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Abstract

This review systematically surveys Sliding-Mode Control (SMC) strategies applied to knee
and lower-limb exoskeletons with direct knee-related control or evaluation, emphasising
research published over the last decade (2015-2025). The paper first outlines key control
challenges arising from nonlinear joint dynamics, external disturbances, sensor feedback,
and uncertainties in human-robot interaction. The review then analyses 126 unique studies,
including peer-reviewed journal articles and full conference papers, covering classical SMC,
higher-order formulations, observer-based architectures, intelligent adaptive schemes, and
optimisation-enhanced approaches. Beyond tracking accuracy and chattering behaviour,
the review considers practical aspects relevant to wearable rehabilitation systems, including
sensing requirements, real-time implementation, patient-specific adaptation, and human-
robot interaction. These aspects highlight current methodological trends, practical limi-
tations, and the gap between control performance and real-world rehabilitation use. The
review aims to support the development of more robust, safe, and practically deployable
control frameworks for knee and lower-limb exoskeletons in rehabilitation applications.

Keywords: sliding-mode control; lower-limb exoskeletons; knee orthosis; human-robot
interaction; wearable rehabilitation

1. Introduction

Wearable robotic devices, often called exoskeleton robots (ERs), are increasingly im-
portant in rehabilitation medicine, assistive technology, and mobility enhancement for
individuals with motor impairments [1]. Lower-limb exoskeletons are particularly signifi-
cant because they restore gait function and provide external support to individuals affected
by stroke, spinal cord injury, or muscular disorders [2,3]. These devices integrate actuators,
sensors, and control algorithms to replicate human motion and facilitate rehabilitation
training [4]. In wearable rehabilitation systems, controller effectiveness also depends on
how well it uses sensor feedback, operates in real time, and responds to changes in the user’s
movement and physical condition [5,6]. Within the lower limb, the knee joint plays a central
role in weight-bearing, stability, and locomotion. Consequently, dedicated knee orthoses
and multi-joint lower-limb exoskeletons often incorporate knee actuation to support proper
gait generation and safe physical interaction [7-10]. Such devices are designed not only
to assist patients with impairments, including patellar pain or ligament deficiencies, but
also to enhance muscular output during rehabilitation exercises [11-13]. Evidence from
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knee-bracing studies suggests that external knee support can influence knee-extension
strength [14]. However, these findings do not directly support improved gait symmetry or
reduced user effort during exoskeleton-assisted rehabilitation. Despite these benefits, de-
signing effective knee exoskeletons remains challenging. The knee exhibits highly nonlinear,
time-varying, coupled dynamics influenced by soft-tissue behaviour, external disturbances,
and patient-specific variability [15]. Moreover, the interaction between the human user
and the robotic joint introduces uncertainties in torque demand, joint stiffness, movement
intention, and load distribution. For wearable applications, these challenges are further
affected by sensing accuracy, measurement noise, computational limitations, and the need
to adapt assistance to individual users [5,6,16].

To address these complexities, a wide range of control strategies has been explored in
both single-joint and multi-joint lower-limb devices, including proportional-derivative (PD)
control [17] model reference adaptive control (MRAC) [18,19], cascaded proportional—
integral-derivative (PID) schemes [20], impedance control [21,22], torque-based meth-
ods [23-26], nonlinear impedance reduction control (IRC) [27], flow control [28], and
sliding-mode control [29]. However, many traditional controllers struggle under unmod-
eled dynamics, time-varying disturbances, or rapid changes in user behaviour, limiting
their effectiveness in real-world rehabilitation settings. Sliding-Mode Control has there-
fore emerged as a desirable method due to its robustness against model uncertainties and
external disturbances [29].

By enforcing system trajectories onto a predefined sliding surface, SMC ensures stable
tracking despite variations in system parameters. However, classical SMC is also known for
producing chattering, high-frequency oscillations that may increase energy consumption,
cause mechanical wear, and reduce user comfort [30]. To address this, advanced forms
of SMC have been proposed, including second- and higher-order methods [31] boundary
layer approaches [32] and fractional-order formulations [33]. Further extensions, such as
a terminal [34] and integral SMC [35], as well as hybrid designs incorporating adaptive
backstepping [36], fuzzy logic and neural networks [37] and optimisation techniques [38]
have demonstrated potential in enhancing tracking accuracy, adaptability, and safety in
human-robot interaction.

Given the rapid growth of SMC-based strategies in knee-related applications, includ-
ing specialised knee orthoses and lower-limb exoskeletons with knee-joint control, this
paper reviews recent and current advancements in SMC-based control strategies for knee
and lower-limb exoskeleton systems. Beyond comparing control performance, this review
considers how reported SMC approaches integrate sensing, real-time or hardware imple-
mentation, adaptive and intelligent methods, and human-robot interaction in rehabilitation
applications. The review also examines their practical limitations and identifies areas that
require further development to support safe, wearable, and patient-oriented knee and lower-
limb exoskeleton systems. Existing reviews have addressed lower-limb exoskeleton control,
rehabilitation robotics, or sensing technologies; however, they have not jointly examined
knee-related SMC strategies in terms of tracking performance, chattering mitigation, sensing
requirements, real-time implementation, and human-robot interaction. The present review
addresses this gap through systematic study selection, within-study RMSE synthesis, a
dedicated chattering-mitigation taxonomy, and implementation-oriented analysis.

2. Literature Review

A systematic literature search was conducted to identify studies investigating SMC
and SMC-based strategies for knee and lower-limb exoskeleton systems. The search was
restricted to publications from January 2015 to December 2025. The final searches of Scopus,
IEEE Xplore, and ScienceDirect were conducted on 5 October 2026. No supplementary
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searches were conducted using Google Scholar or other sources, and no additional records
were introduced through supplementary searching.

Four supplementary tables provide additional supporting information for this re-
view: Supplementary Table S1 presents the paired RMSE comparisons and engineering-
focused appraisal; Supplementary Table 52 provides the database-specific search strategies;
Supplementary Table S3 contains the study-selection register and source provenance; and
Supplementary Table S4 documents the chattering-mitigation classification.

The search strategy combined terms related to the robotic system and control method,
including “knee exoskeleton”, “knee orthosis”, “lower limb exoskeleton”, and “lower-
limb exoskeleton” with terms such as “sliding-mode control”, “SMC”, “super-twisting”,
“higher-order sliding mode”, “terminal sliding mode”, “fractional-order sliding mode”,
and “adaptive sliding mode”. Database-specific adaptations of the search strategy were
used where required. The reported database-specific Boolean search strings, search fields,
filters, and search dates are provided in Supplementary Table S2.

The searches identified 307 records: 141 from Scopus, 57 from IEEE Xplore, and
109 from ScienceDirect. After removal of 50 duplicate records, 257 unique records remained
for title and abstract screening.

2.1. Inclusion and Exclusion Criteria

Studies were eligible if they: (1) were published in English between 2015 and 2025;
(2) were peer-reviewed journal articles or full conference papers; (3) investigated a knee ex-
oskeleton/orthosis or a lower-limb exoskeleton with direct knee-related modelling, control,
trajectory-tracking, torque, or experimental results; (4) employed SMC or an SMC-based
variant as part of the proposed control strategy; and (5) provided simulation and/or exper-
imental validation.

Studies were excluded if they were reviews, editorial material, proceedings-only
records, book chapters, theses, or non-peer-reviewed preprints; focused exclusively on
upper-limb, hip-only, or ankle-only systems; mentioned SMC only as a benchmark or in the
background; did not provide direct knee-related evidence; or did not provide an appropriate
simulation and/or experimental validation of the proposed control strategy.

2.2. Study Selection

The study-selection process is summarised in Figure 1. The authors conducted title and
abstract screening, full-text eligibility assessment, and data extraction using the predefined
inclusion and exclusion criteria. Uncertain cases were re-assessed against the eligibility
criteria and source publications before a final decision was made.

After title and abstract screening, 113 records were excluded, leaving 144 reports for
full-text retrieval. Four reports could not be retrieved, and 140 full-text reports were assessed
for eligibility. A further 13 reports were excluded, leaving 127 eligible reports. One pair of
companion publications was linked to a single underlying study to avoid double counting.
The final synthesis therefore comprised 126 unique studies.

Supplementary Table S3 provides the report-level study register, including bibli-
ographic information, report-to-study mapping, companion-report identification, and
source provenance.
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(n=126)

Figure 1. PRISMA flow diagram of the literature search and study selection process.

3. Overview of Control Strategies in Knee and Lower-Limb Exoskeletons

Control strategies for knee orthoses and lower-limb exoskeletons have evolved signifi-
cantly to support rehabilitation, enhance mobility, and ensure safe human-robot interaction.
Early efforts often relied on classical control techniques, such as PID or PD controllers, in or-
thotic devices [39-41]. However, these classical PID methods face challenges when applied
to more complex exoskeletons with significant nonlinearities, reducing stability and position-
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control accuracy [42,43]. To address these limitations, impedance- and admittance-control
approaches became popular for improving transparency and compliance between the user
and the orthosis. Several studies implemented active impedance control and impedance
shaping to enhance torque control and responsiveness [22,23,27]. Admittance-based strate-
gies have also been widely used, including those incorporating neural networks for real-time
gait adaptation [17,44,45], contributing to more personalised rehabilitation experiences.
Beyond classical methods, researchers have developed advanced adaptive and model-based
controllers that dynamically tune system behaviour based on patient-specific conditions.
Examples include adaptive force-position control for flexible actuators [46 ], model reference
adaptive control for human-in-the-loop systems [47], and hybrid multi-loop architectures
that combine active disturbance rejection (ADRC) with sliding mode and PD controllers
to enhance robustness under patient-specific disturbances [48]. Another line of research
has focused on robust control techniques that maintain stability and performance despite
modelling errors, unexpected disturbances, and variable human-robot interaction forces.
Methods within this category include H,, y-synthesis, adaptive robust control, and various
forms of sliding-mode control [49-55]. Other researchers have proposed bounded torque
control laws [56] and anti-disturbance frameworks to stabilise the interaction while avoiding
actuator saturation [57]. Intelligent and hybrid methods have also emerged, incorporating
fuzzy logic [58-60], RBF neural networks [17,61,62], and reinforcement learning structures
for online adaptation to patient movement patterns [63].

Additionally, several supporting frameworks have been explored to enhance overall
system performance. These include human intent estimation based on EMG, gait phase
detection, or user effort levels, as well as assist-as-needed (AAN) paradigms that mod-
ulate the level of assistance according to patient capability [64—-66]. Mechanical design
studies, such as those exploring isostatic and lightweight orthoses [67-70] have further
supported control strategies by enabling more precise torque application and better user
comfort. Several papers also emphasised trajectory planning and stability guarantees under
constraints [71,72] while additional work has investigated real-time control implementation
through optimised computational pipelines, stiffness modulation mechanisms [73], and
hierarchical or multi-loop control architectures [48,74].

These developments show that controller design in wearable knee and lower-limb
exoskeletons is closely linked to sensing, embedded computation, actuator dynamics, and
human-robot interaction. Sensor signals such as joint position and velocity, interaction force,
electromyography, and gait-phase information can provide feedback on both the user and
the device. At the same time, adaptive and intelligent controllers can use this information to
adjust the level of assistance. However, these approaches also introduce practical challenges
related to measurement noise, sensor reliability, computational demand, actuator response,
and real-time implementation.

Table 1 shows the progression from classical PID/PD control toward adaptive, robust,
intelligent, and hybrid control architectures. Despite this progress, maintaining accurate
and stable performance under modelling uncertainty and variable human-robot interaction
remains a major challenge. Soft-tissue deformation, joint misalignment, actuator friction,
sensor noise, and changes in user effort introduce uncertainties that can degrade controller
performance. Sliding-Mode Control (SMC) is therefore particularly attractive because it is
inherently robust to modelling errors and external disturbances.
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Table 1. Summary of control strategies for knee-joint control in lower-limb exoskeletons.
Control Strategy Advantages Limitations References
. . . . Poor performance with nonlinearity,
Classical (PID/PD) Easy implementation, basic sensifive to disturbances, not ideatly [39-43]
Control trajectory control. for human-robot variability.
Improves transparenc Performance degrades with strong
P . p Y nonlinearities, is sensitive to
Impedance Control compliance and s -t ff [22,23,27]
forque control misalignment and soft-tissue effects,
' and requires complex tuning.
Enables real-time gait Requires accurate sensors, is
Admittance Control adaptation and sensitive to noise, and may become [17,44,45]
personalised rehabilitation. unstable under fast dynamics.
Tuning system behaviour . . .
Adaptive/Model-Based to individual patient needs, ?\Lg;efiﬁlgxfzgoga;zosg\fr(}iiis [46-48]
Control robustness against adapt slowlv in E};u;mar}(use
disturbances. p y '
. o May cause high control effort;
D::flgfnigrfgeﬁilgéjﬁo del robust methods often involve
Robust and Nonlinear Encertainties and external complex tuning and are limited to
Control (including SMC, disturbances. with high matched uncertainties. SMC causes [49-57]
Hoo, p-synthesis) recision an ci stron & chattering, which can be reduced
gisturbance re'ectiogfl with specific techniques but is not
) ' fully eliminated in practice.
. . Performance depends strongly on
A§t1v§ disturbance . observer tuning and bandwidth
rejection control (ADRC) Estimates and compensates selection. is sensitive to
and Extended state for disturbances in measure;nent noise, and may [75,76]
observer real time. . -
(ESO)-based control ;zlrﬁgagr{e d\;v;t;lrr{?s:-varylng
Depending on the
approach, these controllers
. can handle r}or}llnear1t1es Requires training data, high
Intelligence/Fuzzy, Neural and uncertainties, learn computational load. uncertain
and Reinforcement user-specific torque real—lfc)ime reliabilit Iin [17,58-63]
Learning Methods patterns, adapt control rehabilitation a ications
gains, or optimise control bp '
policies through
experience.
Hybrid Control (SMC+ Combine the strengths of
Adaptive Fuzzy Logic, multiple controllers to Hioh complexitv. risk of instabilit
SMC+ Impedance, Fuzzy+ improve robustness, 8 Pty . y
s if not tuned, and challenging [77-81]
PID, Neural Network+ accuracy, and adaptability ) .
. hardware implementation.
Bounded compared with

However, in real hardware implementations, SMC introduces a critical, still-unresolved

issue known as chattering. Although many exoskeleton studies propose higher-order,
adaptive, or intelligent SMC variants to reduce switching effects, recent evidence shows
that chattering can persist in real-world systems. Liu Hsu et al. [82] showed that even
advanced higher-order methods, such as the super-twisting algorithms, may still generate
chattering when unmodeled dynamics or resonant modes are present, challenging the
common assumption that modern SMC formulations are inherently chattering-free. These
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observations are directly relevant to wearable exoskeletons, where sensor noise, actuator
dynamics, mechanical compliance, and variability in human-robot interaction can affect
practical controller performance. These limitations motivate a focused review of SMC-based
control strategies with emphasis on tracking performance, chattering mitigation, sensing
requirements, real-time implementation, and suitability for safe rehabilitation applications.

4. Sliding-Mode Control

Sliding-Mode Control is a nonlinear control technique recognised for its robustness
against model uncertainties and external disturbances [83-85]. Unlike linear controllers,
SMC uses discontinuous control laws to drive system trajectories to a predefined sliding
surface, ensuring consistent performance despite uncertainties. Its simplicity and robustness
have led to widespread use across domains such as electric drives [86,87], robotics [88,89],
autonomous vehicles [90,91], spacecraft [92] and power electronics [93]. Even after many
years of research, SMC remains an active area of study, with new work focusing on reducing
chattering [94-96], utilising higher-order methods [97,98] and integrating it with smart
systems, such as artificial intelligence [99-101].

Figure 2 shows that a typical SMC system operates in two phases. In the reaching
phase, the system trajectory moves toward the sliding surface, where S = 0. In the sliding
phase, once the trajectory is on the surface, it slides along it toward the origin, achieving
asymptotic stability. This two-stage behaviour enables precise, stable control in the presence
of disturbances and modelling errors, making SMC a foundational tool in robust nonlinear
control theory [102].

Reaching phase

Sliding phase

Figure 2. Graphical interpretation of SMC [103]. The curved trajectory and arrows indicate the
system’s movement towards the sliding surface during the reaching phase and its subsequent motion
towards the origin during the sliding phase.

To better demonstrate the practical implementation of these principles, a block diagram
of a typical SMC applied to a knee-exoskeleton system is presented in Figure 3. The block
diagram represents the closed-loop interaction among sensing, control, actuation, and
knee-joint dynamics. The desired joint angle is compared with the sensor-measured angle
to compute the tracking error. This error and its derivative define the sliding surface, which
represents the control objective. The SMC controller generates the control input u based
on this sliding surface, typically using a discontinuous control law. This structure ensures
robustness against uncertainties and disturbances. The actuator applies the control input,
producing the torque needed to drive the knee joint toward the desired trajectory. The
knee-joint dynamics respond to this torque while external disturbances affect them. Sensor
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Desired
Angle

Tracking Error

Sliding Surface =
& Control Law » Actuator

feedback continuously updates the system state, forming a closed-loop control that drives
the sliding variable toward zero and achieves accurate, robust trajectory tracking.

Controller

Control Input (u)

Torque

\ 4
Knee Joint

Sensors |« <
Measured Angle Dynamics

i

Disturbances

Figure 3. Block diagram of a typical SMC-based knee exoskeleton control system.

In a wearable knee exoskeleton, this feedback loop must operate continuously and
in real time. Therefore, the controller’s practical performance depends not only on the
control law itself, but also on the quality of the measured signals, sensor noise, sampling
and processing requirements, and the actuator’s response. These implementation factors
become particularly important when SMC is used in direct interaction with the user [96,104].

After establishing the theoretical foundation of SMC, the following section reviews the
main SMC approaches proposed in the literature. This review systematically discusses clas-
sical and advanced SMC variants, focusing on their design principles, chattering-mitigation
mechanisms, sensing and implementation requirements, and applications in knee and
lower-limb exoskeleton systems with direct knee-related control or evaluation.

5. Overview of SMC in Knee and Lower-Limb Exoskeletons

Researchers have widely studied SMC for knee orthoses and lower-limb exoskeletons
because it is robust to modelling uncertainties, external disturbances, and variations in
human-robot interaction. The 126 studies included in this review show a gradual devel-
opment from conventional first-order SMC toward terminal, higher-order, observer-based,
adaptive, fractional-order, intelligent, and hybrid schemes. Most of these developments are
motivated by two practical requirements: maintaining reliable tracking under uncertainty
and reducing the chattering associated with discontinuous switching. In wearable systems,
however, controller performance also depends strongly on the sensing system, actuator
dynamics, real-time computation, and interaction with the user. The following discussion
considers these aspects alongside the control structure.

5.1. Conventional, Integral, and Terminal SMC

Conventional SMC remains an important reference method in lower-limb exoskeleton
control. Its relatively simple structure and robustness to matched uncertainties make it
suitable for trajectory-tracking problems, and several studies have reported better tracking
than conventional linear controllers under disturbances and parameter variations [105-107].
Conventional SMC has also been implemented on physical paediatric and rehabilitation
exoskeleton platforms [108]. Its main limitation is discontinuous switching, which can
cause chattering, increase control effort, and excite actuator or structural dynamics.
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Integral and proxy-based SMC approaches have been introduced to address limitations
associated with the reaching phase, tracking performance, and discontinuous control action.
Integral SMC modifies the sliding manifold to reduce the reaching-phase effect and improve
steady-state tracking. It has also been combined with neural-network estimation and
feedforward compensation to deal with uncertain lower-limb dynamics [109]. Proxy-based
SMC uses a virtual dynamic element between the controller and the physical joint, providing
a smoother response while retaining the robustness of sliding-mode control. This principle
has been demonstrated in knee-exoskeleton systems, such as BioKEX, where compliant and
safer physical interaction was a central design consideration [110].

Terminal SMC represents a major branch of the literature. Unlike conventional SMC, ter-
minal methods provide finite-time convergence. Researchers later developed non-singular
formulations to avoid the singularity problem associated with some terminal manifolds.
These approaches have been applied to powered knee orthoses and multi-joint lower-limb
exoskeletons, with studies reporting improved convergence and robustness under distur-
bances and subject-dependent variations [111,112].

Fast and non-singular fast terminal SMC have also been investigated in paediatric
gait systems, sit-to-stand assistance, and multi-DOF rehabilitation exoskeletons [113-118].
Some model-free designs use time-delay estimation to approximate uncertain dynamics
instead of relying on a detailed exoskeleton model [119,120]. Others introduce dynamic
boundary layers to reduce high-frequency switching around the sliding surface [121]. These
developments improve convergence and tracking, but finite-time convergence alone does
not eliminate chattering. Sensor noise, actuator bandwidth, mechanical compliance, and
switching implementation remain important in practical systems.

5.2. Higher-Order, Super-Twisting, and Observer-Based SMC

Researchers have used higher-order SMC extensively to reduce the direct switching ac-
tion applied to the actuator. Second-order methods have been investigated in knee orthoses,
flexible exoskeletons, and fault-tolerant lower-limb systems [122-124]. In one knee-orthosis
application, second-order SMC was combined with an RBF neural network and EMG infor-
mation to estimate the intended knee movement and was evaluated experimentally with
human participants [124].

The super-twisting algorithm is particularly common among higher-order approaches
because it can provide a continuous control input while retaining finite-time convergence
under appropriate conditions. It has been applied to pneumatic gait-training devices, lower-
limb rehabilitation robots, impedance-controlled systems, and knee exoskeletons affected by
uncertain disturbances [125-130]. Adaptive-gain versions have also been proposed to avoid
selecting unnecessarily large, fixed gains when disturbance bounds are unknown [128].
Although these methods generally reduce switching effects relative to first-order SMC, their
performance still depends on gain selection, signal quality, sampling, and actuator dynamics.
It is therefore more appropriate to describe them as chattering-reduction methods rather
than as universally chattering-free controllers.

Observer-based SMC forms another important group. Wearable exoskeletons contain
several quantities that are difficult to measure directly, including user-generated torque,
interaction disturbances, and sometimes joint velocity. Nonlinear disturbance observers,
extended-state observers, sliding-mode observers, and uncertainty/disturbance estimators
have therefore been combined with SMC to reconstruct these quantities and improve
disturbance rejection [131-135].

Observer-assisted approaches can reduce the burden on the discontinuous switching
term because they estimate part of the uncertainty explicitly. Similar concepts are used
in ADRC-SMC and terminal-SMC architectures [48,136-138]. However, this benefit in-
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troduces another practical trade-off. High observer bandwidth can improve disturbance
estimation but may amplify encoder noise, quantisation effects, and unmodelled high-
frequency dynamics. Observer tuning is therefore closely linked to sensing quality and
hardware limitations.

5.3. Adaptive, Fractional-Order, and Intelligent SMC

Adaptive SMC is widely used where system parameters or human-related disturbances
vary with time. Rather than selecting a fixed switching gain based on a conservative uncer-
tainty bound, adaptive methods update controller gains according to the tracking error, slid-
ing variable, or estimated uncertainty. Researchers have applied these approaches to reha-
bilitation, paediatric, hydraulic, and multi-joint lower-limb exoskeletons [111,116,139-144].
This can reduce unnecessary control effort, which is especially relevant in wearable devices
where excessive torque or rapid switching may affect comfort. At the same time, adaptive
laws introduce additional tuning parameters, and pootly selected adaptation rates can lead
to excessive gains or oscillatory behaviour.

Fractional-order SMC provides greater flexibility in shaping the sliding dynam-
ics by introducing a fractional derivative order. Fractional-order SMC have been com-
bined with adaptive, terminal, non-singular fast terminal, and disturbance-observer
structures [120,145-152]. Many of these studies report improved tracking or smoother
control compared with integer-order methods. However, most evidence remains simulation
based. Real-time implementation requires approximating the fractional operator, additional
tuning, and more computational effort, and experimental evidence under realistic sensor
noise and human interaction remains relatively limited.

Intelligent SMC is another prominent research direction. RBF neural networks have
been used to approximate uncertain exoskeleton dynamics, human-robot interaction forces,
and lumped disturbances [109,153-159]. ANFIS and fuzzy systems have similarly been
integrated with SMC to adapt controller parameters or compensate for nonlinear be-
haviour [78,160-164]. These methods are attractive because obtaining an accurate analytical
model of the combined human-exoskeleton system is often difficult.

Optimisation and learning methods have also been used to select parameters. Genetic
algorithms, whale and grey-wolf optimisation, firefly methods, and improved sparrow-
search strategies have been applied mainly to SMC gain tuning and multi-objective perfor-
mance optimisation [150,165-168]. Reinforcement learning and recurrent neural networks
have also appeared in more recent schemes [125,169,170]. These methods can improve
selected performance indices and reduce manual tuning, but their results depend strongly
on the training conditions or objective function. Better simulation performance does not
necessarily demonstrate equivalent safety or robustness in a wearable system.

5.4. Hybrid SMC and Human—Robot Interaction-Oriented Control

Recent SMC research increasingly treats the exoskeleton as a human-robot system
rather than a rigid mechanical plant. The user introduces variations in joint impedance,
voluntary effort, interaction torque, body dimensions, and movement intention. For this rea-
son, researchers often combine SMC with impedance, admittance, backstepping, compliant
actuation, or intention-estimation methods.

Impedance- and admittance-based architectures are particularly useful because they ex-
plicitly regulate the relationship between motion and interaction force. Hybrid impedance-
SMC has been studied on lower-limb exoskeletons, while adaptive and variable-admittance
SMC has been proposed for rehabilitation and cooperative motion [79,171,172]. Paediatric
and assist-as-needed systems have also combined finite-time SMC with variable admittance
to adjust assistance according to user participation [173,174]. In these structures, the in-
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ner controller usually provides robust trajectory tracking, while the outer interaction loop
modifies the desired motion or assistance level.

Series elastic actuators offer another way of improving compliant physical interac-
tion. Several studies combine SEA dynamics with robust, adaptive, or observer-based
SMC [111,156,175,176]. Neural estimation and disturbance observers have also been used
in SEA-based knee systems to compensate for uncertain human-exoskeleton dynamics [156].
These studies move the control objective beyond position tracking by considering interaction
force and actuator compliance.

Human-intention sensing is also becoming more visible in the literature. EMG has been
combined with sliding-mode control for intention recognition, event-triggered control, and
activation of rehabilitation movements [113,124,177-179]. Other studies employ multiple
sensing sources to estimate gait phase or user intention [180]. Such approaches are particu-
larly relevant to wearable rehabilitation because the assistance should ideally respond to
the user rather than impose a fixed trajectory independently of their contribution.

Backstepping-SMC and other hybrid architectures address the nonlinear coupled
dynamics of multi-joint systems by combining SMC with recursive nonlinear control,
ADRC, impedance/admittance regulation, central pattern generators, or fault-tolerant
control [122,136,138,140,143,181-186]. These combinations can improve robustness and
distribute different tasks across several control layers. Their main disadvantage is in-
creased complexity, particularly when observers, adaptive laws, and learning algorithms
are used simultaneously.

5.5. Practical Implementation, Validation, and Research Gaps

Despite substantial progress in controller design, validation varies considerably across
the reviewed literature. Many studies rely on MATLAB/Simulink, ADAMS co-simulation,
or other numerical environments [105,119,120,140,146,148]. These studies support con-
trolled algorithm comparisons but cannot fully capture encoder noise, actuator bandwidth,
backlash, communication delay, soft-tissue motion, joint misalignment, or unpredictable
user behaviour.

A smaller but important group has progressed to physical prototypes and human-in-the-
loop experiments. Examples include experimental knee orthoses, paediatric exoskeletons, SEA-
based systems, and EMG- or assist-as-needed controllers [111-113,118,124,139,173,174,177,187].
However, many experimental studies involve few participants or short testing periods. Evidence
from clinical populations is also less common than testing with healthy participants.

The sensing architecture is equally important for the practical implementation of
SMC. Across the reviewed studies, feedback is obtained from joint encoders or poten-
tiometers, force and interaction sensors, IMUs, actuator current or pressure measure-
ments, SEA deformation, motion-capture systems, and surface EMG. Several studies
implement control on real-time or embedded platforms rather than purely in simula-
tion [108,109,156,180]. These examples show that SMC'’s practical behaviour depends
on the full sensing—computation—actuation loop, not just the mathematical control law.

Chattering remains a recurring concern across all SMC families. Researchers have
used boundary layers, saturation and hyperbolic-tangent functions, adaptive gains, super-
twisting algorithms, disturbance observers, neural and fuzzy compensation, fractional-
order surfaces, optimisation, and compliant actuation to reduce it. However, the evidence
used to demonstrate chattering reduction is not consistent across studies. In many cases,
conclusions rely on a visibly smoother control signal or lower tracking error rather than
direct measurements of actuator vibration, interaction-force oscillation, or user discomfort.
Therefore, a reduction in simulated switching should not automatically be interpreted as
the elimination of chattering at the physical human-device interface.
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Another limitation of this review is that it did not apply formal study-quality or risk-
of-bias assessment; therefore, the evidence should be interpreted considering substantial
heterogeneity in modelling assumptions, validation settings, and experimental designs.

Overall, the literature shows clear progress from relatively simple robust tracking
controllers toward more integrated and user-oriented SMC architectures. Robustness and
tracking performance are widely reported, but more sophisticated controllers often require
more sensing, increase computational cost, and add tuning complexity. The main remaining
gap is therefore not simply developing another SMC variant but demonstrating that the
proposed methods remain effective under realistic sensor noise, actuator limitations, delays,
changing user behaviour, and prolonged physical interaction. Future studies would benefit
from more consistent reporting of sampling rates and actuator bandwidth, quantitative mea-
sures of chattering, larger human-subject evaluations, and clearer assessment of interaction
forces, comfort, and safety.

To summarise these methodological differences, Table 2 compares the main SMC
families identified in the reviewed literature in terms of their typical sliding structure,

principal advantages, limitations, and representative references.

Table 2. Comparison of Sliding-Mode Control Methods.

SMC Method Sliding Surface Pros Cons References
S=é+ce, Robust to matching Chattering due to
c>0, uncertainties; simple discontinuous control;
) . where e is the design; insensitive to  reaching phase sensitive
Conventional (First : o L - .
tracking error in joint  parameter variations to uncertainties; high
Order) Vs 1 ; [105-108]
position(angle) or once on the sliding control effort; requires
SMC . . .
torque, depending surface; the tracking  knowledge of uncertainty
on the error asymptotically bounds and
control objective. converges to zero. full-state feedback.
Strong chattering More complex design;
. s=¢é+ce,c>0 reduction vs. needs higher-order error
Higher-Order 1 . . .
- with higher 1st-order; better signals or observers;
SMC/Super-Twisting - . o . [122-130]
SMC order/super-twisting tracking of fast sensitive to noise and
reaching law dynamics; finite-time implementation
convergence. challenges.

Fractional-Order

s = D% + ce,
where D is the
fractional derivative

Smoother control;
faster reaching phase;
reduced chattering;

Needs fractional calculus
tools/filters; higher
implementation effort;
more complex parameter
tuning («); complicated

[120,145-152]

SMC of order « flexible dynamics stability analysis;
0<a<l, modelling; improved complexity and
c>0 tracking accuracy. computational cost; hard
to implement in a
real-time system.
conxlji:lts:;?ii h Conventional TSMC may
Sreence; s suffer from singularity;
tracking accuracy; C
. ? robustness to exponent selection must
Terminal /Non- s = &+ Plel7sgne), satisfy design constraints;
. B>0 matched . [111-121]
singular SMC o o poor tuning may cause
0<t<«1 uncertainties; L .
q chattermg, requires

potentially smoother
control with
appropriate design.

accurate position and
velocity feedback.
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Table 2. Cont.
SMC Method Sliding Surface Pros Cons References
Adapts to parameter ~Adds complexity; requires
s=¢é+A(t)e, variations and adaptive-gain tuning;
where A(t) > 0is a uncertainties; Convergence speed
time-varying gain on  improves robustness depends on -y; poor [111,116,139—
Adaptive SMC the error term. With under changing tuning may cause ’1 A 4]’
an adaptive gain law  operating conditions chattering or excessive
k =~1sl,y > 0isthe withless dependence  knee torque; needs full
adaptive rate. on precise model state info; higher
knowledge. computational load.
Can eliminate the
reaching phase when
the sliding manifold
is appropriately Chattering persists (still
initialised to satisfy s~ uses discontinuous sign
s(t) = Ce(t) + (0) = 0; improves function);
Integral SMC De(t) + fot Fe(t)dt, robustness to computationally more [109]
C,D,F>0 matched complex; sensitive to
uncertainties and measuring noise; higher
may reduce control effort.
steady-state tracking
error under suitable
design conditions.
Conventional/termi- Bf.ette.r dl‘stur.bance Observer tuning; noise
Observer-Based SMC nals + rejection; estimates amplification; extra [131-138]
ESO/NDO/SMO/UDE u'nmeasu.red states or computation
interaction torques
SMC;ES;S;T& with Better human-robot
Hybrid /HRI- admittance, Tteracthn, . ngh archl’;ec’fur'ehanj [79,111,156,171-
Oriented SMC backstepping, SEA, Comp'lant assistance; tuning C(')mp ex%ty, .ar er 186]
ADRC. or intention improved real-time validation
es:rimation adaptability
Basic s + Handles nonlinear Higher computation;
Intelligent/optimised NN/ fuzzy/AN- uncertainty; online training/tuning burden; [78,109,125,150,
SMC FIS/op tim}i,sation adaptation; reduced more complex 153-170]

manual tuning

stability analysis

As a result, despite substantial algorithmic sophistication, no consensus SMC frame-
work guarantees provable chattering suppression at the human-joint interface while retain-
ing robustness and finite-time performance that make SMC attractive for knee exoskeleton
control. To further contextualise the quantitative comparisons presented in the following
section, the validation approaches adopted in the reviewed studies are summarised in
Figure 4.

Figure 4 shows that simulation-only validation remains the most common approach
among the reviewed studies (46.03%). A further 34.13% combined simulation with ex-
perimental or hardware evaluation, while 19.84% relied primarily on experimental or
hardware validation. Although much of the literature has moved beyond purely numerical
evaluation, simulation remains dominant. This should be considered when comparing
tracking and chattering performance, since practical factors such as sensor noise, actuator
dynamics, communication delays, and human-robot interaction are not fully represented
in numerical studies.
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Simulation
only

Hardware
only

Simulation
+
Hardware

Figure 4. Distribution of validation approaches among the 126 studies included in the review.

To further examine the practical implementation of SMC-based exoskeleton control,

Table 3 summarises representative studies with emphasis on sensing, real-time hardware,

human interaction, and adaptive features.

Table 3.
exoskeleton studies.

Representative implementation characteristics of SMC-based knee and lower-limb

Validation/Real- Human
SMC Method Sensors/Feedback Time . . References
] Interaction/Adaptation
Implementation
Real-time powered 2 healthy subjects; online
Adaptive proxy-based Incremental knee Knee orth(i;is gain adaptation; safety [50]
SMC (APSMC) encoder; EMG . under abnormal tracking
experiments
€rrors
. . . Sole .force./ FRF. Experimental Wearer intention
Single-input adaptive sensing; six-axis HRI : . )
o lower-limb estimated from gait phase [77]
fuzzy SMC (S-AFSMC)  force sensing; joint . )
exoskeleton and interaction force
feedback
Real-time
RBFNN-based adaptive Hip and knee experimental Intelligent online
ISMC + feedforward en(I:)o ders lower-limb uncertainty compensation; [109]
control (PIDFF-ISMC) exoskeleton usinga  no clinical patient trial
Speedgoat platform.
Adaptive neural
. High-resolution knee = Real-time hardware  estimation of varying
Robust adaptive neural i . 2 .
SMC (RASMC) + DOB encoder; SEA experiment (NI human/load dynamics; [156]
displacement sensor ~ myRIO, 1 kHz) wearer assistance
experiments
Knee encoder; Real-time 3 healthy subjects;
NDO-based robust muscular tor ,ue knee-orthosis observel?l estir]nate; wearer [135]
terminal SMC q experiment (dSPACE,

estimated by NDO

1 kHz)

muscular torque

https://doi.org/10.3390/electronics15215160


https://doi.org/10.3390/electronics15215160

Electronics 2026, 15, 5160 15 of 31
Table 3. Cont.
Validation/Real- Human
SMC Method Sensors/Feedback Time . . References
. Interaction/ Adaptatlon
Implementation
Myo Armband Human intention activates
Robust non-singular fast sEMG; joint-position = Real-time mobile : :
. ) sit-to-stand /stand-to-sit
terminal SMC feedback; motion exoskeleton . [113]
) assistance; targeted at SCI
(RNFTSMC) capture for reference  experiments.
. and elderly users.
generation
Quadriceps EMG; dSPACE—based 5 volunteers; EMG-driven
Second-order SMC joint-position real-time intention estimation for [124]
(SoSMC) + RBFNN J P knee-orthosis ) .
feedback . knee flexion/extension
experiments
. - 3 human subjects during
ESO-based nonlinear IMUs; joint encoders; Embedded-PC/CAN natural walking: active
terminal SMC plantar pressure architecture; physical & [188]

(ESO-F-NTSMC)

Sensors

walking experiments.

human-exoskeleton

cooperation.

6. Comparison of Different SMC Methods

To quantitatively evaluate the effectiveness of SMC strategies in knee-joint exoskeleton,
performance metrics including root mean square error (RMSE) and chattering, were con-
sidered. A detailed comparison of these metrics across the reviewed SMC-based studies is
presented in Sections 6.1 and 6.2, respectively.

6.1. RMSE Comparison of SMC-Based Methods

RMSE is one of the most widely used performance metrics for evaluating the trajectory-
tracking accuracy of knee exoskeleton controllers. It measures the average deviation between
the desired and actual joint angles over time. It provides an overall indication of tracking
precision and closed-loop stability during gait or rehabilitation movements. For a knee-joint
angle control system, RMSE is typically defined as

1 N
RMSE = JN;(@,@ —03i))?

where 6d(i) is the desired knee-joint angle at time step 7, 6(i) is the measured (actual)
knee-joint angle at time step i and N is the total number of sampled time points. Although
RMSE is widely used in trajectory-tracking studies, it was not reported numerically in all
the reviewed publications. A systematic audit of the 126 included studies identified those
reporting explicit numerical RMSE values for knee-joint tracking. To improve traceability
and avoid uncertainty associated with extracting values from graphical plots, only directly
reported numerical knee-tracking RMSE values were used in the quantitative comparison
presented in Figure 5.

Among the 126 included studies, 32 explicitly reported numerical RMSE values for knee-
joint trajectory tracking. Of these, 25 were initially identified as candidates for within-study
comparisons. After a detailed assessment of the reported numerical values, comparator
selection, and test scenarios, we excluded five comparisons because they did not meet the
criteria for an unambiguous, reproducible paired comparison. Consequently, 20 studies
were retained for the quantitative synthesis presented in Figure 5. Knee-joint RMSE was
selected as the common outcome because the review focuses specifically on knee-related
control performance; RMSE values reported only for the hip, ankle, or other outcomes
were excluded.
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An engineering-focused appraisal was undertaken to contextualise the 20 within-
study comparisons presented in Figure 5. The appraisal considered validation settings,
comparator tuning, disturbance and parameter-uncertainty testing, sensing arrangements,
sampling rates, and human-subject involvement. Available source evidence and reporting
limitations are documented in Supplementary Table S1. The appraisal identified differences
in experimental conditions, controller architectures, and reporting completeness across
studies. Accordingly, the reported RMSE reductions are interpreted as descriptive within-
study findings rather than directly comparable estimates of controller effectiveness. Where
we could not establish equivalent comparator tuning or independent experimental evidence,
we explicitly acknowledged these limitations.

For each study, one within-study knee-joint RMSE comparison was selected using
documented selection criteria. Priority was given to the primary comparison explicitly
reported by the authors, preferably against the closest conventional or component-matched
controller. The proposed method and comparator were required to be evaluated for the same
knee-joint tracking task and under matched test conditions. When several test scenarios
were available, an explicitly identified primary or otherwise unambiguous scenario was
selected. Comparisons requiring arbitrary selection among participants, gait phases, or
knee sides, or those involving ambiguous numerical values or outcome definitions, were
excluded. No arithmetic averaging of RMSE values across separate participants, joints,
or gait phases was performed. Comparator selection was not based on maximising the
reported percentage improvement. The selection rationale and original numerical values
are documented in Supplementary Table S1.

Direct comparison of absolute RMSE values across different publications remains
inappropriate because the studies use different exoskeleton models, reference trajecto-
ries, disturbance conditions, controller parameters, sampling procedures, and evaluation
windows. Therefore, the present analysis focuses on within-study relative performance,
where the proposed SMC-based method is compared with the corresponding comparator
evaluated under the same study-specific conditions.

For each eligible comparison, the percentage reduction in knee-joint RMSE was calcu-
lated relative to the comparator as

RMSEcomparator — RMSE

proposed %
RMSE

100.

RMSE improvement(%) =
comparator

This normalisation enables the relative improvement achieved by different SMC-based
controllers to be visualised without treating absolute RMSE values from heterogeneous
studies as directly comparable. The underlying RMSE values, controller pairs, units, and
study conditions are provided in the Supplementary Table S1.

Figure 5 summarises the within-study percentage reductions in knee-joint tracking
RMSE reported for the included SMC-based control strategies. The corresponding studies
and comparator-based evaluations are documented in References [189-198], with further
methodological details and numerical results provided in Supplementary Table S1.

Figure 6 further examines disturbance robustness using only studies that explicitly
reported numerical knee-joint RMSE values for the same controller under matched undis-
turbed and disturbed conditions.
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NFTSMC vs SMC 67.4%
DRNNASMC vs PID 62.9%
PIDFF-ISMC vs PIDFF
RBFNN-SMC vs SMPIC
FOSMC+FONDO vs NTSMC
SMC-ADRC vs PD-ADRC
AFOFTSMC vs FTSMC
ANSFTSM vs ATSM
ERL-RSM vs PRRL-RSM
SFTSM vs ERL-SM
WOA-optimized SMC vs classical SMC
ANTSMC vs SMC
ANFTSM vs ATSM
ATDC-RTSM vs ATDC-NFTSM
NFTSMC vs SMC-ERL
Variable-admittance SMC vs fixed-admittance
ABSM-VAC vs AB-FAC
TD3-NSTSM vs NSTSM
IFNSTSM vs FNSTSM
SMC+PDADRC vs SMCADRC

T T T T T T T

0 10 20 30 40 50 60 70

Figure 5. Within-study percentage reduction in knee-joint RMSE achieved by the proposed SMC-
based controllers relative to the corresponding comparator reported in each study. The references cor-
responding to the bars are [48,109,111,114-117,136,139,147,149,153,165,169,173,174,187,189,192,198].
Only studies providing explicit numerical knee-tracking RMSE values were included. Positive values
indicate lower RMSE with the proposed method.

I Without disturbance
10-14 B With disturbance

1072

RMSE (rad, log scale)

PDADRC SMCADRC PDADRC SMCADRC SMC + PDADRC

Figure 6. Knee-joint RMSE under matched undisturbed and disturbed conditions for selected con-
trollers reporting explicit numerical values in both cases [48,136].

https://doi.org/10.3390/electronics15215160


https://doi.org/10.3390/electronics15215160

Electronics 2026, 15, 5160

18 of 31

The numerical knee-joint RMSE values used in Figure 6 are summarised in Table 4. Only
studies reporting explicit numerical RMSE values for the same controller under matched
undisturbed and disturbed conditions were included.

Table 4. Knee-joint RMSE values under matched undisturbed and disturbed conditions used in
Figure 6.

RMSE Without RMSE with Disturbance
SMC Method Disturbance (Rad)  Disturbance (Rad) Condition References
Rejection Control 0.1022 0.1141 ?ﬁiwd to the knee [136]
(PDADRC) J
Based Ative Disturbance Load disturbance
o 0.0541 0.0591 applied to the knee [136]
Rejection Control oint
(SMCADRC) J
Constant load
PDADRC 0.0038 0.0584 disturbance, 0.5 N-m [48]
Constant load
SMCADRC 0.0023 0.0568 disturbance, 0.5 N-m [48]
SMC + PDADRC 0.0017 0.0547 Constant load 48]

disturbance, 0.5 N-m

As shown in Table 4, the presence of external disturbance increased knee-joint RMSE for
all reported controllers, although the magnitude of degradation differs across the matched
cases. In both studies, the ADRC-based controllers exhibit higher RMSE under disturbed
conditions than under the corresponding undisturbed conditions. The increase is relatively
small for the controllers reported in [136], whereas a substantially larger increase is observed
under the 0.5 Nm constant load disturbance reported in [48]. These results illustrate that
the effect of disturbance on tracking accuracy depends on the controller and the disturbance
conditions considered within each study.

However, only two studies reported explicit numerical knee-joint RMSE values for the
same controller under both undisturbed and disturbed conditions. Therefore, interpret
Figure 6 as a within-study illustration of disturbance sensitivity rather than a general ranking
of robustness across all reviewed SMC methods.

6.2. Chattering Mitigation Across the Reviewed Studies

To systematically analyse how chattering is addressed in SMC-based knee and lower-
limb exoskeleton studies, the literature was categorised according to the primary mechanism
used to mitigate chattering. Rather than enforcing a predefined control taxonomy, the
classification focuses on the dominant physical or algorithmic strategy used to reduce high-
frequency oscillations, such as smoothing the switching term, higher-order sliding modes,
observer-based compensation, or structural isolation of discontinuities. Table 5 summarises
the main chattering-mitigation mechanisms identified across the reviewed studies and
provides representative references for each category. For example, Gao etal. [189] developed
a dual RBF neural-network adaptive sliding-mode controller to compensate for friction and
external disturbances in a lower-limb rehabilitation exoskeleton. This approach illustrates
the integration of neural-network estimation with SMC, although its primary reported
objective was improved tracking and disturbance compensation rather than the quantitative
assessment of chattering reduction.
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Table 5. Strategies for chattering reduction in SMC-based controllers and key references.
Strategy Type Description n Percentage References
Replacing discontinuous sign(s)
with continuous approximations [96,109,111,112,114,
Boundary-Layer/Smooth  (saturation, tanh, exponential or 20 43,59 121,132,144,151,152,
Switching discrete boundary layers) to smooth e 156,158,166,169,173,
control action and 177,190-193]
suppress chattering.
Applying the discontinuous sliding
action to a virtual proxy system
Proxy-Based Structural while the physical joint is driven by 3 6.5% [110,194,195]

Isolation

smooth proxy—joint dynamics,
avoiding direct switching at the
human-joint interface.

Neural/Fuzzy Integration

Replacing or reshaping the

switching term using neural

networks or fuzzy inference systems 2 4.3% [154,162]
to generate continuous control

inputs and suppress chattering.

Observer-Based
Compensation

Employing disturbance or

extended-state observers to estimate

and cancel uncertainties, reducing 4 8.7% [136,138,147,196]
the required switching gain and

indirectly mitigating chattering.

Higher-Order/Terminal
SMC

Using higher order, terminal or fast

terminal sliding surfaces to achieve

finite-time convergence with 10 21.7%
smoother control action compared

to classical SMC.

[113,117,118,123,125,
142,150,179,187,197]

Other/Novel Mitigation

Other explicitly attributed

approaches, including 7 15.2% [48,139,149,160,172,
switching-term restructuring or ' 183,198]
parameter tuning.

A total of 46 unique studies were classified according to their primary reported
chattering-mitigation mechanism, while the remaining 80 studies could not be reliably
assigned to these categories based on the available evidence. To avoid double counting,
each classified study was assigned to only one primary category based on the dominant mit-
igation mechanism supported by the source evidence. The classification criteria, study-level
decisions, and supporting evidence are documented in Supplementary Table S4.

Figure 7 summarises the distribution of the 46 classified studies across the six primary
chattering-mitigation categories.

Sun et al. [198] proposed an adaptive time-delay control strategy incorporating recur-
sive terminal sliding-mode control for lower-limb exoskeleton gait tracking. Their study
shows how terminal sliding-mode formulations can integrate adaptive compensation to
improve tracking performance and disturbance robustness. However, improved tracking
performance should not automatically be interpreted as evidence of reduced chattering.
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Boundary-Layer / Smooth Switching
(43.48%)

Proxy-Based Structural Isolation
(6.52%)

Neural / Fuzzy Integration
(4.35%)

Observer-Based Compensation
(8.7%)

Higher-Order / Terminal SMC
(21.74%)

Other / Novel Mitigation
(15.21%)

Figure 7. Distribution of chattering-mitigation strategies across the 46 classified SMC-based knee and
lower-limb exoskeleton studies.

Within the classified subset, boundary-layer and smooth-switching techniques consti-
tuted the largest identified chattering-mitigation category (43.5%), followed by higher-order
or terminal SMC (21.7%), other or novel mitigation approaches (15.2%), and observer-
based compensation (8.7%). Proxy-based structural isolation accounted for 6.5%, while
neural/fuzzy integration represented 4.3% of the classified studies. These proportions rep-
resent the distribution of the primary chattering-mitigation mechanisms assigned to the 46
classified studies. They should not be interpreted as measures of comparative effectiveness
or as evidence of the prevalence of these strategies across all 126 included studies.

Importantly, adopting a chattering-mitigation mechanism does not necessarily elimi-
nate residual chattering. Narayan et al. [192] compared four reaching laws within a robust
sliding-mode control framework for a paediatric lower-limb exoskeleton. They employed a
continuous hyperbolic tangent approximation of the discontinuous switching function and
evaluated chattering using a quantitative chattering indicator. Their findings showed that
the reaching law providing the lowest tracking RMSE did not necessarily yield the lowest
chattering level, highlighting the need to assess tracking accuracy and switching-induced
oscillations separately.

In many of the reviewed studies, chattering reduction was inferred qualitatively from
smoother control-input, torque, or sliding-variable responses rather than evaluated using a
standardised quantitative metric. Consequently, direct numerical comparison of chatter-
ing performance across studies is not currently reliable because the reported evaluation
variables, scales, operating conditions, and validation platforms differ substantially.

For completeness and traceability, the additional studies included in the systematic
review, which are documented in Supplementary Table S3 but not individually discussed
in the preceding sections, are cited here [199-226]. These studies form part of the original
set of 126 included studies and provide further supporting evidence for the review.

7. Conclusions

This review analysed Sliding-Mode Control strategies applied to knee and lower-limb
exoskeletons with direct knee-related control or evaluation, with particular attention to
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tracking accuracy and chattering behaviour. The surveyed studies generally show that SMC
provides robust tracking under nonlinear dynamics, disturbances, and uncertainties inher-
ent in human-robot interaction. Within individual studies, advanced SMC variants generally
report lower RMSE compared to conventional SMC when evaluated under identical condi-
tions. However, direct comparison of RMSE values across different publications remains
limited due to variations in system models, gait tasks, reference trajectories, disturbance
assumptions, and evaluation protocols. As a result, reported RMSE values are more infor-
mative in terms of relative improvement trends than as absolute performance indicators.

Despite substantial algorithmic developments, chattering remains a persistent practical
challenge. Within the subset of studies for which a primary chattering-mitigation mecha-
nism could be identified, boundary-layer and smooth-switching approaches constituted
the largest category. However, this distribution should not be interpreted as evidence that
smoothing is generally preferred over structural controller redesign across the entire litera-
ture, as the remaining studies could not be classified under the adopted criteria. Although
such strategies reduce visible oscillations, residual high-frequency effects often remain
due to unmodelled dynamics, actuator limitations, discretisation, and measurement noise.
Higher-order methods, including super-twisting algorithms, offer theoretical advantages
but do not fully eliminate chattering in realistic hardware implementations, especially
when compliance and sampling effects are considered. Observer-based and intelligent
SMC approaches further mitigate oscillations by reducing switching gains through distur-
bance estimation or function approximation; however, these methods introduce additional
trade-offs related to noise sensitivity, bandwidth tuning, and implementation complexity.

Importantly, smoother control inputs do not automatically ensure safe and comfortable
interaction at the human-joint interface. The absence of standardised chattering metrics
and the fact that simulation remains the most common validation approach, further limit
the ability to assess high-frequency interaction effects.

Overall, while SMC-based controllers demonstrate strong robustness and tracking
capability in knee and lower-limb exoskeleton applications, a unified framework that guar-
antees chattering suppression under realistic human-interactive conditions has not yet
been established. Future research should prioritise structurally grounded and constraint-
aware control design, supported by standardised evaluation metrics and rigorous hardware
validation. Addressing chattering in a systematic and experimentally verified manner
remains essential for translating the theoretical robustness of SMC into safe, reliable, and
human-compatible knee and lower-limb exoskeleton systems.
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