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Robotic exoskeletons are wearable devices with rigid links and mechanical joints corresponding to the anatomy of

the human body. Even though different body locations have different anatomical properties and complexities that

might require different design choices, the main variable defining an exoskeleton design is its application field.

exoskeleton  design  optimization

1. Introduction

Exoskeletons can be observed in many terrestrial and marine organisms (such as bugs and shellfish) as a rigid,

resistant component to provide protection, support, and sensation. Inspired by nature, wearable robotic devices

can be designed to create exoskeletons for humans—either for their whole body  or for specific body limbs, such

as arms , hands , legs , knees , wrists , etc.

Exoskeletons are used in many applications. When designed with no powered actuation, namely passive

exoskeletons, they follow and/or track users’ movements . Tracked movements can be visually expressed in

virtual environments  or used as the controller reference for a secondary robotic device during teleoperation tasks

. Alternatively, passive exoskeletons can distribute the weight of heavy objects on anatomical joints more equally

to avoid potential injuries . When equipped with batteries and actuators, namely active exoskeletons, they are

used to augment and improve users’ physical capabilities; examples range from performing heavy workload tasks

 and completing sports activities  to assisting patients with physical/neurological disabilities while performing

activities of daily living .

However, all these benefits come at a cost: exoskeletons are very challenging to be designed, implemented, and

controlled . Safety is the first and most important issue. Exoskeleton joints must align perfectly with anatomical

joints to avoid potential harm, and their mechanical links and joints should work effectively within the workspace of

human anatomical joints and natural degrees of freedom (DoFs). Depending on the targeted application,

exoskeletons must be adjustable for users of any size and ability level. The movements allowed by the exoskeleton

should follow users’ behavior naturally and without creating discomfort. Finally, these devices—especially assistive

devices—should be as compact and lightweight as possible to enhance wearability. Thus, designs should include

small actuator sizes, high output forces (in relation to the size of the actuator), and effective power transmission

through the links. These issues and limitations can be overcome either by alternative design solutions (e.g., using

softer rather than rigid mechanical links) or by exploiting optimization algorithms as tools for decision making. The
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integration between design and optimization techniques brings an open question: how do engineers decide which

method or algorithm best optimizes different design criteria?

Mathematical optimization is the search for the best element within a set of alternatives based on specific criteria,

and it is a common tool for solving engineering problems . While the most conventional strategies focus on

numerical and calculus-based methods , they might not be the best solution for engineering designs due to the

properties of these problems: non-discrete domains, non-differentiability, multimodality, discontinuity, reliability, and

robustness pose a challenge to classical methods. Alternative optimization methods exist to overcome these

difficulties; among them, the nature-inspired methods of evolutionary computation (EC)  appear to be a

common and effective way to deal with engineering optimization problems.

2. Background on Exoskeletons

Robotic exoskeletons are wearable devices with rigid links and mechanical joints corresponding to the anatomy of

the human body. Even though different body locations have different anatomical properties and complexities that

might require different design choices, the main variable defining an exoskeleton design is its application field.

These application fields can be summarized as follows:

Assistance: Assistive exoskeletons augment users’ physical abilities to help them perform real-time activities

that might be challenging to be completed alone. These devices can be used by (i) people with disabilities in

their daily lives or (ii) healthy workers while performing physically demanding tasks in a workspace. Regardless

of the target users, these devices must be capable of adapting their operation to perform different tasks or to

interact with different objects. They must be portable, lightweight, and easy to wear while applying high

interaction forces. They must achieve the range of motion of the anatomical joints without harming users when

functionality limits are reached. Finally, these devices should feel highly transparent to follow the physical

guidance of users. Observing/tracking movement performance is neither mandatory nor favorable.

Physical Rehabilitation: Rehabilitative exoskeletons are used in clinical settings to treat patients suffering from

physical or neurological disabilities. Due to users’ limited functional capabilities, rehabilitative exoskeletons must

be easy to wear without a predefined initial orientation (i.e., the device adapts to the patient’s position rather

than the opposite) and provide high output forces with respect to the actuator size adopted for the exoskeleton.

The range of motion of anatomical joints must be achieved without harming patients when functionality limits

are reached. Patients should be able to perform different actions with no prior control or mechanical design

change thanks to the devices’ instant adaptability. Rehabilitation exoskeletons allow patients to actively

participate in therapy exercises and monitor their progress in muscular activity. Unlike assistive devices, they

are often grounded and do not need to be portable.

Haptic Rendering: Haptic exoskeletons render an artificial sense of touch in response to virtual interactions or

remotely operated real interactions (see Figure 1c). They must be wearable to track users’ joint movements to

control the interactions performed by virtual avatars or remote robots. Similarly to assistive devices, portability
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and instant adaptability are crucial. Haptic exoskeletons must feel highly transparent to follow users’ physical

guidance, especially when there is no interaction at the virtual/remote site. Since the target user profile is

assumed to be healthy, the wearability or the amount of output forces is not as crucial as for other applications

but is preferred.

Figure 1. Exoskeletons used in different applications .

The target applications require the exoskeletons to satisfy different design requirements. While some of these

requirements should be achieved by design choices, such as suitable actuator technology, tracking strategy, or

kinematic design, others should be achieved by optimizing the link lengths within a predefined kinematic chain.

Table 1 depicts the mapping between these requirements and parameter/metrics to be optimized, which are

detailed as follows:

Table 1. Mapping between design requirements and metrics to be optimized.

Workspace: The workspace is the range of motion the user is allowed while wearing an exoskeleton.

Exoskeletons must respect the natural movements of users’ limbs to ensure safety, and their mechanical limits

must not exert force on human joints once they reach their natural limits. An exoskeleton must be comfortable,
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Requirement Metrics

User safety Workspace, calibration

High output forces Force transmission

Portability Force transmission, size

Wearability Calibration, size

Joint tracking Calibration

Adaptability to different tasks Workspace, force transmission
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as users wear the device during operation. The kinematic and ergonomic design must be ensured not to cause

any pain or fatigue.

While designing an exoskeleton, the mechanical joints must be aligned with the anatomical joints with

minimal mechanical changes and cover the overall range of motion for the anatomical joints they are aligned

with. This allows the exoskeleton to be inherently safe, ergonomic, and comfortable. To achieve this

outcome, an optimization algorithm must retrieve the best link lengths and the actuated motion to either (i)

maximize the operational workspace for each assisted joint or (ii) maximize a different design requirement

and simultaneously ensure that the natural workspace is covered via constraints.

Force Transmission: The human body has highly complex kinematics. For example, the human wrist can be

modeled with three DoFs  (flexion, pronation, and radial deviation), the human finger with four DoFs  (one

for the distal interphalangeal joint, one for the proximal interphalangeal joint, and two for the

metacarpophalangeal joint), etc. The anatomic joints’ complexity (and their proximity to each other) has led

designers to decouple the actuators from the joints and transmit the actuator forces through linkage-based

mechanical devices—whether they are made of rigid or soft materials. In addition, linkage-based transmission

allows designers to augment the transmitted forces through effective kinematic chains and lower the actuator

size. The efficacy of its force transmission should be evaluated based on (i) the size of the wearable actuator

components, (ii) the amount of force/torque rendered on the user’s joints safely and comfortably, and (iii) the

ratio between the actuated and output forces for each independent joint.

While designing an exoskeleton, an optimization algorithm should retrieve the best link lengths to maximize

the force transmission for each assisted joint or for the overall targeted task (e.g., grasping a one-liter water

bottle or lifting a five-kilogram storage box). Using such optimization techniques could also yield the same

output forces with smaller actuators, improving the portability/wearability of the system as well.

Adjustability/Calibration: Unlike prosthesis devices, exoskeletons are not custom-made for each potential

user with different limb sizes. This lack of customization might cause misalignment, harm users, or work with a

limited operational workspace or performance. In addition, especially for rehabilitative applications, wearing an

exoskeleton should be equal and pain-free for every user.

While designing an exoskeleton, an optimization algorithm should ensure the same performance for users of

all sizes. There are three ways of achieving this outcome: (i) maximize the allowed range of limb sizes with

no focus on other metrics, (ii) maximize the allowed range of limb sizes while optimizing another design

requirement simultaneously, or (iii) maximize one of the previously detailed design requirements while

ensuring an acceptable range of adjustability to different limb sizes via constraints.

Size: While some full-arm exoskeletons need to be carried by a base due to their high weight , there is a

great deal of research on reducing their weight and making them portable . Exoskeletons can have improved

portability by minimizing the mechanical components’ size or weight.
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– While designing an exoskeleton, an optimization algorithm should ensure the same performance with the

smallest set of link lengths as much as possible by (i) minimizing the link lengths while other performance

measures are fixed at a reasonable and predefined level via constraints or (ii) maximizing a different design

requirement and simultaneously ensuring the acceptable set of link lengths to be covered via constraints.

The ultimate efficacy of an exoskeleton can be achieved by optimizing many features and factors simultaneously;

therefore, choosing the best optimization technique is crucial for the ultimate performance of the device.
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