance.

The validation remained preliminary, relying mainly 
on benchtop tests and experiments with only one 
healthy subject on level ground rather than 
paraplegic users or varied real-world terrains. The 
system also still required further improvements in 
sensing, control autonomy, cable layout, actuator 
noise, battery weight, and user-intention detection.

 

 Bergmann et al. [101] 2023 This paper proposed a human-cooperative control 
framework for a lower-limb exoskeleton with 
variable stiffness actuators, where user joint torques 
are estimated during swing and stance phases and 
then amplified to provide assistance without 
requiring pre-recorded gait trajectories. In the cited 
context, its key innovation is the use of a secondary 
motor to actively adjust the effective length of the 
leaf springs, enabling real-time stiffness adaptation 
across gait phases for safer and more compliant 
human–robot interaction.

The validation was conducted mainly with one 
healthy subject, so its effectiveness for rehabilitation 
patients or users with severe motor impairment 
remains insufficiently demonstrated. In addition, the 
stance-phase torque estimation depends on 
simplified GRF sensing and assumes relatively ideal 
human–exoskeleton coupling, which may reduce 
accuracy under higher-speed gait or joint 
misalignment conditions.

 

 Ling et al. [102] 2022 This paper designed a flexible lower-limb 
power-assisted exoskeleton for stair ascent and 
descent, combining motor-driven lasso/cable 
transmission with tandem/series elastic elements to 
provide phased assistance to the knee and ankle 
joints. In the cited context, its main contribution is 
the integration of gait recognition using ankle angle 
and plantar pressure sensing with staged assistance 
timing for stair-climbing support.

The work is mainly a prototype-level validation, with 
limited experimental evidence on real users and no 
comprehensive evaluation of long-term comfort, 
metabolic benefit, or safety across diverse elderly or 
impaired populations. The assistance strategy is also 
relatively task-specific, focusing on stair 
ascent/descent rather than broader daily-life 
locomotion modes.

 

 Awad et al. [67] 2020 This paper evaluated a portable soft robotic exosuit 
for post-stroke gait assistance, using Bowden cable 
transmission and waist-mounted actuation to provide 
targeted paretic ankle plantarflexion assistance 
during stance and dorsiflexion assistance during 
swing. In the cited context, its key contribution is 
compliant cable-driven ankle assistance that 
improves propulsion and toe clearance, thereby 
reducing foot-drop-related gait deficits and enabling 
users to walk faster and farther overground.

The study involved only six high-functioning chronic 
stroke participants, and the no-exosuit and 
powered-exosuit conditions were tested on different 
days with a fixed testing order. It also could not 
isolate the independent effects of plantarflexion 
versus dorsiflexion assistance, so the specific 
contribution of each assistance mode remains 
unclear.

 

 Baser et al. [92] 2019 This paper developed BioComEx, a biomimetic 
compliant lower-limb exoskeleton that uses a 
variable stiffness actuator at the ankle and series 
elastic actuators at the knee and hip to better match 
lower-limb biomechanical compliance. In the cited 
context, its key design contribution is the compact 
longitudinal embedding of BLDC motor–ball screw 
actuation modules inside the thigh and shank 
segments, enabling efficient power transmission 
while reducing the lateral bulk of the wearable 
structure.

The experimental validation was preliminary and 
mainly demonstrated basic walking trajectory 
tracking and force-reduction capability rather than 
long-term rehabilitation or load-carrying outcomes. 
The ankle stiffness was also fixed to a high constant 
value in the reported walking tests, so the full 
benefit of real-time variable stiffness during gait was 
not comprehensively validated.

 

 Wu et al. [91] 2024 This paper proposes a lightweight underactuated 
lower-limb exoskeleton that uses a single 
quasi-direct-drive motor and a Unidirectional 
Ankle-Knee Gait Clutch to sequentially provide knee 
and ankle assistance during the stance phase. It also 
integrates a lightweight one-dimensional CNN using 
insole pressure data for gait-phase estimation and 
phase-dependent biological torque generation.

The system was mainly validated on healthy 
participants under level-walking conditions, so its 
robustness across complex terrains and broader user 
populations remains insufficiently demonstrated. In 
addition, the waist-mounted control hardware and 
reactive torques may increase hip-joint load and 
reduce comfort during real-world use.

 

Note: This table presents a representative selection of recent studies rather than an exhaustive review.
adaptive control-based, deep learning-driven control, and user 
intent-based traditional control.

Adaptive control, as a strategy capable of robustly addressing 
system uncertainties and external dynamic disturbances, plays 
a critical role in the field of lower limb exoskeleton control. 
The core logic of adaptive control lies in designing parameter 
adaptive laws, enabling the system to perform real-time on-
line estimation of unknown system parameters, external dis-
turbances, or complex gait spatiotemporal characteristics during 
operation. Consequently, the system can dynamically adjust con-
troller gains, structures, or the onset timing of assistive torque to 
10
ensure control performance under complex and varying operating 
conditions. In the studies reviewed herein, given the inherent 
‘‘human-in-the-loop’’ nature of lower limb exoskeletons, the sys-
tem must not only address inter-subject physiological variability 
but also adapt to time-varying gait characteristics induced by 
prolonged usage. Li et al. [103] selected a hybrid gait phase es-
timation method based on adaptive oscillators; by synchronizing 
human hip joint motion signals in real-time via oscillators and 
combining them with a fast convergence algorithm, they resolved 
the phase estimation lag during variable-speed walking. Wang 
et al. [104] adopted an adaptive robust control strategy, utilizing 
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parameter adaptive laws to online estimate uncertain param-
eters within the system dynamics. Qian et al. [79] developed 
a high-level control framework comprising deep vision-based 
feedforward motion pattern prediction and adaptive oscillator-
based feedback gait phase estimation, achieving assistive strategy 
planning on complex terrains and precise synchronization of 
human-exoskeleton motion. Livolsi et al. [78] utilized adaptive 
oscillators for real-time gait phase estimation and provided as-
sistive torque synthesized via a dual-Gaussian function at specific 
gait phases based on the patient’s specific motor impairments.

Leveraging exceptional nonlinear approximation capabilities 
and the capacity to process massive datasets, deep learning tech-
nology is increasingly becoming one of the most dynamic techni-
cal pathways in lower limb exoskeleton control. Its core control 
logic involves utilizing deep neural networks to implicitly ex-
tract high-dimensional features directly from multi-modal sensor 
data, thereby constructing an end-to-end mapping relationship 
from state perception to control signal output. During the high-
frequency operation of lower limb exoskeletons, the system con-
tinuously generates substantial and highly time-correlated sensor 
data. Deep learning-driven control schemes facilitate the deep 
fusion of multi-source information, providing significant support 
for the realization of intelligent systems. In the reviewed stud-
ies, Ma et al. [90] collected surface electromyography (sEMG) 
signals from the human lower limbs and extracted Root Mean 
Square (RMS) features; their study utilized a deep backpropa-
gation neural network to real-time predict hip and knee joint 
angles, achieving active assistive control of the exoskeleton. Wu 
et al. [91] employed a lightweight Convolutional Neural Network 
(CNN) to real-time identify gait phases from plantar pressure 
sensor data and generate target assistive torque, combining this 
with a novel single-motor sequential drive mechanism to achieve 
precise assistance for the knee and ankle. Liu et al. [102] utilized 
a Long Short-Term Memory (LSTM) network-based deep learning 
model to perform gait recognition and intent judgment by ana-
lyzing plantar pressure and angle sensor data. Sheng et al. [105] 
adopted motor imagery-based Brain–Computer Interface (BCI) 
technology, using a CNN to recognize user motion intent and 
combining it with gait planning to drive the exoskeleton for 
rehabilitation tasks.

User intent-based traditional control schemes represent one 
of the most extensively applied and technically mature classic 
control solutions in the current lower limb exoskeleton field. 
The core logic of this scheme lies in using a distributed sensor 
network to real-time capture and analyze the wearer’s motion 
intent, subsequently combining this with a Finite State Machine 
(FSM) or other algorithms to provide assistance at specific gait 
phases. In the reviewed studies, Tu et al. [93] employed a classic 
FSM combined with sensor information to real-time identify user 
walking and squatting intents, thereby driving an electromagnetic 
switching mechanism to achieve transitions between different 
states. Lee et al. [68] adopted a three-layer control architecture, 
utilizing an FSM to identify motion phases based on the gait cycle; 
during the early stance phase, a Proportional–Derivative (PD) 
controller output a preset assistive torque profile to assist human 
walking under various slope conditions. Bergmann et al. [101] 
utilized an Unscented Kalman Filter (UKF) and inverse dynam-
ics to real-time estimate user joint torques for motion intent 
recognition, automatically adjusting the mechanical stiffness of a 
Variable Stiffness Actuator (VSA) based on gait phases to achieve 
smooth assistance. Gunnell et al. [106] adopted a proportional 
electromyography (EMG) control scheme, detecting EMG signals 
from the affected side’s Vastus Medialis muscle and generating 
knee extension assistive torque proportionally.

Overall, the aforementioned control strategies exhibit distinct 
emphases according to different application requirements: adap-
tive control significantly enhances system dynamic responsive-
ness and environmental adaptability; deep learning technology 
11
Fig. 5. A multidimensional evaluation framework for lower-limb exoskeletons.

endows the system with higher intelligence and proactivity; 
while intent-based control schemes remain a fundamental cor-
nerstone for advancing the field. The evolutionary trend of future 
control systems will no longer be limited to single algorithms 
but will tend toward multi-modal fusion control. This entails 
adopting high-frequency classical feedback control strategies at 
the low level to ensure torque output stability, while combining 
data-driven algorithms such as deep learning at the high level 
for precise intent prediction. This integrated development will di-
rectly contribute to optimizing human-exoskeleton compatibility 
and further reducing the wearer’s metabolic cost.

4. Evaluation metrics

In recent years, the detection indicator system for lower limb 
exoskeletons has been steadily refined, with its application scope 
continuously expanding, and a systematic classification frame-
work has been established. This section provides a comprehensive 
review of existing evaluation indicators, scientifically dividing 
them into three major categories: human-related indicators, ma-
chine performance-related indicators, and human–machine inter-
action indicators. On this basis, various relevant indicators are 
further detailed, as shown in Fig.  5. Furthermore, to provide 
a more application-oriented perspective, we introduce a clas-
sification diagram in Fig.  6. Fig.  6 systematically maps specific 
indicators directly to their corresponding aforementioned three 
categories. By referencing this diagram, appropriate indicators 
can be selected according to the evaluation objectives.

Although the specific priorities of these metrics vary by
domain – emphasizing safety, recovery, and clinical outcomes 
in rehabilitation; durability, load management, and endurance 
in industrial assistance; and metabolic efficiency and dynamic 
response in human performance augmentation – their core ap-
plications remain largely consistent. This integrated framework 
(Figs.  5 and 6) enables critical cross-domain analysis, reveal-
ing that human-related metrics function as universal efficacy 
benchmarks, while machine and HRI indicators commonly ad-
dress shared challenges in precision and compatibility, thereby 
facilitating direct comparability and highlighting opportunities 
for standardization.
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Fig. 6. Key evaluation metrics for lower-limb exoskeletons.
4.1. Human-related

4.1.1. Metabolic cost
Among the indicators related to humans, metabolic status 

and muscle fatigue assessment are key measures for evaluating 
the effectiveness of exoskeleton systems in reducing the physi-
ological load on users, providing a comprehensive reflection of 
the user’s fatigue state through multidimensional quantification 
methods. Metabolic cost assessment, as a core indicator for val-
idating the efficacy of lower limb exoskeletons [107–110], offers 
a comprehensive evaluation of the assistive performance of ex-
oskeletons via energy metabolism measurements. For instance, 
Cao et al. [111] proposed the Net Metabolic Rate, determined by 
measuring oxygen uptake and carbon dioxide output using an 
12
indirect calorimeter and then reflecting changes in energy effi-
ciency through standardized calculations. Awad et al. [67] defined 
the energy cost of walking, calculated by dividing the oxygen 
consumption measured with an indirect calorimeter by walking 
speed to obtain the energy consumption per unit distance. Bryan 
et al. [112] proposed the Metabolic Cost Increase, measured by 
detecting oxygen uptake with an indirect calorimeter and stan-
dardizing it to quantify the additional metabolic consumption 
associated with wearing an exoskeleton.

Among these, the Brockway equation serves as a crucial tool 
for calculating metabolic costs, with multiple studies utilizing it 
to quantify the effects of exoskeletons: Lee et al. [68] employed 
a modified version of this equation to estimate net metabolic 
costs and showed that approximately half of the participants 
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experienced reduced metabolic costs during inclined walking. Cao 
et al. [100] calculated the metabolic rates of participants walking 
at 5 km/h with and without exoskeletons using this equation. 
Zhou et al. [71] combined data from an indirect calorimetry 
system to compute the net metabolic rates before and after using 
exoskeletons with different spring stiffnesses via this equation. 
Chen et al. [89] used the equation to calculate net metabolic 
rates and found reductions of 9.86%, 12.48%, and 22.08% for 
downhill, level ground, and uphill walking, respectively, thereby 
validating the effectiveness of assistance across different terrains. 
Franks et al. [76] confirmed the metabolic optimization effect 
of exoskeletons in the studies. By using an indirect calorimeter 
to detect oxygen consumption and carbon dioxide excretion to 
calculate metabolic cost, they found that the use of exoskele-
tons could reduce metabolic cost by more than 50%, improve 
walking efficiency, and reduce fatigue. Further evaluations con-
ducted in various slope scenarios consistently showed reductions 
in metabolic cost, thereby validating the actual assistive effects of 
exoskeletons. Meanwhile, Wu et al. [91] overcame the limitations 
of traditional fixed equipment by employing a portable metabolic 
system to record oxygen and carbon dioxide levels. They simul-
taneously measured changes in the metabolic state of wearers 
in both outdoor paths and indoor treadmill scenarios, provid-
ing references for the metabolic assessment of exoskeletons in 
real-world applications.

However, it is worth noting that despite the widespread use 
of metabolic cost as a key metric, inconsistent experimental pro-
tocols significantly limit the direct comparability across different 
studies. Variations in testing conditions, walking speeds, test 
durations, and the selection of baseline states make it challenging 
to objectively compare the metabolic reduction rates of different 
exoskeletons.

4.1.2. Muscle fatigue
Muscle EMG signal detection focuses on sEMG and EMG sen-

sors, combined with various standardized processing methods. 
For example, Chen et al. [113] employed an improved EMG FT 
muscle fatigue level algorithm to assess muscle fatigue by cal-
culating the root mean square (RMS) of sEMG. Tu et al. [93] 
integrated a wireless EMG transmitter, insole-type plantar pres-
sure sensors, and a motion capture camera, utilizing the ∆ EMG 
formula to evaluate changes in muscle activity. Lee et al. [68] 
assessed the activation level of the knee extensor muscle group 
using a combination of EMG sensors and RMS processing.

Additionally, multiple studies have proposed assessment indi-
cators targeting muscle fatigue [38,114–116]. For example, Zhou 
et al. [71] proposed the Hip Flexion Metabolic Energy Regulation 
indicator, which measures the activity intensity of the rectus 
femoris muscle using surface electromyography sensors and, in 
conjunction with a gas metabolic analyzer, verifies that exoskele-
tons can reduce metabolic costs by 7.2% and 6.8% during walking 
and running, respectively. Tian et al. [117] and Bryan et al. [112] 
proposed the ‘‘muscle activity reduction rate’’ indicator, which 
assesses the electrical signals of lower limb muscles using surface 
electromyography sensors and calculates muscle activity levels 
through normalization. Experimental results have confirmed that 
muscle activity decreases by 20%–30% after wearing exoskeletons.

It has become generally accepted in the field that exoskele-
tons can significantly reduce the activation level of target lower 
limb muscles. Meanwhile, some studies have focused on specific 
task scenarios to conduct electromyographic assessments. For 
example, Ma et al. [118] monitored the activation of forearm 
muscle groups through surface electromyography to analyze the 
effect of exoskeletons on reducing upper limb burden during 
gait transition tasks. Similarly, Lee et al. and Tu et al. [68,93] 
respectively verified the load-sharing effect of exoskeletons in 
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the corresponding scenarios through electromyographic signals 
in walking tests and squatting transfer experiments.

Nevertheless, comparing EMG-based measurements across the 
literature remains challenging due to the lack of standardized 
definitions and data processing protocols. Discrepancies in sensor 
placement, signal filtering frequencies, and normalization tech-
niques often lead to inconsistent evaluation outcomes, hindering 
cross-device performance comparisons.

4.1.3. Spatiotemporal parameters
As a fundamental set of parameters for evaluating walking 

efficiency and movement rhythm during exoskeleton-assisted lo-
comotion, spatiotemporal gait parameters are measured using 
devices such as gyroscopes and pressure sensors [119,120] to 
quantify key characteristics, including walking speed [67], step 
frequency [70], and stride length [121]. These parameters pro-
vide a comprehensive reflection of improvements in the user’s 
mobility. In validation studies, Gunnell et al. and Su et al. [96,106] 
employed motion capture systems and force plate measurement 
systems, respectively, to confirm that exoskeleton interventions 
significantly enhance spatiotemporal gait parameters. The latter 
study reported a 17.6% increase in walking speed and a 10% 
increase in stride length, directly demonstrating the exoskeleton’s 
effect on improving walking efficiency and rhythm.

4.1.4. Kinematics
Gait pattern, stability, and symmetry are the core dimen-

sions for evaluating the assistive effects of exoskeletons. Relevant 
studies have established targeted kinematic quality assessment 
systems [24,110,122–125]. By quantitatively analyzing parame-
ters related to gait trajectory similarity, limb movement asym-
metry, and gait familiarity, these assessments comprehensively 
capture the optimization effects of exoskeletons on walking pat-
terns. Zhang et al. [126] employed the coefficient of determi-
nation R2 and the mean absolute deviation (MAD) to compare 
hip/knee joint angle trajectories with clinical reference trajecto-
ries, thereby quantifying improvements in gait tracking accuracy. 
Li et al. [103] utilized the Asymmetry Index (ASI) to analyze 
differences between the affected and unaffected sides in variables 
such as peak hip/knee flexion and vertical ground reaction force 
(vGRF), evaluating the exoskeleton’s contribution to restoring gait 
symmetry. Marinou et al. [127] defined three metrics, namely 
stride duration, lateral deviation, and support polygon area, as 
indicators for assessing gait familiarity, thereby enhancing the 
efficiency and accuracy of biomechanical evaluations.

4.1.5. Functional assessment
Functional capacity assessment focuses on the comprehensive 

effects of exoskeletons on lower limb motor function and actual 
walking ability, primarily employing well-established clinical as-
sessment tools and task-based metrics [128]. Among these stud-
ies, Livolsi et al. [78] proposed the Fugl-Meyer Lower Extremity 
Assessment (FMA-LE) metric, which utilizes clinical observation 
and movement scoring on a 0–34 point scale to assess reflexes, 
joint range of motion, and coordination, thereby providing a 
quantitative measure of lower limb motor function recovery. 
Zhang et al. [129] further combined this metric with the 6-
Minute Walk Distance (6MWD) to comprehensively evaluate the 
improvement in lower limb motor function and walking ability 
achieved through exoskeleton-assisted training.
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4.2. Machine performance

4.2.1. Data accuracy
The evaluation of data accuracy focuses on exoskeleton tra-

jectory tracking, torque control, and data acquisition accuracy, 
and has established a system centered on multi-type sensor de-
tection and standardized error quantification [81,130–139]. This 
assessment utilizes equipment such as joint encoders [92,140], 
high-resolution incremental encoders [101,141], combinations of 
strain gauge bridges and motor encoders [142], and ground reac-
tion force sensors [83], together with quantitative metrics such as 
root mean square error (RMS error/RMSE) [68,138], L2 norm [88], 
and hip joint trajectory tracking error [141]. These tools and met-
rics enable precise evaluation of joint position accuracy, torque 
tracking accuracy, and gait trajectory tracking performance.

In terms of special validation and performance optimization, 
Cao et al. focused on evaluating the 24-bit ADC resolution [100], 
1000 Hz synchronous sampling capability, and EtherCAT bus 
multi-sensor expandability of the hardware circuit, validating 
the detectability of sEMG signals under weak electromyography 
conditions. Bergrmann et al. [101] measured the deformation of 
series elastic elements using high-resolution encoders and calcu-
lated human–machine interaction torque in real time by combin-
ing Hooke’s law, specifically assessing mechanical transparency 
and force control accuracy in zero-assistance mode. Liu et al. [87] 
employed a combination of simulation and physical prototype 
experiments to compare the average trajectory tracking errors of 
different control algorithms, thereby demonstrating the precision 
improvement effect of the control system. Collectively, these 
studies have established a multi-dimensional data accuracy eval-
uation system for exoskeletons, providing comprehensive support 
for performance verification and optimization.

4.2.2. Degrees of freedom
Degrees of freedom represent a core dimension for evaluating 

the flexibility of exoskeletons and their adaptability to natu-
ral movement [131,143–147]. Relevant studies employ methods 
such as mechanical design parameter testing and the use of 
IMU sensors (MTw, Xsens), together with kinematic models or 
data analysis, to quantify joint range of motion, the number of 
active and passive degrees of freedom, and the effective working 
space. This approach allows for a comprehensive assessment of 
the device’s ability to support natural gait. Specifically, Livolsi 
et al. [78] verified that a hip exoskeleton (APO) supports multi-
planar movement, with an effective working space that meets 
the requirements for flexible motion. Qian et al. [148] quantified 
the hip joint range of motion in the zero-impedance mode as 
43.00 ± 1.17 degrees, confirming that wearing the exoskele-
ton does not restrict natural movement. Xu et al. [80] clarified 
that the exoskeleton features one active degree of freedom (hip 
flexion/extension) and three passive degrees of freedom (ad-
duction/abduction, sliding, rotation), enabling precise alignment 
with natural gait patterns. Kang et al. [149] indicated that the 
exoskeleton provides a controllable range of motion necessary 
for walking assistance, with 130 degrees of hip flexion/extension 
in the sagittal plane and 30 degrees of abduction/adduction in 
the frontal plane. Collectively, these studies have established an 
evaluation system that considers both degree-of-freedom config-
uration and motion range, providing key support for designing 
exoskeletons that align with natural movement.

4.2.3. Model metrics
Model indicators are the core support for exoskeleton inten-

tion recognition, control optimization, and performance verifica-
tion. Related research has developed a complete evaluation sys-
tem covering intention recognition, model verification, and data 
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fitting through multi-sensor combinations, algorithm modeling, 
and error quantification [126,134,138,145,146,150–154]. Specif-
ically, regarding gait and movement intention recognition, Yu 
et al. [155] employed a dual IMU sensor and DSP controller 
combination to establish a neural network gait phase estima-
tion formula for evaluating the real-time gait cycle percentage. 
Meanwhile, Gordleeva et al. [69] processed EEG signals using 
a common spatial pattern (CSP) filter and a linear discriminant 
analysis (LDA) model to construct a feature extraction and classi-
fication pipeline and quantify movement intention classification 
errors. Chen et al. [89] used IMU sensors to detect thigh angular 
velocity and angle and applied a support vector machine algo-
rithm to classify terrain type (uphill, downhill, flat ground) and 
gait phase, achieving high accuracy and quantifying gait cycle 
duration.

In terms of model verification and data fitting evaluation, 
Zhang et al. [129] employed mean absolute error (MAE) and 
root mean square error (RMSE) to assess the prediction devia-
tion of the rehabilitation evaluation model for clinical indicators, 
thereby verifying its generalization ability and accuracy. Sarajchi 
et al. [97] proposed a unique model verification strategy, using 
Simulink and Simscape environments to link forward and inverse 
kinematics analysis results, thus validating the effectiveness of 
the model. Sheng et al. [105] used the residual sum of squares 
(SSE) and the coefficient of determination (R-square) to evaluate 
the fitting performance of Fourier series on lower limb joint 
angle data. Collectively, these studies establish a full-chain evalu-
ation from intention recognition to model verification, providing 
essential theoretical and data support for precise control and 
performance optimization of exoskeletons.

4.3. Human–machine interaction

4.3.1. Human–machine compatibility
human–machine compatibility is a core evaluation dimension 

for assessing the human–machine adaptability of exoskeletons. 
Related research focuses on three major directions: geometric 
matching accuracy, human–machine interaction regulation, and 
dynamic synchronization performance. By employing equipment 
such as motion capture systems, beam-type load sensors, and 
multi-sensor combinations, researchers collect detailed interac-
tion data. Using metrics such as Virtual Rotation Center Misalign-
ment (VRC Misalignment) [104], quantified misalignment dis-
tance [98], and Normalized Error Area, they achieve a comprehen-
sive assessment of human–machine adaptability [101,122,145,
156–160]. In terms of geometric compatibility, Cao et al. [161] 
proposed an adaptive performance index for spatial linkage mech-
anisms and, by employing multi-degree-of-freedom design and 
real-time pose compensation calculations, validated the effective-
ness of axial alignment deviation compensation through tests on 
subjects with different body types. Regarding interactive regula-
tion and comfort optimization, Ozgur et al. [92] recorded interac-
tion forces using beam-type load sensors and calculated torques, 
demonstrating that a closed-loop impedance control algorithm 
can effectively reduce interaction torque; Chen et al. [73] cal-
culated a comfort performance index based on human–machine 
interaction torque and step frequency, showing that variable 
admittance strategies can significantly improve compatibility and 
comfort. Concerning dynamic synchronization and state inter-
action, Li et al. [88] used the coefficient of determination R2

of the normalized Divergent Component of Motion (DCM) as 
a synchronization metric, achieving an average R2 of 0.90 for 
human–machine dynamic gait synchronization; Tu et al. [93] 
quantified the state interaction effect through the accuracy (AC) 
of FSM state switching; Nakajima et al. [70] developed an inter-
active biofeedback (iBF) control algorithm by integrating surface 
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electrodes, gyroscopes, and force/torque sensors to precisely eval-
uate the alignment between motion intention and assistance 
timing. These studies have established a comprehensive eval-
uation framework spanning geometric adaptation, interaction 
regulation, and dynamic synchronization, thereby providing es-
sential technical support for the human–machine-friendly design 
of exoskeletons.

4.3.2. User comfort and perception
User comfort and perception are critical dimensions for eval-

uating the wearing experience of exoskeletons. Relevant studies 
employ a combination of subjective feedback scales and objec-
tive indicator measurements, which allows them to comprehen-
sively quantify wearing adaptability, fatigue levels, and ease of 
use [130,162]. In terms of subjective assessment, Lee et al. [68] 
utilized a 1–10 graded scale to collect user feedback regard-
ing the reduction in walking effort. Chen et al. [113] obtained 
multi-dimensional perceptual evaluations from users on overall 
lower limb comfort, lower back comfort, and respiratory rhythm 
through a Likert-type scale. Xu et al. [80] enabled patients to 
self-assess their psychological fatigue levels using the Borg CR-
10 scale. Regarding objective detection and verification, Livolsi 
et al. [78] proposed skin compatibility indicators. Clinical obser-
vations and patient reports confirmed that the hip exoskeleton 
(APO) caused only mild erythema after 42 uses, with no serious 
skin issues. Xu et al. [80] monitored skin irritation and motion in-
terference through subjective feedback combined with sEMG sig-
nal stability, verifying that the passive degree-of-freedom mech-
anism could enhance comfort. For usability assessment, Zhang 
et al. [83] analyzed usability by incorporating donning and stand-
ing tasks within predefined rehabilitation protocols and combin-
ing dual user interface feedback. This approach indirectly reflects 
the human–machine interaction effects during COM manipula-
tion. These assessment indicators, by integrating subjective per-
ception and objective data, provide a comprehensive and precise 
reference for optimizing the wearing experience of exoskeletons.

4.3.3. Task-oriented immersive interaction
Incorporated five additional highly relevant studies into the 

review, thereby expanding the scope of the included literature 
database. The Methodology section has been updated accordingly 
to reflect this broadened inclusion

Task-oriented, immersive interaction using virtual reality (VR) 
and augmented reality (AR) highlights a major shift in HRI. Rather 
than relying solely on physical motion intention recognition, 
current research is moving toward multimodal cognitive-motor 
feedback systems. By employing techniques like immersive sce-
nario construction, real-time feedback optimization, and digital-
physical state mapping, recent studies have established a novel, 
integrated cognitive-physical evaluation framework.

Regarding immersive scenario design and the stimulation of 
neuroplasticity, Su et al. [163] integrated VR with motor im-
agery brain-computer interfaces (BCIs) for lower-limb exoskele-
ton rehabilitation. This combination establishes a closed-loop 
cognitive-motor feedback pathway, significantly boosting active 
patient participation and improving neurological recovery out-
comes. To optimize real-time interactive feedback,
Pinto-Fernandez et al. [164] introduced AR into assisted walking. 
By overlaying digital cues onto the physical environment, this ap-
proach provides real-time visual guidance that allows users to dy-
namically adjust and refine their gait patterns. Similarly, Jeremy 
et al. [165] merged mixed reality (MR) with traditional body-
weight-supported rehabilitation, demonstrating that immersive, 
task-driven interactions can substantially enhance lower-limb 
functional recovery in post-stroke patients.
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Exploring psychological modulation and high-precision state 
mapping within virtual environments, Wang et al. [166] in-
vestigated weight perception and control experiences during 
loaded virtual rehabilitation. They proved that applying biased 
weight feedback alongside movement modulation effectively al-
ters the user’s subjective perception of weight, adding depth to 
the psychological and sensory dimensions of HRI. Additionally, 
Lee et al. [167] introduced digital twin technology paired with 
tactile sensors to achieve precise, real-time mapping of physical 
mechanical interactions into a virtual space. This integration 
offers unprecedented accuracy for immersive safety monitoring 
and interaction force evaluation.

Ultimately, these emerging interaction modalities do more 
than just alleviate the psychological fatigue typically associated 
with repetitive gait training. They introduce novel quantitative 
metrics—such as virtual task completion rates, cognitive-motor 
response times, and digital twin synchronization errors. By ex-
panding the traditional HRI evaluation framework from a purely 
physical scope to a holistic cognitive-physical dimension, these 
advancements provide a robust foundation for the future devel-
opment of exoskeleton interaction technologies.

4.3.4. Human-robot interaction safety and physiological safety
human–machine interaction safety and physiological safety 

focus on the safety of interactions between exoskeletons and hu-
mans, as well as the protection of wearers’ macroscopic physical 
indicators. Relevant research has established a comprehensive 
safety assessment system through multiple approaches, including 
mechanical testing, safety protocol monitoring, and physiological 
indicator tracking [24,134,162]. In terms of mechanical safety, 
Wan et al. [168] measured shear stress and endurance time to 
evaluate the mechanical safety of the human–machine contact 
interface, providing a basis for preventing force concentration 
issues. Bergrmann et al. [101] verified the system’s safety un-
der unintended interactions and assessed the impact absorp-
tion capacity of flexible actuators by establishing a spring-type 
transition zone before joint angle limits and applying gradu-
ally increasing reverse torques, combined with the measured 
torque mutation amplitudes in impact experiments. Regarding 
adverse event and feasibility monitoring, Nakajima et al. [70] 
proposed a safety monitoring protocol, recording adverse reac-
tions such as myalgia and skin irritation via system logs and 
clinical assessments. They statistically determined that the inci-
dence of HAL-related adverse events was 46.7%, all of which were 
mild and manageable. Xu et al. [80] confirmed through adverse 
event recording and physiological monitoring that there were 
no adverse reactions, heart rates remained stable, and no equip-
ment failures occurred throughout the experiment, indicating 
high safety. In terms of physiological indicator safety assess-
ment, Hong et al. [169] monitored heart rate and blood pressure 
changes in subjects during assisted walking training to ensure 
cardiovascular safety and the absence of adverse events. Livolsi 
et al. [78] combined heart rate (HR) monitoring with the Borg 
CR-10 Rating of Perceived Exertion scale in 6-Minute Walk Test 
(6MWT) experiments involving patients with ABI, to simultane-
ously evaluate gait training safety and subjective exertion levels. 
These studies comprehensively addressed key aspects of safety 
assessment, from mechanical interactions to physiological states, 
providing solid support for the safe application and optimization 
of exoskeletons.

4.3.5. Control systems safety
System control safety focuses on the reliability of exoskeleton 

hardware protection and software regulation. Relevant research 
has established a comprehensive safety assurance system through 
mechanical design, algorithm optimization, and sensing trigger 
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mechanisms [119,137]. In terms of structural hardware safety 
protection, Chiu et al. [142] designed mechanical safety devices 
and established an overload protection model, which verified 
the reliability of the emergency load safety interruption function 
through rope fracture failure tests. Qian et al. [148] implemented 
real-time monitoring of hip joint angle safety thresholds and an 
emergency shutdown mechanism, allowing the device to imme-
diately switch to transparent mode or shut down in case of unsafe 
behavior, thereby ensuring user safety. Regarding software and 
control logic safety, Chen et al. [89] prevented auxiliary force 
overload and efficiently handled emergency situations through 
the collaboration of cont rol algorithm optimization and mechan-
ical design, and experimentally verified the system’s reliability 
during walking through monitoring. Luo et al. [72] used pressure 
sensors to detect specific pressure values on the sole of the foot, 
employing these values as triggering signals for gait switching 
to ensure wearer safety from the perspective of control logic. 
These methods, through the collaborative integration of hardware 
protection and software regulation, provide essential guarantees 
for the operational reliability of the exoskeleton system.

4.3.6. Device performance or rehabilitation status
The assessment of device performance and rehabilitation sta-

tus focuses on the functional performance and training effi-
cacy of exoskeletons in real-world applications. Quantification is 
achieved through methods such as multi-sensor fusion, clinical 
scale testing, and task validation. [24,170]. In terms of device 
performance, Qian et al. [79] constructed a terrain-adaptive as-
sistance strategy based on multi-sensor fusion data. Through 
outdoor experiments, they successfully managed eight mode 
transitions, reducing the phase error of transitional gait cycles by 
30.4%. Additionally, they established a comprehensive evaluation 
framework for drive transparency and safety using IMUs, en-
coders, and metabolic analyzers, confirming that the exoskeleton 
can reduce interaction torque by 64.3% without affecting nat-
ural gait patterns. Liu et al. [86] validated the effectiveness of 
the VALOR exoskeleton system in a controlled environment by 
having three healthy participants complete 45 indoor obstacle-
walking tasks. Regarding rehabilitation outcomes, Li et al. [103] 
employed the Fugl-Meyer Assessment for Lower Extremity (FMA-
LE), the Berg Balance Scale (BBS), and the Timed ‘‘Up and Go’’ Test 
(TUGT) to comprehensively evaluate rehabilitation improvements 
in lower limb motor dysfunction and balance ability facilitated 
by the exoskeleton. Marinou et al. [127] monitored upper limb 
muscle co-activation using electromyography (EMG) to quantify 
participants’ rehabilitation progress in reducing crutch support 
after becoming familiar with the exoskeleton. These studies val-
idated the practical application value of exoskeletons from both 
the dimensions of device operational performance and rehabilita-
tion training efficacy, providing crucial evidence for their clinical 
translation and scenario expansion.

5. Discussion and future direction

This paper presents a categorized review of the current main 
application scenarios of lower limb exoskeletons and proposes 
a multidimensional, multi-indicator evaluation system. Notably, 
despite differing domain goals, the application of evaluation met-
rics is largely consistent across rehabilitation, industrial assis-
tance, and human performance augmentation. The core logic is 
based on comprehensive performance assessment through three 
major indicators: human, machine, and human–machine inter-
action. At the ‘‘human’’ level, research is no longer limited to 
demonstrating singular physiological benefits, such as reduced 
metabolic cost or decreased muscle activity; rather, it integrates 
gait kinematics analysis, functional clinical scales, and traditional 
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biomechanical indicators to establish correlations among phys-
iological load, motor function, and rehabilitation outcomes. At 
the ‘‘machine’’ level, the evaluation focus extends beyond basic 
degrees of freedom and precision to encompass intelligent ca-
pabilities, including the accuracy of intent recognition in model 
algorithms and the robustness of adaptive control. The technical 
effects should be validated through ‘‘human–machine interac-
tion’’, and the establishment of a series of evaluation dimensions, 
including geometric compatibility, subjective comfort, and inter-
action safety, underscores that the user-centered design philoso-
phy has become the ultimate criterion for measuring the practi-
cal value of exoskeletons. However, several important indicators 
remain understudied and require further improvement.

First, the current evaluation framework relies heavily on
single-session or short-term testing, leaving long-term safety in-
dicators inadequately addressed. Recent studies underscore that 
human biomechanical adaptation to exoskeletons exhibits signif-
icant inter-day variations, necessitating longitudinal tracking to 
accurately assess persistent physical effects [171]. Without multi-
day or long-term monitoring, subtle cumulative risks – such as 
microclimate degradation at the human–machine interface, skin 
abrasion, and discomfort – are often overlooked [172]. Further-
more, prolonged exposure to altered gait kinematics may induce 
secondary compensatory joint wear or muscle atrophy. Therefore, 
establishing standardized, long-term Randomized Clinical Trials 
is urgently needed to transition safety evaluations from acute 
mechanical feasibility to chronic physiological reliability [173].

Second, the robust assessment of cognitive load remains a 
critical bottleneck. Operating an exoskeleton inherently demands 
substantial attention allocation, and recent evidence reveals that 
navigating with these devices can impair users’ attentional per-
formance and increase mental workload, particularly among
novice users in complex tasks [174,175]. Currently, cognitive 
evaluations predominantly rely on subjective questionnaires like 
the NASA-TLX. Future technological breakthroughs must tran-
scend these subjective measures by employing rigorous dual-task 
paradigms and integrating objective neurophysiological metrics, 
such as electroencephalogram theta brainwave activity [176]. 
Quantifying the dynamic cognitive cost of exoskeleton use is 
essential for realizing truly transparent and intuitive human–
machine teaming.

Therefore, future research on lower limb exoskeleton assess-
ment is expected to progress toward intelligence, diversification, 
and systematization. The deep integration of artificial intelligence 
and machine learning technologies, particularly the application 
of deep learning algorithms in motion intention recognition and 
adaptive control, and combined with big data analysis for per-
sonalized parameter optimization (HIL), reinforcement learning 
(RL), and other methods, these techniques will be widely applied 
to optimize control strategies. They dynamically adjust assis-
tance strategies through real-time reward mechanisms to im-
prove the naturalness of human–machine interaction. Addition-
ally, multimodal data fusion will become a mainstream trend, 
by integrating multisource information, including electromyog-
raphy (EMG), electroencephalography (EEG), inertial measure-
ments, and force sensing, and combining existing metrics to 
establish a comprehensive biomechanical assessment framework.

Furthermore, establishing standardized experimental proto-
cols and unified definitions for key metrics – particularly for
metabolic cost and EMG evaluations – is an urgent necessity. This 
standardization will resolve current inconsistencies and enable 
reliable cross-study comparisons.
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6. Conclusions

This study focuses on the identification and clarification of 
key indicators in the evaluation system for lower limb exoskele-
ton robots, providing a multidimensional, systematic evaluation 
framework. The refinement of this framework represents a pro-
found transition from single-indicator validation to multimodal, 
integrated assessment. Although the evaluation indicators are 
diverse, challenging to comprehensively cover, and difficult to 
precisely define, the comprehensive review provided in this study 
contributes to the advancement of evaluation system develop-
ment in the field of lower limb exoskeletons. It enhances un-
derstanding of evaluation indicators and lays a solid foundation 
for the further development of lower limb exoskeletons and the 
systematic evaluation of their effectiveness. Consequently, this 
framework facilitates the application and optimization of lower 
limb exoskeletons across rehabilitation, industrial, and assistive 
settings.
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