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Abstract: The knee exoskeleton is gradually becoming an essential component in people's daily lives,
playing a significant role in the fields of rehabilitation and industry. However, the human-machine
coupling issue remains a key factor affecting exoskeleton performance. Therefore, this paper provides
an overview of the design of the human-machine coupling mechanism for knee exoskeletons. In terms of
structural design, the mechanisms are categorized into the simplified fixed-track mechanism, the
compliant elastic mechanism, and the self-calibration mechanism, with an analysis of their performance
in practical applications. Moreover, this paper discusses the general optimization steps of optimization
algorithms and their applications in mechanism optimization. Finally, the challenges currently faced by
knee exoskeletons are summarized, and future prospects are proposed.
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1. Introduction

As a wearable device, exoskeletons can not only assist healthy individuals in reducing energy
consumption but also provide support for patients with mobility impairments. With the acceleration of
global aging and the increasing demand for health and physical assistance, exoskeletons have shown
great potential in rehabilitation and have gradually been applied in various fields, including assisting the
elderly in daily activities, improving work efficiency, and enhancing athletic performance=l. To meet
the needs of different applications, various types of exoskeleton robots have been developed to assist the
movement of the neck, upper limbs, lower back, hip, knee, and ankle joints*®l. However, the knee joint,
as one of the most complex and vulnerable joints in the human body, bears body weight during walking,
running, and sitting while absorbing impact forcesl®. Moreover, the incidence of diseases such as
osteoarthritis increases with agel*”. Therefore, reducing the internal forces of the knee joint and
improving mobility in daily life remain key research challenges.

Despite significant advancements in exoskeleton control and actuation technologies, the human-
exoskeleton interaction remains poorly optimized, posing a major barrier to performance enhancement
and long-term application*!, To meet the personalized needs of users, designing an ergonomically
compliant knee exoskeleton is of great importance. Therefore, this paper primarily focuses on the design
and optimization of human-machine coupling mechanisms for knee exoskeleton.

2. Physiological structure of the knee joint

The knee joint (Figure 1) is composed of the lower end of the femur, the upper end of the tibia, the
patella, the menisci, the anterior cruciate ligament (ACL), the posterior cruciate ligament (PCL), the
medial collateral ligament (MCL), and the lateral collateral ligament (LCL). The MCL and LCL restrict
lateral movements of the knee, while the ACL and PCL limit anterior-posterior motions. These ligaments
influence the percentage of the rolling-to-sliding ratio in the knee joint. Additionally, the distinct shapes
of the medial and lateral femoral condyles induce internal rotation during knee flexion. The lateral and
medial menisci distribute weight over a larger area, protect the articular cartilage, and assist in stabilizing
the knee by supporting the ligaments.
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Figure 1: Schematic diagram of the knee joint.

According to the anatomical structure of the human lower limb, knee joint motion encompasses
flexion and extension in the sagittal plane, internal and external rotation in the horizontal plane, as well
as varus and valgus movements in the coronal plane. The primary movement of the knee joint is
flexion/extension, with a maximum flexion range of 130°to 150< The valgus and varus angles of each
individual's knee are fixed, with an approximate range of 5=to 10213, According to the analysis of
human physiological characteristics and biomechanical structure, when the femur moves relative to the
tibia, it exhibits continuous Euler rotation and translation, which can be approximated by an elliptical
trajectory highly similar to the shape of the femoral condyles in the sagittal planet*4l. This results in a
misalignment between the instantaneous centers of rotation (ICR) of the human joint and the device joint,
which may pose a potential risk to joint health. As shown in Figure 2, the movement of the knee joint
ICR in space can be described by five parameters: flexion angle (¢), valgus angle (V), internal rotation
angle (R), anterior-posterior translation (Zps), and superior-inferior translation (Ypis)*l. Here, L and M
represent the initial positions of the lateral and medial femoral condyle centers, respectively, while L' and
M' denote the positions of these centers after a change in ¢.

Zois *

L

Figure 2: Schematic illustration of knee joint movement.

3. Design of knee exoskeleton mechanism

The initial rotation and subsequent sliding movement of the knee joint primarily occur in the sagittal
plane [9]. When the human knee joint transitions from a static walking posture to a dynamic posture, the
relative sliding between the femur and tibia is most pronounced, which can significantly reduce the
efficiency of exoskeleton assistancel*®7l, If the robotic mechanism does not strictly follow the ICR of
the knee joint, additional forces will be generated in the robotic fasteners. These potential tangential
forces cause movement and sliding in the fastener positions, reducing the robot's service lifel*4l. Therefore,
one of the key features of the knee joint mechanism is to follow the ICR of the knee joint. In some knee
exoskeleton designs!*®19, researchers have simplified the human knee joint as a 1-degree-of-freedom
(DOF) rotational joint. Such oversimplified designs inevitably lead to misalignment of the human joint
rotation axis, which may cause unwanted torques on the exoskeleton when worn, resulting in human
discomfort, pain, or even injury®l, According to the findings of referencel®tl, over 77% of knee joint
assistive devices do not consider alignment in their DOF design. Approximately 11% and 4%
respectively employ single-DOF mechanisms and underactuated mechanisms, while only 8% use other
mechanisms to achieve knee joint alignment.

3.1. Simplified guidance mechanism

Simplified tracking mechanisms use multiple predefined trajectory coordinates or fitted trajectories
to mimic the movement of the human knee joint, with data primarily derived from anatomical studies of
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the knee joint's ICR, such as those by Shiraishi? and Walker!?3,

The four-bar (4-BM) mechanism is commonly used to replicate knee joint ICR motion and is one of
the earliest knee mechanisms employed in prosthetics?l. The 4-BM is used to simulate various aspects
of the knee joint, including the ACL and PCL ligaments!?®, condylar shapes(?®], and the knee joint's center
and axis?’l. Zhang et all*"l. proposed a compliant knee exoskeleton based on the 4-BM, incorporating a
spring-loaded cross 4-BM mechanism (Fig. 3a). The optimized design with the cross 4-BM and parallel
springs reduced knee angle error, joint misalignment, and unintended interaction forces by 16.5311.3%,
23.344.9%, and 17.7#1.3%, respectively, compared to commercial products, while utilizing elastic
potential energy recovery for gravity compensation.

Asker et all?®l, introduced a knee joint structure based on a five-bar (5-BM) mechanism (Fig. 3b),
where the optimized 5-BM produced a maximum ICR error 0.63 mm smaller than that of the 4-BM and
demonstrated better force transmission capabilities.

In the case of six-bar mechanisms (6-BM), typical examples include the Watt?! (Fig. 3c) and
Stephenson 111B% (Fig. 3d) six-link mechanisms. Xiao et al®!l. decomposed the Watt six-bar mechanism
into trajectory-fitting 4-BM and drive 4-BM, comparing the linkage-driven 6-BM and crank-driven 6-
BM. The results indicated that the crank-driven six-bar mechanism performed better in smoothing knee
torque curves and transmission efficiency.
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Figure 3: Design of Knee Joint Structure Based on Connecting Rod.

Increasing accuracy by adding linkages inevitably leads to greater structural complexity and inertia.
To achieve more complex motion trajectories, researchers have incorporated gears or cams into the
linkages.

Sabzali et all®. proposed a novel non-circular gear four-bar (NGF) mechanism (Fig. 4a), which
optimized the mechanism design through motion capture of the ICR, enabling precise tracking of knee
joint movement and reducing actuator torque range and mechanism weight in dynamic optimization.

To address the complex problem of position synthesis, scholars designed a single-stage non-circular
gear five-bar mechanismt®*-331 (Fig. 4b), which consists of a single-stage non-circular gear system and a
five-bar mechanism, offering smooth motion and overcoming the limitations found in traditional linkage
mechanisms within their feasible solution domain.

For cam mechanism (CAM) design, the motion trajectory of the ICR is primarily used to determine
the cam profile shapel*¢l. Omid et al®". combined CAM with a spring assembly (SA) (Fig. 4c), designing
the cam groove path based on the ICR on the sagittal plane to simulate the rotational and sliding motion
of the human knee during the transition from sitting to standing. Compared to a single-degree-of-freedom
rotational joint, the proposed knee joint mechanism reduced misalignment by 51%.

Soong et all*8l. proposed a cam-gear mechanism consisting of a driven cam and a basic planetary gear
system (Fig. 4d), which transmits and converts power. This mechanism offers advantages in generating
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diversified continuous curved paths and symmetrical intersecting curved paths.

Kim et alt®, integrated curved guides and bearings in their exoskeleton (Fig. 4e), and compared to
traditional single-rotational joints, this biomimetic joint exhibited only 70% of the pressure differential,
providing a certain advantage in reducing wearer discomfort.

(a) Non-circular Gear Four-bar Mechanism  (b) Non-circular Gear Five-bar Mechanism
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Figure 4: Composite Mechanism Based on Linkages.

Although a fixed trajectory simulates the average ICR curve, it fails to accommodate individual gait
variations, such as step length and internal-external rotation angles. The ICR exhibits complex three-
dimensional helical motion during the gait cycle, and rigid trajectories may lead to abnormal stress
distribution on joint cartilage to varying degrees across different populations.

3.2. Compliant Elastic Mechanism

Elastic compliance mechanisms address the misalignment caused by lower limb flexion through the
use of elastic or flexible components. Commonly, elastic components leverage the elastic displacement
of variable stiffness materials to compensate for human-machine misalignment.

Liu et al™*. designed two elastic limiters inspired by the cruciate ligament (Figure 5a), composed
mainly of a guide rail, spring, bearing, and stopper. Pressure tests revealed that the exoskeleton reduced
human-machine interaction forces by 50.9% during assisted walking and significantly decreased leg
muscle activity under high-torque control for uphill walking.

Wang et al*t, proposed a cross-shaped, four-degree-of-freedom mechanism (Figure 5b), where
redundant degrees of freedom were constrained by springs, enhancing exoskeleton adaptability, dynamic
performance, and user comfort while reducing mechanical complexity.

Zhao et al*?, integrated elastic movable pairs into a four-bar mechanism to achieve variable stiffness
(Figure 5c¢). This mechanism supports the positive load between the femur and tibia during the stance
phase, reducing internal knee joint forces. Simulations showed that this design could bear 63.93% of the
knee joint load during the stance phase.

Yang et al?l, used polylactic acid (PLA) as an elastic knee joint component (Figure 5d), which
provided substantial load support during standing and underwent elastic deformation during joint flexion.
Experimental results showed that the exoskeleton reduced the load on one side of the knee joint by 110
N.
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Figure 5: Compliance mechanism based on elastic components.

Flexible components primarily consist of airbags and fabrics. Wang et al. [59] developed a novel
modular soft-rigid pneumatic exoskeleton (Figure 6a) that combines soft hinges with rigid links for better
human conformation. The knee joint, acting as a soft hinge, is driven by a bidirectional curling pneumatic
artificial muscle (CPAM), providing 28 Nm of torque with a maximum tracking error of 7.4< The soft
hinge design enhances comfort and flexibility while maintaining motion control throughout the gait cycle.

Sridar et all*. proposed a soft inflatable suit for knee extension in stroke rehabilitation (Figure 6b),
composed of soft pneumatic actuators and an elastic sleeve supported by neoprene. By integrating an
inertial measurement unit (IMU) and smart insole sensors for real-time knee angle and gait phase
detection, along with a dual-layer control algorithm based on knee stiffness models, the exoskeleton
reduced quadriceps activity by 30.06% to 57.16%.

Fang et al™*®l, designed a novel foldable pneumatic bending structure inspired by an accordion bellow
(Figure 6c), made from thermoplastic polyurethane (TPU) fabric. By inflating or compressing
interconnected air chambers, the structure generated torque linearly with internal pressure and angle,
producing up to 25.74 Nm of torque at 30<and 40 kPa. It could also output 21.80 Nm of torque without
an external air source, reducing quadriceps electromyography (EMG) signals by up to 64.21%.

Panizzolo et al™*®l, (Figure 6d) and Natali et al*’l. (Figure 6e) employed Bowden cables as the driving
source in fabric-based soft suits made of Lycra and polyester webbing. Natali's design further
incorporated elastic bands and an electromagnetic clutch for energy storage and release, optimizing
energy efficiency. These designs reduced participants' net metabolic power by 7.3% to 14.2%, enhancing
comfort and flexibility while minimizing reliance on traditional rigid exoskeletons.
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Figure 6: Compliance mechanism based on flexible components.

Although elastic compliance mechanisms have some adjustment capabilities for human-machine axis
alignment, the nonlinear stiffness characteristics of elastic materials may lead to phase delay in human-
machine interaction forces, especially during high-frequency movements, which can induce oscillations.
Additionally, the parasitic forces generated by the attachment of elastic materials to the human body can
cause varying degrees of discomfort. Therefore, the comfort of wearing such mechanisms may differ
across individuals and requires further investigation. Improper elastic compensation could also increase
metabolic costs, as muscles need to perform additional work to counteract the passive resistance of the
elastic components.
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3.3. Self-calibrating mechanism

Self-calibration mechanisms often incorporate the concept of kinematic redundancy to increase
passive degrees of freedom (pDOF) and compensate for joint axis misalignment. Celebi et al*l. proposed
a lightweight mechanical structure based on a Schmidt coupling mechanism (Figure 7a), consisting of an
input ring, an intermediate ring, an output ring, and multiple connecting links. It achieves knee flexion
and anterior-posterior translation compensation through an active rotational degree of freedom driven by
a Bowden-cable-based series elastic actuator and two passive translational degrees of freedom. This
design achieves continuous torque output of up to 35.5 Nm within a 180 rotation range, with a
translational resolution of less than 0.05 mm and a rotational resolution of 0.2<; demonstrating excellent
force control performance and safety.

Choi et al*l, proposed a self-aligning knee mechanism composed of a drive pulley, three alignment
pulleys, two alignment links, two transmission cables, and thigh and shank connection frames (Figure
7b). By introducing two passive degrees of freedom (2-DoF), it compensates for the shift in the knee
joint's rotation center during flexion and achieves a maximum rotation of 160

Sarkisian et al’®l. designed a self-calibration mechanism based on a "Prismatic-Rotational-
Rotational” (PRR) configuration (Figure 7c), which includes three passive degrees of freedom (pDOF).
During sit-to-stand assistance, even with intentional alignment errors, the exoskeleton's peak unexpected
force and torque were limited to below 5 N and 0.5 N m, respectively. The mechanism weighs only 190
g and can withstand knee torques up to 120 N m.

Yang et al’®, introduced a human-machine wearable parallel (HMWP) mechanism (Figure 7d),
similar to the design in*4, It incorporates two additional degrees of freedom, including a sliding rail unit
and a passive compensation unit. These components work in coordination to correct alignment errors
caused by slippage during movement, individual knee geometry differences, axial motion, and wear at
different positions.

Li et al®®, designed a mechanism in the coronal plane (Figure 7e), consisting of a universal joint, a
rotational joint, and two sliding joints. The rotational and sliding joints are passive, while the universal
joint is actively driven via a Bowden cable transmission system. Compared to traditional single-DoF
joints, this design reduced human-machine interaction force and torque by 28.1% and 72.1%, respectively.

Choi et al®®®, developed a 3-DoF structure composed of a rolling joint, two passive alignment joints,
a four-bar mechanism, and a sliding mechanism (Figure 7f). The two passive degrees of freedom are
used for alignment in the coronal and sagittal planes, while the sliding mechanism and four-bar linkage
transmit motor torque to the rolling joint for knee flexion. Despite reaching a torque assistance of 57.9
N 1, the design reduced the wearer's metabolic cost by 1.03% to 1.17%.

Li et al>l, employed a constant-force suspension mechanism and an adaptive compliant joint design
(Figure 7g), with one active DoF and two passive DoFs. The rolling pair aligns with the instantaneous
rotation center of the human knee, while the sliding pair automatically adjusts to wearing deviations and
relative motion. With the constant-force suspension mechanism isolating impact from the load-bearing
components, it reduced metabolic cost by 10.95% +4.40% during walking at 5 km/h and by 1.71% =+
4.54% during running at 9 km/h.

Yang et al®®l, proposed a multi-DoF adaptive structure based on a gear-linkage mechanism (Figure
7h), consisting of an active drive unit, gears, links, and passive hinge points. With one active DoF for
flexion and two passive DoFs, this design introduced the Wearable Area (WA) metric, expanding
alignment from "point-to-point" to "surface-to-point," achieving superior motion compatibility in terms
of transmission ratio and initial stiffness.
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Figure 7: Self-calibrating mechanism.

Redundant degrees of freedom can reduce the intrinsic stiffness of the structure, so they are more
commonly used with elastic actuators to balance compliance and support. For rigid adaptive structures,
most are only available for sagittal or coronal planes, while the ability to adapt to complex 3D motions
needs further verification.

4. Parameter optimization and objective optimization methods

Mechanism optimization of knee exoskeletons is a crucial step in the design process, with the goal of
improving the performance, comfort, and control accuracy of the exoskeleton by optimizing the structure
and parameters of the knee actuation mechanism. In the design of related mechanisms, optimization
methods usually involve the improvement of several aspects such as joint kinematics, dynamics, and load
transfer paths. Choosing appropriate optimization methods can effectively deal with the complex
constraints and nonlinear problems in the design, so as to improve the design efficiency and comfort
while ensuring the mechanical performance.

Common parameter optimization methods include Multi-Objective Genetic Algorithm (MOGA),
Multi-Objective Particle Swarm Optimization (MOPSO), Multi-Objective Differential Evolution
(MODE), Weighted Sum Method (WSM), Pareto Local Search (PLS), Levenberg-Marquardt Algorithm
Geometric Differentiation (GD), Goal Attainment Method (GAM) Nelder-Mead Simplex Method
(NMSM), Interior Point Algorithm (IPA), Deep Neural Network Optimization (DNNO), Teaching-
Learning-Based Optimization (TLBO), etc. Parametric optimization and multi-objective optimization
method is mainly through the construction of one or more objective functions, the weight, stiffness,
comfort, energy consumption and other comprehensive consideration, and then find a set of optimal
parameters, so that the performance indicators to achieve a balance. The generic optimization steps are
shown in Fig. 8. For example, the researcher®® constructed a wear comfort evaluation function
containing the maximum wear effective stress, soft tissue effective deformation and effective force node
ratio, and through multi-objective genetic algorithm optimization, finally realized the exoskeleton to
reduce the peak force and improve the soft tissue deformation during the walking process, which greatly
improved the wear comfort. The researcher™>! determined the optimal link length and joint angle using
SQP multi-objective optimization method by establishing a human spatial robotic coordinate system and
introducing constraints such as overlapping self-interference and rotational collision, thus enabling the
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exoskeleton to work in better coordination with the human body.
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Figure 8: Generic Mechanism Optimization Procedure.

5. Conclusion and prospects
5.1. Conclusion

The structure of the human-machine coupling is a significant indicator of the knee exoskeleton, which
not only affects the suitability of the exoskeleton when worn by a person, but may even affect the efficacy
of rehabilitation therapy. Despite the significant advancements in control technology in recent years, the
comfort of the exoskeleton remains a determining factor in an individual's decision to utilise it. Achieving
an organic integration between the wearer and the exoskeleton, whilst simultaneously minimising
discomfort, is imperative to ensure the optimal functionality of the exoskeleton in terms of both assistance
and rehabilitation.

5.2. Prospects

The rapid development of robotics has led to the increasing use of exoskeletons in medical
rehabilitation, daily life, and military applications. However, numerous challenges may arise in practical
implementations. Human-machine compatibility is a critical issue for all types of exoskeletons. Although
exoskeletons can transfer the workload to the core muscle tissues, prolonged use may lead to potential
musculoskeletal disorders. Misalignment between the kinematics of the exoskeleton and human anatomy
can increase cognitive load, meaning the wearer may consciously focus on the exoskeleton and its tasks.
This increased cognitive load can negatively impact posture control.

From a mechanical design perspective, exoskeletons should possess characteristics such as high
flexibility, wearability, strong adaptability, modularity, and lightweight construction. However, single-
degree-of-freedom knee exoskeletons are unable to meet the complex motion requirements of the knee
joint in three-dimensional space. With advances in soft materials for efficient force transmission, soft
exoskeletons made from fabrics or elastomeric materials have been realized. These exoskeletons wrap
around the body and work in parallel with muscles, significantly reducing the overall system mass.
However, soft exoskeletons are still primarily in the experimental stage, with many challenges regarding
stability and control accuracy. It is believed that in the near future, knee exoskeletons based on optimized
human-machine coupling mechanisms will significantly contribute to the medical and industrial fields.
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