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Abstract

This article presents a comprehensive review of assistive devices for synovial joints, ad-
dressing their definitions, classifications, and technological advancements. The historical
evolution of artificial exoskeletons, orthoses, prostheses, and splints is analyzed, empha-
sizing their impact on rehabilitation and the enhancement of human mobility. Through a
systematic compilation of scientific literature, patents, and medical regulations, the study
clarifies terminology and classifications that have often been imprecisely used in scientific
discourse. The review examines the biomechanical principles of the musculoskeletal system
and the kinematics of synovial joints, providing a reference framework for the optimization
and design of these devices. Furthermore, it explores the various types of artificial exoskele-
tons, and their classification based on structure, mobility, power source, and control system,
as well as their applications in medical, industrial, and military domains. Finally, this study
highlights the necessity of a systematic approach in the design and categorization of these
technologies to facilitate their development, comparison, and effective implementation,
ultimately improving users’ quality of life.

Keywords: exoskeleton; orthosis; prosthesis; splint; synovial joint; movements; trajectories;
origins; records; appearances; definitions; uses; differences; biomechanics

1. Introduction
Low back pain is the leading contributor to the overall burden of musculoskeletal

diseases. An analysis of the Global Burden of Disease (GBD) reports 570 million prevalent
cases worldwide, responsible for 7.4% of global activities of daily living (ADLs). Other
contributors to the overall musculoskeletal disease burden include fractures, which affect
440 million people globally (26 million ADLs), and osteoarthritis, impacting 528 million
people (19 million ADLs), neck pain (222 million people; 22 million ADLs), amputations
(180 million people; 5.5 million ADLs), rheumatoid arthritis (18 million people; 2.4 million
ADLs), gout (54 million people; 1.7 million ADLs), and other musculoskeletal condi-
tions (453 million people; 38 million ADLs) [1]. As a solution, musculoskeletal assistive
devices are used, which mimic the behavior of synovial joints to prevent, correct, and
predict injuries.
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It is incredible that technologies exist that are adapted to human physiology, provid-
ing superior characteristics to those we possess. Technologies can enhance and amplify
movements and forces, acting as a sort of external bones and muscles. For decades,
technologies that resemble animal behavior have been developed [2–4], such as de-
vices that mimic biological nature, including their physiological functions and chemical
characteristics [5–7]. Based on this, mechanical and mechatronic adaptations have
been made to suit the physiology of the human body, primarily to artificially exploit
these characteristics.

This article will address devices that align with joint movement behavior, that is,
assisting the movement of one or more synovial joints. Devices such as splints, prostheses,
orthoses, and exoskeletons that have been under development for years. Prostheses have
existed since the time of the ancient Egyptians [8], splints were crucial in events such
as wars, where devices were needed to immobilize areas of the body to transport the
wounded [9], or in more recent times, where artificial exoskeletons are of great help for
a soldier or a worker in the industry, being especially effective in rehabilitation, just like
orthoses. Additionally, the benefits these devices offer are extremely useful, and although
still costly, the initiative to focus on technologies designed to assist a person’s movement
has gained increasing importance. The intricacy of such technology, the complexity of
locomotion, and understanding of the movement trajectories in space are key, as this would
lead to a better understanding of them and allow for artificial replication.

An artificial exoskeleton, in addition to fulfilling its specific design applications, can
perform functions like those of a splint, orthosis, or prosthesis. Although it shares some
similar characteristics with an orthosis, its functions and applications vary depending
on the type of use. Like a prosthesis, which helps reinforce or replace an affected area,
an exoskeleton can also serve as an assistance device, adapting to the user’s needs over
time, with differences in its use depending on the phase of support required. This creates
a competitive environment for innovation, encouraging more and more researchers to
take an interest in the topic. Research relies on concepts, definitions, and classifications,
which, although not misused, have not been applied correctly based on their definition and
intended use. This commonly occurs in article titles, newspapers, brochures, and general
publications, causing difficulty for researchers to find information in a relevant way, and
leading to a lack of uniformity in public information.

This article is structured into several sections to facilitate understanding. Section 2
presents the materials and methods used in the review. Also, in Section 2 the biomechanical
characteristics of synovial joints are presented. Section 3 details the classifications and
definitions of assistive devices. Section 4 examines current technological trends and their
future implications. Finally, Section 5 presents the conclusions and recommendations for
the future development of these devices.

2. Materials and Methods
2.1. Splints, Prostheses, Orthoses, and Artificial Exoskeletons

For a person to perform movements, it must be clarified that these consist of the
displacement of limbs at a point in space. To carry out bodily movements, it is important
to consider that they are performed with the force generated by the muscles, under the
supervision of sensory and mechanical fields, and with the freedoms and restrictions
that the joints impose. A study by the World Health Organization from 1990 to 2019
determined that, globally, there were a total of 178 million bone fractures [10]. This
represents a 33.4% increase since the 1990s, compared to the analyses provided by the
Global Burden of Disease (GBD), which showed that around 1.71 million people worldwide
suffer from musculoskeletal conditions, including bone fractures, sprains, osteoarthritis,
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and amputations, among others [1]. For this reason, devices that correct and prevent
injuries are essential for rehabilitation and/or treatment follow-up, to improve reversible
injuries or provide temporary or permanent replacements, with the goal of allowing a
person to have a dignified life routine.

Devices such as splints, prostheses, orthoses, and artificial exoskeletons were, and
continue to be, developed to improve rehabilitation capabilities, ergonomics, and assis-
tance with injuries or limitations of the human body. Lighter devices with greater and
better characteristics, and above all, economical accessibility, are necessary. Devices are
constantly being evaluated or are being improved with new materials or new sophisticated
technologies.

Technologies such as assistive devices provide artificial characteristics for different
areas of the body, with some focused on containing, replacing, enhancing, and smoothing
movements and loads. The National Library of Medicine of the United States defines a
splint as a device used to stabilize a part of the body to reduce pain and prevent further
injury [11]. A prosthesis is a device designed to replace a missing body part or to improve
the function of an existing body part. Injured or missing eyes, arms, hands, legs, or joints
are commonly replaced with prosthetic devices [12]. The University of Michigan Health
describes an orthosis as a device designed to improve biomechanical function, encourage
proper joint alignment, or protect an existing limb [13]. Garcia, M.A. et al. describe an
exoskeleton as a type of assistance/rehabilitation robot that can be worn by a human [14].
According to Urrea, C. et al., an exoskeleton is a structure intended to be worn on the
human body as a piece of clothing, i.e., a wearable robot (WR), either to complement the
function of a limb or to completely replace it [15]. In summary, the four types of human
body movement assistance devices can be defined as:

• Splint: It is based on the immobilization of the joint(s).
• Prosthesis: It has two characteristics: to replace the function of amputated areas or to

reinforce damaged areas.
• Orthosis: It is based on limiting the range of motion of a single joint.
• Artificial exoskeleton: It is based on increasing physical resistance and the smoothness

of movements in the joint(s).

The idea of creating an information database is supported, covering everything from
the biological and biomechanical aspects of a person’s movements to their mechanical
adaptation in artificial assistive devices, creating classifications based on their etymology
and application. To achieve this, the biomechanical study of the musculoskeletal system
and the classifications of the different joints in the human body were addressed.

2.2. Musculoskeletal System

The musculoskeletal system, according to Poon, L. et al. (2017), is an organ system
that provides the framework, support, stability, and movement to the human body, playing
a pivotal role in our daily function [16]. Cathy, S. et al. (2014) describes the composition
of the musculoskeletal system with ligaments, bones, tendons, cartilage, and connective
tissues [17].

The coordinated work of these systems allows a person to perform movements, but
this is merely the force-generating work; however, the nervous system and the joints
control muscular movements and determine the range and manner of motion, respectively.
The unification of the force generated by the musculoskeletal system, the control of the
nervous system, and the freedoms of movement characteristic of the joints allow for
actions such as standing, sitting, running, walking, among others. Gordon, J. et al. (2013)
describe the movement of the musculoskeletal system as a series of 6 characteristic types of
movements [18]. Hinge, Pivot, Saddle, Condyloid, Bell and Socket, Plane.
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In Figure 1, an example of each of the six characteristic movements is provided, indi-
cating the type of movement in the joint. Although this would not be the only movement,
as a joint can be uniaxial, biaxial, or multiaxial, this depends on the axis and plane of the
specific type of movement of the joints.

Figure 1. Mechanical movements associated with synovial joints in a person.

The characteristic movements of the joints are essential for understanding movement
trajectories and, with this, characterize devices that are more faithful to the movement of
the musculoskeletal system. Below, the different types of joints are analyzed, from their
biological characteristics to their biomechanical ones.

2.3. Joints

A joint is a point where two skeletal elements come into contact [19], allowing move-
ment between them. Joints are essential for mobility and the function of the musculoskeletal
system in the human body. There are different types of joints, classified based on their
structure and the amount of movement they allow. The main categories of joints are fi-
brous, cartilaginous, and synovial [19]. Fibrous and cartilaginous joints allow very limited
movements, such as those of the skull or the vertebrae in the spine, as they are connected
by fibrous connective tissue and cartilage, respectively, while synovial joints are formed by
a joint capsule, synovial fluid, and articular surfaces covered with cartilage, such as the
knee [19]. Considering that fibrous and cartilaginous joints have very limited movements,
they can be considered as fixed or low-mobility joints, while synovial joints allow a wide
variety of movements.

Once the structural composition of fibrous, cartilaginous, and synovial joints is under-
stood, it becomes viable to analyze synovial joints, as they possess the mobility required for
the behavior of movement trajectories and the range of movements of different body seg-
ments. According to the volumes of A. I. Kapandji [20–22], joint physiology is highlighted
in three sections: upper limb [20], lower limb [21], and trunk and spine [22]. Due to the
limited information available on the trunk and spine in assistive devices, only the joints
located in the upper and lower limbs will be addressed.

In Table 1, the joints belonging to each section of the body are broken down. As
mentioned earlier, this article will only focus on analyzing the joints belonging to the upper
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limbs (Elbow, Shoulder, Hand, and Wrist) and lower limbs (Pelvic Girdle, Hip, Gait, Foot,
Knee, Ankle).

Table 1. Distribution of joints across the sections of the human body.

Section Articulation Segments Location

Upper limb

Elbow 
Shoulder 

Hand 
Wrist 

Trunk and spine

Head 
Pelvic Girdle 

Spine 
Cervical Spine 
Torsal Spine 

Lumbar Spine 
Thorax 

Lower limb

Planar Vault 
Hip 
Foot 
Knee 
Ankle (a) (b)

(a) Localization of the three articular segments—blue: upper limb, green: lower limb, red: trunk and spine.
(b) Localization of the synovial joints of the upper and lower limbs throughout the human body.

There is a movement called “pronation–supination” [20] (pp. 102–145), located be-
tween the elbow and wrist joints, known as the “forearm”. This movement is used to
position the hand when grasping objects. The forearm has one degree of freedom, and its
movement occurs along the axis between the elbow and wrist, as these two joints share an
axis, the transverse axis, which can be considered the axis for pronation and supination
movement [20] (pp. 102–145). In the lower limb, the knee and foot can exhibit a similar
movement to pronation–supination; however, this movement originates from the hip,
making it an additional movement to that of the hip.

In Table 1 and Figure 2, the distribution of joints throughout the body and their addi-
tions, such as the forearm, can be seen. This refers to the movement of the musculoskeletal
system, which is essential for the development of technological devices for joint assistance,
in this case, synovial joints. By locating the joints, biomechanical analyses can be made,
which are useful for calculating ideal trajectories for improvements in assistive devices.
Table 2 describes the joints of the upper limb, considering their axes as degrees of mobility
and their biomechanical description.

Figure 2. Location of the forearm between the elbow and wrist joints in the upper limb; pronation
and supination movement, also known as pronosupination.
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Table 2. Description of the upper limb joints.

Articulation Mobility
(Axis) Description

Shoulder 3

This joint is formed between the humerus, scapula,
and clavicle [20] (pp. 2–13). Superficial muscles, such
as the deltoid and trapezius, along with deep muscles
(supraspinatus, infraspinatus, teres minor, and
subscapularis), reinforce this joint. The shoulder is
crucial for movements such as abduction, adduction,
flexion, and rotation of the arm [20] (pp. 13–74).

Arm -

The humerus is the main bone in this region. The arm
muscles include the biceps brachii, brachialis, and
coracobrachialis [20] (pp. 102–145). These muscles are
innervated by the brachial plexus and enable
movements such as elbow flexion and extension [20]
(pp. 102–145).

Elbow 1

The elbow joint involves three bones: the humerus,
radius, and ulna [20] (pp. 76–90). It allows for flexion,
extension, pronation, and supination movements. The
muscles of the anterior compartment
(coracobrachialis, brachialis, biceps brachii) and
posterior compartment (triceps brachii) are
responsible for these movements [20] (pp. 92–102).

Forearm
(Elbow–Wrist) 1

In this region, the radius and ulna are the main
bones [20] (pp. 104–132). The radial, ulnar, and
median nerves innervate the muscles of the forearm.
These muscles are divided into anterior compartments
(superficial, intermediate, and deep) and posterior
compartments (superficial and deep) [20]
(pp. 134–144).

Wrist 2

The wrist joint, also known as the radiocarpal joint, is
an anatomical structure that connects the bones of the
forearm (ulna and radius) with the carpal bones,
allowing the connection between the forearm and the
hand [20] (pp. 146–150). The joint between the distal
radius and the pyramidal bone is indirect and
facilitated by the biconcave articular disk, enabling
flexion, extension, adduction, and abduction
movements [20] (pp. 150–194).

Hand 25

The hand consists of several carpal bones (scaphoid,
lunate, pyramidal, pisiform, trapezium, trapezoid,
capitate, and hamate), five metacarpals, and
phalanges [20] (pp. 198–234). The radial, ulnar, and
median nerves also innervate the muscles of the hand,
such as the thenar, hypothenar, and metacarpal
groups [20] (pp. 238–340).

Body movements are represented in axes and planes [20–23] that describe the charac-
teristic movements of the joints. See Figure 3. The sagittal plane divides the body into right
and left halves and allows flexion and extension movements. The frontal plane divides
the body into anterior and posterior parts, allowng abduction and adduction movements,
and the transverse plane crosses the upper and lower body, allowing rotations [20,23].
In Figure 3, a graphical representation is made for oriental with respect to Table 3 and
Figures 4 and 5.
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Figure 3. Planes and axes belonging to the spatial references in a person.

Table 3. Characteristic movements in each joint of the upper limb.

Articulation DOF Axis Plane Characteristic
Movement Figure

Shoulder 3

Transverse Sagittal F/E Figure 4a
Anteroposterior Frontal Ab/Ad Figure 4b

Longitudinal Transverse F/E
Horizontal Figure 4c

Elbow 1 Transverse Sagittal F/E Figure 5a

Forearm 1 Longitudinal Transverse P/S Figure 5b

Wrist 2
Transverse Sagittal F/E Figure 5c

Anteroposterior Frontal Ab/Ad

Hand 25

Finger DOF Axis Characteristic
movement

Finger
movements
produce
excessive volume
of content. The
book A. I.
Kapandji is
recommended:
Physiology,
upper limb [20]
(pp. 198–340).

Thumb 5
Interphalangeal F/E

Metacarpophalangeal F/E—Ab/Ad

Carpometacarpal F/E—Ab/Ad

Index
Middle Ring

Pinky
5

Distal
Interphalangeal F/E

Proximal F/E

Metacarpophalangeal F/E—Ab/Ad

Carpometacarpal F/E
F/E: Flexion/Extension; Ab/Ad: Abduction/Adduction; P/S: Pronation/Supination.

Given that the information collected for joint movements is extensive, the joints,
degrees of freedom, axes, planes, characteristic movements, and illustrative references will
be described in independent figures (Figures 4 and 5), as their descriptions cannot be clearly
distinguished within the space provided in Table 3.

From Table 1, the joints of the upper limb and their pronosupination were taken as the
basis, and in the same table, the joints of the lower limb are described. Like the previous
joints, these are analyzed to calculate ideal trajectories for improving assistive devices. In
Table 4, the joints of the lower limb are described, considering their axes, degrees of mobility,
and biomechanical description. Given that the information collected for joint movements
is extensive, the joints, degrees of freedom, axes, planes, characteristic movements, and
illustrative references will be described in independent figures (Figures 6 and 7), as their
descriptions cannot be clearly distinguished within the space provided in the table.
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(a) (b) (c) 

Figure 4. Shoulder movements: (a) movement in the transverse axis; (b) movement in the anteropos-
terior axis; (c) movement in the longitudinal axis.

 
 

(a) (b) (c) 

Figure 5. Movements of the elbow, forearm, and wrist: (a) movement on the transversal axis;
(b) movement on the longitudinal axis; (c) movement on the anteroposterior and transversal axes.
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Table 4. Description of the joints of the lower limb.

Articulation Mobility
(Axis) Description

Hip 3

It is a type of ball-and-socket joint that connects the hip bone (formed
by the ilium, ischium, and pubis) with the femur [21] (pp. 14–32). The
joint capsule is strong and fibrous, surrounding the joint. Movements
include flexion, extension, abduction, adduction, and rotation [21]
(pp. 34–72).

Knee 1

It is a synovial joint that connects the femur with the tibia and the
patella. The articular surfaces are the femoral condyles and the tibial
surfaces [21] (pp. 76–86). The main movements are flexion and
extension. In terms of planes and axes, flexion and extension occur in
the sagittal plane around the transverse axis [21] (pp. 88–156).

Ankle 2

It is a joint that connects the tibia and fibula with the talus. The
articular surfaces are the tibiofibular mortise and the talus [21]
(pp. 160–162). Movements include plantar flexion (pointing the toes
downward) and dorsiflexion (lifting the toes). These movements occur
in the sagittal plane around the transverse axis [21] (pp. 164–174).

Foot 33

These include the tarsometatarsal, metatarsophalangeal, and
interphalangeal joints [21] (pp. 178–182). These allow movements such
as flexion, extension, abduction, and adduction of the toes [21]
(pp. 184–224).

  
(a) (b) (c) 

Figure 6. Hip movements: (a) movement around the transverse axis; (b) movement around the
anteroposterior axis; (c) movement around the longitudinal axis.

 
 

(a) (b) (c) 

Figure 7. (a) Knee movements around the transverse axis; (b) ankle movement; (b) movement around
the transverse axis; (c) movement around the anteroposterior axis.
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Given that the information collected for joint movements is extensive, the joints,
degrees of freedom, axes, planes, characteristic movements, and illustrative references will
be described in independent figures (Figures 6 and 7), as their descriptions cannot be clearly
distinguished within the space provided in Table 5.

Table 5. Characteristic movements in each joint.

Articulation DOF Axis Plane Characteristic
Movement Figure

Hip 3
Transverse Sagittal F/E * Figure 6a

Anteroposterior Frontal Ab/Ad * Figure 6b

Longitudinal Transverse F/E
Horizontal Figure 6c

Knee 1 Transverse Sagittal F/E—P/S * Figure 7a

Ankle 2
Transverse Sagittal Fd/Fp * Figure 7b,c

Longitudinal Transverse I/E *

Foot 33

Articulation DOF Axis Characteristic
movement

Finger
movements

produce
excessive
volume of

content. The
book by A. I.
Kapandji is

recom-
mended:

Physiology,
upper limb

[21] (pp.
178–224).

Talocrural 2 Transverse Fd/Fp

Talocalcaneonavicular 2 Anteroposterior I/E

Calcaneocuboid 1 Anteroposterior MD *

Toes 30

Big 1 Interphalangeal F/E—Ab/Ad

Second, Third,
Fourth, Fifth 2

Proximal F/E—Ab/Ad

Distal F/E—Ab/Ad
* F/E: Flexion/Extension; Ab/Ad: Abduction/Adduction; P/S: Pronation/Supination; Fd/Fp: Dorsi-
flexion/Plantar Flexion; I/E: Inversion/Eversion; MD: Gliding Movement.

The movements of the upper and lower limbs are crucial for the design and analysis
of robotic devices due to their complexity and variety. These movements are directly
related to human biomechanics, involving precise interactions between bones, muscles,
tendons, and joints, enabling a wide range of actions and adaptability in various daily tasks.
For a robotic device to effectively mimic these movements, it is essential to thoroughly
understand how they are performed, both kinematically and dynamically. By studying
natural human movements, the kinematics of the exoskeleton or robot can be optimized,
improving its ability to replicate human gestures with precision. This not only enhances
the device’s efficiency and comfort but also allows for better integration into the user’s
daily activities, ensuring smoother usage and reducing the risk of injury or fatigue. A
robot’s ability to accurately emulate human movements is also crucial for ensuring that the
assistance provided is effective and natural, thus optimizing the device’s performance and
interaction with the environment.

In the synovial joints of an average person, understanding movement and its behavior
is useful, as the trajectories generated by these joints help develop devices that behave
more appropriately according to the movement axes of each joint. In Table 6, the function
and application area where each device is most used are described, as each device has
its own characteristic application. The four devices are illustrated from the elbow joint,
located in the upper limb of a person, as this joint has only one degree of freedom and can
be described more simply.
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Table 6. Description of the functioning of each device.

Device Function Application Figure

Splint

The angle of the joint at
which the device is placed
will remain in that position
until the device is
removed.

Medical
and
Civil

Prosthesis

It replaces or adapts
artificial devices in
segments with fractures or
amputations, substituting
the function of the bone,
muscle, or joint, or all of
them.

Medical
and
Civil

Orthosis

It allows the joint to move
within a set range.

It can completely stop the
movement of the joint.

Medical
and
Civil
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Table 6. Cont.

Device Function Application Figure

Artificial
exoskeleton

It replaces the function of
muscles and joints with
mechanical or powered
movement.

It moves within the
biomechanical range of the
limb or a smaller range.

It allows ergonomic
mobility or immobility of
the joint.

Medical,
Military,

Industrial
and
Civil

Example: In the case of the elbow representation in Table 6, in the event of an injury
where movement needs to be immobilized, it would be feasible to place a common cast. If
this had to be both immobile and mobile at different hours of the day, it would be correct
to place an orthosis. This would provide immobility for the defined time and could be
adjusted to allow movement within a safe range. If the joint is entirely damaged and the
only way for the patient to heal is through amputation or internal segment wear such as
the bone, the correct option would be to implement a prosthesis to replace the damaged
section. Lastly, if the joint presents scenarios where injury could occur, or to prevent one,
an artificial exoskeleton with mechanical or robotic quality could be used.

If there was an injury in the joint, this device would have the capability to place it in
positions, speeds, and accelerations suitable for optimal recovery. Just like the function
of the splint or orthosis, where it can be immobile or mobile, the artificial exoskeleton
can immobilize it, limit it, or extend it to reach its natural mobility through actuation. In
another case, when substituting the function of the joint due to loss of functionality, with
a prosthesis, the normal procedure would be to amputate. However, with this device,
since there is a structure surrounding the damaged joint, amputation is unnecessary, as the
structure would act to replace the joint’s function. Lastly, if the goal is to prevent injury
or improve movement and strength characteristics of the joint, the correct option would
be to use an artificial exoskeleton with actuation capabilities and a structure that, when
surrounding the joint, would replace the muscle’s function with mechanical work.

The typology of assistance devices for synovial joints represents the characteristics,
functions, and applications of each of the developments and scientific contributions re-
garding the care of these joints. The dissemination through articles, academia, and private
products has a significant influence on the classification of each device. Although there is
diversity in these technologies, this article focuses on the analysis of the four most impor-
tant, as they have been in constant evolution throughout history and continue to be applied
today. Tables 7–11 describe the origins, appearances, registrations, definitions, and uses
of these technologies. This classification is important because these technologies are often
misused in scientific dissemination. While not entirely the case, this causes confusion due
to the lack of standardization, leading to new developers having scattered foundations.
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Table 7. Description of the origins of the names of the different devices.

Section Device Description

Origin of the Word

Splint

The term “splint” likely originates from multiple
sources: Middle Low German, referring to a thin piece
of iron; Middle Dutch cognate “splinter”; or Swedish,
meaning a wooden nail or wedge. All interpretations
align with the concept of a plate or strip applied to the
skin, typically made from splinters of metal or
wood [24].

Prosthesis

“Prosthesis” has a history spanning thousands of
years, with roots in ancient Egypt and Greece, and
continues to evolve today with artificial devices for
body repair. The term derives from Late Latin, from
the Greek “prosthesis,” meaning “to add,” from
“prostithenai” (to add to) and “tithenai”
(to place) [25].

Orthosis

Compared to earlier devices like splints, “orthosis” is
relatively modern, having been in use for only a few
decades. It comes from the Greek “orthōsis,” meaning
“to straighten,” derived from “orthoun”
(to straighten) [26].

Exoskeleton

The term “exoskeleton” refers to any hardened
external structure, such as the shells of crustaceans or
the plates of fish and reptiles, particularly when
bone-like. It is derived from the Greek “exo-”
(outside) and “skeleton,” and is grounded in
zoological terminology [27].

Table 8. Description of the first record of the different devices.

Section Device Year

First
Record

Splint 1325 [24]
Prosthesis 1550 [25]
Orthosis 1958 [26]

Artificial exoskeleton 1839 [27]

Table 9. Description of the first appearance of the different devices.

Section Device Description

First
Appearance

Splint

In the 20th century, during excavations in Egypt,
fractures from 5000 years ago were found, bound with
bark tablets, wrapped in linen, and secured with
bandages. Surgeon Percival Pott standardized the
immobilization splint, known as Pott’s splint [28].
Later, the Thomas splint emerged to immobilize the
lower limb in cases of fractures and chronic bone
diseases. During World War I, the splint evolved, and
plaster of Paris was used, becoming known as the
Tobruk splint, which remains the most used
today [29].
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Table 9. Cont.

Section Device Description

Prosthesis

The University of Basel found a wooden prosthesis
belonging to the foot of the daughter of an Egyptian
priest in a female burial at Tomb Tebana 95, dating
back 3000 years [30].

Orthosis

The appearance of the first orthotic device dates to the
earliest civilizations, when rudimentary forms of
splints and supports were used. Over time, orthotics
has evolved to become a highly specialized field of
medicine, with increasingly complex devices tailored
to the individual needs of patients.
F. Genêt, F. et al. (2010) describes the importance that
a device called an orthosis had in the mid-twentieth
century, a disease “Heine–Medin syndrome”
(Poliomyelitis) and the poliovirus frequently attacked
the respiratory systems and caused paralysis of the
upper and lower limbs of those infected. As a result,
devices called leather and steel orthoses became quite
popular [31].

Artificial
exoskeleton

The oldest exoskeleton-like device known was
developed in 1890 by Russian engineer Nicholas Yagn
with a patent under the name “Apparatus for
facilitating walking, running, and jumping [32].” It
was not until 1960 that the first mobile machine with
anthropomorphic movements appeared: the
Hardiman, a device developed by General Electric
and the U.S. government [33].

Table 10. Description of the definitions of the different devices.

Section Device Description

Definition

Splint

The word “splint” comes from the noun “to splint.”
The Cambridge Dictionary defines “to splint” as an
object made of rigid or flexible material used to
immobilize an area with injury or fracture [34].

Prosthesis
The Cambridge Dictionary defines “prosthesis” as the
science or part of medicine that deals with artificial
body parts [35].

Orthosis
The Cambridge Dictionary defines “orthosis” as a
device made to support an injured or malformed part
of the body [36].

Artificial
exoskeleton

In biological terms. The Cambridge Dictionary defines
“exoskeleton” as a hard outer layer that covers,
supports, and protects an invertebrate animal [37].
In medical or military terms. The Cambridge
Dictionary defines “exoskeleton” as a suit that
supports the body or part of it. It is used by people
with injuries to help them walk or by soldiers to help
them carry heavy equipment [37].
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Table 11. Description of the uses of the different devices.

Section Device Description

Utility

Splint

According to the University of Navarra Clinic [38]
and the medical dictionary [39], a splint is used to
immobilize a fractured, dislocated, or paralyzed body
part, which should be kept at rest, in a proper position,
or unloaded, as is the case with inflammatory joint
diseases, paralysis, dislocation, or fractures.

Prosthesis

According to Standard UNE 11-909-90/1, adopted
from ISO 8549/1, a prosthesis is an external device
used to replace, either partially or entirely, a deficient
or absent limb segment [40].

Orthosis

According to Standard UNE 11-909-90/1, adopted
from ISO 8549/1, an orthosis is any device applied
externally to the human body, used to modify the
structural or functional characteristics of the
neuromusculoskeletal system, with the purpose of
maintaining, improving, or recovering function [41].

Artificial
exoskeleton

According to Standards NTP 1162 and NTP 1163 [42].
Exoskeletons I and II, an exoskeleton is a portable
external device placed on the user’s body, used to
increase ergonomic intervention capabilities and
improve working conditions, particularly concerning
physical load.

Knowing the first records and early appearances of a technological device is essential
for understanding its evolution and historical context. These records allow us to trace the
origin of the innovation, identify key advancements that have contributed to its develop-
ment, and recognize the needs or problems that motivated its creation. Additionally, by
reviewing the early versions of a device, it is possible to evaluate how they have improved
over time in terms of efficiency, functionality, and accessibility, impacting their role in
society and industry regarding the design and development of future technologies, helping
to avoid past mistakes and optimize innovation processes.

The etymology of words and their first official appearance are essential for understand-
ing the evolution of concepts and preventing misunderstandings. In the context of robotic
devices such as splints, prosthetics, orthoses, and exoskeletons, knowing their origin helps
to better understand their function and purpose. Terms like “prosthesis” (replacement) and
“exoskeleton” (external support) reflect their specific use and how they have been adapted
to medical and technological needs. Thus, etymological knowledge ensures precise and
proper use of these terms in the development of technologies.

3. Results
3.1. Artificial Exoskeletons

Diseases, accidents, or the lack of certain attributes in the human body have led us
to develop technologies that, while they may not fully facilitate recovery, are valuable for
coping with the process, particularly in medical terms. Technologies that enhance, smooth,
and/or protect the movements of their users are important not only for safeguarding their
physiological integrity but also for implementing artificial characteristics that a regular
person does not possess. These characteristics provide security and, most importantly,
improve quality of life. Devices such as splints, prostheses, and orthoses are typically
limited to one or two tasks. Artificial exoskeletons, on the other hand, serve multiple
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functions, with applications and features in sectors like medicine, military, industry, and
education, among others. They offer added value, as they provide more options for different
situations, and this article tracks the records and classifications of this technology.

3.2. From Biological to Artificial

Based on Table 10, the origin of the word “exoskeleton” comes from zoology, describing
a hardened structure, mostly of bone nature [27]. In Table 7, it is defined as a hard layer
that covers, supports, and protects an invertebrate biological being, which uses the external
skeletal structure to support, move, and protect itself [37]. Therefore, an exoskeleton is used
for invertebrates, in contrast to vertebrates, which possess an internal skeletal structure
called an endoskeleton (Figure 8a). Humans, as well as terrestrial, aerial, or marine animals,
have both endo and exoskeletons, and the variety is finite and can be distinguished by
their visible characteristics. However, there are animals where the difference is not so clear,
such as the terrestrial tortoises, which have both an external and internal skeletal structure
(Figure 8b). Their shell and limbs do not share the same line, even though their limbs
have an internal bone structure, the containment of their organs is under an external bone
structure, making them a hybrid in terms of skeletal composition. This composition is
artificially represented when a mechanical structure is placed around a vertebrate.

 
 

 
(a) (b) (c) 

Figure 8. (a) Species with internal bone structures; (b) species with both internal and external bone
structures; (c) species with external bone structures.

An animal like an ant or beetle is known for being able to lift several times its body
weight, thanks to having an exoskeleton [43]. The exoskeleton provides greater resistance
because its external bone structure absorbs most of the load, in contrast to a vertebrate
animal, where the load is absorbed by muscles, joints, and only then reaches the internal
skeletal structure. The application of an artificial exoskeleton to a human or animal follows
the same principle as species that possess them (Figure 8c); they serve to contain and
protect the integrity of the user inside. Based on Table 11, according to standards NTP
1162 and 1163, an artificial exoskeleton is a portable external device that is placed on the
user’s body, used to increase ergonomic intervention capabilities and improve working
conditions, especially regarding physical load [42].

In Figure 9, the concept of the suit’s use and the general use of the device is divided
into two parts. Here, it is shown that when a user is wearing it, they are covered and
protected by it, although this is not always the case. Most artificial exoskeletons are partial,
focusing mostly on the upper and lower limbs, but total protection is the primary goal for
human exoskeletons.
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Figure 9. User—Device: artificial exoskeleton on a user.

Based on Figures 9 and 10, and the content from the previous tables, it can be concluded
that an exoskeleton is an organic term, in this case, referring to external bone structures.
In the case of structural devices developed from non-organic materials such as metals or
polymers, it can be referred to as an artificial structure, as it mimics the naturalness of an
organic exoskeleton. Therefore, referring to an artificial structure usable by a vertebrate as
simply “an exoskeleton” would be incorrect without an adjective to complement it. For ex-
ample, if it is a mechanical structure made from metal links and assisted by elastic actuators
(springs), it can be defined as a Mechanical Exoskeleton. If the structure includes electric
motors and its assistance is actuated, controlled, and communicated through instrumental
circuits, it can be referred to as a Robotic Exoskeleton. In more recent technologies, like
the metaverse, devices that can read movements and translate them into coordinates in
cyberspace could be defined as a Haptic Exoskeleton, among others.

Figure 10. Application: the user does not interact with surrounding loads.

3.3. Classification of Artificial Exoskeletons

Earlier, behaviors related to muscles and joints were analyzed to understand the free-
dom of movement a typical person possesses, aiming to comprehend the application and
behavior of the different devices discussed throughout the article, such as splints, prosthe-
ses, orthoses, and artificial exoskeletons. The latter has a wide range of applications and
configurations. Therefore, an extensive classification of artificial exoskeletons is proposed,
addressing their global and partial configurations. Additionally, the analysis is based on
Tables 7–11, which outline the origins, definitions, records, uses, and appearances of this
device. According to the tables on etymology, uses, and applications, three basic points
should be considered for something to be considered an artificial exoskeleton.

For a satisfactory classificatory analysis of the types of artificial exoskeletons, the
de-vice must meet three essential criteria:

• It must be an external structure to the body.
• It must be parallel to the musculoskeletal system.
• It must assist or enhance the forces and movements of the joints.
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The analysis of artificial exoskeletons for classification purposes should focus on two
main qualities: assistance and enhancement. Based on these two principles, considerations
are made regarding the type of structures that resemble the user, the materials that can
be used to mold the device, the type of mobility it is designed to employ (which aligns
with its application in the medical, military, industrial sectors, among others), the type of
energy supply (which is crucial, as it defines the exoskeleton’s designation), the type of
control used to manage the movement of the structure, the systems that will determine
its functionality within its applications, and the types of construction, which can be per-
formed by private sector companies or public sector organizations such as universities or
research institutions.

Given that the device may opt for different types of structures, mobilities, power
sources, control systems, functional systems, and construction, a global classification of
parameters is provided, detailing the characteristics for the different types of developments
this device may present [44,45].

Regarding structure, mobility, control, and construction, the most prominent char-
acteristics come from power sources and functional systems. The power supply defines
whether the exoskeleton will be mechanical, robotic, pneumatic, or hydraulic. A mechanical
exoskeleton, while using elastic actuators as springs, does not provide external energy other
than that of the user, making it a passive system. In contrast, an active system involves
external energy, with peaks of power input along specific parts of the structure, especially at
the actuators. While the structure may not necessarily contain them, the power supply, such
as electricity, not only fuels the actuation but also powers the exoskeleton’s instrumentation.
Pneumatic and hydraulic power supplies, when compared to electrical or non-powered
systems, do not provide any other function except actuation of the joints, and are therefore
considered pneumatic exoskeletons or hydraulic exoskeletons, as their primary function is
to supply movement.

There are four different systems available. Although the literature includes additional
variations, two main categories are considered: active and passive systems. Passive systems
use gravity compensation and elastic/spring members to store and release energy during
movements, assisting users in physical movements. Active systems, on the other hand, rely
on one or more actuators to increase the power of the limbs. Once the global characteristics
that an artificial exoskeleton may possess have been outlined, an analysis of their behaviors
in different configurations is made. Based on this description, in Table 12 each of the various
types of behaviors will be described in terms of power supply, structure, and functioning
within different applications [46].

Table 12. Components characterize an artificial exoskeleton.

Device Type Description

Exoskeletons
Artificial

Structure Rigid
Flexible

Mobility
Mobile
Fixed

Supported

Power

Electric
Hydraulic
Pneumatic
No power
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Table 12. Cont.

Device Type Description

Communication

Control panel
Electromyography (EMG)

Electroencephalogram (EEG)
No communication

System

Passive
Semi-Passive
Semi-Active

Active

Construction Private
Public

3.4. Types of Structure for an Artificial Exoskeleton

Figure 11 presents a classification of artificial exoskeletons by type of kinematic struc-
ture. Table 13 presents a description of these exoskeletons.

Figure 11. Classification of artificial exoskeletons by kinematic structure type.

Table 13. Description of artificial exoskeletons by kinematic structure type.

Structure Description Type Description

Rigid [44]

It is built with low-flexibility links: metals,
polymers, among others. It provides
support and stability.

These are designed to resist mechanical
loads and maintain the integrity of the
device.

Anthropomorphic
Replicates human joints
and proportions.

No
anthropomorphic

Prioritizes efficiency
and adaptation to
perform tasks.

Flexible

It is composed of cables or elastic bands.

It provides movement adaptability since it
is not a heavy structure. They are designed
to collect information or assist with posture
during prolonged periods in terms of
physical endurance.

This does not apply This does not apply
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3.5. Types of Mobility of an Artificial Exoskeleton

Figure 12 presents a classification of artificial exoskeletons according to their
workspace and grounding: mobile, fixed, and anchored. Table 14 presents a description of
each of these exoskeleton types.

 

Figure 12. Classification of mobility between a mobile, fixed, and anchored artificial exoskeleton.

Table 14. Description of mobility between a mobile, fixed, and anchored artificial exoskeleton.

Mobility Description

Free

This type of mobility has no displacement limits.
Since the structure is placed on the user, it allows
the user to move with it. As it is user-dependent, a
battery bank must be implemented if required, or a
power supply line, which would limit the user to
an area with a range determined by the length of
the power system.

Fixed

This type of mobility represents a structure fixed to
the ground or a wall. The links are supported by
the base, causing the user to have no direct
interaction with the structure, only with the
movements. The displacement is restricted to the
area where it is installed, providing greater
stability and power, as it may be connected to a
power supply source.

Anchored

This type of mobility suspends the structure with
harnesses or cables on a fixed or mobile rail. This
allows externally assisted displacement. This type
of mobility combines the semi-freedom of a mobile
device with the energy efficiency and structural
integrity of a fixed device. These types of devices
are ideal for companies and rehabilitation of
lower limbs.

3.6. Type of Power Supply for an Artificial Exoskeleton

Figure 13 presents a classification of energies according to their performance as electric,
pneumatic, or hydraulic motor work. Table 15 describes each energy use for use in an
artificial exoskeleton.
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(a) (b) (c) 

Figure 13. Classification of artificial exoskeletons according to the type of actuation. (a) electric
actuator; (b) pneumatic actuator; (c) hydraulic actuator.

Table 15. Classification of external energies used in an artificial exoskeleton.

Energy Description Icon

Electrical (E)

Powers the device
hardware

Generates the actuation
motion

Hydraulics (H) Generates the actuation
motion

Pneumatic (N) Generates the actuation
motion  

Without power (M) Movement generated by
mechanical components  

3.7. Type of Artificial Exoskeleton System

There are four different systems available. Although the literature includes additional
variations, the two main categories are considered: active and passive systems. Passive
systems use gravity compensation and elastic/spring members to store and release energy
during movements, assisting users in physical movements. Active systems, on the other
hand, rely on one or more actuators to increase the power of the limbs. Once the global
characteristics that an artificial exoskeleton may possess have been outlined, an analysis
of their behaviors in different configurations is made. Based on this description, each of
the various types of behaviors will be described in terms of power supply, structure, and
functioning within different applications [46]. See Table 16.
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Table 16. Classification of exoskeletons according to the type of system.

Exoskeleton System

Mechanical Passive

 

A passive mechanical exoskeleton operates without
external energy, processing systems, or actuation. Instead,
it relies on mechanical structures such as springs,
dampers, and elastic components to assist movement and
provide support. Its primary function is to enhance
ergonomic intervention capabilities by reducing physical
strain, improving posture, and minimizing fatigue during
repetitive or physically demanding tasks.

Robotic Semi-passive

 

A semi-passive robotic exoskeleton utilizes external
energy sources and processing systems but does not
incorporate actuation mechanisms. It is designed
primarily for data collection, using sensors and
computational systems to monitor and analyze limb
movement. This type of exoskeleton is commonly used in
research and rehabilitation settings to assess
biomechanics, track motion patterns, and provide
valuable insights for improving assistive technologies.

Semi-active

 

An active–passive robotic exoskeleton uses external
energy sources, processing systems, and actuation
mechanisms for joint rehabilitation, assisting individuals
recovering from injuries. It provides controlled assistance
to facilitate movement while allowing the user’s muscles
to engage, or it can actively block joint movement when
needed. This combination of external actuation and
natural muscle engagement supports gradual recovery
and adaptive rehabilitation strategies.

Active
This active–passive robotic exoskeleton harnesses
external energy from hydraulic, pneumatic, electrical,
and mechanical sources, incorporating advanced
processing systems for data control, reception, and
transmission. Its actuation function replaces the user’s
muscle and joint effort, enhancing ergonomic
intervention and absorbing external forces to improve
load bearing and mobility. This design enables users to
perform physical tasks with greater ease and safety.

Artificial exoskeletons are classified based on their activation level and energy usage.
The four main types are passive, semi-passive, semi-active, and active. The choice of system
depends on the specific needs and usage conditions of the exoskeleton. This characteristic
is where the adjective artificial can be omitted, and the appropriate adjective for the system
type being used can be added. See Table 17.
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Table 17. Description and classification of the internal features of an artificial exoskeleton.

Dispositive System Description Application

Mechanical
Exoskeleton Passive

• Does not use external
energy

• Does not use processing
systems

• Does not use actuation

It is used to enhance
ergonomic intervention
capabilities.

Robotic
Exoskeleton

Semi
Passive

• Use external energy
# (E) (M) *

• Use processing systems
# (Rx) (Tx) *

• Does not use actuation

It is used to collect information
on limb movement.

Semi
Active

• Use external energy.
# (H) (N) (E) (M) *

• Use processing systems
# (Ctrl) (Rx) (Tx) *

• Use actuation

It is used for the rehabilitation
of a joint with injury.
It is used to block the
movement of the joint with
actuation.
It uses a percentage of
movement provided by the
system, with the other
percentage coming from the
muscle.

Active

• Use external energy
# (H) (N) (E) (M)

• Use processing systems
# (Ctrl) (Rx) (Tx)

• Use actuation

It replaces the total muscle
and joint effort.
It is used to increase assisted
ergonomic intervention.
It is used to absorb all external
forces that interact with the
user, enhancing their load
bearing and mobility capacity.

* E: Electrical energy; M: Mechanical energy; N: Pneumatic energy; H: Hydraulic energy; Ctrl: Application of a
control system; Tx: Data transfer; Rx: Data reception.

Based on the description in Table 12, the selected system type can define the behavior
of the device. This means that an artificial or mechanical exoskeleton may be considered
due to the lack of actuation and instrumentation for control and communication; its function
is solely to provide support and stability to the user. On the other hand, a robotic system
is characterized as a machine programmed to perform tasks autonomously or which is
guided by a third party using external components. Although not necessarily robotic, an
exoskeleton requires actuation, as in the case of the semi-active system, as described in
Table 16, it can also be considered an electronic exoskeleton or a data collection system.

3.8. Type of Communication of an Artificial Exoskeleton

Table 18 describes the standard communication types that the control card has to
activate the operation of an artificial exoskeleton.
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Table 18. Classification of communication types in artificial exoskeletons.

Communication Description Icon

Sensors

They allow the device to
interpret external and
internal elements to
collaborate with
programmed actions to
create behaviors and
solutions.

 

Control Panel

It is a board that changes
the system configuration.
The user or a third party
controls almost everything
about the device’s behavior
and operation.

 

Electromyography
(EMG)

These are analog signals
coming from the muscles
[47] and the nervous
system, which are
interpreted as operational
amplifiers.

Electroencephalogram
(EEG)

These signals come from
the electrical activity in the
brain [48]. They are
amplified signals, as they
fall within the micro to
millivolt range, interpreted
as operational amplifiers.

 

No control The operation does not
require instrumentation.

3.9. Types of Robotic Exoskeleton Construction

Artificial exoskeletons have experienced significant development in both public and
private institutions. To innovate more quickly, engineers and researchers have collaborated
to create devices that improve the quality of life for individuals. Institutions and companies
are innovating with structures, reduced power supply, and increased efficiency. Addition-
ally, some exoskeletons incorporate artificial intelligence to adapt to the user’s movement
patterns, enhancing their effectiveness. In institutions such as companies, innovation
is highly sought after. Below are descriptions of the three most important exoskeletons
developed by public institutions and the ninety-six most important developers in the
private sector.

• XoMotion (Simon Fraser University): Researchers at Simon Fraser University (SFU)
created XoMotion, a cutting-edge robotic exoskeleton. This device enables people with
mobility disabilities to stand and walk without additional support. It offers a wide
range of activities, including walking, climbing stairs, and squatting. XoMotion uses
sensors to mimic the human body’s logic and generate balanced movement [49].

• Stanford Ankle Exoskeleton: Researchers at Stanford University developed an ankle
exoskeleton that enables people to walk more efficiently. Training and customization
are key to its success. This device connects to the shoe and around the leg, mimicking
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a motorized exoskeleton. It helps users push forward while walking and maintain
balance [50].

• Stanford Wireless Exoskeleton: Another achievement by Stanford University, this is
a wireless exoskeleton that increases walking speed by applying torque to the ankle.
It facilitates movement during walking and is especially useful for individuals with
mobility disabilities [51].

In recent years, the search for private companies dedicated to the research and devel-
opment of robotic devices, particularly exoskeletons, has seen significant growth. These
companies, both emerging and established, are at the forefront of technological innova-
tion, working on the design of exoskeletons aimed at improving the quality of life for
individuals with reduced mobility and optimizing physical performance for workers in
industrial settings. The development of robotic exoskeletons is divided into various cate-
gories, depending on their purpose and application. Assistive exoskeletons, focused on
rehabilitation, and power exoskeletons, designed to enhance users’ physical abilities, are
among the most prominent types. The public sector, universities, research centers, and
government agencies collaborate closely on the design of prototypes that aim not only at
medical advancements but also at military and rescue applications. In contrast, private
companies, driven by the need to commercialize these devices, tend to focus on economic
viability and improving technology to meet specific market needs, often allowing them
to bring products to practical use more quickly. Collaboration between both sectors is
expected to play a crucial role in advancing this technology, combining public resources
with the agility and entrepreneurial vision of the private sector.

Below is a selection of the 25 most influential companies in the development of robotic
exoskeletons, those that have made a significant impact on the industry thanks to their
technological innovations, advances in medical rehabilitation, workplace ergonomics, and
general applications. These companies have positioned themselves as leaders in the sector,
developing devices that improve human mobility, reduce physical strain in industrial
environments, and enhance the recovery of people with motor disabilities. The list includes
both established giants and novel startups, all playing a key role in the evolution of this
technology that promises to revolutionize human–machine interaction.

1. ATOUN Inc.

• (Nara City, Nara Prefecture, Japan) Exoskeletons for physical task assistance.

2. Bioness Inc.

• (Santa Clarita City, CA, USA) Neuromuscular stimulation devices and exoskele-
tons.

3. Bionik Laboratories Corp.

• (Toronto City, ON, Canada) Exoskeletons for medical rehabilitation.

4. Comau

• (Grugliasco City, Turin, Italy) Exoskeletons for industrial work assistance.

5. Cyberdyne Inc.

• (Tsukuba City, Ibaraki Prefecture, Japan) Robotic exoskeletons for rehabilitation
and mobility.

6. Ekso Bionics

• (San Rafael City, CA, USA) Exoskeletons for medical and industrial rehabilitation.

7. Exy—Empowering People

• (Curitiba City, Paraná, Brazil) Exoskeletons for workplace injury reduction.

8. Fourier Intelligence
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• (Xiu Pu Lu City, Shanghai, China) Robotic exoskeletons for rehabilitation.

9. German Bionic

• (Augsburg City, Bavaria, Germany) Smart exoskeletons for industrial assistance.

10. Honda Motor Co., Ltd.

• (Minato City, Tokyo, Japan) Mobility and rehabilitation assistive devices.

11. Hyundai Motor Company

• (Seocho-gu City, Seoul, Republic of Korea) Exoskeletons for mobility and indus-
trial tasks.

12. INDI

• (Monterrey City, Nuevo León, Mexico) Pediatric exoskeletons for walking assis-
tance.

13. Lockheed Martin Corporation

• (Bethesda City, MD, USA) Exoskeletons for military and industrial applications.

14. Marsi Bionics

• (Rivas Vaciamadrid City, Madrid, Spain) Exoskeletons for children with neuro-
muscular disorders.

15. Myomo Inc.

• (Burlington City, MA, USA) Exoskeletons for neuromuscular injury support.

16. Ottobock

• (Duderstadt City, Niedersachsen, Germany) Exoskeletons and prosthetics for
mobility enhancement.

17. Panasonic Corporation

• (Kadoma City, Osaka Prefecture, Japan) Exoskeletons for mobility and industrial
tasks.

18. Parker Hannifin

• (Mayfield Heights City, OH, USA) Exoskeletons for rehabilitation and medical
assistance.

19. Raytheon Company

• (Arlington City, VA, USA) Exoskeletons for military use.

20. ReWalk Robotics

• (Yokne‘am Illit City, Northern District, Israel) Exoskeletons for people with spinal
cord injuries.

21. Rex Bionics

• (Auckland City, Auckland Region (North Island), New Zealand) Autonomous
exoskeletons for people with reduced mobility.

22. Sarcos Robotics

• (Salt Lake City, UT, USA) Industrial and military exoskeletons.

23. SuitX

• (Emeryville City, CA, USA) Modular exoskeletons for rehabilitation and industry.

24. Technaid

• (Arganda del Rey City, Madrid, Spain) Exoskeletons for research and rehabilita-
tion.

25. Wandercraft SAS
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• (Paris City, France) Autonomous exoskeletons for personal mobility.

4. Discussion
The research on assistive devices is based on ergonomic adjustment, energy consump-

tion, and adjustable functionality. The latter is one of the aspects most related to the high
development and purchase price. This is because they are designed to fit the user’s physi-
ological needs or are adjustable but limited to a specific task. On the other hand, energy
consumption is only feasible through a continuous power supply, which limits technologies
to a specific operational radius, or, if independent, their energy consumption is restricted
due to the high demand of the system.

The following discussion points are open to the four devices mentioned in this article,
although the correct perspective would be related to artificial exoskeletons and possi-
bly orthoses, since prostheses might exchange their characteristics based on the specific
needs and circumstances, while splints are based on the application needs and their low
material cost.

• Structures: Rigid structures are mostly, if not entirely, made from metal materials
due to their high resistance to bending and compression. However, these properties
are functional for devices that require excessive physical strength, structural resis-
tance, or conditions that could be dangerous for the user. On the other hand, in the
medical field, devices for the rehabilitation of limbs or their segments require lower
structural resistance, as the movements are slow and do not usually require prolonged
or excessive fatigue. Military devices, while requiring strength, may also require
physical resistance for walking or lumbar support, where metallic structures are too
heavy for transportation over long distances. Materials with low density and high
resistance to bending and compression are ideal to replace the rough and heavy metal
structures, which not only are heavy but also have high manufacturing and material
costs. Polymers, however, would be ideal for devices that do not require high physical
demand. Their use could reduce production costs, given their low manufacturing
costs and potential for molding or 3D printing, enabling the creation of complex joints
where geometry would help create structures that are both stronger and cheaper with
quicker construction timelines.

• Energy Consumption: The type of structure impacts energy consumption. Larger
structures tend to have greater weight, which translates into higher torque. Large
torques require high energy consumption, adding more weight due to the larger
actuators. Lighter structures would result in lower torques, allowing the use of smaller
actuators, which reduces weight and, in turn, energy consumption. This would be
advantageous for mobile devices, as their autonomy would increase significantly with
the same battery bank.

• Energy Efficiency: Developing energy-efficient actuators and control systems would
be essential for enhancing the autonomy of mobile devices. By minimizing energy
consumption through smart power management and lightweight designs, manufac-
turers can extend the operational time of devices between charges, making them more
practical for users.

• Production Times: Structures would be manufactured with ideal characteristics, since
designing in CAD environments allows for complex calculations and geometries
that metal structures could not achieve, all at lower cost and time. With polymers,
geometries would not be an issue as they can be created using molds or additive
manufacturing at low production costs and considerably faster manufacturing times
than conventional or CNC metal pieces.
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• Design Improvements: Future designs could prioritize lightweight materials with
high strength-to-weight ratios, such as advanced polymers or composites, which
would significantly reduce the overall weight of devices while maintaining struc-
tural integrity. This would allow for greater mobility and usability, particularly in
applications where prolonged use is required.

• Cost Reduction Strategies: Implementing additive manufacturing techniques, such
as 3D printing, could lower production costs and time. This method enables the
creation of complex geometries that are difficult or costly to achieve with traditional
metal fabrication. By optimizing designs for manufacturability, manufacturers can
streamline production processes, reducing material waste and labor costs.

• Integration of AI and Machine Learning: The incorporation of artificial intelligence
and machine learning algorithms could enhance the adaptability and functionality
of assistive devices. Smart systems could learn from user interactions, adjusting in
real-time to optimize support and improve user experience. This would enable devices
to provide personalized assistance based on the user’s specific needs and movements,
increasing effectiveness during rehabilitation and daily activities.

5. Conclusions
The development of assistive devices for synovial joints has advanced significantly,

incorporating biomechanical and technological innovations that enhance mobility and
improve users’ quality of life. The proper classification and terminology of these devices—
splints, prostheses, orthoses, and artificial exoskeletons—are essential for their design,
comparison, and effective application across various fields, including medicine, industry,
and the military. Artificial exoskeletons stand out as the most versatile technology in this
field, providing support for both rehabilitation and performance enhancement. Their classi-
fication based on structure, mobility, power source, and control systems is crucial for their
development. Future research should focus on improving ergonomics, reducing energy
consumption, and optimizing cost-effectiveness to make these devices more accessible.
Ultimately, integrating new technologies and materials into the design of these devices will
expand their applications and improve their functionality. However, further biomechanical
studies and standardized regulations are necessary to ensure the proper implementation of
these technologies for the benefit of users.
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