Soft Exoskeletons

Subjects: Robotics

Contributor: Alan Perez Vidal

The present entry is oriented to the studies of the last decade and covers the upper and lower joints, specifically the
shoulder, elbow, wrist, hand, hip, knee, and ankle. Its functionality, applicability, and main characteristics are exposed,
such as degrees of freedom, force, actuators, power transmission methods, control systems, and sensors.
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| 1. Introduction

Exoskeletons have been extensively researched and developed to aid the movement of various joints in the body. These
devices can involve a single degree of freedom (DOF), for example, flexion and extension of the forearm, or multiple DOF,
like hand movements. The complexity and physical capabilities of the exoskeleton depend on various factors, including
the force/torque transmission medium, the range of motion, and the method of control.

One way to classify exoskeletons is according to their actuation devices, which can be electric, pneumatic, hydraulic, and
hybrid. Electric actuators have the advantage of being fast and precise, but they are less resistant to sudden power
changes. Alternatively, pneumatic and hydraulic actuators can perform various rotational changes and support heavier
loads without overheating, but their power supply is weighty, complicating their portability. On the other hand, various
power transmission methods have been used, for example, cables, rods, gears, elastomers, hydraulic and pneumatic
hoses. The choice of these elements gives attributes to the exoskeleton that must be evaluated from the design. An
incorrect configuration would negatively affect the user, not allowing continuous and prolonged use of the device.

Motor-driven metallic devices offer several advantages, including rigid and robust structures, as well as precise
transmission of forces. However, these devices have certain disadvantages, such as being heavy and uncomfortable for
the user. Additionally, due to their weight and complexity, most are not portable, and their installation requires trained
personnel. For this reason, the development of soft robotic devices is a trend that has been increasing, and various
research groups are working on their construction and innovation (2],

Soft exoskeletons replace many or all of the hard, big and rigid elements with soft, light, thin and flexible ones. Further,
some components that must remain rigid, such as batteries and controllers, are often placed in a backpack or separately
to reduce weight. These devices are lighter, more flexible, and offer greater user comfort. Additionally, due to their
characteristics, they are easier to transport and install, allowing the patient to use these devices alone and in multiple

locations. Soft exoskeletons have been made to aid the movement of the fingers B4 wrist B8 elbow A&l shoulder &
(10 hip LUI2] knee 131141 and ankle 12I16],

| 2. General Applications

Soft exoskeletons are developed for different purposes. One of them is as an enhancer that increases the physical
abilities or capacities of the individual LAML8l Another use is to assist the patient with daily activities, supporting a
weakened or disabled joint with a lack of strength or movement 220 They are also used as rehabilitation devices,
performing therapeutic movements on disabled joints (4124,

The exoskeleton as an enhancer is used in people who do not have any motor disabilities. Further, its uses are intended
to improve the skills and increase the individual’s strength. They are used for work, military, and even space purposes 22
(2311241125]  On the other hand, assistive exoskeletons help the individual through auxiliary forces to perform adequate and
precise movements in daily life tasks. It is useful for the elderly who have atrophied joints, and some of their daily activities
cannot be fully or partially performed. They are also used in people with motor disabilities caused by illness or accidents.
Various devices have been developed to provide the power required for standing 28], walking &4, or lifting 28129,



Another important use is rehabilitation, which presents complex structural design and control challenges. For example,
forces must be imparted safely to patients with limited physical and cognitive abilities. It is well known that it is possible to
improve motor skills through rehabilitation therapy like passive movement exercises, which involve repetitive movements
in the affected joint. Some studies have shown that patients who use soft robotic devices in rehabilitation therapy improve
the recovery of motor skills, both in the short and long term BABLUE2IE3] ncluding robotic exoskeletons in the rehabilitation
process allows prolonged, controlled, and precise therapies, with quantitative and measurable results. Additionally, if the
system is inherently safe and portable can be used outside the clinic. Increasing the safety, comfort, and quality of
therapies and reducing the workload of doctors and therapists.

Various actuation methods of actuation have been implemented in soft robots, such as electroactive polymers [B4(33]
shape memory alloy BEIE7, and fluidic actuators BEI3AA Electroactive polymers change shape or size when stimulated
by an electric field and are widely used in robotics as actuators or sensors. Shape memory alloys are materials that
change shape when subjected to thermomechanical or magnetic variations and can return to their previous form at the
end of the stimulus. Fluidic actuators are commonly comprised of a chamber inflated with a pressurized fluid. They are
widely used in soft robotics due to their high energy density and simple manufacturing.

On the other hand, the development of submersible technology is a growing trend in various fields such as
telecommunications, sensors, and robots. Currently, several soft robotic devices have already been developed in
underwater applications 4. In order to provide precision and adaptability to the user in an environment that presents
instability due to various disturbances.

| 3. Requirements and Challenges in the Development of Soft Exoskeletons

Different structural and functional properties must be considered in the development of soft exoskeletons. The mechanical
design is a crucial element, and it is essential to define the characteristics that optimize the design and benefit the user.
Some significant properties are weight, safety, portability, softness, comfort, to name a few. Each of the properties that
should be considered in exoskeleton design is explained in more detail below.

Power to weight ratio: The energy demand necessary to assist any joint in the body is usually high. Therefore, it is
essential to use actuators with a high power-to-weight ratio to create lightweight exoskeletons with sufficient force and
speed to move the joints correctly. Due to the limited space in an exoskeleton and the high torques required for its
operation, actuators usually must be modified to maximize the power-to-weight ratio. The weight must be reduced as
much as possible to avoid uncomfortable loads for the user. The lower the weight of the device, the lower the inertia in
operation. The actuators are components that substantially increase the weight of the exoskeleton. For this reason, it is
essential to reduce the number of actuators by adding passive and quasi-passive elements to the design. For example, it
is significant to include brakes or clutches to maintain a fixed position at specific times. Further, shock absorbers reduce
the impact of the forces inherent to the system. Springs add some momentum to the initial phase of the movement.

Safety: It is an elementary point to consider for exoskeleton users who have motor disabilities or muscle weakness. A
small error in the structure or operation of the device could cause serious injury to the user. For this reason, it is essential
to include security and control elements that stop or correct the device in case of unforeseen events. Device variables
must be continuously monitored. If any reading is outside the safe range, the actuators should stop or display a warning.
Mechanical stops should also be included at the various joints to prevent the device from exceeding the intended ranges
of motion. Additionally, sharp edges should be excluded.

Control: The control system must continuously monitor device variables such as position/angle, speed, temperature,
current, and force/torque. Further, if any measure is outside the reliable ranges, corrective actions must be applied.
Although soft structures are usually less dangerous than rigid ones, soft exoskeletons must be rigorously monitored as
they present greater ruptures and deformations. It is crucial to include fault-tolerant control strategies that mitigate user
misoperation and unforeseen structural errors. Therefore, feedback elements such as force, position, impedance,
admittance, pressure, or displacement sensors are used. Likewise, electromyography and electroencephalography
signals are used in motion detection for activation or deactivation of control elements. However, non-biological signals are
mostly used as they are easier to identify. Some exoskeletons use impedance as the basis of control 4243 On some
occasions, the patient has a partial motor disability and only needs to receive a specific force to complete the activity. This
is a big challenge as the movement intent and power of the user must be detected correctly. Further, according to that
detection, it is necessary to establish a suitable control system for the exoskeleton.



Portability: It is directly related to the weight of the device. The lower the weight of the exoskeleton, the greater the
portability. Further, this benefits the patient by moving facilely without excessively fatigued. Furthermore, for portability, the
device must be compact, easy to equip and remove, and maneuverable so that the user can move freely. Additionally, the
system complexity should be reduced and only include the degrees of freedom that allow the desired mobility. The power
supply and some actuators should be located away from the affected joint or separate from the body. Some systems are
accompanied by walkers with automatic wheels, which carry heavier components, such as motors, controllers, electronic
boards, and batteries 24, Another significant point to achieve portability is to unite the device’s components in a garment
that is easy to put on and take off, for example, an exoskeleton of the hand attached to a glove.

Softness: Moving from hard to soft mechanical systems has spread across many fields of robotics. This is mostly due to
the desire to replicate biological models (431 For this reason, elements such as elastomers, flexible cables, pneumatic and
hydraulic pipes are incorporated for the transmission of forces and torques. The advantage of these elements is that they
are easily adapted to the characteristics of the user. Additionally, they resist vibrations better and are lighter. Another
advantage is that there are no maximum contact forces, as soft devices deform and distribute forces more facilely.

Comfort: Generally speaking, an exoskeleton should mimic the movement of biological joints and provide comfort to the
user. The exoskeleton must include various features to provide comfort. Such as maneuverability, breathability,
adaptability, softness, lightness, and simplicity to equip and remove. The more comfortable the user feels, the longer they
can use the device. One way to provide user comfort is to integrate robotic devices into soft material garments that are
easy to put on and take off. These are known as soft exosuits [27[48],

Durability: In soft robotic construction, the metallic and rigid elements are replaced by soft and flexible materials. These
structures have greater fragility and lower durability. Additionally, other phenomena that elastic materials possess must be
considered. Such as hysteresis, which becomes significant after several repetitions or cycles of action. Further, it
increases the chances of failure. Therefore, to increase the device’s durability, it is necessary to add control elements that
carry out the relevant measurement and correction.

Accessibility: Many of today’s exoskeletons are inaccessible outside of a clinical or specialized setting due to factors
such as cost, weight, and safety. Additionally, the installation and handling of the device are often complex and require
constant attention from trained personnel. Therefore, some features such as portability, simplicity, and low cost need to be
implemented in the exoskeleton to increase accessibility. The accessibility of exoskeletons is improved by avoiding heavy,
sharp, and complex components as much as possible and also reducing costs through the use of locally available
materials.

Bidirectionality: Forces/torques must be produced in opposite directions to generate bidirectional movement in the joints.
In specific cases, a unidirectional action can be used, such as for shoulder abduction and adduction, where it is possible
to apply a single direction force for the abduction and separate the arm from the torso. Then, we eliminate or reduce the
power to produce the adduction allowing the arm to return to its position by means of its own weight.

Transmission: Power transmission methods are highly dependent on the actuation method. For example, electric motors
often include gears, cables, and pulleys. On the other hand, pneumatic and hydraulic actuators use cylinders, pistons, and
flexible tubes. The pneumatic and hydraulic transmission are easier because the flexible tubes maintain uniform pressure
in most of their structure, which facilitates their measurement and control. One of the advantages of the transmission
system is the distal positioning of the actuators. It allows not to overload the affected joints. There are common errors in
the transmission system, such as being bulky, heavy and misaligned. Furthermore, it presents undesirable deformations
and disturbances, which could cause damage to the user. For this reason, the transmission must be efficient,
mechanically simple, and without misalignment.

Stability: It is essential to efficiently perform any task of daily life. For example, in gait, hip abduction/adduction controls
the width of the stride and thus the stability of the subject. A small disturbance implies losing control of the movement and
even causing a fall. For this reason, exoskeletons must include systems for acquiring information about the state of
motion to correct them with additional forces to provide greater stability.

Maneuverability: The flexibility of the mechanism plays a key role in the ergonomics and comfort of exoskeletons. The
range of motion can be limited based on its material, geometry, and flexibility. Exoskeletons must be designed to preserve
maneuverability by allowing a full range of motion in biological joints.

Adaptability: The dimensions of the device must be adapted to the anthropometric measurements of the patients. It
should be easily adjusted for use by different users. Or also in the same patient who requires slight modifications due to



morphological changes.

Modularity: Making a modular device allows changing the behavior of the system. Further, we adapt it to the evolution
and abilities of the patient. This with the facility of implementing and removing modules according to the needs that are
required.

Actuators: They are devices with the ability to convert energy into movement. Pneumatic, hydraulic, electric and hybrid
actuators are used in robotic applications. Hydraulic and pneumatic actuators have a high power density, and their power
transmission is simple. However, they require demanding maintenance to prevent leaking and corrosion. Furthermore, the
power supply is usually bulky and heavy, preventing it from being compact and portable. So, it is usually placed externally
to the device. On the other hand, electric actuators have higher speed and more control and precision in force, torque,
displacement, rotation, etc. Additionally, batteries are more portable due to their compactness. However, its transmission
method has low energy efficiency, higher complexity (gears, cables) and misalignments.

Fixation: The design of exoskeletons often includes fixators that maintain the position of the device despite the
transmission of forces. The fixators must resist the pushing force of the actuators. Further, they should not put pressure
on the body for a long time because it causes medical problems due to prolonged stress. Therefore, it is advisable to use
a controlled fixator, applying compressive forces only when is needed.

Alignment: It is of great importance to achieve efficient mobility. However, misalignment is normal due to substantial
movement of the skin with the bone or unexpected forces. Therefore, it is essential to guarantee the device alignment
through correct fixation or adding a control system that corrects misalignment.

Costs: The exoskeleton must be affordable for patients or health institutions. For this, in the design of the exoskeleton, it
is essential to include components of easy acquisition in the marking and simplify the manufacturing process.

| 4. Development of Soft Exoskeletons

A prosthesis is used to replace a joint in the body. Further, the exoskeleton is designed to fit around a joint according to
the physiological characteristics of the user. It is often used to activate a paralyzed or semi-paralyzed joint. It is divided
into two main parts, the mechanics and the control system. Aspects such as DOF, support structure, actuators, and
transmission components must be analyzed in the mechanical system. Further, the sensors, encoders, and control signals
must be considered in the control system. Wearable devices are rapidly evolving to meet the mobility and autonomy
needs of people with motor disabilities. Soft and portable exoskeletons are a trend that seeks to replace rigid materials
that are heavy and uncomfortable with lightweight materials such as fabric, elastomer, plastic, cable or silicone-based
elements. To better understand the development of these devices, it is essential to know some important concepts. For
example, the planes and axes of motion, shown in Figure 1. Three planes divide the body, one is the sagittal plane that is
divided into right and left. Another is the frontal plane that divides into anterior and posterior, and finally, the transverse
plane that divides into superior and inferior. Likewise, there are three axes of a movement known as the medial-lateral
axis (sagittal plane), anteroposterior axis (frontal plane), and longitudinal axis (transverse plane). A degree of freedom is
the change in position that occurs in a plane. Further, the human body has different joints that vary in the number of
degrees of freedom to complete their movements (uniaxial, biaxial, and triaxial).

Longitudinal axis

Medial-Lateral axis Anteroposterior axis

Sagittal plane Transverse plane Frontal plane
Figure 1. Planes and axes of movement of the human body.

The movements related to the sagittal plane are flexion and extension, such as bending the trunk back and forth, or
raising and lowering the leg. Changes in position in the frontal plane are related to abduction and adduction movements,



lateral flexion of the trunk and head, or inversion and eversion of the foot. The transverse plane corresponds to the

rotation of the hip, shoulder or spine, as well as the pronation and supination of the forearm.
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