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Abstract: The use of specialized devices, such as orthopedic devices, has become indispensable in the
lives of people with disabilities since ancient times. The primary purpose of such devices is to perform
activities and solve problems that afflict their bearers in any extremity of their body. One of the most
recurrent problems occurs in the lower extremities regarding mobility and autonomy. In addition,
the use of orthopedic devices is considered a tool to lighten the repetitive and heavy rehabilitation
work of physiotherapists while improving the patient’s recovery efficiency. A significant challenge is
that a great variety of these devices are similar in their design and manufacture, complicating their
application in rehabilitation processes. For these reasons, this article aims to provide an overview
of the features and considerations made in the architecture of orthosis designs, emphasizing lower
extremity orthoses for the case of knee joint analysis. A literature review of active and passive knee
orthoses manufactured from the 1970s to the present was carried out, considering aspects such as
manufacturing materials, mechanical systems, types of actuators, and control strategies. This review
shows that the designs and development of orthoses have been abundant in these devices for lower
limbs. Based on the literature collected, we have studied the main robotic devices focusing on the
characteristics of design, manufacturing, and control systems to assist in human locomotion and
support in rehabilitation processes.

Keywords: orthosis; knee; design; joints; actuators; mechanical systems; control; human locomotion

1. Introduction

Since the 1960s, research has been carried out on developing orthopedic devices
for the lower extremities for military purposes. In medical services, the latter focused
on the problems of human locomotion, especially in people with some disorder in their
lower extremities. In Mexico, 51% of the population has some type of disability, the most
frequent being motor disability; either due to weakness or absence of movement of one
or both feet, caused by different types of injuries, diseases, or even the ravages of age,
disability being understood as the restriction or absence of the ability to perform an activity
that is considered normal for any person [1]. On average, an emergency department in
Mexico City attends to more than 12 thousand patients a year who need some surgical
intervention because of a fracture or knee injuries, among which young people stand
out. In general, those who perform sports activities suffer mainly from meniscus injuries,
ligaments, chondral injuries, and dislocations of the patella [2].

In addition, elderly adults suffer from gait disorders, impairments, and functional
deterioration in the lower extremities due to the signs of age. This attracts considerable
social and ethical attention to how to assist the elderly in their daily lives, especially in
aspects such as mobility and autonomy. In this time when technology is becoming indis-
pensable, autonomous, and safe, the development of lower limb orthoses and exoskeletons
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has evolved prosperously in terms of the type of mechanical structure, use of actuators and
control interfaces, materials, and mechanical components; this to meet the needs of people,
solve their physical problems and represent one of the options for mobility assistance.
Nowadays, it is considered a tool to relieve therapists’ repetitive and heavy rehabilitation
work, and that has shown improvements in the patient’s recovery efficiency [3].

Any device that actively impacts the dynamics and interacts with the human body is
considered a robotic or, more specifically, biomechatronic device. Exoskeletons are rigid
structures that interact with a series of human joints. On the other hand, orthotic devices or
orthoses interact with a single human joint [4]. Orthoses can be static if they lack mobility,
dynamic if they have joint components that allow defining ranges of mobility, and mixed
or hybrid if they simultaneously incorporate static and dynamic elements [5].

An orthosis is a device applied externally to the human body or a body segment,
which is used to modify the structural or functional characteristics of the neuromuscu-
loskeletal system, to maintain, improve, or recover limb function [5,6]. Knee orthoses are
used in physical therapy and orthopedic practice for treating knee conditions and injury
prevention [7].

In the evolutionary advance of orthopedic devices, studies have shown progress
in locking mechanisms in the knee joint of passive and active orthoses to improve gait
stability. Work has been completed to implement linear actuators, rotary, pneumatic, and
artificial hydraulic muscles, and elastic elements to replicate the gait cycle in a natural way,
which implies the generation of control strategies and signal processing through the use of
inertial and myoelectric sensors. This paper presents a description of the characteristics
and considerations of some knee orthosis designs considering the technological advances
that have been considered in the design and development of them, such as the mechanisms
and actuators used in the joint, types of locking in the gait stage, types of controllers
and sensors.

The remainder of this document is structured as follows: Section 2 presents the method-
ology for selecting the articles included in this paper. Section 3 describes the definition of
orthoses, the general objectives of their use, and the materials used for their fabrication.
Section 4 presents the classification of active and passive orthoses, showing the mechanisms
and locking systems of the knee joint in the design of passive orthoses. Section 5 offers the
types of actuators used in orthosis design, such as electric, electromagnetic, mechanical,
hydraulic, and pneumatic actuators. Section 6 describes the control systems implemented
in the orthosis designs for their manipulation. Section 7 discusses the results, summarizing
the characteristics of active orthoses and mentioning the challenges for the design and fab-
rication of orthoses. Section 8 provides the conclusions of this study showing the indicators
to be considered in the design of knee orthoses.

2. Methodology

This paper aims to provide an overview of the strategies and technological consid-
erations for fabricating passive and active orthoses. Based on the collected literature, we
have studied the main orthopedic robotic devices and their validity for use in rehabilitation
processes and the development of daily activities.

A systematic search was conducted, analyzing and classifying a considerable number
of articles in international Mechanical Engineering and Biomechatronics journals. A specific
procedure for the search and compilation of the information was carried out and structured
for presentation in this article following the PRISMA framework. Web of Science, Science
Research, PubMed, ScienceDirect, and Scopus databases were searched to identify studies
on the design and construction of orthopedic devices for the lower extremity focused on
the knee joint.

The information search and selection strategy were carried out in the following stages:

1. Articles published in Spanish and English.
2. Search articles through keywords such as orthosis, knee, design, joints, actuators,
mechanical systems, control, human locomotion, and a combination of these words.
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Bibliography from national and international congresses and formal texts on Biomecha-
tronics and Mechanics were used. The classification can be summarized as follows, as
shown in Figure 1. A total of 210 articles were counted. Outstanding, their number is 61
from IEEE, 20 from Taylor & Francis, 30 from Elsevier, and 19 from MDPI, among other
publishers. The use of specialized software such as Mendeley was reported to carry out the
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Figure 1. Diagram of the materials selection process.

3. Orthoses

Orthoses are mechanical devices that work parallel to a limb of the human body
to facilitate the development of physical activities. The general objectives of orthoses or
orthopedic devices are to stabilize and support weak or paralyzed segments and/or joints,
to control abnormal or spastic movements, to provide strength to the joint, and to save
energy in the locomotion process. In addition, different types of robotic orthoses have the
potential to provide effective upper and lower extremity rehabilitation while overcoming
therapists” limitations.

3.1. Types of Orthoses

Lower extremity orthoses can be classified according to different criteria, such as: by
the anatomical segment involved (cervical, thoracic, lumbar, etc.); the type of restriction
they provide (flexible, rigid, semi-rigid); the objective of the prescription (support, immobi-
lization, correction, etc.); or by the pathology to which they are directed (scoliosis, fractures,
nerve paralysis). Likewise, orthoses can be classified as passive, which lack mobility. In
addition, devices with joints that require the strength of the limb of the people who require
them are considered; active by their articular components that allow defining ranges of
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mobility and that require actuators with external power sources to generate their movement
and mixed or hybrid, when they incorporate passive and active at the same time.

Another way to classify these orthopedic devices is to use therapeutic criteria based
on the functions performed by the orthoses; (a) unloading, protective-preventive orthoses,
allow reduction of forces or axial load on the body or segments; (b) immobilization, rest or
realignment orthoses, allow modification of movements with the purpose of maintaining
or correcting a deformity; (c) stabilization-protection or support-containment orthoses,
allow stabilization or protection of injured and/or unstable structures due to failure of
internal stabilization forces; (d) Functional-dynamic orthoses, allow assistance or facili-
tation of movement to weak/paralyzed muscles or deficient movements; (e) Postural or
deformity-preventive orthoses, allow postural realignment or maintenance due to muscu-
lar imbalances, malpositions; (f) Corrective orthoses, allow prevention and correction of
deformities through the application of forces; (g) When several or all of the main functions
are combined, they are known as mixed orthoses. Table 1 shows a general classification
according to the joint for which it was designed [5,8,9].

Table 1. Orthoses classification.

Orthosis Name
FO Foot orthosis
AFO Ankle-foot orthosis
KO Knee orthosis
KAFO Knee-ankle-foot orthosis
HpO Hip orthosis
HKO Hip-knee orthosis
HKAFO Hip-knee-ankle-foot orthosis

3.2. Materials

In the manufacture of orthoses, an important range of materials can be used in the
fabrication of these devices. They are chosen based on the function they will perform, as
well as on multiple factors, such as the therapeutic objective based on the function that
the orthosis will serve, whether structural, support, contact, or coating, and the physical
characteristics of resistance and density of the material, durability, economic costs. Table 2
shows the different materials for the manufacture of orthoses [5,10].

Table 2. Orthopedic materials.

Materials

Characteristics

Metallic

No metallics

Non-férrous

Plastics or
polymers

Ferrous Iron, Steel, Stainless steel

Copper (brass and bronze), Lead, Zinc, Aluminum (basic alloys and duraluminums),
Tin, Magnesium, Titanium

Thermoplastics PE, PP, PVC
Thermostable and composites Various resins, carbon fibers
Elastomers Rubber, silicones
Others Textiles, wood, and cork, leather, ceramics

PE: polyethylene; PP: polypropylene; PVC: polyvinyl chloride

4. Knee Orthoses
4.1. Passive Orthoses

Since the 1970s, brace designs with different mechanisms have been presented: sin-
gle hinge brace-like, double hinge braces with steel suspenders, and foam rubber pads
on flanges. The use of orthotics has shown that subtle control that maximizes forward
momentum produces small propulsive forces and compensates for energy losses. Knee
orthoses have most often been prescribed for patients with rheumatoid arthritis or ligament
laxity after injury. The problems and implications of this orthotics branch are considered
clinically and mechanically.



Machines 2022, 10, 865

50f19

The recommendation for using passive knee orthoses consists of the particular char-
acteristics of each patient and the type of injury presented. In [11], research is presented
describing the characteristics, applications, and deficiencies of orthopedic devices for lower
extremities, such as The elastic circumferential orthosis with crossbars (see Figure 2a),
which is commonly used for patients with rheumatoid arthritis, often when a deformity
is present; the Swedish knee brace, this orthosis is specifically designed to limit hyperex-
tension of the knee (see Figure 2b). It consists of a plastic-coated aluminum H-frame with
fabric straps at the top and bottom and a padded band at the popliteal fossa; the custom
orthosis with hinged crossbars, the usually metal hinged crossbars, are attached to the
molded thighs and calves (see Figure 2c).

Buckle

Velcro straps

Leather
pocket with
hinged metal
side member

(a) (b) (c)

Figure 2. (a) Cinch orthosis, (b) Swedish knee brace, and (¢) Custom orthosis with hinged cross-
bars [11].

Some knee orthoses are placed with special adaptations and characteristics according
to the patient’s problems, such as adaptations of plaster parts in the leg, leather or fabric
straps, elastic bands, or special bandages; with specific measures to adapt to the model to
protect the medial collateral ligament, thus applying force to provide stability and stiffness
directed medially in the center of the knee [12].

In the development of orthoses, several mechanisms have been used to provide
stability and stiffness to the knee joint and to provide strength to the joint at the time of gait
initiation. One mechanism frequently used in an orthosis is the posterior axis or delayed
axis joint, which integrates straps to strengthen the knee and correct its alignment (see
Figure 3a,b) [13-15]. This orthosis is used when there is no proper musculature in the legs
due to flaccid paralysis or polio, i.e., people develop recurvatum in the knee joint. Other
important aspects to consider in the design and fabrication of orthoses are safety, comfort,
and ease of flexion and extension movement when the person is required to sit or stand.
The latter is achieved by locking the knee joint and providing stability during the stance
phase of gait and even during contact phases. In the same way, a mechanism is proposed
to unlock the knee for greater aesthetics and comfort when sitting.

Embedded spring
loaded hinge

()

Figure 3. Knee orthoses: (a) A free knee joint with posterior axis [1
(c) Tricompartmental Offloading Knee Brace (TCO) with spring hinge [

(a)

3], (b) Bilateral orthosis [14],
15].
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(a)

Locking Mechanisms

Mechanisms for locking the knee joint in extension vary from simple gravity (drop)
ring locks, spring-assisted drop locks, cams, ratchets, and Swiss locks. The difficulty in
unlocking the knee to allow sitting has led to the development of various designs, again
starting with the simple ring lock, with extensions added to the drop locks and bails
(mechanical links between the medial and lateral locks on a single limb). To prevent
accidental unlocking of a joint and possible injury to the patient, designers have added ball
retainers, springs, and elastic straps to avoid accidental and inadvertent knee joint flexion
and subsequent falls [14].

Currently, in the design and development of passive knee orthoses, this type of joint
is still implemented due to the ease of applying to lock and unlocking in the flexion
and extension movement performed in rehabilitation processes, in Figure 4 shows some
examples of joints with locking mechanisms [16].

(b) () (d) (e) (f)

Figure 4. (a) Ring lock knee joint, (b) Automatic spring lever knee joint, (c) Posterior offset lever lock
knee joint, (d) Adjustable extension/flexion ring lock knee joint, (e) Automatic trigger lock Knee joint,
(f) Adjustable posterior offset knee joint [16].

Traditional knee osteoarthritis (OA) braces are generally only indicated with modifi-
cations for those with unicompartmental disease affecting the tibiofemoral joint. For this
reason, an assistive brace is required for use in a wider range of patients with knee OA and
characteristic heterogeneous symptoms: patellofemoral, tibiofemoral, or multicompartmen-
tal. Recently a “tricompartmental unloading” (TCO) assistive brace was developed to treat
knee pain and function in patients with OA. The design simultaneously reduces the contact
forces of the patellofemoral (PF) and medial tibiofemoral (TF) joints during weight-bearing
activity, with the knee flexed when joint forces are known to be higher (see Figure 3c) [15].

4.2. Active Orthoses

In the last decades, special efforts have been made to improve and develop the design
of lower limb orthoses, having as a challenge to replicate the locomotion activities in
daily life for people who suffer some disability in the lower limbs or simply due to age-
related damage, considering as important factors of improvement in the use of orthoses:
mobility, strength, and endurance of people who require these orthopedic devices. Orthoses
and exoskeletons have been designed to facilitate rehabilitation processes, which provide
mechanized assistance to the patient’s locomotion movement, providing balance, stiffness,
increased strength, decreased weight of the devices, and reduced energy expenditure for
the knee joints using mechanisms, actuators, and control systems [17].

Efforts to improve these orthopedic devices have had favorable results in the clinical
field with the implementation of robotic devices in rehabilitation processes and in the
mechanical aspect with the development of orthoses prototypes that are increasingly
complex and easy to use, in addition to contributing considerably to improving and
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accelerating the recovery of people with walking impairment. Further efforts should be
focused on designing and elaborating these robotic orthopedic prototypes where efficiency
improvements are proposed for the benefit of patients, such as the proposed case of a
prototype of a lightweight orthosis actuated with pneumatic artificial muscles for the
ankle-foot [18].

In [4], a review of the state of the art of various orthopedic systems for hip, ankle,
shoulder, elbow, wrist, and hand is presented to provide an overview of the state-of-the-art
technologies (see Figure 5). As mentioned above, the use of technological elements for the
design of these devices and the integration of sciences such as mechanics, electronics, com-
puter systems, mechatronics, and biomechatronics, among others, provides an opportunity
to emphasize other aspects that help to improve the functioning of orthopedic devices, such
as proposing strategies to reduce the energy consumption of patients in the rehabilitation
process or when performing daily activities.

. ) Series elastic i

v actuator
(SEA)

Custom fabricated

Orthosis ensures Non-invasive dry
Sensors read EMG
(=)

signals
Adjustable wrist
| improves function

Ankle foot Confortable,
orthosis functional fit >
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L Electronic amplify A
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/ hand grasp
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rechargeable batteries = ]
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Capacitive N
force Motor extends and
sensors. Flexes elbow

Figure 5. Hip, knee, ankle, and elbow-wrist-hand orthoses [4].

5. Actuators

An important factor in the design of robotic orthoses is actuators and mechanism sys-
tems [19]. Implementing such actuation elements as electric, electromagnetic, mechanical,
hydraulic, and pneumatic actuators have been used to design robotic joints and/or artificial
muscles with independent movements or to follow defined trajectories, with results such as
the design and development of active knee orthoses. Orthoses designs become voluminous
and heavy by incorporating actuation systems. For this reason, work is underway to create
lightweight prototypes by selecting appropriate actuators, mechanical elements, and/or a
combination of materials and light elements.

5.1. Electrical Actuators

In the development of orthoses designs, actuators with adjustable stiffness (AwAS)
have been used, allowing robots to work closely with or physically interact with humans.
These actuators can be used in any orthopedic device [20-23]. In 2015, a prototype of an
orthosis with an adjustable compliance actuator, named “Mechanical Rotational Impedance
Actuator” (MRIA), was proposed. The actuator is designed for continuous stiffness regula-
tion and torque generation. This is achieved by two motors [24]. In 2010, the design of a
lightweight adjustable exoskeleton for exercising human legs of different sizes and weights
was proposed, a DC motor operates this device at each joint, and an experimental setup
with motor controllers and power supplies was integrated [25,26]. Also, the design of an
active knee and ankle orthosis with support control to assist the gait of injured people is
presented, consists of two actuators, one linear and the other rotary, is integrated with a
locking system consisting basically of a solenoid positioned parallel to the leg and an auger
wheel on the joint axis, which rotates as the leg moves, this orthosis is designed to reduce
this metabolic cost and allow people to walk more naturally and efficiently, by assisting
flexion and extension during swing phase and locking the knee during stance phase (see
Figure 6) [27].
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Collar
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Figure 6. Knee Orthoses joints: (a) Lightweight adjustable exoskeleton [25], (b) Schematic model of
orthosis actuated by a rotary motor (left) and linear motor (right) and locking system [27], (c) Knee
joint exoskeleton [28], (d) Actuator with adjustable stiffness [17].

A knee joint exoskeleton that can apply programmable torques to the joint and self-
adjust to its physiological movements is presented. The device comprises seven links
forming a kinematic chain of 6 degrees of freedom. The first three rotational joints cross at
the starting point and are connected to a sliding joint that allows the mechanism to adapt to
different limb sizes. The last two rotational joints compensate for the displacement between
axes 2 and 3, the tibial axis, and the var-us-valgus axis (see Figure 6) [28].

In [29], an orthosis using a quasi-direct drive actuator with a low ratio transmission
(7:1) is proposed to significantly reduce the reflected inertia for high backward driving
capability. To provide significant assistance, a custom brushless DC (BLDC) motor with
encapsulated windings improves the motor’s thermal environment and its continuous
torque output [30]. The 2.69 kg orthosis is fabricated with all custom components with a
high packaging factor for lightweight and compact size. An active knee orthosis is proposed,
which consists of an active knee joint and a double tendon sheath drive system [31,32].

A device with an actuation and control system designed for geared electromagnetic
motors is proposed, which is characterized by simple implementation, fast response to
external input loads, and reliable human-machine interaction characteristics. This device
was constructed using lightweight and stress-resistant materials. The thigh and calf frames
were constructed from aluminum to provide rigidity, while the shells were made from a
combination of fiberglass, plastic, and foam. With a telescoping mechanism on both the
thigh and calf to adjust the user’s leg length to align the orthosis with the rotational axis of
the knee, four Velcro straps were used to attach the orthosis to the thigh and calf [33].

In [34], they propose an orthosis consisting of ergonomic suspenders using 3D printed
PLA + carbon fiber, adjustable Velcro straps, a DC motor with its gearbox, and aluminum
parts that fit into the joint and force transfer structure, similar to those presented in [35,36]
with the use of DC motors. In [32,37], an overview of current achievements in the field of
Bowden cable-driven lower extremity portable robots is shown. These devices have mainly
some of the following objectives: decrease muscle activity in knee extensors, assistance
to older adults, postoperative assistance, and rehabilitation. In the design of joints for
orthopedic devices such as knee orthoses, electric actuators such as rotary and linear
actuators using DC motors with or without brushes are considered, as well as gear systems
to perform the necessary movements of the joint to which they are directed [38-42] (see
Figure 7).
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Figure 7. Knee Orthesis Structures: (a) Karavas et al., 2013 [35], (b) Elliott et al., 2014 [41], (c) Cantu
et al., 2017 [34], (d) Dos Santos et al., 2015 [42], (e) Zhu et al., 2019 [29], (f) Shan et al., 2016 [31],
(g) Claros et al., 2016 [33].

5.2. Mechanical Actuators (Spring Actuators)

Considering that the leg has a spring-like behavior during the stance phase of the
stroke, configurations and arrangements with parallel and series elastic systems have
been used to work on minimizing energy costs. A parallel elastic exoskeleton has been
proposed that introduces a clutch to decouple the spring from the parallel leg and thus
not restrict the swing phase movements of the leg, with a planetary gear drive clutch,
which is made necessary by the requirement of high holding torque but low mass [41-47].
Ref. [48] proposes a device with a parallel clutched elastic actuator (CPEA) to reduce the
energy consumption of active exoskeletons. This device operates with a passive load on
the walking path of the hip joint [49].

A robotic orthosis is proposed to provide gait assistance and rehabilitation to patients
with neurological disorders (multiple sclerosis, post-poliomyelitis, and stroke) [50]. The
performance of the joint is based on the ARES technology developed at the Automation
and Robotics Center. The ARES technology provides power and control to each joint.
Likewise, Ref. [51], in collaboration with [50], mentions that the characteristics that this
technology presents for human-machine interaction, such as small size, lightweight, and
force control capability, cover the requirements of a knee joint in the design of active
orthoses. In addition, they propose using this technology in a prototype orthosis called
ATLAS, designed for children. The ATLAS device consists of two electric motors, four
elastic elements (springs), linear rigid guides, adjustable rigid mechanisms, and torque
sensors controlled by torque and position through a variable control (ARES) [23,52-54].
The same year proposed an active knee orthosis driven by a custom rotary serial elastic
actuator (SEA). The proposed actuator includes a DC motor, a helical gear, and a torsion
spring (see Figure 8) [42,44].
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Figure 8. Knee orthoses: (a) Liu et al., 2015 [24], (b) Garcia et al., 2015 [50], (c) Cestari et al., 2015 [51],
(d) Dollar et al., 2008 [43], (e) Penzlin et al., 2019 [48].

Recent studies have shown a significant advance in the recovery of knee injuries when
using an orthosis for rehabilitation treatment. Ref. [55] proposes using a knee orthosis with
two degrees of freedom joint design (see Figure 9). He mentions that the use of the orthosis
for lower extremities, specifically for the knee, supports rehabilitation in terms of walking
speed, stride length, and the application of force in the limb at the time of flexion. Also, a
robotic exoskeleton for knee joint assistance with low power consumption was proposed
for industrial applications, which is based on a four-bar mechanism with a rotary actuator
and a gas spring to accommodate a high power-to-weight ratio. This novel design can
efficiently support the human body’s weight. The unique configuration selected allows
this device to support the knee joint in the loading stages of static sitting and during the
movement between standing and sitting [38,39,56-58].
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Figure 9. Knee orthosis with articular design [55].
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5.3. Hydraulic Actuators

The use of hydraulic actuators consists of implementing systems that work and
are controlled by the physical properties of the fluids. Refs. [59-61] presents a design
summary and analysis of the Berkeley lower limb exoskeleton (BLEEX) design. The analysis
presented shows the considerations and parameters taken for developing this exoskeleton
and utilizing a hydraulic actuator. In the same way, devices for lower extremities have been
developed, such as the HAL (Hybrid Assistive Limb) prototype, which by taking advantage
of the viscoelastic properties of fluids and with the implementation of myoelectric control,
it is possible to manipulate the movements of this robot very close to the muscles of
humans [62]. In [63], a dielectric elastomer actuator (DEA) is proposed that can be used as
an artificial muscle, even replacing traditional actuators in active orthopedic and prosthetic
applications. Ref. [64] proposed a knee orthosis design with a mechanical system integrated
with an electrohydraulic actuator for low-level motion tracking (see Figure 10).
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Figure 10. Knee orthosis with electrohydraulic actuator: (a) Chen et al., 2016 [64] y (b) Zoss et al.,
2005 [61].

5.4. Pneumatic Actuators

The physical properties of the materials used in the field of pneumatics are considered
in designing joints for extremities. Actuators that work with the properties of the gas have
been developed. In 2005, Ferris realized a hinge-type system for an ankle-foot joint with
carbon fiber housing and two pneumatic artificial muscles [18]. In [65], where they propose
a pneumatic exoskeleton designed to reduce the muscular activity of the knee extensors
during walking on a negative slope. The device consists of an air chamber that can be
activated and deactivated by a solenoid valve. When activated, the air chamber resists
knee flexion [66,67]. Likewise, the analysis and experimentation of a prototype of an active
ankle-foot orthosis (AAFO), oriented to rehabilitate gait in a case study of a patient with
a Myelomeningocele lumbosacral lesion. The pneumatic actuation system is integrated
by a proportional pressure valve and a pneumatic artificial muscle as an active element of
the AAFO [62]. In 2010, an electrically assisted orthosis was proposed to help the elderly
or those suffering from sports injuries to walk or climb stairs, consisting of a pneumatic
muscle, a zigzag steel cable, a pressure valve with an electronic controller, a pressure shoe,
and corresponding sensors. The steel wire performs the function of a torsion spring to
pretension the pneumatic muscle (see Figure 11) [68-71].
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Figure 11. Knee orthosis with pneumatic actuator: (a) Rogers et al., 2017 [65], (b) yeh et al., 2018 [69],
(c) Wu et al., 2012 [71].

6. Control Systems

With the use of control systems and technological breakthroughs, more efficient, user-
friendly control interfaces have been worked out so that the orthoses naturally replicate the
joint’s movements. Myoelectric proportional control has been implemented and used to
design orthoses with a mass of 1.6 kg tested on a 100 kg patient [18,72]. Integrated knee
joint orthoses include three parts: the human-machine interface (due to the physical contact
between man and machine through the design of adaptive robust control algorithms), a
mechanical system 1-DOEF, and the actuator [64]. Orthoses designs using adjustable stiffness
actuators (AwAS) are manipulated through closed-loop control, including four position sen-
sors, one torque sensor, one optical encoder, and two magnetic encoders for motor position
control, as well as the incorporation of a control system based on pressure sensors (inertial
sensors) and the incorporation of an encoder for speed control [20-22,25,27,28]. ARES
technology provides power and control to each joint through torque sensors, which control
torque and position by considering the control of the variables. Torque and impedance
controls are implemented to ensure safe patient interaction and enable new rehabilita-
tion strategies. In addition, control algorithms have been built and implemented through
the development of impedance control, which is integrated a PI position controller in
cascade with the torque controller, where the external position controller determines the
desired torque according to the position and velocity errors as well as the impedance
parameters [23,49-54]. Also, they have developed and used robust control algorithms
applying PI, PD, PID control laws, or robust adaptive control algorithms to validate the
feasibility of the orthosis and developed a fuzzy controller to perform walking assistance
experiments [23,31,32,39,42,44,64].

Proposals were made for powered knee orthoses designed to assist and improve
gait function in patients. The control system of this orthopedic device is integrated with
portable sensors, an inertial measuring unit (IMUs), force-sensitive resistors, torque sensors,
angle, and electromyography, which allows the generation of rehabilitation tools and
various techniques of movement assistance. A group of healthy users tested the orthoses to
perform predefined trajectories during walking on flat terrain at different speeds [34,40,73].
Ref. [26] presents a robotic exoskeleton consisting of an active knee joint and a non-acting
ankle joint. A control system constitutes this design with sensors (potentiometers and
strain gauges located in the knee joint); S1-54 are limb restraint bands; FSR (Force sensing
resistor) are insoles placed in the feet, and four inertial sensors located along both legs (see
Figure 12) [59,60].
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Figure 12. Knee orthosis system: (a) Félix et al., 2017 [73] y (b) Lora et al., 2018 [26].

Ref. [41] discusses the analysis, design, and evaluation of energetically autonomous
knee exoskeletons to facilitate walking. In addition, it mentions that a key measure to
demonstrate the effectiveness of performance-enhancing active leg exoskeleton or orthosis
is the metabolic cost required to walk or run. This can be determined by measuring the rates
of oxygen consumption and carbon dioxide production of a subject during the development
of a physical task or through heart rate, calorimetry through the implementation and
adequacy of control systems through the manipulation of myoelectrical signals, as well
as the use of inertial modules [34,56,66,74-76]. In [29,35,36,65], a generic technique for
estimating active joint stiffness based on an EMG-driven musculoskeletal model whose
parameters are fitted using experimental data, through a lower extremity exoskeleton
consisting of two link segments that are attached to the thigh and shank, respectively, and
a rotational actuation system that drives joint are presented.

In addition, in [42-46], control strategies for locking the clutch at maximum knee
extension using a frequency gyroscope and a joint encoder are proposed. In [34], a control
system for knee orthosis is mentioned. The control strategy is based on the tacit learning
scheme that generates set point increments according to the patient’s progress. Likewise,
in [47,48], a device is proposed that has a clutched parallel elastic actuator (CPEA) with
cascaded position control, and an iterative learning controller (ILC) superimposed on it.

Designs of mechanical devices in active or passive knee orthoses, either to transmit
stability to the human gait or to transmit power and strength to the lower extremities,
have achieved excellent results. These are for the coordination and programming of signal
extraction and processing algorithms with the implementation of electrical sensors and/or
IMUs, as well as the adaptation of control systems through PD, PI, PID control laws, robust
controls, Arduino, and LabVIEW programming (see Figure 13).

Signal filtering
(analog
electronics)

SEGEL Signal processing

conditioning (Labview, Arduino) Aciiatats

Figure 13. Control stage.

7. Discussion

The goal of designing and constructing orthoses is to improve both the mobility and
quality of life of people with movement disabilities, as well as to encourage active user
participation with the use of control strategy and methods for online adjustment of device
components to provide free movement in the swing phase and to provide support to the
knee joints during the stance phase as well as patterns that exhibit no significant differences
in gait speed, percentage of the stance phase of the gait cycle and maximum flexion during
the swing phase.
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Currently, the integration of mechanical, electrical, electronic, hydraulic, and pneu-
matic systems, as well as the implementation of control systems, through the use of inertial
sensors, myoelectric sensors, and signal processing techniques, have resulted in increasingly
complex, complete, lightweight and adjustable orthoses for efficient use in the replication
of human locomotion, becoming a support tool that can provide and complement the
mechanisms of the ability to ambulate on any type of road and even up and down stairs.

Several works have been completed on knee orthoses. The challenges that continue to
be addressed are the mechanical design of the structure, control systems to synchronize
the orthosis with the user’s movement, coordination algorithms, and power transmission
systems for the required movements and forces. Table 3 summarizes the characteristics of
the active orthoses mentioned in in Sections 46 of this work.

Table 3. Characteristics of active orthoses.

Actuators and Mechanism Control
B
_ =
S )
DR £ 2 5 g £
Reference Year Orthoses g -;:: 5 0% S 2 R 2 g é 54
E g & E ¥ 2 §8 @ 2 & B B 2 g <9 ¢
¢ E 8 2 &= § 5§ 2 2 @ ¢ & &~ g 38
E £ 2 £ B § &g H T g & E 2
E = o = = =z
: 2
&~
Ferris et al. [18]. 2005 Ankle-foot X X
Jafari et al. [22]. 2010 Knee X X X X X
Font-Llagunes et al. [26]. 2010 Knee-ankle X X X X X X
Cai et al. [27]. 2011 Knee X X X X
Kong et al. [53]. 2012 Knee X X X X X X
Karavas et al. [49]. 2013 Knee X X X X
Elliott et al. [51]. 2014 Knee X X X X X
Groothuis et al. [52]. 2014 Knee X X X X
Liu et al. [28]. 2015 Knee X X X X X
Garcia et al. [29]. 2015 Knee X X X X X X X
Cestari et al. [30]. 2015 Knee X X X X X X
Dos Santos et al. [35]. 2015 Knee X X X X X X
Shan et al. [36]. 2016 Knee X X X X X
Chen et al. [38]. 2016 Knee X X X
Claros et al. [39]. 2016 lip-knee- X X X
ankle
Thapa et al. [70]. 2016 Knee X X X X X
Félix et al. [40]. 2017 Knee X X X X X
Cantu et al. [56]. 2017 Knee X X X
Long et al. [58]. 2017 Hipknee- X X X X X X
ankle
Rogers et al. [57]. 2017 Knee X X X X X
Maxwell et al. [68]. 2017 Knee X X X X X X
Bacek et al. [24]. 2017 Knee X X X X X X X
Lora et al. [41]. 2018 Knee X X X X X X X
Cestari et al. [31]. 2018 Knee X X X X X X
Zhu et al. [60]. 2019 Knee X X X X X
Penzilin et al. [63]. 2019 Hip X X X X X
Chinimilli et al. [55]. 2019 Knee X X X X X X X
Moon et al. [37]. 2019 Knee X X X X X
Fesharaki et al. [65]. 2020 Knee X X X X
Kim et al. [66]. 2020 Knee X X X X X X X
Lee et al. [48]. 2020 Knee X X X X X X X

8. Conclusions

The achievements in the design and construction of orthopedic devices are impressive.
However, there are still a lot of design challenges such as weight, cost, manufacturing mate-
rials, volume, motion restrictions to replicate knee biomechanics, joint stability, easy access,
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adaptability, and metabolic cost, among others, to make these devices biomechanically easy
to use and commercially viable.

From the literature reviewed and from an engineering perspective, normal gait, actua-
tor technology, and control strategies are considered to design active lower limb orthoses
to reduce biomechanical disorders such as gait asymmetry or high metabolic cost. The
main focus is on aspects such as the design and construction of the actuators and/or knee
joints or the improvement of the user’s ambulatory capabilities, obtaining a wide variety of
systems to create novel, compact, efficient designs, and minimizing the energy consump-
tion of the device itself. Regardless of these and other functional objectives, the design
of orthoses should be focused on reducing metabolic expenditure, since when designing
these devices incorporated: mechanical systems, actuators, sensors, control systems, and
power supplies, causing the designs to increase their mass because of this it is necessary to
continue working and printing efforts to achieve good results.

Metabolic expenditure is considered an indicator with little influence on the design
and development of orthopedic systems such as knee orthoses since the efficiency of these
devices is measured through results such as: in the design of mechanical systems, applica-
tion, and development of actuators (joints), obtaining the degrees of movement of the limbs.
Thus metabolic expenditure is left in the background. As designs, hardware, and control
systems improve, robotic systems will have an energetic benefit to the user when walking
and running. From the study conducted, little research has shown a statistically significant
decrease in metabolic expenditure during locomotion. In addition, motorized orthoses of
proposed research designs and commercially with high mass due to the constitution of the
design itself are robust and heavy due to the limitations of the use of passive elements in
the actuation systems and the low performance of the complex control algorithms, which
implies the elevation of metabolic expenditure. Likewise, light designs are presented about
the weight of the limb, which leads to minimizing metabolic expenditure [33,41,77,78]. For
this reason, decreasing metabolic expenditure is another future challenge in the field of
optimization and energy efficiency of actuation mechanisms and power sources to develop
more autonomous active lower limb prostheses.

The use of orthoses considerably improves and accelerates the recovery of people
with walking impairment and facilitates the work of rehabilitation specialists. It should be
remembered that the challenges of replicating human locomotion are still in progress to
achieve lower limb movements naturally. It is necessary to continue working on designing
and developing these orthopedic devices. We believe that these challenges will guide
future research work to design and manufacture complex, lightweight, accessible, and
energy-efficient devices for use in rehabilitation processes or the development of their
daily activities.
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