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Abstract

With the increasing number of stroke patients, there is a growing demand for lower-limb
rehabilitation exoskeletons. While current mechanisms are preferred for their light weight
and dexterous design in limited environments, the alignment of the structures and motion
are still not matched perfectly to human movements. This study develops a novel structure
and configuration optimization method for knee part rehabilitation with special passive
self-alignment modules. The driving segment is mechanically coupled to the patients’
lower limb. All components are designed with high rigidity and fully constrained to
ensure smooth and continuous motion. Then, the kinematics are systematically derived to
establish the foundation for the control system. Next, the application of the particle swarm
optimization algorithm determines the optimal parameters for each revolute joint during
the bending motion, and reduces the non-ideal S-shaped motion deformation curve caused
by the offset of the joint rotation center and the load at the end effector successfully. The
final results demonstrate that the optimized SRE achieves 97.5% motion accuracy under
large-angle knee movement. This work presents simulation-only validation, and clinical
testing remains future work. The proposed mechanism provides a promising solution
for post-stroke rehabilitation, and is also applicable to geriatric lower-limb weakness and
orthopedic postoperative recovery.

Keywords: rehabilitation exoskeleton; PSO algorithm; self-alignment

1. Introduction

Knee dysfunction resulting from stroke, spinal cord injury, or analogous disorders
generally leads to abnormal muscular activities, such as mistimed or insufficient muscle
contractions, significantly affecting gait function [1]. Stroke, a common cause of mobility
impairment, frequently leads to unilateral limb weakness in patients [2], who may show a
semicircular leg-dragging gait during locomotion [3]. Weak or paralyzed knee stabilizer
muscles further undermine weight-bearing stability, increasing the risk of collapse during
the stance phase [4,5]. Therefore, knee exoskeletons have emerged as a feasible interven-
tion to correct pathological gait in these patients [6,7]. However, the increasing demand
for personalized long-term rehabilitation has increased the workload of therapists and
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treatment costs [8]. To address these issues and facilitate rehabilitation at home, various
robotic exoskeleton designs have been developed [9]. Lower-limb exoskeletons have broad
applications beyond post-stroke rehabilitation, including geriatric muscle weakness and
orthopedic postoperative recovery. Compared with active exoskeletons, which require
powerful actuators, passive exoskeletons offer the advantages of being light, inexpen-
sive, and safe, suitable for early rehabilitation. Al-based optimization for exoskeleton
design is still emerging, and this research contributes to the advancement of PSO-based
customization for knee rehabilitation exoskeletons.

Driven by technological advances and the growing demand for rehabilitation of the
lower extremities, research in this field has expanded considerably [10-12]. Continuous
Passive Motion (CPM) devices, which were introduced in the 1970s, initially represented
the early generation of rehabilitation equipment [13,14]. For example, the 1988 BioDex
system provided programmable, force-regulated support for muscular rehabilitation [15,16].
Subsequent designs included the NeXOs (characterized by multi-segment structures for pas-
sive/assisted motion [17,18]) in 2009, the 3-degrees-of-freedom Physiotherabot (supporting
both passive and active rehabilitation modes [19,20]), and the Gait Trainer GT-I (facilitating
gait simulated training [21,22]) in 2011.

The Lokomat, a well-recognized wearable exoskeleton, allows patients to walk on
a treadmill while adjusting their gait through human-device interaction [23,24]. Similar
systems such as AutoAmbulator and PAM/POGO also reduce physical exertion during
rehabilitation [25,26]. Nevertheless, existing solutions still face the following notable limita-
tions: rigid mechanical structures that cannot adapt to individual patient anthropometry,
inadequate intelligent control modules to track recovery progress in real time, and lack
of personalized rehabilitation methods [27,28]. Focusing on the actuator design of soft
rehabilitation robots, Lai et al. proposed a novel pneumatic actuator of the lattice struc-
ture for wrist rehabilitation robots and completed systematic modeling and performance
evaluation, providing a new structural solution for the design of flexible driving units of
rehabilitation robots [29]. In terms of lightweight and portable wearable rehabilitation
devices, Li et al. developed an untethered adaptive thumb exoskeleton that provides precise
and delicate rehabilitation assistance for finger movements and expands the application
scenarios of small-scale rehabilitation exoskeletons [30]. To improve the active assistance per-
formance of the upper-limb rehabilitation equipment, Xie et al. constructed a cable-driven
rehabilitation robot based on the characteristics of human muscle synergy that effectively
improves the precision of myoelectric control and the coordination ability between humans
and robots during upper-limb rehabilitation training [31]. In order to meet the adaptive
walking requirement of lower-limb rehabilitation devices, Best et al. proposed a data-driven
variable impedance control method for knee—ankle-powered prostheses, which enabled
the robotic device to adapt to different walking speeds and road slopes [32]. In terms
of lightweight passive rehabilitation assistance, Williams et al. compared the rehabilita-
tion effects of spring resistance and motorized resistance structures through the design
and validation of a portable ankle-assisted device, providing a practical reference for the
lightweight design of lower-limb rehabilitation exoskeletons [33]. For neurological reha-
bilitation scenarios, Dell’Eva et al. developed a hybrid robotic rehabilitation device that
integrates multiple functional modules, which can effectively assist gait training for pa-
tients with neurological movement disorders [34]. In summary of the current progress of
wearable rehabilitation robots, Cha et al. comprehensively reviewed the research status of
gait-assisted wearable robots and noted the existing limitations and future development
trends in the field of robotic gait rehabilitation [35]. In terms of robust control of lower-limb
exoskeletons, Wang et al. designed an extended state observer-based sliding mode control
strategy for torque-sensor-free hip exoskeletons, which improves the motion stability and
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anti-interference performance of lower-limb rehabilitation robots [36]. In addition, effective
human-to-robot collaboration remains a crucial challenge. Exoskeletons must dynamically
adapt to human motion patterns while ensuring safety and bio-compatibility, which re-
quires advanced control strategies that meet the requirements for rehabilitation robotics.
Although self-aligning knee exoskeletons have been proposed [25,28], most achieve only
1D/2D alignment and lack effective deformation suppression. Recent work on soft actuators
and adaptive exoskeletons further highlights the need for lightweight, compliant designs.

In addition, structural adaptability and self-alignment design have become key re-
search directions for knee rehabilitation exoskeletons, primarily to resolve the kinematic
mismatch between robotic structures and human knee joints and reduce unwanted forces
in the human-robot interaction [37]. Li et al. designed a self-aligning knee exoskeleton
with auxiliary hip rotational degrees of freedom that compensates for spatial misalign-
ment of the joint and improves the kinematic compatibility of lower-limb rehabilitation
equipment [38,39]. Yang et al. investigated the structural optimization of adaptive knee
exoskeletons, providing a practical design approach to improve the motion match between
mechanical structures and human knee movement during rehabilitation training [40].
Liu et al. proposed a lightweight knee exoskeleton inspired by human ligament biome-
chanical characteristics, which effectively reduces interaction force and enhances wear
comfort during walking rehabilitation [41]. Focusing on daily rehabilitation scenarios,
Kittisares et al. developed a dual four-bar-linkage knee exoskeleton with ergonomic charac-
teristics, implemented adaptive motion adaptation for stair rehabilitation, and expanded
the forms of structural design of knee assistive devices [42].

As an efficient intelligent optimization algorithm, particle swarm optimization (PSO)
has been widely applied to structural design, parameter tuning, and performance optimiza-
tion of lower-limb rehabilitation exoskeletons. Song et al. adopted a multi-objective PSO
method to optimize the layout of plantar pressure sensors for lower-limb exoskeletons,
improving gait detection accuracy and laying the foundation for precise knee rehabilitation
motion control [43]. Zhang et al. integrated the PSO algorithm with an extreme learning
machine to build a gait recognition model that effectively improves the system adaptability
of the exoskeletons to complex knee motion states in different rehabilitation stages [44].
To enhance the control stability of exoskeleton systems, Li et al. used PSO to realize adap-
tive real-time tuning of control parameters, optimize trajectory tracking performance of
rehabilitation robots, and improve anti-interference capability [45]. Wang et al. combined
PSO with a neural network of radial basis functions to construct a hybrid control strategy
that optimizes the performance of the output torque of the knee exoskeletons and promotes
stable and efficient rehabilitation actuation [46]. Tian et al. utilized the PSO algorithm
to optimize the kinematic parameters of the knee rehabilitation mechanisms, achieving
optimal structural synthesis and effectively improving the motion transmission efficiency
of knee joint assistance systems [47].

This paper introduces an ergonomic exoskeleton design featuring a flexible arctic
hybrid structure, achieving an optimal balance between active controllability and passive
adaptability. Then, it details the gait data acquisition process and the structural design of the
exoskeleton. Next, this paper analyzes the performance characteristics of the proposed sys-
tem, assesses its compatibility with human motion, and addresses the non-ideal S-shaped
curve issue. Finally, it summarizes key conclusions and presents promising directions for
future research on intelligent control optimization for rehabilitation of exoskeletons. All
results are simulation-only, and human/clinical trials will be shown in future work.

The main novelties are summarized as follows:

1. A segmented redundant joint mechanism is proposed to realize full 3D passive self-
alignment, while most existing designs only achieve 1D /2D alignment.
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2. A hybrid rigid—flexible structure with distributed torsion springs is developed to
suppress non-ideal S-shaped motion deformation, which has not been addressed in
previous knee exoskeletons.

3. A PSO-based multijoint parameter optimization method is proposed, which
achieves 97.5% motion accuracy under large-angle knee movement, outperforming
current prototypes.

2. Data Collected from the Motion Capture System

To address the limitations in personalized adaptation and human-robot interaction
(HRI) identified within existing rehabilitation exoskeletons, a high-precision 3D motion
capture system was utilized to acquire lower-limb motion data for the design and optimiza-
tion of exoskeletons. Fifteen retroreflective markers, positioned according to the standard
Helen Hayes marker set protocol, were affixed to the lower extremities of the participants,
as shown in Figure 1. The participants performed treadmill walking tasks and leg raisers in
a designated testing area. Six peripheral infrared cameras were synchronized to capture the
complete motion cycles of the lower limb during ambulatory and seated conditions. These
captured kinematic data constituted the foundational input for subsequent exoskeleton
development. The database includes eight healthy participants (age: 24 + 3 years; height:
172 £ 5 cm; weight: 68 + 7 kg). “Maximum Angle” represents the maximum flexion angle,
“Maximum Moment” is the maximum torque, and “Rotational Angle of Testers” denotes
the average natural knee movement angle—these are the raw experimental data directly
measured from the motion capture tests of the eight participants. All values are averaged
from the measured data. The control strategy references the physiological knee motion of
healthy subjects to guide functional recovery. Table 1 summarizes the maximum angles and
torques measured in sitting posture, which define the design requirements for standing

and sitting motions.

Figure 1. Motion capture experiments (Numbers 1-6 denote the placement positions of the six cameras.).

The captured motion data allowed quantification of knee joint range of motion (ROM)
and real-time torque fluctuations, with the key metrics summarized in Table 1. A central
emphasis of this study is the mechanical response of the knee joint under exoskeleton-assisted
control, a dimension that is often under-emphasized in conventional designs. Many existing
lower-limb exoskeletons prioritize basic kinematic tasks but neglect the dynamic require-
ments of HRI, which represents a significant gap for rehabilitation systems. For stroke
patients, who generally have muscular weakness, this oversight restricts the utility of the
exoskeleton. Weak knee stabilizer muscles impede independent joint stabilization, flex-
ion/extension, and locomotion. As a result, exoskeletons are required to provide adaptive
compensatory stabilizing torque around the knee to support standing and walking.

Table 1. Range of angle and torque of the knee joint.

Maximum Angle Maximum Moment Rotational Angle of Testers
Walking 67° 36.8 Nm 42°
Sitting 117° 62.5 Nm 102°
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3. Modeling Design of Knee Rehabilitation Mechanism
3.1. Biomechanical Description of Knee Joint Configuration

A thorough understanding of the biomechanics of the knee joints serves as the corner-
stone for the design of intelligent-adaptability exoskeletons, especially for the alignment of
the mechanical structure with the dynamic motion of the human lower limb. For a healthy
adult, the gait cycle primarily comprises two distinct phases: the stance phase and the swing
phase. The stance phase can be further subdivided into the weight-acceptance stage and
the single support stage. Additionally, knee motion exhibits six degrees of freedom (DOF),
comprising three rotational movements—flexion/extension, internal/external rotation,
and abduction/adduction—alongside three translational movements: anterior/posterior,
medial/lateral, and superior/inferior. Although flexion and extension are the main func-
tional movements, internal /external rotation and anterior/posterior translation are crucial
to maintaining joint stability during locomotion. The complete rigid restriction of all sec-
ondary translational and rotational motions will increase joint reaction forces and further
cause mechanical wear or discomfort; by contrast, our scheme only restricts the ante-
rior/posterior translation of the X-axis while retaining free movement of the YZ-plane,
effectively avoiding redundant extra joint load.

Figure 2 illustrates points A and B, which represent the exoskeleton and the lower
limb, respectively. During bending experiments, the changes in the rotation angle cause the
rotation center of both the exoskeleton and the knee to shift from their original positions.
Each time the angle changes, the knee’s rotation center (O) produces a micro-variation in
its position along the three translation axes: d! (along the x-axis), dh (along the z-axis), and
dw (along the y-axis). Then, the angles change accordingly, including angle « (rotates about
the x-axis), angle 0 (rotates about the z-axis), and angle w (rotates about the y-axis). This
misalignment significantly impacts the functionality of the exoskeleton. To address this, it
is necessary to passively achieve self-alignment of the rotation center of the knee joint.

dla)

Figure 2. Knee flexion system (sitting posture; standing follows opposite loading, maximum rotation
center offset occurs here, detailed in Section 3.4. The symbols dh(6), dw(w), and dl(«) represent the
deviation values along the x-, y-, and z-axes in space, respectively.)

For patients with lower-extremity impairments, surgical interventions are still only
applicable in select cases, such as those that do not respond to conventional prosthet-
ics. Wearable robotic exoskeletons have emerged as noninvasive alternatives, facilitating
prosthetic adaptation and mobility restoration for individuals with spinal cord injuries or
bilateral transfemoral amputations. However, existing designs often lack bio-mechanically
aligned structures to support intelligent human-robot interaction (HRI), and this gap is
addressed by the control-oriented modeling in this study.

Thus, a comprehensive understanding of how the exoskeleton differs from human
limbs is necessary. The self-alignment mechanism ensures that the components of the
exoskeleton automatically adjust to the shifting rotation center of the knee, maintaining
proper alignment with the natural movement of the knee joint.
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3.2. Configuration Synthesis of the Knee Joint

The knee exhibits six-degrees-of-freedom motion, but anterior—posterior (X-axis) trans-
lation is the main cause of human—exoskeleton misalignment. The medial-lateral (Y-axis)
and proximal-distal (Z-axis) translations are small and can be passively compensated for
by the flexible segments of the proposed SRE. Therefore, restricting only X-axis translation
effectively reduces complexity while maintaining alignment capability. To achieve bidirec-
tional human-machine adaptation, which serves as the core requirement for rehabilitation
of exoskeletons, a sub-mechanism was devised to facilitate full rotational motion and
translational movement strictly confined to the YZ plane. This sub-mechanism is designed
to impose no constraint forces along the Y or Z axes and introduces no constraint couples
about any axis. The fundamental constraint is solely the restriction of translational motion
along the X-axis. This design guarantees that the exoskeleton maintains flexibility to adapt
to natural human motion while providing reliable structural support.

Using these flexibility and constraint characteristics fully, the lower-limb exoskeleton
mechanisms can adapt to the various motions of individuals without sacrificing stability
while maintaining a certain level of stability, thus improving its applicability for stroke
patients with different gait impairments.

The basic formula of the constraint-screw system for the sub-mechanism is defined
as follows:

s, = {si = (1,0,0,0,0,0)} M

This is a constraint force along the X-axis. The standard base of the motion-screw system
for the sub-mechanism can be obtained as follows:

(1,0,0,0,0,0)T
(0,1,0,0,0,0)"
(0,0,1,0,0,0)" )
( )
( )

Sa

0,0,0,0,1,0)T
0,0,0,0,0,1)T

Sm
S
Sas
Sas
Sas

/
al’

of screws S,1, S;» and S;3, which can be expressed as follows:

Then, three new screws, S S’a2 and S;3, can be obtained using the linear combination

S;lzl = (ll/ mq,ny, 0/ 0/ O>T
1S/u = S;Z = (12/ my,ny, 0/ 0/ O)T (3)
SZZ?) = (13/ ms3,nsz, 0/ 0’ O)T

which presents a 3R spherical subchain or a spherical joint. However, spherical joints
are excluded due to insufficient structural stiffness and poor load-bearing capacity for
rehabilitation tasks. Helical pairs are avoided because they introduce undesired axial
motion, which conflicts with the requirements of pure knee flexion/extension. Thus,
the equation can be used to construct a 3R spherical subchain. This can be used to obtain
new screws as follows:

T
Sy = (14, m},ny,0,b],c})
1g/ _ " ) 1 N\T
Sa = m = (I, my,n3,0,b5,cp) (4)

" Pl 1 N\T
S/ = (I3, m5,n3,0,b3,c3)

This formula denotes three successive revolute joints whose axes do not pass through
a common point. That is, the submechanism may consist of three successive revolute
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joints that are not a 3R spherical subchain. In addition, screws S/, and S/, can form a 2R

"
al’

X-axis in the local coordinate frame O, — XY Z. Similarly, screws S, and S, can be treated

spherical subchain when screw S, is transformed into screw S/}, whose axis is along the
as two successive revolute joints that are not a 2R spherical subchain.

In addition, the linear combination of screws S;1, S,4, and S,5 produces a new screw
S’,. It should be noted that screw S, cannot be used to combine with screw S,4 to avoid
the presence of helical pairs. Similarly, S,z cannot be used to combine with the screw Ss.
Then, the new screw S/, can be transformed by the linear combination of S and S,s,
and the new screw S/, can be obtained using the linear combination of S;3 and S4. The
two screws S/, and S/ can be obtained after the linear combination of screws S,4 and S5,
which can be expressed as

zs/ _ S/a4 - (OI O/ O/ Or ny, n4)T (5)
© |85 =(0,0,0,0,ms,n5)"

The formulas exhibit two prismatic joints whose translation directions parallel the
plane determined by the Y- and Z-axes. The screws S,4 and S5 can also be used to construct
two screws S/, and 5;’5 by linear combination with screw S,;, as follows:

;/4 - (1/ 0/ 0/ O/ b4l 64)T

6)
S". = (1,0,0,0,0,bs,c5)"

ZS;/ —

These new screws can be applied to design two revolute joints whose axes are
along the X-axis. In addition, the formula indicates that there is no prismatic joint in
the sub-mechanism.

It can also be found that the rotation axes of revolute joints are along the X-axis,
intersect at one common point, or are based on the values presented in the previous
equations. Furthermore, the number of revolute joints whose axes are along the X-axis
cannot be greater than three because there are only three screws that can be used to obtain
such revolute joints. Similarly, the number of other types of successive revolute joints is
also not greater than three based on later equations.

Finally, the structural characteristics of the sub-mechanism in this case are:

1. There must be two or three successive revolute joints, i.e., (iRj R)N, (iRj RkR) N, “IR¥’R
or ulRMZRuSR.

2. The revolute joint(s), except those in the successive revolute joints, must be iR;

3.  The prismatic joint(s) must be °P or “'P?P.

The superscripts such as i, j, u1, u2 denote different spatial orientations of the joint
axes; R stands for a revolute joint, P stands for a prismatic joint; and subscript N indicates
successive revolute joints whose axes do not intersect at a common point. All screw
expressions are unified into standard six-dimensional column vectors with consistent
bold formatting.

An enumeration of such sub-mechanisms is provided in Table 2 based on these
structural characteristics. These sub-mechanisms consist of two revolute joints forming a
2R spherical subchain, as well as three successive revolute joints that are *‘R*R*R.

3.3. Modeling Design of SRE Rehabilitation Model

Based on the biological configuration characteristics of the knee joint, a segmented
redundant exoskeleton (SRE) was proposed to overcome the limitations of traditional rigid
lower-limb exoskeletons, such as large volume, high energy consumption, and misalign-
ment between robotic and human joints. After a comprehensive comparison of all candidate
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topologies in Table 2 in terms of structural compactness, load capacity, and passive self-
alignment performance, the final manufactured SRE mechanism adopts the configuration
YR*RURYR™R selected from the category without prioritization as the core structural
layout. The proposed SRE integrates rigid and flexible components into a hybrid system,
specifically designed to improve the efficacy of knee rehabilitation, as shown in Figure 3.
The new integrated rehabilitation structure combines two benefits. On the one hand,
the weight and volume of the wearable device are significantly reduced, thus ensuring a
high degree of lower-limb comfort and movement for patients. On the other hand, this
kind of structure can follow the motion of the knee joint of the patient and adapt to it;
therefore, less mechanical interference is offered, the HRI response time is greatly reduced,
and dangerous secondary injuries can be effectively prevented. The rigid part provides
sufficient structural strength and load-bearing capacity, while the flexible parts can change
with kinetic changes in movement. And this is the perfect combination that makes the
rehabilitation support force more compliant with body functions.

Table 2. The enumeration of the sub-mechanism restricting translational mobility along the X-axis.

Enumeration
Two prismatic pairs vlpv2pul RUZRWR, “IRWRWRVIpV2p, V1pv2pXRUIRUZR,
leXRVZPul RUZR, val PVZPul Ru2R, ulRHZva PV2PXP,
ulRquvavaZP ulRquvll)XRVZP leVZP(iRijR)N
(iRijR)KIlPV?P, UlPYZPXP(iRjR)N/ leX'RVZP(iRjR)N/
RIPZP(RR)y, (RR)YPVZPR, (RR)ERYIPYP,
(‘R'R)IP*RVZP
One prismatic pair UPXRURWZRWR, ¥PVPURWZRWR, “IRUVZRWRXPVP,
ulRuZRu3RVPXR, vPXRXRul Rqu, ulRquXRXRVP,
xRVPXRulRLIZR xRXRVPulRLIZR ulRLIZRXPVPXR
ulRquVPXRXR, UPXRXP(iRjR)N, leXR(iRijR)NI
*R'P('R'RFR)y, (R'R*R)N*R'P, (‘R/R'R) PR,
ZJPXRXR(IR/R)N’ (IR]R)%RXRVP, XRVPXR(IR]R)N’
*RR'P('R/R)y, (R'R)ERVP'R, ((R/R){ PR*R
No prismatic pair FRXRURVZRYR, “IRVZRWBRXRXR, YR*R*RUIR™R,
RR(RRR)y, (RRR)FRR, "RRR(RR),
((RR)LRRR

Figure 3. Establishment of the knee joint deviation system.

3.4. Adaptive Clutch Design for Precise Motion Control

An innovative clutch mechanism was designed to enable seamless knee flexion and
extension, with its structural features optimized for compatibility with intelligent control
algorithms, as shown in Figure 4. The first revolute joint of the mechanism is fixed to
the thigh, while the last revolute joint is attached to the calf. Intermediate revolute joints
(connected via revolute pairs) are actuated by a motor-driven string system.
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Segnent 4 Segment 4

Segment 5 Seguent 5

Segment 2 Segment

Segment 6 Segment 6

Segment 3

Segment 3

Figure 4. Design of the clutch system (The blue part indicates the outer shell, the green part denotes
the passive rotation module, and the pink part corresponds to the active drive module.).

In particular, the primary load in both the standing and sitting postures comes from the
lower leg, but the loading conditions are opposite: in standing, the leg is unloaded when ex-
tended and loaded when flexed; in sitting, the leg is unloaded when flexed and loaded when
extended. The maximum rotation center offset also occurs with this posture. Therefore,
a novel clutch mechanism capable of achieving maximum rotation angle and maximum
torque can meet the requirements of the two aforementioned application scenarios.

The motor is mounted with flexible positioning to allow slight slippage along the
thigh, adapting to individual anatomical variations and gait patterns. The motor mounted
on the thigh can drive a rope pulled through the segments to make the limbs move,
a clockwise turn brings about knee flexion, and a counterclockwise one triggers knee
extension. In the design process, except for the first and last links, which are directly fixed
to the lower extremities of the patients, all intermediate joint links can rotate freely and
the natural movement of the leg is utilized. The motor shifting function can be used to
realize muscle training in stroke patients using the healthy patella as a fulcrum point and
keeping their legs closely aligned with the rotation axis of the knee joint through passive
means. The connecting segment gradually tapers from thigh to calf, and in order to adapt
to different thigh and calf sizes, an optimum fit and accurate transmission are needed.
The accurate placement of the rotational center relative to the interface of the lower limb
and the mechanism provides a solid foundation for the improvement and optimization
of the control system. The general model of the knee rehabilitation mechanism is shown
in Figure 5.

Figure 5. Model of the knee rehabilitation mechanism.

In particular, there are differences in the number of joints in different models. The con-
ceptual model in Figure 3 uses six revolute joints to verify the feasibility of the principle in
the initial design stage. When establishing the Adams simulation model with real human
lower-limb dimensions, an additional revolute joint was added to better match the actual
anatomical characteristics. In the kinematic and PSO optimization models, eight variables
are considered, including two extra redundant revolute joints, to accommodate multi-
directional rotational compensation during knee movement.
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4. Kinematic Analysis

The proposed Segmented Redundant Exoskeleton (SRE) incorporates a multi-axis
configuration. This design elevates human—machine adaptability; however, it also imposes
substantial complexity on its kinematic model in Cartesian space. This complexity emerges
as a crucial bottleneck for real-time motion planning and intelligent control, which are
essential for next-generation rehabilitation robots. Therefore, simplifying the kinematic
model while maintaining control precision is a fundamental requirement for the practical
application of the SRE.

4.1. Forward Kinematic Modeling with Simplified D-H Parameters

Given that the SRE is a combination of successive rotational joints, the Denavit—
Hartenberg parameters are applied to specify the coordinate system of each link in segment m,
where Z;_1 is the unit vector of the iy, rotational axis of segment m. The Denavit-Hartenberg
parameters are listed in Table 3, where a; is 0 degrees due to its special position constraints.

Table 3. D-H parameters.

Joint i a; (mm) a; (°) d; (mm) 0; (°)
1 L 0 0 0,
2 L 0 0 0,
3 L 0 0 03
4 L 0 0 64
5 L 0 0 5
6 L 0 0 0
7 L 0 0 0,

A standard DH coordinate-frame schematic is supplemented here to clarify the coor-
dinate definition rules. For the standard DH convention, the Z;_; axis is aligned with the
rotation axis of the i-th revolute joint, while the X;_; axis lies along the common perpendic-
ular between Z;_; and Z;. All eight connecting links are listed in the full DH parameters.
The standard DH coordinate-frame diagram is shown in Figure 6.

The kinematic relationship of segment m is deduced on the basis of the D-H parameters
as follows:

T =Ty Toad Ton - 17 Togy *Tory Tos = f(025-1, 02) 7)

where i’i_l T; 1 denotes the homogeneous transformation matrix between the coordinate
frames of adjacent links i — 1 and i within segment s, fs (6251, 625) represents the simplified
forward kinematic function corresponding to segment s, and 6,;_1 and 6, are the joint
angles of the segments.

According to the forward kinematic analysis, the precise attitude of the end effector can
be calculated for the SRE. To further decrease the computational complexity for real-time
control, the rotation matrix of the end effector is expressed using Euler angles as follows:

CcOSs 9123'_7 0 sin 9123...7 0
0 1 0 0

0
0 0 0 1

where sinfyp3_ 7 = sin(6; + 0, + 603 + - - -+ 07), cosb1p3.7 = cos(0y + 0 + 05+ -- -+ 67),
fsre(0) is the simplified forward kinematic equation of the SRE, and 6 is a column vector
combining 6 ~ 67.
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Figure 6. The standard DH coordinate-frame diagram.

4.2. Inverse Kinematic Solution Based on Simplified Jacobian Matrix

Due to the multiple actual rotational axes of the SRE, the Jacobian matrix derived by
traditional methods would have an excessively high dimensionality, leading to a significant
increase in computational load, and thus impedes real-time control responsiveness. To ad-
dress this issue, the Jacobian matrix was simplified to derive an efficient inverse kinematic
solution, with the aim of balancing calculation speed and control accuracy. First, the lin-
ear velocity v and the angular velocity w of the SRE’s linkage segment m are expressed
as follows:

X : X : X :
U1 | _ | eqrsibas—1 tesorspbas1 - Aefgrsgbas | | U2s—1 U2s ©)
w1 65,192571 + 35,292571 + -+ 35,762571 + 55,8625 Wrs—1 Was

where e;i denotes the antisymmetric matrix of ¢, ; and also expresses the unit vector of the
iy, axis, which includes the segment m and refers to the vector from the joint iy, to the end
effector. Then, vy;_1, V25, wos—1, and wy,, respectively, represent the contributions of the
two key joint variables of segment m to the linear velocity and angular velocity of the end
effector, which are further decomposed as

Wys—1 = €s3+esa+...+es7+es8=Rs_1furs—1 (10)

Wys = €51 +€sp+...+es5+ €6 = Rs_1fuwps

X X X X
Upg_1 = 65,31"5,3 + 65/47’5,4 +...4+ 65,71’3,7 + 65,81’5,8 (11)

_ ,X X X X
U2s = €4175,1 + €50ls2 +...+ €5 575 + €5 67,6

where e, ; is the unit direction vector of the rotational axis of the i-th joint; , ; stands for the
position vector originating from the base coordinate origin to the central position of the i-th
joint; and R;_; refers to the orientation rotation matrix of the preceding segment s — 1.

From the equations, R,;_; is the attitude matrix of the segment m — 1, and fy,2;_1 and
fuw,ps are the simplified angular velocity functions of the segment s, expressed as

-1 -1 -1 -1
fw,2571 = i €s3 +§ €s4 +i €s7 +i €s8 = fw,Zsfl(eZsfl/ 925) (12)

1 -1 -1 -1
fors =71 €11 €2 ] ess 1 ese = fuw2s(025-1,62s) (13)
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To further simplify the linear velocity expression, the position vector r; ; (from the base
to the i-th joint center of the segment m) is derived from the segment position analysis as
in Figure 7.

Vsi= —T0s,i — Pi_1+P (14)

where v expresses the vector matrix from the base to the iy, joint center of the segment m.
Thus, the equation can be reformulated as

Vps—1 = Rs_1 (fvl,ZsflR;_ll(Pe — P 1) - fv2,2571) (15)

where R;_1, Ps_1 and P, can be obtained from the simplified forward kinematics from
before fy12s—1 and fyp 251 can be defined as

fvl,Zs = 351 +-- 6:6 = fvl,25(0257]/ 925) (16)
fv2,25 = iile:ﬁiersJ +eee §71€:6§71705,6 = fUZ,ZS(QZS—l/ 62s) (17)

where vy5_1, U5, wys—1 and wy, can then be obtained using simplified forward kinematics.
The equations can be further rewritten as follows according to the Jacobian definition:

. v Uog_ v Ora
]595 _ s| _ 25—1 2s Zg 1 (18)
Ws Wos—1 Wys 625
Base of
segment S Segment S

Segment S-1 I

End-effector

Figure 7. Position analysis of the segments.

Thus, the simplified Jacobian matrix of segment m is

Js = |f’2§1 st‘| (19)
Wos—1  Was
Similarly, the overall simplified Jacobian matrix of the SRE is further integrated as
v " " 6x8
- 2

Finally, the inverse kinematics of SRE can be obtained by iterating the Jacobian matrix,
which reduces the complexity of the calculation process and shortens the time of the control
algorithm. SRE has 8 joint variables and fewer task DoFs, resulting in some redundant DoFs.
The PSO algorithm is adopted to resolve redundancy, minimizing joint torque and avoiding
singular configurations. These results provide the core evaluation basis for the subsequent
PSO algorithm. Importantly, redundant joints are inherent in the kinematic model, and the
PSO algorithm is specifically utilized to correct and optimize these redundant degrees of
freedom, ensuring stable and rational motion of the mechanism.
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5. Simulation and Optimization Analysis

Based on the simplified kinematic model of the Segmented Redundant Exoskeleton
(SRE), Adams simulation software was utilized to develop the SRE model to evaluate its
mechanical performance under realistic rehabilitation scenarios. To balance computational
efficiency with the retention of the core mechanical characteristics of the SRE, only seven
revolute joints per SRE segment within the Adams model were configured, consistent with
the calculated kinematic simplification formulas.

The SRE model incorporates real gravity, contact conditions, and elastic conditions in
the simulation software. The load in the end effector of the model corresponds to the weight
of a single lower limb for a healthy adult, simulating the actual weight load experienced
during human movement. Then, the torsion spring assembly is installed to evenly distribute
the driving force on both sides of the operating point, enabling transmission of force.
Similarly, the parameters of the torsion springs previously set in the rotation joint are
adjusted to mitigate impacts of collision during motion. Finally, pulleys are laterally
installed on the module to guide the string’s trajectory.

Under the specified loading conditions, the simulation results revealed a distinct “S-
shaped” motion trajectory of the SRE mechanism, as shown in Figure 8, representing a non-
ideal deformation that deviates from the kinematics of the natural knee joint. This figure
further depicts the posture of each revolute joint during non-ideal motion toward the target
trajectory. This “S-shaped” deformation is mainly due to two factors: (1) ropes connected
to the distal end effector through steering levers generate a higher torque on the distal
segment of the mechanism relative to the proximal segments; (2) the combined distal
traction and the flexibility of multiple intermediate revolute joints induce a non-linear
structural deformation.

Collision

%

Figure 8. Failure “S-shaped” curve of the SRE model.

This deformation compromises motion accuracy. The optimized trajectory reduces
deviation and shows potential clinical significance in improving knee coordination. To quan-
tify collision-induced deviations, the rotational angles varying in time with each revolute
joint prior to optimization are analyzed in Figure 9. Inflection points correspond to collision
points, initially manifesting in distal segments and progressively propagating proximally.

Angle changes of each revolute joint with time before optimization
35.0

—IONT.1 | sl
- =JOINT_2

- JOINT

— JOINT_4

w
e
°

S}
il
°

-=.JOINT_7

Angle (deg)
8
>

Collision Points "« .

Lo
=3

10.0

4.0

Time (sec)

Figure 9. Angle changes in each revolute joint with time before optimization.
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Manual adjustment of the torsion spring parameters to mitigate the “S-shaped” curve
is inefficient and impedes rapid identification of optimal configurations, presenting critical
limitations for the application of SRE in practical intelligent rehabilitation control systems.
To minimize “S-shaped” deformation and reduce its curvature—thereby aligning SRE
motion with the natural biomechanics of the knee biomechanics—the particle swarm opti-
mization (PSO) algorithm was deployed within MATLAB R2023b to effectively optimize
the torsion spring parameters. This data-driven optimization approach ensures that the
SRE’s mechanical performance is tailored to real-time control requirements, a key design
criterion for rehabilitation robots.

6. Motion Trajectory Optimization
6.1. Particle Swarm Optimization Algorithm

Based on the previous theoretical analysis, when no external load is applied to the SRE
mechanism, the optimal solution is achieved when each rotational axis rotates at the same
angle. However, under the influence of the load and the gravitational-magnetic field, it
becomes necessary to employ the particle swarm optimization (PSO) algorithm to address
this issue.

PSO is a highly effective intelligent optimization algorithm that discovers optimal
solutions by iteratively configuring them based on both each particle’s individual best
values and the swarm’s overall best value. Using an initial random solution, the algorithm
seeks the optimal configuration that achieves the desired objective through an objective
function. Additionally, PSO has a distinctive memory mechanism that greatly improves
optimization efficiency, which makes it stand out from the alternatives.

Then, we can translate the base coordinate system to the working coordinate system
of the robot, and this translation formula can be expressed as follows:

P, = RP;+ T (21)

where P}, represents the coordinate of the point P in the base coordinates of the robot,
which can change with robot position changes; Pt represents the coordinate of point P in
the working coordinates of the robot, which is not affected by the posture of the robot
end effector; R represents the rotation matrix from the working coordinates to the base
coordinates; and T represents the column vector from the working coordinates to the base
coordinates. R and T were calculated in the kinematic analysis before.

The most important advantage of the PSO algorithm is the application of velocity
update and position update formulas, which can be expressed as follows:

U = W -0+ C1 11 (Presti — Xi) + €2 - 12(Spesti — Xi) (22)

where i is a particle; w is the inertia factor; c; and ¢, represent different acceleration coefficients;
and r; and rp represent two independent random numbers generated in the interval [0, 1].

The key PSO parameters are stated as follows: swarm size = 50; maximum itera-
tions = 300; inertia weight w = 0.7; and acceleration coefficients ¢; = ¢ = 2.0. The explicit
objective function for minimizing S-shaped deformation is defined as

180
F= — abs(0actual — Bideal)

where 0,ua1 is the actual joint angle and 6;4., is the ideal straight-line trajectory.

From this formula, the i, particle is directed toward the locally optimal individual
particle pp.s; and the globally optimal individual particle gpes;-
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Here, v; represents the current velocity of the particle and A represents the applied
time length.

In the process of the PSO algorithm, with the information of the best global point and
the best local point provided to each particle, the PSO convergence speed can be rapidly
improved, thus greatly improving the optimization efficiency.

Therefore, the configured position, speed, and fitness values were taken as the ref-
erence values, and the difference between the angles of each joint was reduced as much
as possible. Multiple iterations were performed to find the optimal solution (we set eight
joints in our simulation). Thus, we set the objective function as follows:

F = (ABS(AX(MAR A8,MAR A0)))x180,/PI (24)

We define three core optimization variables: torsion spring stiffness k, ranging from
0.5 to 2 Nm/deg; preload angle 6y within 0° to 30°; and installation position x varying
from 5 to 20 mm. In Equation (24), AX stands for angle error, while MAR A8 and MAR A0
represent actual and reference joint angles, respectively. That is, the closer the shape of the
mechanism is to a horizontal state after the operation, the closer it is to the real state of the
patient’s lower limbs. The Pi/2 radians are included in this equation because the rotation
angle is opposite to the specified positive direction.

After setting up the objective function, we co-simulated the model in Adams and the
algorithm in MATLAB for optimization. Test points were added to each revolute joint
during the experiment, and torsion springs with different attributes and their motion curves
were tested at the test points. After hundreds of parameter iterations, we obtained the
convergence model diagram of each revolute joint, as shown in Figure 10. In addition,
the minimum angle convergence diagram and the optimized model attitude diagram are
shown in Figure 11.

By comparing the optimization results, we can intuitively see the influence of multiple
groups of experiments on the ‘S-shaped’ curve through the test results. The minimum
convergence angle diagram shows this after hundreds of iterations. The result shows that
the total error of the seven revolute joints in the horizontal direction is only 3.104 degrees.
This shows that the deviation rate of the overall SRE mechanism is less than 2.5% close to
120 degrees in the test, which shows the superiority of this optimization result.

6.2. Results and Analysis

From the figure, the end effector motion during the experimental test fell within the
expected range, with no significant deviation from the leg’s skeletal rotation angle of an
average adult in a gait cycle. Additionally, we conducted a detailed comparison of the
motion curves before and after optimization, as illustrated in Figure 12.

This figure presents a difference analysis of the objective function after performing both
the actual simulation and theoretical analysis of the mechanism in three cases. Normally,
when the end effector of the SRE mechanism is aligned with the same angle as the patient’s
knee, the rotational angle of each joint should be the same as the others. However, due
to various factors, including gravity, load, and spring torque, deviations occur in the
center of mass of the seven revolute joints. The red curve shows the difference between
the mechanism joints and the objective function without optimization, the blue curve
represents the difference between an arbitrary reference value selected during optimization,
and the pink curve corresponds to the difference compared to the optimal solution.
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Figure 10. Convergence of minimum angles of 7 separate revolute joints after 300 iterations.

The specific parameters for the seven revolute joints were 1.526 radians, 2.586 radians,
0.880 radians, 1.701 radians, 2.888 radians, 7.838 radians and 9.148 radians, respectively.
After optimization, the simulation in the target state revealed a minimum value after 3.433 s,
with only one objective function: a 0.0535-radian difference from the objective function.
This optimization significantly improves the accuracy of the mechanism, validating the
feasibility of the optimization method used.

Deviation = |6,ctual — Brarget| (25)

MotionAccuracy = 100% — Deviation (26)

Furthermore, the optimized SRE model achieved an accuracy of 97.5% (as calculation
criteria, the deviation equals the absolute value of the difference between the actual angle
and the target angle, and the accuracy of motion is calculated by subtracting the deviation
ratio from 100%), which underscores the robustness and precision of the system. These
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results validate the feasibility of the proposed mechanism for practical use, especially in the
rehabilitation of stroke patients. This result suggests that the mechanism can not only adapt
to the unique needs of individual patients, improving the potential for improved functional
recovery, but can also effectively replicate natural leg movements while reducing the risk
of secondary injuries, thus providing meaningful assistance in the rehabilitation process.
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The total minimum angle of the 7 revolute joints
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Figure 11. Convergence of minimum angles of SRE mechanism and optimized model.
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Figure 12. Comparison of model optimization with different parameters.

The design and kinematic simulations of the SRE model, coupled with the Adams and
MATLAB co-simulation results, demonstrate that the SRE mechanism effectively facilitates
flexible and coordinated movements of the lower limb. The optimized SRE improves
trajectory fitting performance against experimentally captured human knee motion in a
simulation environment; quantitative calculation of the instantaneous rotation center and
deviation of the human-machine center will be realized via physical prototype tests in
future research. This effectively addresses the challenge of imperfect human-machine
coordination in the field of rehabilitation robotics.

6.3. Experimental Tests

By analyzing the optimized results and data from the human lower extremity, we
evaluated the stress distribution within the continuum and derived equations to calculate
the optimal parameters for the double-torsion helical spring.

Moreover, Figure 13 shows a diagram that illustrates the continuum model of the knee
joint, offering a clear overview of the structure and components of the mechanism.

During the rotation, the force formula can be obtained from the final segment as
follows at any time:

Fry — Fseyy — Me§ — Floaq = Metly

FT,x - Fse,x = Mely (27)
tanf = ?Ty

Then, the moment formula of the final segment can also be found as follows:
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FTZO,e - M, — meglG,e - Floadlload,e =0 (28)

Here, Fr, and Fr, are the torsion forces, which come from the motor, and their
directions are along the x and y axis. Fs, and Fs,, are the forces that come from the
end torsion spring, and their direction is also along the x and y axis. meay and m.a, are
the combination of the mass of the end segment and the acceleration velocity along with
the axes x and y. Next, [y, means the distance between the base and the end segment,
I, means the distance between the center of mass and the center of rotational joint, and
lioad . means the distance from the point of loading force to the center of rotational joint.
Meanwhile, the rotational angle of the end torsion spring is 6, and g is the acceleration of
gravity in the global environment.

o licies,
Segment i —1 T, / A&

Segment i

End Segment

Fioad

Figure 13. Diagram of the testing model of the knee joint.

In the same way, the force formula can be obtained from the arbitrary segment i as
follows at any time while revolute:

Fiy—Fi1y—mj1g=mj_qay
Fiy — F1x =mj_qax (29)
tan 91"1;1 = %

Next, the moment formula of the arbitrarily segment i could be found:
M= M1 —lij (30)

where, F;  and F,;, are the forces that come from the iy, torsion spring on the iy, segment,
along with the x and y axes. F;_1 is the force that comes from the (i — 1)th torsion spring
on the iy, segment in this formula. The rotational angle 6;;_; defines the angle between the
(i — 1)th torsion spring and the iy, torsion spring during this time.

Finally, the overall force equation of the whole mechanism can be calculated as

FT,y - ZFs,y — Y mg — Flogq = Zma,y

FT,x - ZFs,x = Zmu,x (31)
F
tanf = %

The overall moment equation of the whole mechanism can be obtained as

Frlpe = My + ... + Me +meglo, + ... +m1gloll (32)
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where }_ F; x and }_ F; , are the total spring forces along with the directions of the x and y
axes, and )_mg is the gravity of the segments. M; indicates the moment of the iy, torsion
spring, while Me indicates the moment of the end segment. [; is the distance between
the base and the forcing point of the iy, torsion spring. Normally, the mass of each torsion
spring is the same value.

The content provided allows for the theoretical computation of the required torque that
various locations on a torsion spring need to bear. To produce appropriate torsion springs,
the dimensions of the spring would be determined based on the established principles
of torsion spring design and the actual manufacturing capabilities of the factory. It is
important to consider any necessary modifications or adjustments that may be required
to ensure that the final product meets the desired specifications. This attention to detail
guarantees that our manufactured torsion springs will be of the highest quality and meet
all necessary specifications.

The force resulting from the torsion spring is

o (Ed)e

" 3670 x nDL (33)

where E is the modulus of elasticity, d is the diameter of the torsion spring, # is the number
of circles, and D is the mean diameter, which is the average value of the outside diameter
D, and the inside diameter D;. L is the length of the feet, and the angle ¢ here means the
passive rotational angle of the total torsion spring. The contents of the parameters are
shown in the Figure 14.

Size of material

Mean diameter, D,, Inside diameter, D;

| |

Body length, H

Outside diameter, D,

Figure 14. The structural features of the torsion spring.

Taking into account the loading force, motor output and mechanism dimensions, we
determined the key parameters for the torsion springs, as shown in Table 4, including
material, foot length, and diameters. The design equations account for the material proper-
ties, the diameter of the wire, and the number of coils to ensure optimal performance and
reliability. This approach led to the successful design of a torsion spring that met all the
performance criteria.

Table 4. Torsion spring parameters.

Material Wire Diameter Mean Diameter Coil(s) Stiffness

65 Mn 2 mm 10 mm 8 1.2 Nm/deg

Understanding the stress distribution and optimizing the design parameters are crucial
to achieving superior spring performance and durability in various applications, such as
automotive, aerospace, and medical devices. The detailed test model is shown in Figure 15.

https:/ /doi.org/10.3390/ electronics15132878


https://doi.org/10.3390/electronics15132878

Electronics 2026, 15, 2878

20 of 24

Figure 15. Different states of the testing model.

This device offers two recovery modes: knee extension during seated rehabilitation
and knee flexion during standing, aligned with the patient’s recovery stage. To facilitate
movement of the knee joint during rehabilitation, the design includes two channels for
steel wire ropes. The torsion spring, pre-curved to mimic a bent knee, uses a clutch to
extend the upper rope, straightening the knee for seated rehabilitation. In the second phase,
the spring posture is adjusted to straighten the mechanism and the clutch contracts the
lower rope to allow knee flexion, aiding later-stage rehabilitation when the patient can
walk independently.

7. Discussion
7.1. Advantages

Compared with previously reported self-alignment knee exoskeletons, the proposed
mechanism exhibits three distinct improvements. First, it realizes three-dimensional passive
self-alignment to accommodate the spatial offset of the knee rotation center. Second,
the hybrid rigid—flexible structure effectively suppresses non-ideal S-shaped deformation
during movement. Third, the PSO-based parameter optimization method improves motion
accuracy by adjusting joint mechanical parameters. These enhancements address the issues
of misalignment and structural deformation commonly encountered in existing designs.

7.2. Limitations

This study has several limitations that should be noted. First, all results are derived
solely from numerical simulation analysis, and no human-subject experiments or clinical
trials were performed. Therefore, the mechanical performance and rehabilitation effective-
ness of the SRE were not verified under real physiological conditions, which limits the
reliability and generalizability of the current findings. Second, the motion capture database
is constructed from a small group of young, healthy participants with relatively homoge-
neous physical characteristics. The data do not fully represent the kinematic variability
of different age groups, body types, or pathological populations, which may affect the
adaptability of the proposed mechanism in practical applications. The lack of a multi-joint
kinematic analysis limits a comprehensive evaluation of the general motion compatibility
of the exoskeleton. Third, current research focuses only on the kinematic characteristics of
the knee joint in isolation, without considering the coordinated motion of the hip and ankle
joints during natural human movement.
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7.3. Future Work

Future work will focus on addressing these limitations. First, human-subject trials with
healthy participants will be conducted to verify the mechanical performance and motion
compatibility of the SRE under real physiological conditions. Second, further validation
experiments will be carried out in stroke patients to evaluate the practical rehabilitation
effects and clinical applicability of the mechanism. Third, multi-joint kinematic analysis
will be integrated to explore the coordinated motion characteristics of the lower limb,
improving the overall adaptability of the exoskeleton. In addition, human-robot interaction
and operational safety require further analysis to ensure stable rehabilitation performance.
Intelligent adaptive control strategies will also be developed to improve the safety and
effectiveness of the rehabilitation training.

8. Conclusions

This paper introduces a novel mechanism design, kinematic analysis, and motion
optimization scheme for a novel rehabilitation exoskeleton. The exoskeleton uniquely
integrates active and passive clutch drive mechanisms, achieving exceptional rigidity,
substantial loading capacity, and smooth motion characteristics through a synergistic blend
of rigid and flexible components. Subsequently, the particle swarm optimization algorithm
(PSO) was used to meticulously optimize the torsion spring parameters at the revolute joints.
Under simulated working conditions, this optimization effectively improved the trajectory-
fitting performance between the SRE mechanism and the measured human knee motion,
and optimized the passive rotation center tracking effect; further quantitative verification
with physical prototypes will be carried out in follow-up research. The mechanism also
features modularity and customization, enabling future adaptable adjustments to torsion
spring parameters and component quantities according to individual patient requirements.
In addition, the integration of sophisticated motion principles and responsive feedback
mechanisms elevates the entire rehabilitation process.

In summary, this study offers a simulation-verified design scheme for knee rehabilita-
tion exoskeletons, with clinical validation scheduled for future research. Although exoskele-
ton technology remains in its early development stage and faces challenges in technical
implementation and clinical application, the effectiveness of the system promises substan-
tial improvement through subsequent research. Future work will incorporate advanced
sensors, refined control logic, and even Al algorithms, combined with expanded clinical
trial cases.
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